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Single-shot all-optical magnetization switching in
ferrimagnetic Co-RE alloys single layers

B. Kunyangyuen1,*, G. Malinowski1, D. Lacour1, J.-X. Lin1, Y. Le Guen1, J. Gorchon1, S. Mangin1, J.
Hohlfeld1, and M. Hehn1

1Université de Lorraine, CNRS, IJL, F-54000 Nancy, France
*boonthum.kunyangyuen@univ-lorrain.fr

Ultrafast All Optical- Helicity Independent switching (AO-HIS) represents the ability to reverse the magnetization of a
nanostructure without any applied field with a characteristic time scale to cross zero magnetization of 1 ps. This reversal
process, the fastest ever reported for magnetic materials, appears to be of crucial importance for generating smaller, faster
and less energy costly storage technologies. First observed in the (FeCo)xGd1−x ferrimagnetic alloy [1, 2], AO-HIS has been
attributed to an ultrafast heating process, characterized by distinct dynamics between the rare earth (RE) and transition
metal (TM) elements, and driven by a high transient electron temperature that is out of equilibrium with the lattice. The
exchange-driven angular momentum transfer from the rare earth, Gd, and transitions metals, Fe and Co, elements results
in total magnetization reversal of (FeCo)xGd1−x alloy [3, 4].

The extension to other TM-RE alloys single layers failed up to now. Only a partial single-pulse all-optical switching has
been observed only for the first few pulses in case of Co0.75Dy0.25 or Co0.75Tb0.25 films [5]. On the other hand, AO-HIS could
be observed in thin Co/Ho multilayer [6] or adding Gd in CoxDy1−x , CoxTb1−x and CoxHo1−x led to AO-HIS while it fails
when Gd concentration is reduced to zero [7].

This presentation will address single-pulse AO-HIS observed in cobalt-rare earth (Co-RE) alloy single layers, specifically
where the rare earth elements are Tb, Dy, Ho, or Er. Notably, AO-HIS is observed in Dy- and Ho-based alloys when their
composition is near the magnetic compensation point. Conversely, alloys with Tb or Er show only demagnetization. This
behavior is counterintuitive, as the reversal mechanism varies significantly with the rare earth element. By studying Hall
crosses, we reveal that the reversal process involves the nucleation and propagation of magnetic domain walls, occurring
on a microsecond timescale—much slower than in Gd-based materials. I will summarize the current understanding of this
intriguing process and its implications for magnetic switching.

Figure 1: (a) Single shot experiment on Co75.7Ho24.3 3nm thick film for 4 shots increasing the fluence from the left to the
right column; (b) Single shot experiment on Co75.7Ho24.3 3nm thick film for 1, 111, 511, 1111, 21111 and 32765 shots.
Each shot induces a toggle switching. Measurements done for a fluence of 11.02 mJ/cm2 and a pulse duration of 50 fs.
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As the demand for information storage continues to grow, the challenges of increasing data storage density and im-
proving energy efficiency have become increasingly significant. In this context, magneto-optic data storage devices, which
use laser light to read and write magnetic media at ultra-high speeds, hold great promise. When combined with magneto-
plasmonic nanostructures, the optical writing and reading processes can be performed with minimal energy consumption[1].

The writing process relies on the all-optical switching (AOS) of magnetisation, which can be one of two identified
types: All-optical helicity-independent switching (AO-HIS) and all-optical helicity-dependent switching (AO-HDS)[2][3].
The latter, AO-HDS is the process of switching the magnetisation of a system using ultrafast circularly polarised optical
pulses (from a 100 fs to a few ps). It has been observed in various magnetic materials, including ferromagnetic multi-layers
such as Co/Pt[4]. The final magnetisation state is dictated by the helicity of the laser light. The origin of AO-HDS remains
debated, with two main mechanisms under consideration: the inverse Faraday effect (IFE) and magnetic circular dichroism
(MCD), which are challenging to disentangle.

Magneto-plasmonic systems, with their enhanced near-field effects due to plasmon resonances[5][6][7], provide a
promising platform for studying and optimising AO-HDS. The IFE is proportional to the intensity of the optical near
field[8][9]. In magneto-plasmonic structures, IFE is enhanced when the incident laser light matches the wavelength of
a plasmon resonance. MCD, on the other hand, is characterised by opposite shifts of the resonance wavelength for op-
posite magnetisation states. In magneto-plasmonic structures, the MCD will change sign at the wavelength of a plasmon
resonance[10]. Since plasmon excitations influence IFE and MCD differently, they offer a unique opportunity to clarify the
contributions of these effects to AO-HDS.

Co/Pt multi-layers have been selected for this study because they exhibit AO-HDS with a small number of laser pulses[11].
The magnetic thin films have been grown using magnetron sputtering, then patterned into square lattice nano-disk arrays
using electron beam lithography and ion beam etching (see Fig. 1). The array’s periodicity and disk size were optimised
to obtain a surface lattice resonance (SLR) in the visible to near-infrared range. The magneto-optical properties (MCD and
Kerr/Faraday effect) of the Co/Pt multilayer films and arrays have been characterised using optical and magneto-optical
spectroscopy. Finally, AO-HDS experiments were performed on the full films and on the arrays at different wavelengths
around the plasmonic resonance using a wavelength tunable femtosecond laser source.

Figure 1: Typical magnetic stack and nano-structure used in this study.

The magneto-optical characterisation of the array shows that near the SLR wavelength (Fig. 1a) the Faraday rotation
reached its maximum (Fig. 1b in black), while the ellipticity (Fig. 1b in red) and the MCD (Fig. 1c) cross zero. The MCD
showed maximum amplitude with opposite signs on opposite sides of the resonance.

The AOS measurement revealed wavelength dependent switching behaviour. Above a certain fluence where linearly
polarised light induces demagnetisation (50% of the full Kerr signal), Kerr signal plateaus were observed for circular polar-
isations (up to 65% of the full Kerr signal) as shown in (Fig. 1d). The resulting Kerr signal for circular polarisation varies
noticeably around the SLR wavelength (Fig. 1e), indicating that the plasmonic resonance affects the AO-HDS process and
its efficiency. The observed partial switching variation cannot be explained by IFE or MCD alone.

More measurements on different magnetic stacks and geometries are being undertaken to further expand the under-
standing of the mechanism behind AO-HDS in magneto-plasmonic structures. These results are a step towards ultrafast
magnetic data storage technology.
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Figure 2: Results for a 10 repetition Co/Pt film patterned into a plasmonic nanodisk array of periodicity P = 470 nm and
of diameter D = 200 nm. (a) Measured absorption spectrum. (b) Measured Faraday rotation and ellipticity spectra. (c)
Measured MCD spectrum. (d) Cut-line of the normalised Kerr signal at wavelength of 970 nm after AO-HDS sweeping
experiments. (d) Spectrum of the normalised Kerr signal after AO-HDS sweeping experiments. The red dashed line in (a)
– (c) & (e) indicates the wavelength where magneto-optical effects are maximized or cross zero.
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Ultrafast dynamics of magnetic structure in
ferrimagnetic CoTb thin films
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30 years ago, Beaurepaire’s groundbreaking pump-probe experiment on pure nickel revealed ultrafast demagnetiza-
tion occurring on sub-picosecond timescales, marking the start of the femtomagnetism field [1]. While several theories
have been proposed to explain this phenomenon, no consensus has been reached [1–3]. Nonetheless, this observation has
enabled magnetization reversal at record-breaking times, all without the use of a magnetic field. The first deterministic
observation of all-optical switching (AOS) was made by Stanciu in a GdFeCo alloy [4] and has been observed since in a
variety of ferrimagnetic rare-earth (RE)-transition metal (TM) alloys [5, 6]. In these materials, the two sub- systems exhibit
distinct ultrafast magnetization dynamics when subjected to a femtosecond infrared pulse. This has also been observed in
CoTb thin films [7, 8], but Co and Tb were probed separately so far, preventing the study of a possible difference in the onset
of the Co and Tb demagnetization as seen in other alloys [9]. Furthermore, the optically-induced change of the magnetic
structure which has been observed in [7] highlights the need for systematic measurements of the transient magnetic pattern
as a function of the pump fluences and x-ray probe wavelengths.

In the present work, we focus on amorphous, ferrimagnetic CoTb alloys grown by magnetron sputtering [10]. Due
to local chemical ordering [11], CoTb thin films exhibit perpendicular magnetic anisotropy which results in the creation
of nanometer-scaled magnetic domains with out-of-plane magnetization. The size of the latter can be tuned by changing
the thickness and composition of the magnetic layers. This turns them into an interesting testbed for magnetic scattering
experiments [3, 7]. Using VSM, MOKE and MFM in combination with analytical modeling [12, 13] and micromagnetic
simulations, we determined how key magnetic parameters depend on thin film thickness and composition. This allowed us,
on the one hand, to obtain a detailed picture of the impact of magnetic anisotropy, saturation magnetization, and exchange
stiffness on the spin texture of the magnetic layers (Figure (1)), on the other hand, this helped us to select appropriate
samples for time-resolved pump-probe experiments.

To gain insights into the dynamic properties of such alloys following femtosecond laser-excitation, we conducted time-
resolved Small-Angle X-ray Scattering (Tr-SAXS) experiments [7] at the DIPROI beamline at FERMI. We utilized FERMI’s
capability to deliver two X-ray pulses of different wavelengths simultaneously to probe the 3d Co and 4f Tb valence electrons,
using the absorption edges M2,3 (58.9 eV) for Co and N4,5 (150.5 eV) for Tb, respectively. The experimental setup, consisting
of two CCD cameras, allowed us to record simultaneously the light scattered by Co and Tb atoms. The magnetic domains
act as an optical grating due to the XMCD effect. This approach allowed us to retrieve the temporal evolution of the
magnetization with elemental selectivity and nanometer spatial resolution. By analyzing the azimuthal integration of the
scattering intensities as a function of the time delay, we also extracted the domain size, and domain size distribution for
both TM and RE elements. As shown in Figure 2, we observe two types of demagnetization : a rapid sub-ps quenching of
the magnetization and a slower reduction on picosecond timescales. In addition, we find a 2% reduction of the domain
size within 500 ps and characterictic oscillations with frequencies of 25 GHZ. We discuss these results by linking them to
laser-induced modifications of the magnetic anisotropy [6] and provide a qualitative discussion of magneto-elastic coupling
effects.
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(a) Magnetic thin
film thickness: 70
nm. Domain size:
≈ 65 nm.

(b) Magnetic thin
film thickness: 100
nm. Domain size: ≈
112 nm.

(c) Magnetic thin
film thickness: 200
nm. Domain size: ≈
181 nm.

Figure 1: Magnetic force microscopy (MFM) images of Co92Tb8 thin films. The images show the variation of magnetic
domain size as a function of film thickness. The blue and yellow regions correspond to magnetic domains pointing in
opposite directions.

Figure 2: Magnetization dynamics of a 50 nm thick Co90T b10 sample extracted from measurements close to Co M2,3 edge
(55 eV, red) and Tb N4,5 edge (165 eV, green) for an infrared pump of 2.2 mJ/cm2.
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Magneto-optical techniques are powerful and widely used tools that enable the investigation of ultrafast spin dynamics
in various magnetic materials[1–5]. Currently, these techniques are becoming one of the emerging tools for studying the
accumulation of spin and/or orbital angular momentum in magnetic/non-magnetic materials[6–9]. However, it has long
been believed that the signal due to these accumulations was orders of magnitude smaller than the magnetization itself.
Here we show that under certain conditions the accumulation signals can be comparable to or even exceed the signal coming
from the magnetization itself during the ultrafast demagnetization. Furthermore, we show that accumulations are not only
limited to simple structures but can also be observed in more complex systems such as [Pt/Co]/Cu/[Co/Pt] spin valves.
In this case, we experimentally demonstrate how to isolate the accumulation signal, allowing us to better understand the
mechanisms at play in the ultrafast optical switching recently discovered in ferromagnetic spin-valves[10].

Figure 1: Sample stack with experimental configuration along with static and dynamic magneto-optical measurements.
(a,b) sample structure consists of [Co/Ni] as a FM and Cu as NM material. In both the cases pump is always incident on FM
side whereas probe is incident on (a) Cu side and (b) FM side. (c,d) Dynamic time-resolved magneto-optical measurements
for two different Cu thicknesses when probe is on (a) Cu side and (b) FM side. (e,f) Static magneto-optical response as a
function of Cu thickness for both rotation and ellipticity at saturation (without pump) with probe on (a) Cu side and (b) FM
side. The red(black) dashed(solid) lines are an exponential decay fit to the data using the transmission matrix method[11].

The simple bilayer structure of ferromagnet (FM) and non-magnetic (NM) material used in this study consists of [Co/Ni]
multilayers and Cu, respectively, and the experimental configurations are shown in Fig.1(a,b). Fig.1 (c) shows the time-
resolved magneto-optical measurements obtained when the pump is incident on the FM side and the probe is on the Cu side
for tCu = 20 nm and 56 nm. For tCu = 20 nm, a typical demagnetization curve is measured, while for the larger thickness
tCu = 56 nm most of the probe light is blocked by the thick Cu and hence this time-dependent change in magneto-optical
signal is safely attributed to spin accumulation in Cu [6]. When both the pump and probe interact with the sample from
the FM side, the ∆θk shown in Fig.1 (d) performed for tCu = 23 nm unveils a similar demagnetization trace. For higher
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Cu thickness of tCu = 58 nm, the trace is inverted and is bipolar with different timings similar to what we obtained as
shown in Fig.1 (c) and tCu = 56 nm. However, in this measurement, the probe always interacts with the sample on the
FM side, making these changes unexpected. To further understand this phenomenon, we performed static magneto-optical
measurements as a function of tCu as shown in Fig.1 (e.f). We therefore investigated Kerr rotation (θ sat

k ) and Kerr ellipticity
(ϵsat

k ) in saturation for both cases where the probe is on the Cu side and the FM side. When the probe is on the Cu side
(Fig.1 (e)) both θ sat

k and ϵsat
k decrease exponentially following a Beer Lambert decay which is not the case when the probe

is on the FM side shown in Fig.1 (f) where for θ sat
k the value drops by an order of magnitude within the tCu from 10 to 50

nm, while in the case of ϵsat
k the decay is small and the maximum value remains around 1 mrad.

The Cu thickness dependence of the time-resolved signals measured in the different configurations indicates that the
spin currents can be observed and even dominate in the case of the Kerr rotation while its contribution is almost negligible
for the Kerr ellipticity. Our results highlight the complexity of time-resolved magneto-optical measurements in magnetic
multilayers and provide a new framework for accessing and isolating the spin accumulations, allowing for direct probing of
transported spin and/or orbital angular momentum.
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Information processing, transmission, and storage form the core of modern computing and communications technolo-
gies. Information processing typically involves the manipulation of the electron charge in semiconductor materials, while
data transmission relies on the ability to emit light. On the other hand, information storage has traditionally been tied to
magnetic materials, where the manipulation of electron spins plays a key role and enables the stable data storage by forming
the basis of current magnetic data storage technologies. However, integrating these three pillars -processing, storage, and
transmission- into a single device remained a major challenge.

A promising solution for this integration on a single chip at room temperature has recently been proposed using pho-
tonics, electronics and spintronics [1]. This device integrates these three pillars using semiconductor light-emitting diodes
(LEDs) with circularly polarized light. The polarization of the light is controlled by the magnetic orientation of an adja-
cent ferromagnetic (FM) layer. In turn, this magnetic orientation can be controlled by an electric current in an adjacent
layer through the spin-orbit torque (SOT) effect. This setup allows for simultaneous information transfer by light emis-
sion, processing by spin currents, and storage by magnetization of the ferromagnetic material. The lower part of Figure
2 Panel A shows a schematic of the LED structure (highlighted in blue), including the layers of materials involved in light
emission. On top of the LED emitter, highlighted in green, is the spin injector composed of the FM material (CoFeB) and a
tungsten/chromium (W/Cr) layer to control the FM orientation using spin-orbit torques.

Ti/Au Ti/Au

A B

Ti/Au Ti/Au

Spin injectorSiO2 SiO2

p-GaAs (001) substrate

300 nm p-GaAs

400 nm p-Al0.3Ga0.7As

30 nm GaAs+Be 𝛿 doping

InAs QDs

30 nm GaAs

50 nm n-GaAs

C
CoFeB

W / Cr / CrOx

CoFeB

W / Cr / CrOx

0.0

-0.1

-0.2

-0.3

0.1

0.2

R 2ω
(m

Ω
)

Magnetic Field (T)
0 2 4 6-2-4-6

Damping-like torque Field-like torque

0.0

-0.05

0.05

R 2ω
(m

Ω
)

Magnetic Field (T)
0 2 4 6-2-4-6

Fit
Exp

Fit
Exp

Figure 1: The Panel A is adapted from [1]. In the bottom part is presented the schematic of the semiconductor light-emitting
diodes (LEDs) with circularly polarized light. The LED structure is highlighted in blue, while the spin injector controlling
the light polarization is highlighted in green. In the upper part of this panel, the spin injector Hall bar configuration is
shown in detail. Panel B shows a representative second-harmonic Hall measurement of the damping-like (DL) and field-like
(FL) spin-orbit torque contributions for a CFB (1.1 nm)/W (3 nm)/Cr (5 nm) sample. Panel C shows the current-induced
magnetization switching measured by anomalous Hall effect (AHE) and magneto-optical Kerr effect (MOKE) microscopy.

In the upper part of Figure 2 Panel A, the Hall bar geometry of the spin injector is presented, which is used to control
the FM orientation through the spin-orbit torque effect. Traditionally, the SOT effect occurs when an electric current is
passed through a heavy metal layer adjacent to the ferromagnetic material. Due to the strong spin-orbit coupling in the
heavy metal, the current creates a spin current that exerts a torque on the magnetization of the FM. This torque can align
the magnetization depending on the charge current direction, allowing manipulation of the magnetization state. The key
to magnetization inversion is the interplay between the spin current and the exchange interaction in the FM which, if the
first is sufficiently strong, causes the magnetization to flip.

The helicity of the emitted light is directly related to the magnetization of the ferromagnetic material, creating a direct
link between the optical output of the device and its magnetic state. This magnetic orientation determines the polarization
of the emitted light. When charge carriers with spin-polarized states pass through the ferromagnetic material, their spins
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are aligned along the direction of magnetization, and when injected into the LED, the spin imbalance of the carriers is
transferred to the circular polarization of the emitted light due to the conservation of total angular momentum. Therefore,
if the magnetization is oriented in a specific direction, the emitted light will have a corresponding circular polarization,
either left-handed or right-handed.

However, the realization of such devices is not an easy task as they must meet a number of requirements. First, the
materials must be compatible with existing growth technologies used in semiconductor manufacturing to ensure scalability
and manufacturability. In addition, low power consumption is a critical requirement for practical applications, as high energy
costs or heat generation would undermine the efficiency of the device. Low-cost materials and manufacturing processes
are essential for commercialization and devices must operate reliably at room temperature to be viable for use in the real
world.

Furthermore, since magnetization is controlled by a charge current in a layer on top of a semiconductor multilayer
structure, it is extremely important that this current does not exceed the metal-insulator-semiconductor (MIS) Schottky
barrier to avoid shunt problems. If the current exceeds the threshold that the Schottky barrier can handle, it could result in
significant efficiency losses, as the current would flow in unintended paths instead of inducing the desired spin-polarized
current in the ferromagnetic layer. This would result in inadequate control of the magnetization and, consequently, reduced
light polarization; thus, careful design of the spin injector is critical to ensure the operation of the roll device. In addition, it
is also desirable to control the magnetization in an ultrafast regime, which requires magnetization reversibility with current
pulses on the order of nanoseconds. The ability to control magnetization in the ultrafast regime requires precise control of
the current pulse characteristics and the geometry of the device.

To meet these requirements, we investigate a promising system composed of heavy metal materials such as platinum (Pt)
and tungsten (W), known for their high spin-orbit coupling (SOC) and spin Hall effect (SHE), coupled with light metals
such as chromium (Cr), recently explored for their high orbital Hall effect (OHE). The SHE in Pt and W generates spin
currents that allow efficient angular momentum transfer and contribute to the magnetization switching, while the OHE in
Cr enhances the overall device performance by coupling the spin and orbital degrees of freedom, providing a complementary
mechanism to control the magnetization. In this work, we explore the potential of Cr as a light metal material, to suggest
several desirable properties, such as the reduction in the critical current needed for magnetization switching [2, 3]. In
addition, when chromium is partially oxidized, the interface between Cr and its oxide (CrOx) can give rise to the Rashba
Edelstein Effect (REE), a phenomenon in which the spin polarization of electrons at the interface could further enhance
control over magnetization switching by providing additional spin- or orbital-polarized currents. In order to induce or
prevent the formation of the oxide layer, different stack combinations were investigated.

To investigate the influence of the OHE and REE, we used second-harmonic Hall techniques to measure both damping-
like (DL) and field-like (FL) spin-orbit torque contributions. Figure 2 Panel B shows a representative second-harmonic Hall
measurement of the DL and FL contributions for a CFB (1.1 nm)/W (3 nm)/Cr (5 nm) sample. These measurements allow
us to distinguish the different contributions to the spin-orbit torque and study how they affect the magnetization dynamics.

We further correlated these torques with the current-induced magnetization switching measured using the anomalous
Hall effect (AHE), as shown in Figure 2 Panel C. These measurements were performed for several current pulse widths to
analyze the critical current dependence on the pulse width. To further confirm that the magnetization is indeed switching
and to get a better insight into the device geometry dependence of the switch, we combined the AHE measurements with
magneto-optical Kerr effect (MOKE) microscopy, which provides spatial information on the magnetization distribution. With
a simple Hall bar geometry, it was possible to switch the magnetization with pulses of 9 ns.

Further improvements are expected by exploring device geometries, sizes, and thicknesses. The relationship between
switching current and DL and FL torque is not yet fully understood and requires further investigation. In addition, MOKE
microscopy can be used to investigate how these factors affect the switching, nucleation, and propagation of magnetization
reversal. Potentially, density functional theory (DFT) calculations can also be used to support our experimental findings,
with a particular focus on the orbital texture in Cr and CrOx , which plays a crucial role in the magnetization dynamics.
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Nowadays, transitioning from electric currents to spin waves (SWs), or magnons, is considered highly promising for
advancing data transport and processing technologies [1]. However, generating high-frequency SWs with low damping and
minimal energy consumption remains a critical challenge for ultrafast and energy-efficient applications. Among all mag-
netic materials, yttrium iron garnet (YIG) has attracted significant attention because of its low magnetic damping coefficient,
which allows SWs to propagate over long distances [2]. In addition, doping YIG with bismuth (BiYIG) induces a substantial
increase in the magneto-optical (MO) response while only slightly affecting the magnetic damping, making it particularly
suitable for the development of new photomagnonic devices [3]. Recently, we have demonstrated that femtosecond laser
pulses can effectively trigger and probe high-frequency exchange standing SWs (SSWs) in nanoscale dielectric Bi-YIG thin
films. Despite this progress, a high laser energy density (∼120 mJ/cm²) [4] is still necessary to trigger SWs, posing a signif-
icant challenge for achieving low-power operation. Thus, developing methods to excite high-frequency SWs with minimal
energy input remains a critical objective for both fundamental research and practical applications.

To address this challenge, we have explored novel and promising heterostructures based on BiYIG. The specific het-
erostructure investigated is Al (3 nm)/Co (10 nm)/BiYIG (110 nm) grown on a GGG(100) substrate [see Fig. 1(a)]. The
BiYIG layer was deposited on GGG by pulsed laser deposition (PLD), while the Co/Al magnetic bilayer was deposited using
a dc magnetron sputtering system. The deposition of Co/Al bilayer is limited to one half of the sample, which offers an
important opportunity to study magnetic phenomena in both the bare and functionalized BiYIG layers by selecting different
regions on the sample. The sample was excited with femtosecond laser pulse of wavelength 800 nm from the Al/Co side
and probed (400 nm) from the GGG substrate side. Due to the large bandgap of GGG, the probe traverses it and reaches
the BiYIG and Co/Al layer. The reflected probe beam then measures both the differential changes of the MO Kerr rotation
∆ΘK(t) and reflectivity∆R(t) as a function of pump-probe delay time. This configuration allows us to measure the magne-
tization dynamics in both magnetic layers of the heterostructure and to detect acoustic strain pulses through time-domain
Brillouin scattering modulations of the reflectivity signal as they propagate through the GGG.
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Figure 1: Laser-induced ultrafast spin dynamics in BiYIG/Co based- Heterostructure and bare BiYIG thin films: (a)
A sketch of the experimental configuration. Depending on the sample position, the magnetization dynamics in either the
Bi2Y1Fe5O12/Co-based heterostructure or the bare Bi2Y1Fe5O12 layer is measured. (b) Comparison of∆ΘK/ΘKsat measured
in BiYIG/Co based-heterostructure and bare BiYIG thin films with the pump laser fluence of 1.9 mJ/cm2. The Hex t is applied
at an angle of 22◦ from the film plane. The insets show the FFT spectra. (c) Field dependence of the precession frequency.
(d) Spin precession frequency as a function of the mode number at different values of Hex t . The solid line in (c) and (d)
are the fits with Kittel formula for SSWs.

In this talk, I will present our work on laser induced ultrafast magnetization dynamics in BiYIG/Co based heterostruc-
tures using laser pulses and compare the results with bare BiYIG. We demonstrate that femtosecond laser pulses can trigger
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high-frequency SSWs in the BiYIG-based heterostructure with very low laser energy density, which cannot excite spin pre-
cession in bare BiYIG [Fig. 1(b)]. This is reflected at zero external magnetic field by spin dynamics with a frequency up
to 16 GHz [Fig. 1(c)], which is 8 times higher than that associated with the ferromagnetic resonance mode. This result
highlight the importance of heterostructure for energy-efficient generation of high-frequency SWs.

By varying the pump fluence, external magnetic field, and pump polarization, we systematically studied the behavior
of the magnetization dynamics. The field dependence of the precession frequency [Fig. 1(c)] indicates that the physical
origin of the high-frequency mode fB is clearly different from the modes f0, f1, f2, and f3. Specifically, the frequency of
the mode fB shows field-independent behavior, consistent with a Brillouin interference origin, whereas the modes f0 to
f3 exhibit a linear dependence on Hex t . These linear dependences can be well described by the Kittel formula for SSWs:
ω= γ
Æ

(Hex t + Dex k2)(Hex t +He f f + Dex k2) , whereω is the angular precession frequency, γ is the gyromagnetic ratio, Dex
is the exchange stiffness, k = nπ/d is the wave-vector of the SSWs with n being the mode number and d the film thickness,
and the effective field He f f is defined as (4πMs −HK), where HK is the uniaxial anisotropy field. Additionally, spin preces-
sion frequency exhibits a quadratic dependence on the mode number [Fig. 1(d)], further supporting the SSW nature of the
modes. Indeed, a fit of the experimental data with the kittle formula for SSWs using (γ/2π) = 28GHz/T yields an excellent
agreement with the experimental results [Figs. 1(c) and 1(d)]. We obtain an exchange stiffness Dex = (6.9±0.6)×10−17T m2

in good agreement with those reported in the literature for YIG and BiYIG [5]. This clearly demonstrates the SSW nature
of the observed magnetic resonance modes.

To gain a deeper understanding of the excitation mechanism, additional investigations were performed, including mea-
surements of laser-induced changes in reflectivity and experiments with an altered configuration, where both pumping and
probing were conducted from the Co/Al side. Based on the results of these measurements, we attribute the excitation
mechanisms to changes in magnetic anisotropy induced by coherent and incoherent phonons, as well as possible dynam-
ical exchange and spin transfer torque at the BiYIG/Co interface [6]. Additionally, in this talk, I will emphasize on the
critical role of advanced magneto-optical techniques in detecting higher-order SW modes. These results can open exciting
perspectives for ultrafast and energy-efficient data transport and processing applications.
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Spin torque nano-oscillators (STNOs) exhibit properties, such as wide frequency tunability, that could be useful for
technological applications in telecommunications and RF detection. These systems are also promising for unconventional
computing and artificial neural networks, owing to the complex dynamical regimes they can access [1, 2]. One of the
most commonly studied types of STNOs are Spin-Torque Vortex Oscillators (STVOs). These structures typically consist of a
stacking of a ferromagnetic free layer in a vortex state, a non-magnetic spacer layer, and a pinned ferromagnetic layer, called
polarizer. When a sufficiently large current traverses these devices, the vortex core can exhibit self-sustained gyrotropic
motion through spin-transfer torque (STT). The gyrotropic dynamics can depend strongly on the magnetic configuration of
the polarizer layer [1, 3].

In this work, we explore the dynamics in a STNO comprising two vortex free layers, where each layer serves as a
dynamic polarizer for the other. This raises the number of degrees of freedom and therefore, the complexity of the system.
We refer to such systems as Slonczewski windmills [4, 5] whereby coupling between the two layers results from spin torques,
rather than magnetic interactions such as dipolar coupling or RKKY interlayer exchange. The study consists of a numerical
investigation using a modified version of the open source micromagnetic simulator MuMax3 [6], which accounts for the
mutual spin-transfer torque coupling between the two layers. We also take into account Zeeman coupling to the current-
induced Ampere-Oersted field. The simulated layers are disks with thicknesses d0 = d1 =7 nm and of radius rdisk =125 nm.
The magnetic vortices are defined by their respective chiralities, c0 and c1, (in-plane curl) and core polarities, p0 and p1. A
schematic of the studied geometry is given in Fig. 1a for p0 = p1 =1 and c0 = c1 =-1.

Two main studies were conducted to highlight the role of asymmetry between the two vortex states in determining
the overall dynamics. In the first, we introduce asymmetry in the magnetic vortex states, by considering either opposite
polarities (OP) or chiralities (OC). A notable dynamical regime found is the transition from regular gyration of the vortex
core, termed the G-state (Fig. 1b), to the rotation of a C-state magnetization (Fig. 1c) which corresponds to the gyration of
a virtual core outside the disk. In contrast to single free layer STVOs [1], this OP windmill system does not rely on strong
perpendicular applied fields or high currents to enter the C-state. The current-dependence of the gyration frequency is also
qualitatively different, where the frequency decreases with current at high currents (Fig. 1d).

In the second study, asymmetry is imposed on the geometry and material parameters, namely in the Msatd product
which models free layers with different thicknesses. Figure 2 summarizes the dynamics obtained for Msat,1d1 = 1.2Msat,0d0.
Figure 2a shows the power spectral density map as a function of the applied current. Up to I ≈ 13 mA, both cores enter
self-sustained gyration inside their respective layer (G-state). The predicted in-plane magnetization signal exhibits clear
sinusoidal variations (Fig. 2b), which result from well-defined circular orbits of the vortex cores (Fig. 2e). In the current
range I = [13, 16] mA, the mx time traces and orbits show fluctuations (Figs. 2c and 2f), which results in significant
broadening of the power spectra. Finally, in the regime I > 16 mA, a second frequency band appears around f0 = 40 MHz.
This dual frequency regime represents chaotic transitions between G- and C-state in layer 0, a clear example of which is
given in the time trace in Figure 2d, and the trajectories in Figure 2g (C-state) and 2h(G-state). These also result in distinct
resistance states (Fig. 2i), rendering the transitions electrically measurable. Applied external fields can be used to modify
this transition. For instance a field perpendicular to the plane can favor one state over the other, as seen in the resistance
distributions ρ for different fields in Fig. 2j.
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Figure 1: (a) Schematic of the two free layers for p0 = p1 =1 and c0 = c1 =-1. d0, d1 and rdisk are the layers dimensions. J⃗
is the current density flow. Layer 0 (1) favors an antiparallel (parallel) configuration in respect to layer 1 (0) due to STT.
(b) G-state schematic, where the vortex core gyrates inside the disk. (c) C-state schematic, where the virtual vortex core
gyrates outside the disk. (d) PSD map of the gyration frequency in layer 0 as a function of the current in OP configuration.
G- to C-state transition at 2 mA characterized by sudden frequency drop.
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Figure 2: Overview of dynamics for p0 = p1 = 1, c0 = c1 = −1 and Msat,1d1 = 1.2Msat,0d0. (a) PSD map of the gyration
frequency in layer 0 as a function of the current. (b), (c) and (d) are respectively the time traces of mx in each layer at
currents I =3, 15 and 19 mA respectively. Light blue plots correspond to layer 1 and dark blue to layer 0. (e) and (f)
are the trajectories of the vortex cores at currents I =3 and 15 mA. (g) and (h) are the trajectories of the vortex cores at
current I =19 mA, for C- and G- states respectively. In (g), core centers appearing at the disk edges correspond to the
C-state. (i) Time trace of the magnetoresistance, R = −

∫

m0(r⃗) ·m1(r⃗) d r⃗2/πr2
disk, at current I =20 mA (left panel) and

resistance distribution ρ (right panel). Two peaks observed at R≈-0.44 (light blue area, C-state) and R≈-0.61 (dark blue
area, G-state). (j) Resistance distribution at current I =20 mA and perpendicular field Bz going from -50 to 50 mT. Negative
(positive) fields favor the C-state (G-state).

Our simulations suggest that the complex dynamics arising from mutual spin torque coupling could be useful for uncon-
ventional computing. For example, stochastic transitions between the G- and C- states could be harnessed for generating
random numbers for encryption and probabilistic computing, while complex transients could be useful for pattern recogni-
tion tasks.
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Magnetic vortices are topological spin configurations consisting of circulating in-plane magnetic moments, with the
magnetization extending out of the plane within a compact central region known as the core. The dynamics of these
vortices are characterized by sub-GHz gyration of the core, which describes a circular motion around the disk’s center,
and GHz-range spin wave excitations about the vortex state. These excitations are geometrically quantized and indexed
by radial and azimuthal numbers [1, 2]. Nonlinear interactions involving these spin waves have potential applications in
pattern recognition tasks [3].

Recent studies have demonstrated that the coupling between gyration and spin wave modes can be effectively described
using Floquet theory [4]. In this framework, the gyration acts as a periodic modulation of the background spin wave
potential, giving rise to magnon Floquet states. These states manifest as a frequency comb around the original spin wave
spectrum, with the comb spacing determined by the gyration frequency. Experimental and simulation evidence confirms
that exciting the core gyration via RF fields directly generates these Floquet states, whose existence is intrinsically linked to
the presence of the vortex core [5]. In this presentation, we will discuss a theoretical investigation utilizing micromagnetic
simulations [6] to elucidate the emergence of magnon Floquet states through the excitation of higher-order spin wave modes.
Our study focuses on a CoFeBSi disk with a 300-nm diameter and 20-nm thickness, where the ground-state configuration
forms a vortex. By employing a supercell approach [7], we resolve the spin wave spectra under radiofrequency magnetic
field excitation.
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Figure 1: Fig. 1(a) shows a colormap of the power spectrum of the magnetization dynamics in the disk as a function of the
RF field frequency. Horizontal lines represent frequencies of the linear eigenmodes, with the low frequency mode at 727
MHz corresponding to the gyration, while higher-frequency branches around 10.8 and 13.1 GHz indicate the first order
azimuthal m± 1 modes. As the RF field frequency is swept through this range, we observe the appearance of a frequency
comb around the azimuthal modes and the gyration mode. The appearance of this comb depends on the strength of the RF
field amplitude, as shown in Fig. 1(b). Here, we see that the comb emerges above 0.7 mT, with the number of sidebands
increasing with the RF field amplitude. The presence of the comb is linked to the gyration, where the average radius of
gyration is shown as a function of RF field frequency for three values of the RF field amplitude Fig. 1(c). While direct
excitation of the modes m ± 1 (highlighted here by the dashed lines) leads to a small gyration amplitude, we see that it
is the off-resonant excitation of both modes simultaneously (at a frequency of 11.5 GHz) that results in a large gyration
orbit. The insert in Fig. 1(d) shows the typical core trajectory from the center to a large gyration orbit. This phenomenon
exhibits a clear threshold behaviour, as shown in Fig. 1(d), where the gyration orbital radius is shown as a function of RF
field strength at a frequency of 11.5 GHz.

Our study highlights a straightforward method for generating Floquet states in magnetic systems without the need for
direct modulation of magnetic parameters such as exchange or anisotropy. We foresee that magnon Floquet physics in
topological spin textures could serve as a promising platform for advancing the understanding of nonlinear magnonics,
with potential applications in signal processing and unconventional computing.
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Figure 2: Fig. 2(a) shows the spatial profiles of six selected modes. Mode 1 corresponds to to the gyration, while Mode 4
is the primary mode excited by the RF field and resembles a m= ±1 mode deformed by the core gyration. The modes that
constitute the comb around mode 4, i.e., modes 2, 3, 5, and 6, resemble deformed versions of azimuthal modes m= ±3, ±2,
0, and±1. These are in fact Floquet states that appear due to the nonlinear interaction between the gyration and the original
azimuthal mode, which remained sustained as long as the core gyration is present. Fig. 2(b) illustrates the power spectrum
under an RF field excitation of 1.0 mT at a frequency of 11.5 GHz. It shows a prominent frequency comb that spans the
gyration frequency up to and beyond the azimuthal mode frequencies. Fig. 2(c) and (d) are respectively representation of
the non-linear splitting and non-linear confluence of magnon, sum of frequencies and azimuthal indices remain conserved
during these processes. These results show how a new class of eigenmodes can arise through the nonlinear interaction
between a linear mode and the core gyration.
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Magnetization dynamics is highly nonlinear, yielding a set of interesting phenomena, among which spin-wave turbu-
lence and chaos [1]. One of the goals is to take advantage of complex magnetization dynamics in nano-oscillators for the
generation of true random numbers used for data encryption and secure wireless communication, as well as efficient pre-
processing of fast time-varying signals [2]. Dynamical systems and chaos exhibit diverse mathematical structures, offering
a compelling explanation for irregular temporal patterns and anomalies in systems that do not appear inherently random.

In this presentation, we will discuss results from the analysis of chaotic time traces obtained through micromagnetic
simulations of magnetization dynamics in FeCoB nanodisks. The studied system is an out-of-plane magnetized nanodisk in
which the uniaxial anisotropy nearly compensates the shape anisotropy, leading to a highly tunable magnetic response. By
driving the system’s ferromagnetic resonance (FMR) into the nonlinear regime through an RF magnetic field, we observe
a threshold above which a self-modulation instability occurs, yielding chaotic time traces of the average magnetization
dynamics (see Fig.1). These chaotic oscillations manifest as irregular, aperiodic variations in the magnetization components,
indicating the presence of deterministic chaos. The observed oscillations result from the coupling of multiple spin-wave
modes within the nanodisk [3], each contributing to the complex temporal behavior of the magnetization. By adjusting
the disk geometry, magnetic parameters, and operating conditions, the frequency and amplitude of these modes can be
modified, providing additional control over the onset and characteristics of chaos. This tunability highlights the potential
of such nanostructures for applications where chaotic dynamics can be exploited.

Figure 1: The ferromagnetic resonance curves (left) reveal the transition from linear to nonlinear dynamics as the RF field
amplitude increases. Time-resolved magnetization evolution (right) demonstrate the emergence of chaotic oscillations at
high RF field amplitude (unstable transient) versus periodic motion at low amplitude (stable transient).

By reconstructing the attractor in phase space (see Fig.2) using Takens’ embedding theorem [4], we map the time series
onto a higher-dimensional manifold to study the system’s dynamics. This method allows us to visualize the phase space and
extract key quantities like the largest Lyapunov exponent and fractal dimension. The Lyapunov exponent measures sen-
sitivity to initial conditions, a hallmark of chaos, while the fractal dimension reveals the attractor’s geometric complexity.
These tools are essential for distinguishing deterministic chaos from random noise, confirming the chaotic behavior in the
magnetization dynamics [5].

Our analysis focuses on identifying the instability threshold and mapping the transition from periodic to chaotic regimes
in the control plane (Hz , hrf) where Hz is the applied static magnetic field and hrf denotes the amplitude of the RF magnetic
field. It also reveals how the degree of chaos depends on these control parameters. In particular, we identify distinct
dynamical behaviors, including quasi-periodic oscillations, chaotic regimes, and intermittent transitions between order and
chaos [6]. This provides valuable control levers for tuning the system’s response.
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Figure 2: Rotational view of the system’s reconstructed attractor in the phase space considering delayed coordinates (t, t+τ,
t+2τ) used in the embedding of Takens’ theorem.

To ensure that chaotic signals generated by nanostructures can serve as a reliable source of true random numbers, we
exploit the sensitivity to initial conditions and the exponential divergence of nearby phase space trajectories to produce
random numbers from the inherent unpredictability of chaos. The resulting bit streams are then validated through rigorous
statistical tests such as the NIST Randomness Test Suite [7]. These tests evaluate the randomness across multiple statisti-
cal criteria to confirm that the generated numbers exhibit the unpredictability and entropy required for cryptographic and
sensing applications.

This overall methodology aims to develop a comprehensive framework for understanding the mechanisms that govern
chaotic dynamics in coupled spin-torque nano-oscillators (STNOs) or those with delayed feedback, and how these can be
controlled and exploited for advanced technological purposes [8], such as secure communication systems and high-speed
signal processing. This approach will lay the groundwork for future investigations where nanodisks are integrated into
magnetic tunnel junctions, offering a path toward more complex, integrated systems with enhanced capabilities.
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Magnetic field sensors represent one of the key application in spintronics [1]. Sensors based on magnetoresistive effects
have attracted great attention as they combine small dimensions, reduced cost and high magnetic field sensitivity. However,
a big challenge nowadays is to improve the level of detectivity beyond the pico-Tesla range, while maintaining a small size
and low noise. The development of such a sensor is essential in multiple areas, ranging from the detection of biomedical
fields [2] to space exploration [3]. A sensor’s performance depends on the estimation of two main quantities: the sensitivity,
defined as the output signal (Sout) slope normalized by the input bias (Sin) (S = 1

Sin

dSout
dH , expressed in V/V/T or in %/T) and

the noise arising from multiple sources, expressed in V 2/Hz. The ratio D =
p

Noise
dSout

dH

(expressed in T/
p

Hz) is the detectivity

that refers to the lowest signal the sensor can measure at a given frequency. Hence, a combined high sensitivity and low
noise is needed in order to obtain low detectivity values and, in this way, achieve a good sensing performance.

In the last few years, multilayer hetero-structures with spin textures, like skyrmions, have been widely studied for low-
energy-consumption memory applications or probabilistic and neuromorphic computing [4]. However, there exist only few
studies where skyrmions are used for sensing applications: they have been used, for example, for counting the number
of rotations of a permanent magnet [5] or for fabricating a 3D magnetic field sensor without pushing for a low limit of
detection [6].
Recently, we discovered that skyrmion multilayers with perpendicular magnetic anisotropy can exhibit an extremely high
sensitivity to very small out-of-plane magnetic fields (see Figure 1a). Moreover, due to the anomalous Hall effect [7], it is
possible to convert this response into an electrical signal in a micrometer-sized sensor. In addition to the high sensitivity,
reaching low intrinsic noise is crucial for the characterization of such a sensor.

Figure 1: (a) Sensitivity measurements of a Ta/FeCoB/TaOx trilayer: comparison between the electrical Hall effect (blue
line) measurement and the magneto optical Kerr effect (MOKE) measurement (green line). MOKE image insets depict the
magnetic domains at four distinct field values. Each image corresponds to the field value indicated by the arrow matching
the color of its outline. (b) Noise measurement of the same magnetic trilayer at the same constant static external field
values (same colour-code than in (a)). The square root of the power spectral density (

p
PSD) is plotted in the frequency

domain as a function of the applied magnetic field. The peak at 30Hz corresponds to a known excitation signal and serves
for calibrating.

We study a heavy-metal/ferromagnet/metal oxide magnetic trilayer made of Ta/FeCoB/TaOx with perpendicular magnetic
anisotropy (PMA). A thickness gradient of the FeCoB and the top Ta layer allows, among other properties, a very fine tuning
of the magnetic anisotropy. In the transition zone where magnetization shifts from PMA to a paramagnetic regime, low
domain wall energy facilitates thermal demagnetization and the nucleation of skyrmions under the influence of exceptionally
small external magnetic fields (in the µT range). This leads to remarkably low saturation fields, around 200 µT, accompanied
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by a quasi-linear response (Figure 1a). With a magneto-optical Kerr effect (MOKE) microscope, it is possible to optically
image the evolution of the magnetic domains while simultaneously recording a hysteresis loop. An electrical anomalous Hall
effect measurement of the loop is performed in the same multilayer stack, patterned into Hall bar crosses, with a sensing
area of 10 × 10µm2. Figure 1a shows the comparison between the loop measured electrically (in blue, Ibias = 100µA)
and the one measured magnetically with the MOKE (in green). The four images visible inside are taken by the MOKE
microscope and represent the magnetic domains of the central part of a hall bar cross at four representative field values:
in the saturation regime (- 400 µT , image with black outline), in the region where skyrmions are nucleated with negative
field (- 200 µT , red outline), at zero field where magnetic domains are characterized by stripes (0 µT , yellow outline) and
in the region where skyrmions are nucleated with positive field (300 µT , violet outline).

We performed a series of noise measurements with the sensor operating at the same four representative static field values
described before: the saturation regime (- 400 µT), the region where skyrmions are nucleated with negative field (- 200
µT), at zero field where magnetic domains are characterized by stripes (0 µT) and the region where skyrmions are nucleated
with positive field (300 µT). Additionally, an AC magnetic field of 0.1 mT at 30 Hz was applied, to serve as a calibration
signal for the sensitivity.. Figure 1b shows the square root of the power spectral densities (

p
PSD) in the frequency domain

measured while injecting a current of Ibias = 100µA in the Hall bar cross, considering the four representative field values
mentioned before. It is possible to clearly identify two different levels of noise: a lower one (∼ 10−8V/

p
Hz) corresponding

to the region where the sensor is operating outside the sensitive field range, that is the saturation zone, and a higher one
(∼ 10−7V/

p
Hz) corresponding to the linear region where the sensor is operating along the sensitive field range (±300µT).

In the first case, the thermal noise is predominant at high frequencies, while in the second case the 1/f noise become the main
contribution. Moreover, we were able to correlate the domain wall structure at different static magnetic fields, as seen on
the MOKE images, with the observed noise behavior. It appears that the thermally activated domain wall motion/distortion
results in an additional source of noise for the sensor. Despite that, in this work we present an ultrasensitive skyrmion-based
magnetic field sensor with an unexpectedly low noise level and an overall detectivity in the 300−400nT/

p
Hz range. These

values are comparable to the ones found in the literature for similar anomalous Hall-effect sensors [7], so we remain highly
optimistic to push this limit with further optimizations.
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Antiferromagnetic order control in 2D CrSBr
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CrSBr is an emerging van der Waals (vdW) magnet that has been gaining significant attention, as it exfoliates easily down
to the monolayer, which remains stable under ambient conditions. It also supports a relatively high Curie temperature of
140 K and exhibits magneto-optical coupling through its excitons [1].

The magnetic structure of CrSBr, an A-type antiferromagnet (AF), presents a lot of opportunities in spintronics, com-
bining two recent trends in the field: 2D materials and AF spintronics. Similar to synthetic AFs, CrSBr can exhibit giant
tunneling magnetoresistance, a property recently utilized to create non-volatile memory devices [2].

However, a key challenge in working with AF materials is the control and measurement of their order parameter. In our
work, we propose a novel method to manipulate the AF order in a CrSBr bilayer by leveraging lateral exchange interactions
within a single crystalline flake. As a demonstration, we present the first observation of an AF domain wall in an atomically
thin vdW magnet.

Control Free Pinning
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0 mT

B 140 mT
a b

ii

i
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Left Right
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iii iv

NV 
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Figure 1: a Illustration of the protocol used to create AF domains in a bilayer sandwiched by two odd-layered stacks. The
independent manipulation of the stacks relies on the spin-flip dependence on the number of layers [3]. b Depiction of the
magnetization of a flake (left) and corresponding magnetic imaging by NV magnetometry (right) for two sets of boundary
conditions. An AF domain wall is visible when the bilayer boundary conditions are non-uniform.

The process for creating AF domains in a CrSBr bilayer is illustrated in Fig.1 a. This technique exploits a fundamental
property of 2D A-type AFs: only regions with an even number of layers are truly AF, while regions with an odd number
of layers exhibit intrinsic magnetization (due to one uncompensated layer), making them responsive to external fields.
By independently manipulating neighboring odd-layer stacks, it is possible to establish boundary conditions that favor the
formation of distinct AF orders, thereby generating AF domains.

An experimental demonstration is shown in Fig.1 b. The trilayer control gate is flipped between the top and bottom
panels. As a result, an AF domain wall appears and disappears, as observed using scanning NV magnetometry.

This protocol shares similarities with the process of imprinting a ferromagnetic (FM) pattern into an AF through exchange
bias. However, in this case, the exchange occurs laterally through the 1D channel separating the stacks, rather than vertically.
This opens new possibilities for 2D architectures in spintronic devices.
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Since their discovery in 2017 [1], two-dimensional (2D) van der Waals (vdW) magnets have gained significant attention
for their potential application in spintronics. However, this would require room temperature magnetism and large-scale
fabrication, and despite extensive research, only few 2D materials exhibiting ferromagnetism at room temperature have
been found so far. Recently, ferromagnetic order at room temperature has been demonstrated in thin Fe5GeTe2 grown by
Molecular Beam Epitaxy (MBE) [2]. The development of further technological applications requires understanding of the
magnetism in these materials, and magnetic imaging techniques are crucial for studying a material’s magnetic phases and
magnetisation patterns. In this work, we use a single-spin scanning probe technique to study the magnetism in few-layer
Fe5GeTe2.

Scanning NV magnetometry employs the single spin of a nitrogen-vacancy (NV) defect in diamond to measure a sample’s
stray magnetic field, making use of its spin-dependent fluorescence. In order to achieve close proximity between the sample
and the sensor, a single NV centre is embedded into the tip of an all-diamond cantilever and brought into close contact with
the sample via tuning fork-based atomic force microscopy (Fig. 1). By scanning the NV centre across a sample and recording
its fluorescence, the sample’s magnetic stray field can be imaged. This technique offers a high sensitivity of several µT/

p
Hz

and spatial resolution of a few tens of nanometres, and is thus well suited to map out the magnetism in two-dimensional
materials [3].

Here, we employ scanning NV magnetometry to quantitatively image the magnetic texture in 12 nm-thin MBE-grown
Fe5GeTe2 at the nanoscale. We investigate the effect of patterning on the magnetic order and demonstrate the stabilisation
of magnetic vortices in various micron-sized structures at room temperature (Fig. 2). Upon application of an external
magnetic field of a few mT we obtain a single ferromagnetic domain in these structures, which allows us to extract a satura-
tion magnetisation of about 160 kA/m. Our results show the role of confinement for the stabilisation of complex magnetic
structures in 2D magnets and highlight the potential of the room temperature vdW magnet Fe5GeTe2 for applications in
spintronics.

Figure 1: Illustration of a scanning NV magnetometry
experiment.

Figure 2: NV magnetometry scan showing the stray field
of a magnetic vortex in a 12 nm-thin square Fe5GeTe2.
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Current-induced magnetization manipulation is a promising approach for high-performance MRAM, especially Spin
Orbit Torque (SOT) which allows sub-ns speed with high endurance. SOT relies on the spin-orbit interaction, prominent
in materials such as topological insulators (TI) which exhibit spin-momentum locking on their surface. By minimizing
bulk conduction in TI, charge transport is preferentially routed through the surface states, enhancing the charge-to-spin
conversion efficiency [1]. Bi1-xSbx TI alloys stand out with a band structure that can be tuned by the composition and
with large spin Hall angles [2]. While early studies have demonstrated topologically protected surface states in BiSb alloys,
challenges persist in understanding the impact of surface roughness, oxidation and crystallinity on device performances.

Here we investigate the topological surface states in BiSb films using ARPES (17K), Hall measurements and current-
induced magnetic switching of interfaced magnetic layers. Fig. 1 presents ARPES measurements on 2 µm and 100 nm thick
Bi1-xSbx layers grown by MBE on GaAs(111)A for varying Sb compositions in the TI window, ranging from x = 0.07 to 0.19.

Figure 1: (a),(b),(c) Fermi surface maps measured by ARPES at 17K on Bi1-xSbx 2µm films for x = 0.07, 0.15, 0.19, resp..
(d),(e),(f) are cross sections of the band dispersion along the Γ̄ M̄ direction with zoomed-in region in (g),(h),(i). (j) ARPES
Fermi surface maps and (k) cross sections of the band dispersion of a 100 nm-thick Bi0.89Sb0.11 film. (l) Temperature
dependence of the resistivity of 100 nm thick Bi1-xSbx films with x = 0.07, 0.11, 0.17.

As reported previously [3], the surface state intensity exhibits an hexagonal core (P1) at the Γ̄ point, corresponding to the
S1 surface state band crossing the Fermi level. P1 is surrounded by six petals, oriented along the Γ̄ M̄ direction, corresponding
to the P2 hole pockets of the S2 band and the P3 electron pockets at the local minima of the S1 band. Although the surface
states display a six-fold symmetry, all samples exhibit a strong three-fold symmetry, which corresponds to the projection
of the bulk states to the surface, consistent with single crystalline BiSb. The size of the carrier pockets is composition-
dependent, with smaller petals and reduced intensity for Bi-rich samples. The band dispersions shown in Fig. 1(d-f) display
five distinct crossings, confirming the non-trivial topological insulating nature of the samples. Interestingly, the S1 and S2
surface bands cross the Fermi level at distinct kx, which is correlated to the evolution of the bulk bands: as Sb increases, the
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valence bands at the Γ̄ point approaches the Fermi level, pulling up S1 and S2. Interestingly, reducing the BiSb thickness to
100 nm give similar results (Fig. 1(j)-(k)).

Resistivity measurements are presented Fig. 1(l) for 100 nm thick films. From values as low as 2-3×10−6 Ω.m at
300K, it increases from 300K to 70K, indicating a semiconductor behavior, to reach a maximum around 50-60K. At lower
temperatures, it decreases, a sign of the metallic behavior typical of TIs : as the temperature drops, the concentration of
thermally excited bulk carriers decreases, enhancing the contribution of the metallic surface states. Activation energies
are estimated to be approximately 18.7, 23.7, 23.2 meV for x= 0.07, 0.11, 0.17. These values are in the same order of
magnitude as half the bandgap energies expected for Bi1-xSbx [4]. Our findings are in good agreement with the expected
band gap evolution, where highest values are expected at the center of the TI composition-window.

Finally, a Pt 4nm/Co 0.6nm/Pt 1nm trilayer was deposited on the 100 nm thick Bi1-xSbx films for x= 0.07, 0.11, 0.17
(Fig.2(a)). After patterning into Hall bar (Fig. 2(b)), anomalous Hall measurements display the perpendicular anisotropy
of the magnetic stacking whatever x (Fig. 2(c)). For x=0.07, no current-induced magnetization switching is obtained. For
x=0.11, the current toggles the Co magnetization between up and down states (Fig. 2(e)), but the associated RH variation is
lower than the one driven by an in-plane magnetic field sweeping (Fig. 2(d)), indicating that the current-induced reversal is
limited to some magnetic domains. For x=0.17, a complete current-induced switching is obtained (Fig. 2(g)), as attested by
the comparable RH change with the RH -Bz (Fig. 2(c)) and RH -Bx curves (Fig. 2(f)). The switching critical current density is
JSW=1MA/cm2, significantly lower than the typical 10-100 MA/cm2 obtained in heavy metal (HM)/ferromagnet structures.
This suggests high SOT efficiency despite the additional SbOx 1nm/Pt 1nm layers at TI/FM interface. Interestingly, the SOT
switching power dissipation (ρJ2

SW ) is here as low as 3×1014 W.m−3, which significantly distinguishes MBE-grown BiSb
as efficient SOT materials in comparison to HM and sputtering grown BiSb, which require switching powers larger than
5×1015 and 1015W.cm−3, resp. [5].

Figure 2: (a) Pt/Co/Pt/BiSb/GaAs heterostructure. (b) SEM image of a patterned device. (c) Normalized Hall resistance
RH as a function of Bz at 300K. (d) RH as a function of Bx applied along the current direction x for x=0.11. (e) RH as a
function of current density in Bi0.89Sb0.11 with Bx=±50mT. (f) RH as a function of Bx for x=0.17. (g) RH as a function of
current density in Bi0.83Sb0.17 with Bx=±50mT.
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The increasing interest in low-energy cost control of magnetic states has led to the consideration of pure spin currents
generation, enabling, for example, the manipulation of spins in magnetic insulators. A pure spin current can be generated
by injecting a charge current into a non-magnetic heavy metal with a strong spin-orbit coupling. This charge current
induces a transverse spin current via the spin Hall effect (SHE). Considering an adjacent layer as a magnetic material, the
accumulation of spin at the interface generates a perpendicular charge current, which influences the resistance of the heavy
metal via the inverse spin Hall effect (ISHE).

The spin current propagating in the adjacent material can influence its magnetization, potentially reversing it, through
spin-orbit torque (SOT) [1]. The resistance of the heavy metal depends on the relative orientation of the spin polariza-
tion and the magnetization of the material, a phenomenon known as Spin Hall Magnetoresistance (SMR), which provides
information on the magnetization direction of the magnetic material.

Although spin effects on the transport properties of ferromagnetic materials have been widely studied [2, 3] antiferro-
magnetic materials have received less attention. However, these materials are of considerable interest. Unlike ferromagnetic
materials, antiferromagnetic materials show little or no net magnetization, which makes them less sensitive to magnetic
fields and gives them greater robustness. Furthermore, their ultra-fast dynamics in the terahertz (THz) range make them
particularly interesting, compared to the resonance of ferromagnetic materials in the gigahertz (GHz) range.

In this context, we are interested in transition metal oxides with ABO3 perovskite structure. These materials have demon-
strated a wide range of intriguing phenomena, from magneto-electric effects to high critical temperature superconductivity
[4, 5]. These characteristics are the result of the structure’s ability to adapt to different atoms of the periodic table and are
closely related to the strong correlations between spin, orbital, and charge degrees of freedom of the B electrons [6, 7].
RVO3 compounds share the typical characteristics of transition metal oxides, they are Mott insulators with a complex phase
diagram presented in the Fig.1(a), with various magnetic, orbital and structural transitions [8]. Below the Néel tempera-
ture, these compounds adopt a C-type antiferromagnetic order. In addition, for lighter rare earths, a transition to a G-type
order is observed, and this order can be controlled by the application of a magnetic field [9].

While PrVO3 and LaVO3 have mainly been studied as thin films [10, 11], less focus has been placed on other rare earths.
To address this gap, we investigate the synthesis of DyVO3 (DVO) and GdVO3 (GVO) on NdGaO3 (NGO). The positions of
these rare earths in the phase diagram make them particularly interesting for the study of magnetotransport properties.
Indeed, DVO and GVO are located at the boundary of different structural, magnetic, and orbital transitions [8].

In this study, we focus on the behavior of epitaxial Pt/GVO//NGO(110) and Pt/DVO//NGO(110) heterostructures grown
using the pulsed laser deposition (PLD) technique, specifically examining the transport properties of platinum influenced
by the spin characteristics of the vanadates. The orthorhombic NGO substrate is used to stabilize a single orientation of the
orthorhombic film, which typically exhibits multiple domains when deposited on a cubic substrate [10–12]. Additionally,
due to the strong spin-orbit coupling in Pt, a pure spin current can be generated, which then interacts with the magnetization
of GVO and DVO through the SOT.

We will first present the result of the in-depth structural characterization of GVO//NGO(110) and DVO//NGO(110) het-
erostuctures by X-Ray Diffraction (XRD) using laboratory and synchrotron sources, High-Resolution Transmission Electron
Microscopy (HRTEM) and Scanning Transmission Electron Microscopy (STEM), see Fig.1(b-c). Next, we investigate the
magnetotransport properties of the Hall-cross patterned heterostructures (with 10nm Pt), displayed in Fig.1(d), through
angle-dependent magnetotransport measurements. For this purpose, we use harmonic voltage analysis with different field
geometries, which allows the separation of the different effects related to magnetotransport. First harmonic measurements
group together the magnetoresistive effects, which vary linearly with the current, while those at the second harmonic mainly
reflect the thermoelectric effects and the oscillation of the magnetization around its equilibrium position. Combining this
approach while varying the temperature and the field, see Fig.1(e-g), enables to disentangle the effects due to platinum
polarization and direct interfacial contribution between platinum and GVO or DVO.
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Figure 1: (a) Phase diagram of RVO3 compounds adapted from [8]. (b) XRD θ/2θ measurement around the (220) direction
of the GdVO3 (GVO) film deposited on a (220)-oriented NdGaO3 (NGO) substrate. (c) HRTEM (left) and HAADF-STEM
micrographs (right) images of the GVO/NGO interface. (d) Hall bar device of a Pt/GVO//NGO heterostructure, with
measurements of the longitudinal and transverse voltages by rotating the bar around three different angles, α, β , and γ.
(e)-(g) Angle (α, β , γ)-dependent magnetotransport measurements at 5 K and magnetic fields ranging from 0 to 7 T.
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Spin-orbit interaction (SOI) at metallic interfaces [1] has been recently the centre of spintronic research because it
enables fast and efficient magnetisation dynamics for spin-based memory (e.g. SOT-MRAM), or skyrmion based devices.
Indeed, the dynamics of magnetisation in spintronics devices is mainly controlled by the efficient spin-orbit torques (SOT)
exerted by the generated out-of-equilibrium transverse angular momentum like for instance spin currents. Two main mech-
anisms have been investigated for SOT generation: the spin Hall effect (SHE) in heavy metals such as Pt or Ta and the
Rashba Edelstein effect (REE) at interfaces. The two effects contribute to a damping-like (DL) and a field-like (FL) torque
applied to the magnetization [2]. Recently, the occurrence of orbital Rashba Edelstein effect (OREE) and orbital Hall effect
(OHE) in systems integrating light metallic elements were also shown to generate torques or to enhance the already existing
SOT in well engineered heterostructures. Though, there remain open questions on the actual mechanism leading to the
generation of orbital angular momentum in light metals in particular.[3, 4].

In order to tackle these fundamental issues and provide some routes for improvement of SOT-based devices, we demon-
strate here how the insertion of a light metallic element interface profoundly affects with a strong benefit both the nature of
spin-orbit torque and its efficiency in terms of damping-like and field-like effective fields acting on an adjacent ultrathin Co
layer. We focus on the case of Pt/Co/Al/Pt system with variable thicknesses (Figure 1(i)) and compare it to Pt/Co/Cu/Pt to
exhibit the role of the top Co/Al interface [5]. We show how the insertion of a Co/Al interface leads to a huge enhancement
of the FL torque, upon increasing the Al thickness to 3 nm. By varying the Al and the Co thicknesses, we undoubtedly
demonstrate the occurrence of a Rashba interaction in Co/Al interface (Figure 1(ii)). Moreover, from the variation of the
torque with the different layers thicknesses at the very low thickness limit (tCo varying from 0.55 to 1.4 nm) (see Fig. 1),
we extract the main parameters governing the transverse spin dissipation related to spin precession and spin decoherence
and discuss the ensemble of those phenomena that we correlate to the anomalous Hall effect (AHE) response.

Besides this experimental characterization of SOT in Co/Al, we also performed density functional theory (DFT) calcu-
lations [6]. Those calculations outcome is to show an orbital momentum locking (OML) texture at the interface of Co/Al.
This effect is lost when Al is replaced by Cu. Therefore, DFT calculations confirm our experimental conclusions and allow
us to understand the strong SOT as a consequence of an OREE. Combining DFT calculations and linear response theory,
we are also able to predict the effective field applied by the SOT on the magnetization and find it to be consistent with the
experiments.

To further probe experimentally the physical properties of Co/Al interface, we modify it by adding a dusting of another
material between Co and Al. We have chosen to add material with strong SOI to see whether or not it would enhance SOT.
Hence, we have grown samples of Pt/Co/dusting Pt/Al/Pt and characterized them using the same techniques as with the
previous samples. We measure a decrease in the SOI related properties (PMA and SOT, Figure 1iii) when this Pt dusting is
added. We are able to reproduce these experimental results in the DFT calculations. According to these calculations, OML
vanishes when Pt is inserted between Co and Al. This explains the clear drop in the FL torque. Besides, we measure an
increase in the AHE in samples with dusting Pt, suggesting that spin flipping is stronger with Pt dusting. According to our
transport model, this explains the decline in DL torque.

After having characterized SOT in Co/Al interface, we investigate how relevant it is to current induced magnetization
switching. In that purpose we fabricate Co/Al/Pt pillars of 300 nm diameter laid on Pt tracks using e-beam lithography.
This design imitates the geometry of a free layer in SOT-MRAM device. Electrical current pulses of width down to 50 ns
are then applied to measure the critical switching current required to achieve magnetization switching (Figure 1iv). The
magnetization state is probed through the measurement of the transverse resistance. From this study, we demonstrate a
reduction in the critical current with Al insertion. This reduction is opposite to the increase in magnetic anisotropy and
shows how stronger SOT are beneficial to magnetization switching. However, the quantitative role of the FL component of
the torques remain unclear, in spite of it being larger than the DL component in Co/Al interface.
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(i) (ii)

(iii) (iv)

Figure 1: (i) EDX elemental map of a multilayer (from [5]). (ii) Ratio of the SOT FL component over the DL component for
series of sample with varying Co thickness and Co/Al interface or Co/Cu. Dotted lines are fit to our model. (iii) Measured
SOI related properties when dusting of Pt (thickness in absix) is added between Co and Al. (iv) Magnetization switching
cycles obtained in Pt/Co/Al/Pt.
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Recently, orbital angular momentum (OAM), the previously underestimated degree of freedom, has been found to re-
spond to charge current stimuli in a weak spin-orbit coupling (SOC) system[1–4]. Two counterpart phenomena, the so-called
orbital Hall effect (OHE)[2, 5, 6] and the orbital Rashba-Edelstein effect (OREE)[1, 7, 8] have been proposed to efficiently
realize orbital torque via OAM currents. In particular, in our previous work on Co(2)/Pt(tP t)/CuOx(3) multilayers with in-
plane magnetic anisotropy (IMA)[9], it exhibits a significant DLT up to 2.38 mT/(1011 A/m2).The most pronounced effect
is observed with a tP t ≃ 4 nm thick Pt insertion layer. Our work emphasized the critical role of OAM for the benefit of a
more efficient charge-spin conversion.
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Figure 1: (a) Angular-dependent 2nd harmonic Hall voltages (color dots) measured with an AC of 6 mA under different
Hext and corresponding fitting curves (colored lines). Experiments are performed at 300 K. The inset shows the schematics
of the device designed for the electrical and torque measurements and the geometry conventions. (b) The values of torque
efficiency extracted from the fitting for various Hext. (c) Comparison of HDL of the reference and orbital samples obtained
by different harmonic measurements in the OOP and IP geometry.

In this study, we have developed and experimentally validated angular harmonic Hall measurements in the out-of-
plane (OOP) geometry for two in-plane magnetized samples consisting of two different oxidized light metals, either CuOx
or AlOx, different in that the former provides additional orbital torque. The interest in the angular OOP measurement
approach prevails because it offers distinct advantages over the commonly used in-plane (IP) geometry[10]. First, we
demonstrate that, unlike the IP geometry, a quantitative determination of the torques does not require a complete set of
measurements at different magnetic fields. This is due to the distinct angular signature from the thermal effects. Second,
the proposed OOP method provides greater accuracy in properly separating and quantifying the field-like and damping-like
torque components if the planar Hall (PHE) and anomalous Hall (AHE) effects are of the same order of magnitude due to
their distinct responses. The counterpart of angular OOP is the possible occurrence of additional in-plane thermoelectric
effects with respect to an in-plane temperature gradient, which can also be accurately examined and disentangled.

We give the expressions for the 1st and 2nd harmonic Hall signals in the OOP measurement geometry, which read:

Vω = I0RAHE sin(θM ), (1)

and

V2ω = −
1
2

dVω
dθM

HDL

[Hex t cos(θH − θM ) +HK cos (2θM )]

− I0RPHE cos2(θM )
HF L +HOE

Hex t cos(θH)
+ I0α (TOOP cos(θM ) + TIP sin(θM )) (2)

To verify its applicability, we first measure identical samples providing both spin and orbital torque response as the one
studied in Krishnia et. al [9], which is SiO2(sub.)|Co(2)|Pt(4)|CuOx(3) (number in parentheses is the thickness in units of
nanometers). Moreover, a reference sample of Co(2)|Pt(4)|AlOx(3) free of any orbital contribution, only integrating Co|Pt
SHE source, is used for direct comparison [9].
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In Fig. 1(a) 2nd harmonic signals vs. θH are measured using an AC of 19 Hz and peak amplitude I0 of 6 mA. We have
checked that the V2ω signals correctly scale as I2

0 , as expected. The curves are the fitting results using Eq. 2. In Figs. 1(b),
we display the different values of the torques for all Hext and compare them. The magnitudes of HDL remain almost constant
throughout the field window, except for those obtained in the largest fields. Note that the torque signals are quite small
at large fields, reducing the signal-to-noise ratio, and consequently, the measurement accuracy. Having confirmed the
ability of the OOP angular 2nd harmonic measurement method, we have measured and analyzed the characteristic effective
SOT generated from the Co(2)|Pt(4)|CuOx(3) orbital sample involving an orbital contribution. In Fig. 1(c), we compare
the values of HDL taken from the reference (blue) and those resulting from the orbital samples (red) obtained via the
two different geometries. Dashed lines are the result of Krishnia et al. (Ref. [9]) of the angular variation geometry
of the IP, and the scatter points are the results obtained from OOP showing a very excellent consistency between these
two methods. In addition, the twofold increase in HDL for the orbital sample with an oxidized Cu capping layer, from
HDL ≃ 1.2 mT/(1011 A/m2) to HDL ≃ 2.4 mT/(1011 A/m2) quantitatively confirms the unique role of the Cu | CuOx
interface in terms of the production of an orbital current.

In conclusion, we have provided the experimental proof of an alternative harmonic technique consistent with the IP
geometry in terms of the parameter extraction of SOT effective fields. Notably, using this geometrical method, we empha-
sized the critical role of the naturally oxidized copper layer in generating orbital current and orbital torque with a twofold
larger DL field than the reference sample. More generally, this method paves the way for further investigations of theoretical
aspects, accurate measurements and applications of the magnetic torques resulting from non-equilibrium orbital angular
momentum, in particular for materials characterized by large thermoelectric effects as Bi-based compounds and related
topological insulators.
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The interplay between magnetism and superconductivity has been heavily studied during the past 30 years and recently
led to the concept of superconducting spintronics [1]. This field of research aims at combining magnetic and superconduct-
ing properties in hybrid systems, in order to develop new devices that would enable data processing in a highly energy-
efficient way. The underlying mechanisms that play a key role in such heterostructures are the so-called proximity effects.
The proximity effect at an interface between a thin film superconductor (S) and a ferromagnet (F) is sensitively-dependent
on fundamental processes such as Andreev reflection as well as the magnetic-configuration (orientation, domains, domain
walls) and structural properties. In a S/F heterostructure, the magnetic exchange field from the collinear F is known to
suppress the superconductivity (short range inverse proximity effect). Conversely, the presence of magnetic noncollinearity
(MNC), in reducing the exchange field, can restore the superconductivity, thus enhancing the critical temperature (TC)
as in F/S/F spin valves with an antiparallel-magnetization-alignment [2] and in S/F bilayers with misoriented magnetic
domains [3]. However, it has also been theoretically predicted [4] and experimentally shown that the MNC at a S/F in-
terface may lead to the opposite effect: the reduction in TC . This phenomenon relies on the generation of spin-aligned
triplet Cooper pairs that, much less sensitive to the exchange field, can deeply leak into the F layer(s) [5], giving rise to
a long-range proximity effect. The controlled creation and manipulation of long-range equal-spin triplet supercurrents let
envision fascinating physics and developments, which currently drives an active field of research.

To further investigate the role of MNC in these proximity effects, we have undertaken a study based on epitaxial hybrid
structures involving rare earth elements. These later gather several interesting aspects that can benefit to the field of
superconducting spintronics: (i) They exhibit magnetic modulated phases that are a natural source of MNC to promote
triplet components [6] (ii) They possess a strong orbital moment that could lead to enhanced spin switch effects [7] (iii)
They can be epitaxially grown as high-quality systems in which dimension, strains, alloying, etc are powerful levels to
control their magnetic phases and properties [8].
We focus here on epitaxially grown N b(30nm)/F(50nm) structures, where F is a pure Ho film, a Ho-based alloy (with Lu
or T b), or a Ho-based superlattice (SL). Epitaxial heterostructures are synthetized in a UHV (base pressure 4.10−11Torr)
Molecular Beam Epitaxy chamber on (11− 20) orientated sapphire substrates. N b is evaporated from an e-gun while Rare
Earth elements are (co)evaporated from effusion cells. Evaporation rates are carefully monitored by highly sensitive quartz
microbalances and stabilized by the temperature control of effusion cells. The N b layers grows along the [110] direction
while the RE elements grow along the [0001] direction, with an in-plane a− axis (< 11− 20>) parallel to N b[001].
The temperature and field stability of the magnetic phases, more specifically in the vicinity of the N b superconducting
transition, are investigated by SQUID. Transport measurements are carried out to explore the superconductivity dependence
on the magnetic order, under zero field for different remanent states and/or under in-plane applied field in comparing
increasing and decreasing field branches.

Figure1 presents the results obtained in the cases of four different F components (pure Ho, Ho1−x Lux and Ho1−x T bx ,
[Ho/Lu] SL). Note that the direct influence of the external field on N b superconductivity has been removed here by either
subtracting the field dependence obtained in the saturated state N b/Ho and N b/Ho1−x Lux or by measuring under zero
field after stabilization of different remanent states (N b/Ho1−x T bx and N b/[Ho/Lu]). The magnetization measurements
(bottom) confirm a modulated phase in Ho that is favored (increasing of critical field) when alloying with Lu. At the
opposite, an aligned state is favored when alloying with T b and in the SL structure.

It appears that the N b superconducting critical temperature (top curves) is significantly affected by changes in the mag-
netic state. In both N b/Ho and N b/Ho1−x Lux , the lowest TC is observed in the saturated state and the non-colinear phase
stabilized for intermediate fields gives rise to an increase of Tc that reaches 200mK in N b/Ho. This is expected from the
reduced exchange field probed over the N b coherence length. A similar but larger enhancement (380mK) is also observed
during the magnetization reversal in Ho/N b/Ho spin valves.

At the opposite, in the case of N b/Ho1−x T bx , Tc is maximum in the saturated state and the magnetization reversal leads
to a reduction in TC , especially for magnetic states related to steps in the magnetization curve. A similar but larger decrease
(−120mK) is observed for a N b/[Ho/Lu] heterostructure in which the magnetization reversal also exhibits similar steps.
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Figure 1: Correlation between magnetic (bottom) and electronic (top) properties for N b/Ho, N b/Ho0.88 Lu0.12,
N b/Ho0.86T b0.14 and N b/[Ho/Lu] heterostructures. Bottom curves are magnetization measurements, the black (purple)
curve corresponding to the decreasing (increasing) branch. Top curves are the relative variations of the superconducting
critical temperature related to changes in the magnetic state.

Such a decrease in Tc could be a hint of long-range triplet components. These would possibly arise from the stack of 60°
rotated magnetic blocks, aligned along the strong easy b − axis in the hexagonal basal plane. Complementary Polarized
Neutron Reflectometry experiments are planned to get depth-dependent information on the magnetic arrangement.

In these RE-based hybrid heterostructures, the development of MNC observed by SQUID out of the saturated state
thus generates either an increase of TC related to the short-range inverse proximity effect, or a decrease of TC , that could
reveal the presence of spin-aligned triplet component. We will discuss how the nature and characteristics of the MNC could
explain its influence on both short- and long-range proximity effects. Exploring these effects in systems with MNC is vital
to aid theory towards improved modelling and to develop superconducting spintronic devices.
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The development of electrically controlled nanomagnets for spintronics applications is attracting significant attention,
particularly for the realization of nonvolatile magnetic memories (MRAMs) [1]. This interest is driven by the pressing
challenges faced by the microelectronics industry due to the volatility of CMOS-based cache memory elements, such as
SRAM and eDRAM. MRAMs represent promising low-power, high-speed alternatives capable of competing with SRAM for
cache-level integration. Spin-orbit torque (SOT) based magnetic tunnel junctions (MTJs) are credible next-generation
MRAM technology, targeting replacement of SRAM owing to their fast switching processes and large endurance [1]. In such
structure, the spin current controlling the switching is generated by a non magnetic material, typically a heavy metal (HM).
When an electric current is injected in such material, a pure spin current is generated due to the Spin Hall Effect (SHE) and
the Rashba-Edelstein effect (REE), and it is then transferred to the free layer (FL) (Fig.2a).

Recently, the SHE and REE have been predicted to arise from more fundamental effects [2], namely Orbital Hall effect
(OHE) and Orbital Rashba-Edelstein effect (OREE). These effects feature greater magnitudes and diffusion lengths compared
to the spin counterpart [2, 3], and they are present in a much wider class of materials, including light metals with low
resistivity. In an analogous way to the SHE and REE, these orbital effects give rise to an orbital current that can propagate
into adjacent materials. However, the orbital moment does not directly interact with the spin moment. To exploit these
effects in MRAM devices, spin-orbit coupling (SOC) is required to convert the orbital current into spin current. This can be
achieved by selecting a ferromagnet (FM) with sizable SOC (such as Ni). Another solution, which has the benefit of a less
restrictive material system choices, is to introduce a spacer layer with strong SOC between the orbital source and the FL
(Fig.1b) [4–6]. In this configuration, the orbital current is converted into the spacer layer and transferred to the FL (Fig.
1c). Moreover, if the spacer is a HM, two independent channels of spin current are expected to add up linearly (SHE +
OHE), further increasing the efficiency of the MTJ [5]. It remains a key challenge to identify and optimize materials systems
that are compatible with MRAM fabrication processes, including perpendicular magnetic anisotropy (PMA) ferromagnets,
that can sustain thermal annealing processes at 400°C.

This work aims to clarify whether orbital-to-spin conversion mechanisms can be regarded as a promising solution for
improving current SOT-MRAM technology. In this talk, I will report the results of our study on the characterization of
various orbital/HM/FM material systems with an orbital-to-spin conversion scheme as illustrated in Fig.1c. In this scheme,
an orbital source material is topped by a heavy metals, which acts as an "active" conversion layer capable of both converting
orbital currents and generating spin currents, and a PMA ferromagnet (FeCoB). We systematically quantify the damping-like
efficiency (ξDL) by harmonic Hall voltage methods [7] in both as-deposited and annealed systems, varying the thickness
of the heavy metal and/or the orbital source (e.g., Ru-based systems in Fig.2a as deposited, and Fig.2b annealed). The
results are compared to reference HM/FM bilayer (Fig.2 for Ru-based systems), and I will discuss the impact of the orbital
layer insertion and annealing on ξDL . In addition, we tentatively attempt to separate the contributions from the SHE and
OHE in the orbital stacks by means of a simple current distribution model. The distinct behaviors of the HMs employed
as conversion layer are also discussed. Finally, I will present the application of the best material solutions to fabricate 3-
terminal SOT-MTJ devices, demonstrating proof-of-concept switching using orbital torques in sub-ns regime (Fig.2c), and
benchmarking their performances against standard SOT material systems.
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Figure 1: a) Top-pinned 3-terminal SOT-MRAM MTJ, b) proposed layout with addition of spacer layer X, c) simple picture
of the orbital-to-spin conversion scheme: the orbital current is generated in the orbital material (red arrow) and is then
converted into spin current (blue arrow) in the spacer layer with strong spin-orbit coupling. FM = ferromagnet, NM =
nonmagnetic material.

Figure 2: a) damping-like efficiency as function of the heavy metal thickness in as deposited orbital (dark lines) and reference
stacks (light lines) for Ru-based systems. b) damping-like efficiency as function of the heavy metal thickness in annealed
orbital (dark lines) and reference stacks (light lines) for Ru-based systems. c) sub-ns switching for Ru(3)/W(1.5) MTJ
sample for τp = 0.5 ns, the switching polarity is opposite with opposite in-plane field as expected for SOT switching.
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Hall effects have always been a source of profound insight into condensed matter physics. For instance, the anomalous
Hall effect in altermagnetic materials can allow the electrical measurement of the anisotropic Berry curvature which is
a direct information on the geometry of the electronic bands. A nonzero second-order term of the anomalous Hall was
recently described [1], measured [2], and coined the nonlinear anomalous Hall effect (NLAHE). It is quadratic with the
applied current and appears both at twice the frequency of the said current and in the continuous regime as an offset:

j0
H = α(E

ω
∥ )

2 ; j2ω
H = α(Eω∥ )

2 (3)

Where jH is the Hall current in the transverse direction of the applied electrical field E and α a constant of the material.
The NLAHE, unlike its first-order parent, does not require time-reversal symmetry breaking. It is a Hall effect without

any magnetization or magnetic field. Instead, space-inversion symmetry breaking (ISB) is needed. Most of the work done
so far on the NLAHE was performed on two-dimensional systems where ISB can be — rather easily — fulfilled. However,
the most natural direction for finding ISB-exhibiting systems is toward ferroelectric materials.

With their reversible nonvolatile electric polarizations, ferroelectric materials exhibit ISB and can even change the di-
rection of the ISB through a polarization change. Most commonly found ferroelectric materials are insulating oxides, with
no direct access to their conduction bands, making bulk transport difficult and the geometry of the bands inaccessible.

Ferroelectric Rashba semiconductors (FERSC) are a new class of ferroelectric materials with great potential for spin-
tronics applications [3]. Their natural ISB and their semiconducting properties might exhibit the NLAHE, but also enable
the control of the sign of it through their ferroelectric polarization (FE-NLHE).

Germanium telluride (GeTe) is a bulk FERSC [4] usually found degenerated with a Fermi level in the valence band.
Our GeTe has been epitaxially grown using molecular beam epitaxy (MBE) on silicon(111) [5] thus inducing a ferroelectric
polarization out-of-plane. The ISB being along the ferroelectric polarization, the Hall voltage of the NLAHE need to be
measured out-of-plane.

In this work, using symmetry analysis of the signals and lock-in techniques, we provide evidence for the presence of
a nonlinear Hall effect at low temperatures in GeTe along the direction of the ISB (Fig. ??). We propose a new Hall bar
geometry that allows the measurement of an out-of-plane voltage in any MBE film grown on an insulating substrate (Fig. ??).
The second harmonics arising from the substrate and the imperfect current source are analyzed. We also measure a nontrivial
temperature dependency of the effect. The ferroelectric control of the polarization of GeTe is hinted by the modulation of
the conductance of the Schottky barrier between GeTe and silicon. This work opens the road to the FE-NLHE and, therefore,
a potential reconfigurable frequency doubling or rectifying device. This work can also be used as a methodology to measure
and exhibit NLAHE in other systems and decouple it from other parasitic effects.
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In the era of artificial intelligence, neuromorphic hardware is paving the way for computational systems that mimic

the human brain’s functionality. To achieve this, artificial synapses and neurons are crucial for building complex neural
networks. One promising approach is magnetoionics, a novel technology that combines the digital properties of magnetic
materials with the analog characteristics of ion migration to replicate synaptic plasticity. Magnetic materials, for instance,
possess a binary memory state with spin-up and spin-down states. However, magnetoionic gating can switch the magnetic
anisotropy of the system between in-plane (IP) and out-of-plane (OOP) anisotropy. This transition can be gradually tuned
into multiple analog memory states by controlling the oxidation or reduction of the magnetic material through ion migra-
tion[1]. Recently, our group utilized magnetoionic synapses to efficiently perform machine learning tasks, such as image
recognition, achieving 96 % accuracy in identifying MNIST handwritten digits[2]. However, catastrophic forgetting is one
of the major challenges in neuromorphic computing, where the system forgets previously learned tasks when trained on
new ones. This limitation poses problems for real-time data processing, where retaining past information is critical. Inter-
estingly, the human brain overcomes this issue by adjusting synaptic weights based on past experiences. As highlighted by
Fusi et al., each synapse should have hidden states with varying degrees of plasticity, a concept known as "metaplasticity",
to ensure effective task retention[3]. In machine learning, Laborieux et al. tackled the issue of catastrophic forgetting by
utilizing hidden weights in binarized neural networks as metaplastic variables, enabling effective multitask learning[4].
Similarly, magnetoionic devices hold significant potential for addressing this challenge at the hardware level due to their
unique binary memory states, coupled with concealed internal ionic states that function as metaplastic variables.

Figure 1: (a) Schematic illustration of magnetoionic device. Hall voltage as a function of number of gate-voltage pulses in
(b) Out-of-plane magnetization and (c) In-plane magnetization regimes. Here, PW: Pulse width and IT: Interval time.

In this work, we present a magnetoionic device designed to demonstrate metaplasticity through the use of gate voltage-
modulated anomalous Hall effect (AHE). The device features a CoFeB Hall cross fully encapsulated by an HfO2 layer, as
illustrated in Fig. 2(a). An Indium Tin Oxide (ITO) electrode placed above the HfO2 to apply gate voltage pulses and
manipulate the system’s magnetization state. During measurements, a small OOP magnetic field was applied to prevent the
formation of magnetic domains. Under a positive gate bias, oxygen ions migrate towards the gate electrode, reducing the
CoFeB layer and inducing an out-of-plane (OOP) magnetic state. Conversely, a negative gate bias oxidizes the CoFeB layer,
resulting in an in-plane (IP) magnetic state. Bernard et al. demonstrated synaptic potentiation and depression leveraging
the redox process at the CoFeB layer [2]. In this study, when gate voltage pulses were applied in one direction, the Hall
voltage of the system eventually saturated after a certain number of pulses, providing no information about the internal
ionic state of the system. As shown in Fig. 2(b), applying a series of positive gate voltage pulses results in a constant final
Hall voltage. However, variations in the pulse scheme lead to differences in the system’s magnetic anisotropy. Interestingly,
when negative voltage pulses were applied to restore the Hall voltage to its initial value, the required number of pulses
and the rate of voltage change varied. This variability stems from differences in the internal ionic states of the system.
The dependence upon negative pulse count can be considered as hidden states, which introduce metaplasticity into the
magnetoionic system. A similar behavior was observed in the IP magnetic state, as depicted in Fig. 2(c). However, excessive
negative pulses can over-oxidize the CoFeB layer, rendering the IP-to-OOP transition irreversible. This unique metaplasticity
behavior makes magnetoionic systems a promising candidate for addressing catastrophic forgetting, paving the way for
significant advancements in neuromorphic computing.
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Magneticis skyrmions, which are topological magnetic solitons, display a range of features that make them promising
candidates for energy-efficient computing operations [1–3], such as stability at room temperature, sub-micron dimensions,
non-volatility, particle-like behavior, and motion at low power. These characteristics seamlessly align with the requisites of
neuromorphic computing, rendering them attractive candidates for integration into neuromorphic circuits [1–3]. Recent ex-
perimental studies have shown that magnetic skyrmions can be nucleated [4–6], moved [5], annihilated [6] and electrically
detected using the anomalous Hall effect (AHE) [7] or tunneling magnetoresistance [8]. However, an experimental demon-
stration of the weighted sum operation is still missing in the context of skyrmions [3]. In our recent works [9, 10], we exploit
the non-volatile and particle-like characteristics of magnetic skyrmions, akin to synaptic vesicles and neurotransmitters, and
making them easily countable and summable to perform this weighted sum operation in a compact, biologically-inspired
manner. The concept is schematized in Fig. 1a: a number NSk, i of magnetic skyrmions, proportional to the input values
J In

i and the synaptic weight wi so that NSk, i = wiJ
In
i , is generated in at nucleation sites in parallel tracks. Then, they are

displaced to accumulate at the read line location, enabling a spatial summation expressed as NSk, tot =
∑

i NSk, i [9].
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Figure 1: (a) Illustration of our skyrmionic weighted sum device, inspired from their biological counterpart using vesicles
containing neurotransmitters, as depicted in the inset. Electrical inputs J In

i are applied to skyrmion host tracks (in green)
to nucleate controlled number of skyrmions N(Sk,i) at nucleation sites, each with an assigned synaptic weight wi so that
N(Sk,i) = wiJ

In
i . These skyrmions are moved into a transverse electrical detection zone, established by the intersection of

the track and the read line for the electrical output (in red), where the cumulative number of skyrmions Ntot =
∑

i N(Sk,i)
can be electrically detected through an output voltage ∆V arising from the anomalous Hall effect (AHE) or the tunnel
magnetoresistance (TMR). (b) Kerr microscopy difference image of the device with magnetic skyrmions (dark spots), which
were nucleated from a notch in a synaptic track and moved between the detection electrodes. (c-f) Kerr microscopy images
of the device composed of two parallel magnetic multilayer tracks connected by a transverse Hall electrode. After the
saturation of the track (c), skyrmions can be selectively nucleated in track 1 (d) and track 2 (e), before being magnetically
erased (f). (g) Hall voltage ∆V (in red) and the corresponding sum of the number of detected skyrmions in both tracks
∑

N(Sk, detec) (in blue) for successive injection of skyrmion in the tracks. 20 nucleation pulses are successively applied to
each track (indicated by the green and yellow areas for track 1 and 2). Figures from [9].
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We implement this concept in hardware by using the building block shown in the Kerr microscopy image of Fig. 1b. The
skyrmions hosting track, colored in green, is 6-µm wide and consist of a magnetic multilayered stack:
Ta(5 nm)/Pt(8 nm)/[Co(1.2 nm)/Al(3 nm)/Pt(3 nm)]10. The track contains a skyrmion nucleation site implemented by
a triangular-shape notch. The skyrmions are detected electrically using AHE and concomitantly counted through Kerr
microscopy for validation. For the AHE detection, we use highly-resistive 10-nm thick tantalum (Ta)-based Hall electrodes
(colored red in Fig. 1b), which are connected solely to the track edge. This minimizes spatial variations of the current
density and eliminates potential current leaks that might disrupt skyrmion movement. As seen in Fig. 1b, we observe that
the train of skyrmions can completely cross the area of the Ta-based electrodes without any detectable reduction of their
velocity and perturbation of their trajectory.

Using this building block, we demonstrate the precise electrical control of skyrmion nucleation and motion, the number
of generated skyrmions N(Sk,i) being determined by the electrical pulse input J In

i multiplied by the track synaptic weight wi
as N(Sk,i) = wiJ

In
i . We observe a proportional relationship between the recorded Hall voltage variation ∆V and the count

of skyrmions derived from the magneto-optic Kerr images, demonstratong the capability of electrically counting skyrmions
with high precision using AHE. Additionally, we show that adjusting the magnetic properties at the nucleation site can
effectively modulate the synaptic weight wi .

We experimentally validate the weighted sum operation using two electrical inputs in a crossbar array configuration with
two tracks (see Fig. 1c-g) [9]. Skyrmions are successively injected in both tracks (Figs. 1d-e), before reset (Fig. 1f). The Hall
voltage variation ∆V and total counted skyrmion number in the detection zone (dashed blue boxes in Fig. 1c) are shown
in Fig. 1g. It demonstrates that the measured Hall voltage ∆V is directly proportional to the sum of the skyrmion numbers
in the two tracks

∑

i N(Sk,i). This ensures efficient execution of the fundamental weighted sum operation, a cornerstone for
neuromorphic computing. Our experimental demonstration is scalable to accommodate multiple inputs and outputs using
a crossbar array design, potentially approaching the energy efficiency observed in biological systems.

Additionally, we explore the integration of magneto-ionic effects for non-volatile and reversible control over local mag-
netic properties on [Pt(3 nm)/Co(1.2 nm)/Al(3 nm)]-multirepeat stacks, capped by a Co(1.2 nm)/Al(0.8 nm) bilayer oxi-
dized in air [10]. We demonstrate non-volatile and reversible voltage gating control of the magnetic anisotropy through the
application of an electric field from the top AlOx layer, allowing for the in-plane to out-of-plane anisotropy switch in the top
Co layer [10]. These results pave the way towards non-volatile gate voltage control of skyrmion nucleation and motion,
and therefore to achieve non-volatile control of the synaptic weights within our device.
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Multifunctional hardware technologies for neuromorphic computing architectures are essential for emulating the com-
plexity of biological neural systems and enhancing the performance of artificial synapses and neurons. The integration of
ionic and spintronic technologies introduces new degrees of freedom to the depression and potentiation behavior of artificial
synapses, combining advanced magnetic functionalities with established ionic analog behavior. Magneto-ionics, a rapidly
expanding field in spintronics, leverages ionic motion to manipulate magnetic properties in a non-volatile manner, offering a
promising path toward low-energy, non-volatile memory devices and high-performance information storage and processing
solutions.

In Ta/CoFeB/HfO2 systems, ionic gating induces oxygen-ion migration within the stack, leading to spin-reorientation
transitions. Our previous work [1] demonstrated a highly reversible and cyclable regime during transitions from perpendic-
ular magnetic anisotropy (PMA) to in-plane (IP) magnetization, attributed to the non-equivalent distribution and binding
of mobile oxygen species at the magnetic layer’s surface across different magneto-ionic regimes.

Figure 1: (a) Hall resistance as a function of the gating time at a constant field of 5 mT, each point is recorded after
the application of a gate voltage pulse of -9 V or +9 V for depression and potentiation, respectively. (b) Hall resistance
potentiation and depression behaviour conducted under different magnetic fields. (c) SEM image of a magneto-ionic device.
A cartoon of the three-layer neural network used in the simulations is also depicted.

In this study [2], 300 nm wide Hall-bar devices incorporating a solid-state gate were fabricated using the same Ta/CoFeB/HfO2
wafer as in [1], with an HfO2 layer deposited via atomic layer deposition (ALD) replacing the ionic liquid gate. The devices
exhibited PMA in their as-fabricated state and demonstrated a reversible PMA-to-IP transition under magneto-ionic gating.
We showed that multiple stable intermediate magneto-ionics states are accessible through gate voltage pulses.

We employed these magneto-ionic devices as tunable synaptic elements, wherein the linearity of the potentiation and
depression profiles was dynamically modulated by applying a magnetic field. Magnetic fields ranging from 5 mT to 78 mT
significantly reduced the non-linearity of synaptic depression, transitioning from an exponential dependence to linearity at
higher fields. Neural network simulations revealed that this magnetically-induced linearity enhancement in weight updates
improved learning accuracy over a wide learning rate range (500–5000). This feature mimics the neuromodulation observed
in biological systems, demonstrating that the integration of ionics into magnetic systems introduces a crucial new degree of
freedom that is essential for advancing multifunctional hardware technologies in neuromorphic applications.
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Magnetic skyrmions are spin textures that have been attracting large interest due to their nanometric sizes combined
with topological stability, which confers them a particle-like behavior [1]. Their stabilization at room temperature, along
with their current-induced motion in ferromagnetic structures, has been demonstrated in the last years, making them in-
teresting candidates as bits of information for memories and logic devices [2, 3]. More recently, the use of skyrmions to
perform neuromorphic computing applications has been proposed [4]. All these works rely mainly on imaging techniques to
characterize the skyrmion manipulation and achieve their fundamental understanding. But, integrated applications would
require an electrical detection of skyrmions. One possibility to achieve skyrmion detection with large electrical signal is to
exploit the TMR in a Magnetic Tunnel Junction (MTJ).

In this presentation, I will demonstrate the electrical detection and manipulation of skyrmions in an MTJ dot and show
how this can be exploited to perform neuromorphic operations, including task recognition.

To achieve an unambiguous demonstration of the electrical detection and manipulation of the skyrmions, operando
microscopy was performed using Scanning Transmission X-Ray Microscopy (STXM). To this end, submicronic MTJ dots are
patterned on membranes made of SiN, a material transparent to X-Rays.

Both high and low RA MTJs were considered for the experiments, in order to better explore the effects of respectively
either Voltage Controlled Magnetic Anisotropy (VCMA) or Spin Transfer Torque (STT) for the manipulation of the magne-
tization. In both cases, we observed an electrical nucleation of skyrmions, but, while with high RA only a nucleation was
achieved [5], we demonstrated the full electrical nucleation and annihilation with a low RA MTJ.

In Figure 1a, I show an example of a skyrmion in a 1.2 µm dot nucleated by injecting a current of -6 mA. By decreasing
the current applied, the device recovers the AP state. By bringing back the current to -6 mA, the intermediate state is re-
nucleated, with a corresponding ∆R of 0.5 Ω. This is a demonstration of the full read and write operations loop exploiting
the STT mechanism to nucleate and annihilate spin textures.

In the second part of the presentation, I will show that the complex response of skyrmions to the applied voltage can be
leveraged to achieve pattern recognition within the reservoir computing scheme. Reservoir computing is a type of recurrent
neural network that maps the input data into a high-dimensional space in order to solve complex cognitive tasks ranging
from image or speech recognition to time series prediction. Physical systems that are able to provide a non-linear response to
the input data along with a fading memory of past inputs can be suitable as "reservoir". The response of the physical system
to the input is then used to train the output layer of the network with a simple linear regression [6], making reservoir
computing a type of neural network with low computational costs. In Figure 1b, a schematic of a reservoir computing
is shown. Spintronic devices have shown to be quite suitable for performing Reservoir Computing due to their complex
dynamics as well as their inherent nonlinearity [7, 8].

Here, we show the results obtained on the classifications of sines and square by exploiting a MTJ with intermediate states
as the reservoir part of a RC. The MTJ shows intermediate states when excited by DC voltage for a range of magnetic fields.
The resistance vs. voltage curve presents a non-linear increase as it can be observed in Figure 1c on top, for a magnetic
field of -16 mT. The input sines and squares are provided to the system as a voltage signal with an amplitude that covers the
non-linear range of system response. The frequency of the signal is tuned in order to see where the magnetic behavior of the
device better provides a memory of past inputs. In Figure 1c, bottom plot, is shown the resistance in response to a voltage
pulse from -0.15 to -0.65 V of 200 µs. The resistance grows and eventually reaches its final value after a typical time scale
of about 70 µs. First results prove a recognition accuracy up to 92% in the sine and squares recognition task. To increase
the dimensionality of the system a technique called temporal multiplexing is adopted, which consists of the preprocessing
of the signal to generate virtual neurons [9].

The classification of sines and squares is a simple task that still enables to understand if the system can work as a RC,
before moving to more complex tasks like voice recognitions.
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Figure 1: a. XMCD-STXM sequence of the nucleation with DC current and subsequent annihilation with DC current of
an intermediate state inside a 1.2 µm MTJ pillar. The measured resistance variation is 0.5 Ohm from the AP state, both
measured at -6 mA of DC current. b. Schematic of a reservoir computing. The reservoir part can be implemented using a
physical system presenting nonlinearity and fading memory. c. Non-linear response to the applied DC voltage of an MTJ
pillar at -160 Oe magnetic field. The non-linear curve is obtained averaging 50 times as the MTJ presents stochastic jumps
in between several intermediate states.
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Ising machines (IMs) are gaining interest as specialized systems designed to efficiently solve widespread combinatorial
optimization problems (COPs) like the travelling salesman problem or graph coloring. Indeed, when using conventional
computer architecture to solve COP, the time needed to solve them can scale exponentially with the size of the problem.
IMs leverage the Ising model (see Fig. 1) and are a promising hardware implementation to solve COP efficiently. IMs are
a network of binary-valued spins with specific spin coupling interactions. The configuration of collective spin states seeks
its lowest energy state or ground state, representing the COP solution. While several hardware implementations [1] are
under study, our proposal leverages the stochastic IM’s cost-free thermal noise, exploring the complex energy landscape
while escaping local minima (Fig. 1).

Spin-torque nano-oscillators (STNOs) are good candidates for such stochastic IMs [2, 3]: (i) when injection-locked to a
microwave signal at twice its frequency, the phase difference between the STNO and source phases Φosc becomes binarized
(cf Fig. 1); (ii) thermal noise stochastically triggers transitions between those two phase states, see Fig. 2; (iii) several
controllable coupling mechanisms exist to control Ising spin interactions.
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Figure 1: a) Illustration of the Ising machine based on the Ising HamiltonianH = −
∑

i, j Ji jσiσ j −
∑

j h jσ j and the corre-
sponding energy landscape. Here σi , σ j are binarized spins of values ±1, Ji j are the coupling constants and h j is a bias.
Relaxation toward the global energy minimum corresponds to the algorithm for finding the solution. b) Illustration of the
phase binarization of an oscillator due to second harmonic injection locking. c) Illustration of an STNO composed of a
polarizer, an insulating non-magnetic spacer layer, and a free layer that has a magnetic vortex configuration.
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Figure 2: Simulated time traces showing phase jumps when a) the 0 phase state (or spin down state) is favored and b) when
the π state (or spin up state) is favored. The data are in blue and the corresponding digitalisation is in red. The histogram
shows the count for simulation time traces of 1.5 ms. c) Evolution of the probability of 0 phase state occurance with the
perturbation angle α and power.

While these requirements have been verified experimentally [2], setting coupling weights that encode a COP in IMs
remains challenging. Indeed, they depend significantly on the STNO’s output power, which varies from device to device,
possibly impacting the COP solution. Therefore, it is crucial to fully understand the impact of those couplings on the
dynamics of an STNO array, in particular for arrays of non-identical STNOs.
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This calls for a digital twin to precisely model experimental STNO output signals within large arrays. Ongoing experi-
ments make use of vortex-based STNOs, which can be well modeled using the stochastic Thiele equation approach (sTEA)[4,
5]. We successfully reproduced experimental results where the phase α of an additional RF magnetic field emulating an
STNO array controls the probability of being preferentially in one of the two phase states, see Fig. 2. Combining these sTEA
results with our experimental data-driven approach [5] is key to build an IM simulator close to experimental challenges. It
is a major asset in determining experimental couplings and finally solving a given COP.
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Solving computational problems of ever-increasing complexity and size goes hand in hand with an increase in the energy
consumption related to the computing architecture that imposes a constant data transfer between memory and processing
units. Therefore, novel hardware approaches are needed to remedy the issue of energy consumption while improving crucial
parameters such as computation speed, compactness, and integrability at the same time. One of these novel approaches are
Ising machines (IMs), physics-inspired computing systems that can efficiently solve combinatorial optimization problems
(COPs). IMs are hardware implementations of the Ising model HIsing = −

∑

<i j> Ji jσiσ j − µ ·
∑

i hiσi that describes a 2D
lattice of binary-valued spins σi ,σ j . An IM inherently seeks to minimize its total energy, where spin-coupling interactions
Ji j are used to encode an arbitrary COP and map it into the IM, making the lowest energy states the solutions of the mapped
COP. Instead of fine-tuning annealing schemes [1] to gradually stabilize the system onto the ground state, we aim to use the
IM’s thermal noise to stochastically explore the spin state configurations and infer the lowest energy states from the maxima
of the resolved probability distribution.

Spin-torque nano-oscillators (STNOs) are excellent spintronic candidates for building IMs [1], as they do not suffer from
the limitations of other proposed technologies, which are often restricted to time-multiplexing proof of concepts [2], cryo-
genic temperatures [3], or macroscopic-sized spins [4]. Leveraging CMOS compatibility, nanoscale size and rich nonlinear
dynamics at MHz-GHz frequencies, STNOs have been used for neuromorphic computing with frequency encoding schemes
[5]. However, the theoretically predicted potential of phase encoding [6][7] remains largely unexplored in experiments.

We aim to implement a spatial and programmable IM that operates through the stochastic phase dynamics of coupled
vortex-based STNOs (frequency f∼200-300MHz). To emulate a binary spin, we use the fact that when the STNO is synchro-
nized to a microwave signal at twice its natural frequency ’2f’, its phase adopts two perfectly equiprobable states ψ1 and
ψ2 that are π shifted, ψ2 =ψ1+π [8]. In a first experiment, we demonstrated experimentally that an external microwave
signal at ’f’ disrupts this equiprobability, the key for controlling spin’s probability state.

As a first proof of concept consisting of a two-spin IM (N=2), we demonstrate programmable coupling through an
adjustable resistance representing the spin-coupling strength; see Figure 1 (a) and (b). To evaluate the influence of this
coupling resistance, we computed the Pearson correlation between the phases of the coupled STNOs. We show that we can
either increase or decrease the correlation between the STNO phases and alter its sign depending on the resistance value,
see Figure 1 (c). This result indicates that the coupling between the phases of STNOs is very sensitive to the mediating
component (here a passive resistance) and that a passive element is sufficient to implement an efficient and tunable coupling,
highlighted by a correlation that varies between 35% and -6.2%. Further results will be discussed to scale to larger arrays
(N>2), using the coupling matrix described in Figure 1 (d), to build a full spatial and programmable stochastic IM using
vortex-based STNOs.
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Figure 1: (a) Schematic of a two-spin IM using vortex-based STNOs. (b) Time traces showing the simultaneous electric
phase readout of STNO1 and STNO2 for a coupling resistance of R=0Ω. (c) Pearson correlation of the two STNO phases
as a function of the coupling resistance. (d) 5x5 crossbar coupling matrix based on analog potentiometers to enable the
coupling of up to five STNOs.
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Figure 1: Vortex based magnetic tunnel junction. Re-
ceives RF power as input and output DC voltage.

Figure 2: Binary weights for the polarity up (red) and down
(blue) in a vortex-based magnetic tunnel junction.

Spintronic devices have been identified as promising candidates for neuromorphic computing. Ross et al. [1] have
demonstrated a fully spintronic neural network where magnetic tunnel junctions implement both neurons and synapses. In
particular, magnetic junctions perform weighted sums – an operation at the core of neural networks – on radio-frequency
(RF) signals, through the spin-diode effect. The synaptic weights are controlled by the resonance frequency of the devices.
However, in [1], the control of the resonance frequency is volatile, which is an obstacle to building large artificial neural
networks with low energy consumption. Here, we propose to implement non-volatile RF synapses using vortex-based
magnetic tunnel junctions. In such a device, the free layer is in a vortex state which magnetic core is out-of-plane and
can thus take two opposite directions, called polarities. We observe that each polarity has a different resonance frequency,
leading to two synaptic weights of opposite signs. The polarity state is stable and thus the binary synapse is non-volatile.
We control the polarity state (i.e. the weight) by sending an RF signal of large amplitude (about 1 mW). This leads the
vortex to gyrate at a critical velocity where it reverses. We demonstrate that we can selectively program the synaptic weight
by choosing the frequency of the RF signal. We connect magnetic tunnel junctions of different frequencies in series. The
chain performs a weighted sum of RF inputs of different frequencies sent in parallel. Furthermore, leveraging the frequency-
selectivity of the vortex polarity reversal, we can program each synapse by sending RF signals in the chain. This removes the
need for individual accesses to the devices to program them. Our system uses frequency-multiplexing both to perform the
weighted sum and to program the synaptic weights, which greatly simplifies the architecture and opens the path to scaling
up the size of the network and the density of its connections.
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Figure 3: Classification of a drone signal with a synaptic chain of 10 magnetic tunnel junctions. Each device output DC
voltage response, the total voltage output is a sum of voltages.

We demonstrate the programming of chains of 10 magnetic tunnel junctions each (i.e. 1024 weight configurations per
chain). We demonstrate by experiments that vortex-based binary neural networks can be trained to classify drones from
their recorded RF emissions. These results are a key step towards large-scale spintronic RF networks capable of real-life
artificial intelligence tasks.
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An exceptional experimental device was recently rediscovered in the storage rooms of the Ampère Museum: an original
and little-known version of the Einstein–de Haas (EdH) experiment. Carried out in 1914–1915 by Albert Einstein and
Wander de Haas, this experiment aimed to demonstrate the existence of molecular currents, as postulated by André-Marie
Ampère to explain the magnetism of materials. It showed that magnetizing a material could induce a measurable rotation,
thus confirming—at least as it was understood at the time—the presence of orientable electron orbitals responsible for
magnetism.

The EdH apparatus preserved at the Ampère Museum, donated in 1959 by Geertruida de Haas-Lorentz, is a rare tes-
timony to Einstein’s direct involvement in experimental work. It sheds light on a pivotal moment in the history of our
understanding of magnetism, just before the discovery of electron spin.

Page 64 sur 330

mailto:alfonso.san-miguel@univ-lyon1.fr


C.L.N. 2025 Vendredi 20 8h30-10h30

Ondes de spin & imagerie

Page 65 sur 330



C.L.N. 2025 Vendredi 20 8h30

Spatially Resolved Investigation of Spin Wave
Frequency Multiplication

Roméo Beignon1,*, Chris Körner2, Rouven Dreyer2, Georg Woltersdorf2, Vincent Jacques1, and Aurore
Finco1

1Laboratoire Charles Coulomb, Université de Montpellier, CNRS, Montpellier, France
2Martin Luther University Halle-Wittenberg, Halle, Germany

*romeo.beignon@umontpellier.fr

Interactions between spin waves and magnetic textures offer a nice playground to study non-linear phenomena, as well
as promising tools for designing magnonic devices. Among new developments, a frequency multiplication phenomenon
has been observed in permalloy (Py) microstructures [1]. Magnetic resonance measurements on NV center ensembles
reveal spin wave generation with frequencies at more than 60 times the excitation frequency. Micromagnetic simulations
point towards the involvement of spatial variations of the magnetization in this phenomenon. These films of Py are indeed
known to produce "ripples" of magnetization due to inhomogeneities [2]. Additional time-resolved magneto-optical Kerr
effect measurements also show coherent standing spin-wave patterns for the amplitude of the spin waves generated by
frequency multiplication. These observations motivate further measurements to resolve the spatial features involved in the
phenomenon. Our goal is to understand the interplay between spatial features of the magnetization, and the harmonic
generation.

Figure 1: Bottom left: schematic of the experiment. Placed at the apex of an AFM tip, an NV center is sensitive to the
microwave stray field generated by spin waves. Top: ESR spectrum featuring replicas of the NV center resonance. Each
resonance results from to the multiplication of the excitation frequency to reach the NV resonance at around 2870 MHz.
Bottom right: NV resonance contrast map giving insight into the spin waves amplitude and simultaneously measured
magnetic field map.
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Here, we rely on NV-center scanning microscopy to perform spatially resolved measurements of the frequency comb.
This method enables us to image both the magnetic state of the material and the generation of spin waves with a spatial
resolution of about 50 nm [3]. The principle of the experiment is presented in Figure 1. Spin waves are generated by
applying a microwave field to the Py microstructures. Non-linear processes create spin waves with higher frequencies.
These spin waves then produce a microwave stray field, which can drive the NV center magnetic resonance. At zero field,
the resonance is driven for an excitation frequency of 2870 MHz. It results in a drop of photoluminescence (PL). Measuring
the PL while sweeping the excitation frequency results in an electron spin resonance (ESR) spectrum, as presented in Figure
1. Each dip in the PL indicates the generation of spin waves at the resonance frequency. The replica of the resonance ESR
spectrum is characteristic of a frequency multiplication phenomenon.

The presence of a static magnetic field lifts the degeneracy of the energy states involved in NV center’s resonance. This
results in the splitting of the resonances on the ESR spectrum proportionally to the magnitude of the field along a particular
axis. We use this phenomenon to quantitatively measure the stray field emitted by the magnetic state of the Py film.
The PL contrast between resonant and non-resonant states gives a qualitative insight into the spin wave’s amplitude. For
the different harmonics, we aim to simultaneously image their amplitudes and the magnetic state of the Py microstructures
(edges, domain walls, ...). Studying the correlation between the two measurements will help to understand the phenomenon
leading to the frequency multiplication.

Our results show that we can detect the spin wave frequency comb with the single NV center placed in an AFM tip. We
could sense spin waves with a frequency up to 15 times the excitation frequency. Furthermore, we are able to spatially map
the effect of each harmonic on the NV center. Our spatial resolution enables us to see strong spatial variations in the ESR
contrast. These spatial patterns are non-trivial and vary between the different harmonics. Finally, we could simultaneously
measure the corresponding magnetic state. These measurements are a first step towards the understanding of the interplay
between the nonlinear process that generates the spin wave harmonics and the magnetic texture.
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One-dimensional magnetic conduits with lateral size in the range of nanometers are textbook cases for the understanding
of magnetization dynamics, especially motion of domain walls (DWs) under magnetic field or spin transfer torques, or the
emission and propagation of spin waves (SWs). Cylindrical magnetic nanostructures are currently receiving significant
attention, namely nanowires and nanotubes [1], as a counterpart to flat strips. More generally, these structures fall under
the topic of 3D nanomagnetism, which is rapidly rising [2]. New physical effects have been predicted for DWs in these
systems, due to a specific topology in a 3D shape: new types of DWs and a larger DW speed as a consequence of the delay
of the Walker breakdown, an instability common to all other DWs in the 2D geometry [3]. Moreover, it has been predicted
that the dispersion curve of spin waves can be nonreciprocal, e.g. in nanotubes with azimuthal magnetization, resulting
from curvature [4]. In short, this is a Daemon-Eshbach propagation geometry with spin waves confined at opposite surfaces
for ±k with degeneracy lifted as the inner and outer surfaces of a tube are not equivalent, both in terms of magnetic
exchange and magnetostatics. Besides interest in these new physical effects, 3D nanostructures may possibly benefit to the
concept of race-track for 3D memories, in the context that Magnetic Random Access Technologies are already booming in
the semiconducting industry. Other technologies like RF generation, artificial intelligence or neuromorphic computing may
be well based on DWs manipulated by spin-polarized currents and benefit to an extension to 3D.

There have been already numerous theoretical predictions and experimental reports concerning magnetic nanowires and
nanotubes, which are simple elements. However, 3D nanomagnetism allows to imagine more complex situations, possibly
coming with further fundamental effects. In particular, the counterpart to spintronic stacks in the planar geometry could
take the form of core-shell structures in 3D. Here, we consider a prototypical system to explore this situation: permalloy-like
magnetic nanowires with a significant diameter, around 200 nm, which have been shown to sometimes develop a three-
dimensional distribution of magnetization, characterized by longitudinal magnetization close to the axis and a tendency
for azimuthal magnetization at the periphery [5]. Note that dipolar energy is not responsible for this magnetization ar-
rangement, as azimuthal magnetization is found in micrometer-long wires, bringing no gain in dipolar energy while costing
exchange energy. While the underlying microscopic mechanism responsible for this 3D arrangement of magnetization is
unclear at present, it provides the opportunity to investigate magnetization dynamics in a 3D object.

We propose a system based on Permalloy cylindrical nanowires of diameter 200 nm with periodic Fe70Ni30 chemical
modulations of 40 nm in length. They were synthesized using template-assisted electrochemical deposition and electrically
contacted using laser lithography on high-resistivity Si substrates with Si3N4 windows. This design allows the injection of
electric current from dc to sub-ns pulses. In such large-diameter NWs the main stimulus is not spintronic effects, but the
Œrsted field associated to the charge current [6]. In the presented system, we consider the situation with a homogeneous
longitudinal magnetization on the axis and several domains with opposite circulation at the periphery, from clock-wise
to counter-clock-wise (Figure 1). The resulting DWs stabilized have the proper geometry to be directly addressed by the
Œrsted field. We used transmission X-Ray Microscopy (TXM) at ALBA Synchrotron to access the 3-dimensional magneti-
zation textures, obtaining X-Ray Magnetic Circular Dichroism (XMCD) images using both right- and left-handed circular
polarizations. To investigate the effect of the Œrsted field, nanosecond current pulses were injected into the nanowire.
The sense of the Œrsted field generated by these pulses depends on the polarity of the current, and it shares the same
geometry as the azimuthal component of magnetization. The protocol followed during TXM experiments consists in taking
a first XMCD image of the sample to observe the initial magnetic state. Next, a current pulse is applied to induce DW
motion. Finally, a subsequent XMCD image is taken to examine the resulting changes in the magnetic state. We observe
that the change of DW location is consistent with the increase of azimuthal domains expected to be favored by the Œrsted
field, as shown in Figure 1 (A, B). We evidenced changes of DW positions under current with density from 109 to 1010

A/m2. For the higher values, DWs move from one modulation to another (Figure 1 (A)), while for the lower values DWs
move for a shorter distance, not reaching the next modulation (Figure 1 (B)). Assuming that the underlying phenomenon
is DW motion, velocities were estimated by dividing the distance DW moved by the duration of the applied pulse. With
this definition, we get values for velocities from 300 m/s to over 4 km/s. The highest values of velocity raise questions
of their origin, whether they result from DW motion or another phenomenon. To be able to address this, we have per-
formed time-resolved ptychography experiments in SOLEIL Synchrotron, which we believe are the first to be performed.
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This allows us to obtain information of magnetization dynamics with a time resolution of a few tens of picoseconds and a
spatial resolution in the range of ten nanometers. This is achieved through the synchronization of the electron packets in
the synchrotron ring with the generation of the Œrsted field. Measuring with different time delays allowed us to access the
different magnetic states during the excitation. We evidence that for the lowest current values the underlying mechanism
is DW motion (Figure 1C(a)), while it tends to be more the global and coherent switching of entire domains for the largest
currents ((Figure 1C(b)). The latter may explain that extremely large DW speed may result if analyzed in the case of DW
motion. The velocity of 600 m/s measured in this experiment is consistent with those obtained in TXM experiments, but
the higher values require further investigations by simulations to address their origin. For this reason, great care must be
taken while extracting DW velocities during the analysis of image-pulse-image (e.g. TXM) data.

Below, we outline two aspects for further fundamental studies:

• From the topology of the 3D distribution of magnetization, we expect that the exchange coupling between magneti-
zation on the axis and at the periphery acts as an effective Dzyaloshinskii-Moriya interaction, lifting the degeneracy
between Néel-like configurations. This should contribute to delay Walker-breakdown effects, possibly further than for
DMI in films with perpendicular magnetization, because of the exchange-spring effect. We are currently investigating
via simulations the type of DW in such magnetic core-shell nanowires, and its impact on DW dynamics.

• We propose to use these domain walls as sources of spin waves. In preliminary experiments, we have excited them
with an AC charge current at a frequency that is a harmonic of the ring’s RF frequency, up to several GHz. The
sharpness of the walls, combined with their rotational symmetry, provides a textbook situation to study spin waves in
a curvilinear system, avoiding the complexity of work already reported on tubes with a hexagonal cross-section [7].
We will show such spin wave emission resolved in frequency and wavelength to outline their dispersion curve.

Figure 1: (A),(B) Sequence of consecutive XMCD-TXM images of an 245nm-diameter azimuthally magnetized nanowire
of permalloy with Fe70Ni30 modulations. Images A(b,c) and B(b) were taken after applying a current pulse with polarity
indicated in the figure and a duration of 2 ns to their previous state. (C) Time-resolved ptychography measurements of a
200nm-diameter nanowire. The nanowire was excited with an AC current with frequency of the RF frequency of the ring
(352.202 MHz) and values of current density of (a) J = 3.8·1010 A/m2 and (b) J = 4.9·1010 A/m2. Each frame of the
sequence was taken with a delay of 240 ps relative to the previous one.
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Until now, spin-waves have been detected either by magneto-optical imaging (magneto-optical Kerr effect, micro Bril-
louin light scattering) or by inductive microwave measurements. These methods are now reaching their limits in terms of
signal sensitivity and spatial resolution, which constitutes a technological bottleneck for the miniaturization of magnonic
devices and for the exploration of the fundamental physics of spin-waves. Recently, several high-resolution techniques have

Figure 1: Magneto-resistive detection of spin-waves. A Working principle. In orange, the waveguide in which a spin-wave
propagates. In gray, the soft (free) layer with its magnetisation oscillating around its equilibrium state (dashed line) due
to the dipolar stray fields generated by the spin wave (dashed arrows). In green the hard (reference) layer supposed
unperturbed by the spin-wave. B Annotated picture of a typical measured sample. On the left, the exciting microwave
antenna (yellow), connected to the port 1 of the vector network analyzer. On the right, the sensor in which the gray center
part is the magneto-resistive detection area. The sensor is connected to the port 2 of the vector network analyzer. In orange,
the Ni80Fe20 waveguide covering the excitation antenna and the sensor.

been developed, such as nitrogen vacancy magnetometry and time-resolved X-ray imaging. However, such methods, which
require advanced instrumentation, are still limited in terms of versatility, and are certainly not directly compatible with a
micro-electronic environment. As an alternative strategy, we resort to a standard element of spintronics, which is a giant
magneto-resistive (GMR) sensor. The so-called spin-valve with orthogonal magnetisations arrangement is a device that con-
stitutes a high-performance magnetic field sensor, already exploited in various applications, including magnetic read heads,
automotive sensors or bio-medical imaging. The total resistance of a GMR sensor vary according to the relative orientation
of the magnetisation of the layers that compose it.

In this work, we directly integrate such a magneto-resistive sensor [1] below a ferromagnetic track serving as a waveguide
for spin-waves (Fig. 1A). The sensor is electrically insulated from the track, but is located close enough to be coupled to it
via stray dipole fields. When the spin-wave passes over the sensor, it generates an oscillating dipole field which induces a
precession of the magnetisation of one of the ferromagnetic layers of the stack (the free layer), the other being magnetically
pinned. This translates in an oscillation of the mutual impedance Z21 of the sensor, which, for a given current bias, results
in a voltage that can be accessed via suitable microwave measurements.

The fabricated device is made of three main parts shown in Fig. 1B. First, spin-waves are excited by an antenna [2],
which consists of a set of three conducting tracks in the coplanar waveguide geometry as shown in Fig. 1B (left gold
structure). An oscillating microwave Ørsted stray field is generated, which is able to pump spin-waves with wavelength in
the range of 1− 2 µm in the nearby ferromagnetic waveguide.

This waveguide consists of a Permalloy (Ni80Fe20) slab that is 60 µm long, 7 µm wide and 22 nm thick and is located
about 350 nm above the antenna. Its magnetisation is saturated along the width using an external static field H0 which
corresponds to the so-called Damon-Eshbach configuration of spin-wave propagation. The measurement of the sample is
performed under the two polarities of the direct current flowing in the GMR sensor. Thus, by calculating the sum and the
difference of the two measured signals, we extract the inductive (Fig. 2.A) and magneto-resistive (Fig. 2.B) contributions
of the overall signal, respectively. Those measurements show that magneto-resistive detection exhibits a signal level about
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Figure 2: Analysis of measured mutual impedance under an external field µ0H0 = 20 mT, for a direct current bias IDC = 1.5
mA and using a using a spin-wave pumping power P = −15 dBm. A Inductive contribution of the mutual impedance.
Real part (blue), imaginary part (red) and modulus (green) are plotted. B Magneto-resistive contribution of the mutual
impedance. Real part (blue), imaginary part (red) and complex modulus (green) are plotted.

five times higher than the usual inductive detection. Noting that the inductive signal is proportional to the antenna’s length
covered by the waveguide (≈ 7 µm) when the magneto-resistive signal only arises from the 600 nm long detection area,
we estimate that the magneto-resistive signal is indeed 50 times more intense than the inductive one for a given detection
volume. These experimental results are also corroborated by micromagnetic simulations of a numerical twin of this device.

The key advantage of the proposed detection stands in the signal’s scaling law. The signal of a conventional inductive
detection scales as the area of the sensing antenna, when the magneto-resistive signal depends mostly on the available
voltage, which can remain very high down to the nanometer scale.
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Spin waves are the fundamental propagating excitations of the magnetic order, with an associated bosonic quasiparticle
called a magnon. Research in magnonics classicaly aims at harvesting the unique properties of spin-waves for digital or
analog signal processing, neuromorphic computing, but also more recently to use magnons as potential quantum buses for
quantum computing [1].

Studying and controlling spin wave propagation and (non-)linear magnon-magnon interactions require the development
of fast and efficient 2D imaging techniques of nanostructured magnonic devices. Until recently, the laboratory techniques
have solely relied on magneto-optical effects (such as Kerr microscopy and micro-Brillouin light scattering (µ-BLS)). With
the emergence of NV centers as ultrasensitive quantum sensors of magnetic fields, new approaches are being developped
to image magnonic transport through their oscillating stray field [2, 3].

Figure 1: Sketch of spin waves propagating in Damon-Eschbach configuration.

Figure 2: NV imaging of propagating spin-waves in Damon-Eschbach configuration: The image are obtained through the
spatial electron spin-resonance contrast of a single NV center mounted on an atomic force microscope (AFM).

Following this approach, we develop NV microscopy techniques to image spin-waves in various garnet films (YIG, BiYIG)
with thicknesses ranging from 20 to 500 nm (Fig. 1-2). In these sytems, we could first image the expected highly anisotropic
dispersion relation of spin waves in both real and k spaces (Fig. 3-4). We then report the presence of standing wave patterns
arising from nonlinear scattering processes from short-wave length magnons and evidence the key role of lithography
irregularities in these processes. These results illustrate the potential of NV magnetometry to unravel nonlinear phenomena
at the nanoscale and to optimize nanofabrication processes of magnonic devices. We finally discuss the interactions between
spin-waves and spin-textures, and use NV magnetometry to transition between different regimes of spin-waves excitations.
Our approach paves the way for the study of nonlinear spin-waves dynamics in complex geometries in presence of topology
and potential quantum phenomena.
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Figure 3: Figure a).

Figure 4: Figure b). Imaging of spin-wave scattering processes in (a) real and (b) k spaces. These processes are revealed by
imaging closer to the sample surface, which enables to image spin-wave with short k vectors. The k space image is obtained
by simple Fourier transform from the real space image and reveals a shifted dispersion relation [4].
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The field of magnonics, which focuses on manipulating spin waves to create energy-efficient devices, has rapidly ad-
vanced, presenting new challenges in understanding spin dynamics at the nanoscale. One effective approach to address
these challenges is imaging spin waves in nanoscale objects. However, only a limited number of techniques offer the suffi-
cient spatial resolution of a few nanometers. In this context, we present the concept of an innovative experimental approach
using Electron Holography to image spin waves in nano-objects with nanometer-scale spatial resolution. This method lever-
ages electron microscopy to correlate the mapping of local magnetization precession with structural and chemical informa-
tion, thus improving the modeling of spin dynamics at the nanoscale—an essential step for the development of gigahertz
magnonic devices.

Off-axis Electron Holography is an imaging technique that relies on the formation of an interference pattern. From the
resulting hologram, it is possible to measure the phase shift of the electron beam induced by the object’s electrical and
magnetic potentials, thereby mapping the associated fields with sub-nanometer spatial resolution. To map the precessing
magnetization, one can take advantage of the small variations in the magnetization component along the equilibrium
direction. The fundamental principle is illustrated in Fig. 1a. When exposed to a microwave field at the spin wave frequency,
the local magnetization precesses around its equilibrium position, denoted as Mstat. As a consequence, the spatial variations
of magnetization ∆M induced by the precession can be measured as small variations (i.e small gradients) in the time-
averaged electron phase shift image relative to the equilibrium state.

Figure 1: (a) Principle of measure. (b) Reconstruction of the phase image: by subtracting the phase shift image under
precession from the equilibrium phase shift image, the local variations ∆M can be recovered. The color scale corresponds
to the renormalized amplitude of the FFT.

We demonstrate the feasibility of this approach by conducting micromagnetic simulations of spin wave modes in model
systems and reconstructing the corresponding experimental electron hologram. Such simulations allow to define possible
experimental conditions such as the orientation and amplitude of the pumping field with respect to the magnetic object to
obtain experimentally achievable signal-to-noise ratio. Indeed, the intrinsic background noise present in electron hologra-
phy experiments is around 1 mrad with the new direct electron cameras [1]. As an example, the uniform mode at 10 GHz in
the domains of a permalloy dot in the equilibrium vortex state excited with an out of plane pumping field along Z (direction
parallel to electron beam) is shown in the Fig. 1b. The simulation show that the local magnetization precession amplitude
can be recovered from the magnetic phase image extracted from the hologram with a S/N ratio of about 3 and 10 with a
microwave amplitude of 3 Oe and 5 Oe respectively.

We also demonstrate how to take into account other constraint related to electron microscopy. For example, samples must
be transparent to electrons. As an example of achievable device replicating the micromagnetic simulations, the Fig. 2 shows
a NiFe stripe of squared dots surrounded by a micro-antenna fabricated using laser lithography and e-beam lithography at
CEMES, followed by Physical Vapor Deposit. These dots are deposited on a 30 nm silicon nitride membrane. Finally, the
last constraint consists in injecting a microwave signal inside the microscope. For this, we present two new sample holders
that have been developed by the CEMES allowing to inject 2 or 4 microwave signals up to 18 GHz via microstrip lines, with
insertion loss below 10 dB in the frequency range, and with less than 5 dB of loss below 10 GHz (Fig. 2).
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Figure 2: From left to right: Dedicated sample holder for RF excitation and example of sample location (orange rectangle),
optical image of the electron transparent silicon nitride membrane, SEM image of the micro-antenna, Lorentz TEM image
of the NiFe stripe of squared dots.

References

[1] C. Gatel, J. Dupuy, F. Houdellier, and M.J. Hÿtch. Unlimited acquisition time in electron holography by automated
feedback control of transmission electron microscope. Appl. Phys. Rev. 113, 133102 (2018).

Page 75 sur 330

http://dx.doi.org/https://doi.org/10.1063/1.5050906
http://dx.doi.org/https://doi.org/10.1063/1.5050906


C.L.N. 2025 Vendredi 20 10h10

Spectroscopy of the spin wave acoustic mode in
synthetic antiferromagnets

G. Y. Thiancourt1,*, S. M. Ngom1, N. Bardou1, and T. Devolder1

74Université Paris-Saclay, CNRS, Centre de Nanosciences et de Nanotechnologies, 91120, Palaiseau, France
*gael-yann.thiancourt@universite-paris-saclay.fr

Magnonics has been attracting increasing interest from the research community in recent years. Spin waves (SWs)
offer unique properties such as non-linearity and non-reciprocity, but a deep understanding of their dynamics is crucial
for their implementation in future devices. This becomes possible using a Vector Network Analyzer and the fabrication of
micro-antennas which allow propagation spin wave spectroscopy (PSWS) for a high-resolution in wavevector k[1].

In this study, we perform PSWS on a synthetic antiferromagnet (SAF) of CoFeB(17 nm)/Ru(0.7 nm)/CoFeB(17 nm)
under an in-plane applied field H⃗ below saturation, with the field direction either along the x or y direction [see Fig. 1(a)].
In this case, the magnetizations of the two CoFeB layers are in a scissors configuration, exhibiting two eigenmodes, the optical
mode and the acoustic mode, respectively characterised by out-of-phase and in-phase precession of the magnetizations. In
particular, we characterise the SWs acoustic mode whose dispersion relation ω(k) has been proven to be extremely non-
reciprocal for k⃗ ∥ H⃗, with a group velocity remaining positive regardless of the sign of the wavevector, or reciprocal around
k = 0 for k⃗ ⊥ H⃗ [2–4].

We pattern the magnetic material into 20 µm-wide SW conduits. Single-wire antennas are fabricated on top to excite
and detect SWs propagating in the y-direction [Fig. 1(b)]. The different devices exhibit antenna widths denoted want =
1,2 and 2 µm and respective center-to-center distances of r = 3.4, 4, and 6 µm. In this abstract, we focus on the device for
r = 4 µm and want = 2 µm.
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Figure 1: (a) Sketch of the setup used for propagating spin wave spectroscopy (PSWS). (b) Scanning electron microscopy
image of a PSWS device. Light gray: single-wire antennas. Medium gray: Synthetic antiferromagnet conduit. An in plane
external field is applied either along x or y giving two main configurations k⃗ ⊥ H⃗x or k⃗ ∥ H⃗ y c) Spinwave wavepacket in
time domain for an applied fiel of 50 mT.

PSWS has been performed for the different field configurations, i.e., k⃗ ⊥ H⃗x and k⃗ ∥ H⃗ y . We calculate the derivative of
raw data S̃21( f ) with respect to the applied field, and use time-of-flight spectroscopy [5] to isolate the SW contribution in
the signal. The latter involves calculating the impulse response s21(t) from S̃21( f ). Fig. 1(c) shows the calculated impulse
responses for r = 4 µm and µ0H = 50 mT, the acoustic SW wavepackets have a travel time ttravel = 2 ns for k⃗ ∥ H⃗ y and
ttravel = 1 ns for k⃗ ⊥ H⃗x , allowing a first estimation of the SW group velocity vg ≈ r/ttravel, i.e. ≈ 2 km.s−1 and ≈ 4 km.s−1,
respectively. We isolate the wavepackets of interest by applying a time window. Then we apply a back Fourier transformation
to the truncated responses and recover a spectrum free of the noise.

Additionally, using Eq. 22 and Eq. 35 from Ref. [6] and considering only the χy y part of the magnetic susceptibility, we
show that the argument of S̃21, which describes the phase accumulation of SWs during their propagation, can be written as,

(i) arg

�

∂ S̃ y y
21

∂ Hx

�

ω, k⃗ ⊥ H⃗x

�

�

= k r −
π

2
+ 2 nπ and (ii) arg

�

∂ S̃ y y
21

∂ H y
(ω, k⃗ ∥ H⃗ y)

�

=k reff +
π

2
+ 2 nπ,

where n ∈ Z and reff =
�

r +
w2

ant
6Latt
+

w2
ant

6r

�

is an effective length dependent on the attenuation length Latt of SWs and setup

dimensions r and want. Indeed, depending on the nature of the SWs, the phase accumulation during propagation depends
only on r in the reciprocal case, while for non-reciprocal SWs, it is also influenced by other parameters of the system.
Using (i) and (ii) we extract SWs dispersion relations for non-reciprocal SWs [Fig 2.(a)] and reciprocal SWs acoustic mode
[Fig 2.(b)]. Therefore, the group velocity can be obtained using linear fits around specific values of k [3, 4]. These results
remain consistent for the different devices that support the reliability of our approach. Overall, this work provides an all-
inductive characterisation of the SAF acoustic SWs including precise data on the group velocity of these waves within a
magnetic device using only PSWS measurements.

Page 76 sur 330

mailto:gael-yann.thiancourt@universite-paris-saclay.fr


C.L.N. 2025 Vendredi 20 10h10

14

12

10

8

6

4
-2 -1 0 1 2 -3 -2 0 1 2-1 3

Wavevector [rad.µm-1] Wavevector [rad.µm-1]

F
re

q
u

en
cy

[G
H

z]

k ∥ H k ⊥ H 

Figure 2: Experimental dispersion relations for reciprocal (a) and non-reciprocal (b) SAF acoustic spinwaves obtained from
PSWS on a device with an antenna width want = 2 µm and antenna center-to-center distance r = 4 µm.. The different curves
correspond to the different applied fields starting from 30 to 139 mT (a) and to 136 mT for (b). The field is incremented
by steps of ≈1.4 mT.
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Phonons and magnons, two types of collective excitations in solids, represent promising alternatives to conventional
information carriers, making it possible to avoid losses associated with the Joule effect. Acoustic phonons stand out for
their ability to propagate over long distances, benefiting from particularly long coherence times. Magnons, on the other
hand, offer remarkable frequency tunability, covering a wide range from GHz to THz. This flexibility, combined with their
potential for high-speed, low-power applications, makes them promising candidates for the development of next-generation
technologies. In this context, the study of materials, metamaterials and devices devoted to the observation, enhancement
and control of phonon-magnon interactions is a fast-growing field of research [1–4]. This approach makes it possible to
exploit the unique advantages of these two types of excitation while combining them, paving the way for innovative phe-
nomena. These advances promise to transform key modern technologies, such as analog, digital and quantum information
processing, particularly in the microwave frequency range.

FeRh is an intriguing material that exhibits a first-order phase transition, changing from an antiferromagnetic (AF) to a
ferromagnetic (FM) state when heated. The temperature at which this transition occurs is highly sensitive to the Fe and Rh
stoichiometry, the material’s deformation state [5], and the applied magnetic field [6]. This unique property makes FeRh a
promising candidate for thermally assisted magnetic recording applications [7]. Additionally, it has been demonstrated that
the AF-FM transition can be initiated by ultrafast laser pulses, which induce a heating effect [8], highlighting its potential
for use in optical information storage.

In this work, Brillouin Light Scattering (BLS) was used to study phonon-magnon coupling in a 36 nm thick epitaxial
FeRh alloy on a single-crystal MgO substrate. Figure 1-a displays BLS magnon spectra obtained in the pure FM phase (at
400 K) for various wavevectors in the backward geometry (M ||k). Two magnetic modes are identified: the first perpendic-
ular standing mode around 21 GHz and the backward volume spin wave (BW spin wave) at lower frequencies. Notably, an
additional mode emerges alongside the BW mode over a specific wavevector range, creating an anti-crossing gap of approx-
imately 1.1 GHz around 15µm−1 in the dispersion relation (figure 1-b). This gap strongly indicates coupling between two
waves, consistent with prior studies [3, 9].

To identify the acoustic mode interacting with the BW mode, phonon dispersion was also measured (blue circles, fig-
ure 1-b). Surprisingly, the modes identified as Rayleigh and Sezawa waves do not match with the anti-crossing region.
However, calculations of the dispersion relation for uncoupled Love waves align perfectly with this anti-crossing (dashed
lines figure 1-b). Notably, Love waves are generally not expected to be observed using BLS in opaque materials like FeRh
[10]. Their observation here suggests the presence of a hybrid magneto-elastic mode (magnon-polaron quasi particle),
which combines magnetic and elastic characteristics, underscoring the strength of this coupling.

For a complete description of the coupled system, the Landau-Lifshitz-Gilbert (LLG) equation (for magnon dynamics)
and the Christoffel equation (for phonon dynamics), including the magnetoelastic contribution, are solved. This was made
possible by a detailed experimental study of the magnetic exchange constant Aex and the elastic constants Cij of FeRh, as
described in [11]. Finally, we accurately reproduced our observations (black lines in figure 1-b) and extracted the magne-
toelastic coupling constant B, which is the only fitting parameter in the model. Its value was determined to be 17 MJ m-3.
This value is significantly larger than those typically reported in the literature for other magnetostrictive materials [3, 12,
13], further highlighting the exceptional strength of the magnetoelastic coupling in FeRh.

Such findings underscore the relevance of FeRh as a promising material for hybrid magnonic devices, where efficient
coupling between magnetic and elastic excitations is essential. The observed anti-crossing behavior not only advances the
understanding of magnetostrictive phenomena in FeRh but also opens new perspectives for its integration into spintronic,
straintronic and magnonic applications.
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Figure 1: (a) Representative spectra obtained from Brillouin light scattering measurements for various wave vectors in the
backward geometry (M ∥ k) at a fixed temperature of 400 K and applied magnetic field of 100 mT. (b) Mapping of dispersion
relations illustrating the coupling between the Love-type acoustic wave and the backward volume spin wave. The black
lines represent the calculated dispersion relations of the Love and backward modes for the magnetoelastic coupled system.
Dashed lines show the calculated dispersion relation of the uncoupled Love mode. The blue lines and circles correspond to
the calculated and measured dispersion relations of the Rayleigh and Sezawa acoustic waves, respectively.
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The exploration of energy-efficient ways to manipulate the magnetisation has long been a challenge of critical inter-
est for the development of advanced technologies such as sensors and data recording technologies. Among the explored
pathways, ultrafast laser techniques have attracted considerable attention and have achieved important milestones such
as the single-shot helicity-independent all optical switching of multi-sublattice systems [1, 2]. However, this phenomenon
is restricted to metallic systems, and the underlying mechanisms are attributed to laser-induced thermal effects [3]. To
overcome this limitation, alternative approaches based on resonance phenomena have emerged as a promising avenue for
energy efficient control of magnetisation. One such alternative involves the resonant excitation of infrared-active phonons
to modify the crystal environment through nonlinear phononic effects [4, 5], ultimately influencing magnetic order.

Ultrafast phononic switching was first successfully demonstrated in Co:YIG in 2021 [6]. Since then, phononic manip-
ulation of the magnetisation has been extended to various YIG crystals [7, 8], antiferromagnetic nickel oxide [9] and
antiferromagnetic iron borate [10]. The distinctive macroscopic patterns of the switched domains in these systems have
been qualitatively attributed to light-induced elastic strain, which generates a magnetoelastic field acting on the magnetisa-
tion [6, 8]. In that regard, these domain shapes effectively serve as fingerprints of the underlying magnetoelastic field. By
further investigating phononic switching in multidomain structures, we aim to develop a more quantitative understanding
of the distribution of magnetoelastic interactions.

We present a study of phononic switching in a Co:YIG film exhibiting a labyrinth-like magnetic domain structure (see
Fig. 1(a)). To resonantly excite the phonon modes, we used narrow-band pulses from the free electron laser facility Free
Electron Lasers for Infrared eXperiments (FELIX) in Nijmegen, the Netherlands [11]. Upon illuminating the film with a single
8-µs-long macropulse targeting optical phonon modes at resonance, we observe new permanent domains consisting of
stripes (see Fig. 1(b)).

Figure 1: (a) Faraday image of the magnetic domain structure before illumination. (b) Faraday image of the magnetic
domain structure after illumination with an 8-µs-long macropulse delivered from FELIX (wavelength λ =13.5 µm). (c)
Spectral dependencies: the normalised switched area (red), the loss function Im(−ϵ−1) highlighting the spectral positions
of the longitudinal optical (LO) phonons (pink), and the imaginary part of the dielectric function ϵ2 indicating the spectral
position of the transverse optical (TO) phonons (blue). The graph shows that switching occurs specifically at the spectral
positions of the LO phonons.
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The evolution of the normalised switched area as a function of the pump wavelength, spanning the range 9-22 µm, is shown
in Fig. 1(c). It shows two peaks at spectral positions 12.5 µm and 21 µm which correlate with the spectral dependence
of the longitudinal optical (LO) phonon modes as derived by the loss function Im(−ϵ−1) (pink line, Fig. 1(c)). Notably,
no switching was observed at the resonance frequencies of the transverse optical (TO) phonon modes, highlighted by the
imaginary part of the dielectric function ϵ2 (blue line, Fig. 1(c)). This behaviour confirms findings from previous studies [6,
7, 9] and raises questions about the role of the epsilon-near-zero regime in the switching process [12, 13]. The spatial dis-
tribution of strain and the associated magneto-elastic field will be discussed in detail. Mumax3 micromagnetic simulations
[14] provide support for the formation of both stripes and magnetic bubbles under an applied magnetic field. In addition,
illumination of the film with a single macropulse under a 6 mT in-plane magnetic field induces the formation of magnetic
bubbles. Remarkably, these bubbles remain stable even after the field is removed, revealing a novel approach to generate
stable magnetic bubbles by lattice excitation.

This study highlights the potential of phononic switching as a non-thermal method for manipulating magnetisation and
generating stable magnetic bubbles in Co:YIG. The analysis of the permanent magnetic domain shape offers valuable insights
into the magnetoelastic field distribution, advancing toward a better understanding of the phononic switching process.
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In the context of a growing interdisciplinary interest in the angular momentum transfer between different objects,
with the extensively studied notion of spin transport being only part of the story, that between phonons and magnons is
currently attracting a lot of attention. This interest is based on recent experiments on magneto-elasticity[1] showing that
the transduction of the spin angular momentum (SAM) component of the magnetization dynamics to chiral phonon can
provide long-range coherent coupling between two distant macrospins at millimeter distances. This work, however, focuses
on SAM of spin-waves, leaving their orbital angular momentum (OAM) [2] counterpart experimentally unexplored, which
may also be placed in the context of the general difficulty in directly observing wave OAM.

In this work, we report on the design of an experiment to spectroscopically excite and detect non-vanishing OAM in an
axisymmetric magnetic nanostructure. Our interest focuses on the coupling between the fundamental mode of a magnetic
vortex texture (the so-called gyromotion of the vortex core) and an elastic wave-carrying OAM. The dependence of the
magnetic vortex polarity on the external magnetic field allows to change the gyration sense of the magnetic vortex dynamics
with respect to the acoustic one, therefore studying the effect of the polarity of OAM transfer in the coupling efficiency [3].

The proposed system consists of a magnetic disk in the magnetic vortex state surrounded by a circular interdigital
transducer (IDT) capable of exciting a surface acoustic wave vortex by the inverse piezoelectric effect (see Fig. 1a). We
have used a Python simulation code to optimize the IDT design on x-cut LiNbO3. The design takes into account not only the
anisotropy in acoustic propagation and piezoelectric interconversion, but also the geometric constraints necessary to obtain
a circular phase at the center of the pattern. Fig. 1 shows the local amplitude (b) and phase (c) measured by scanning local
interferometry of the acoustic vertical displacement, which experimentally confirms the presence of an acoustic vortex at
the center of the IDT pattern oscillating in the hundreds of MHz regime.

(a)
(b) (c)

Figure 1: Generation of phonons with OAM by piezo-electric effect. a) Design of the IDTs electrodes for x-cut LiNbO3. Mea-
surement near the central region of the vertical oscillation of the surface using time-resolved local interferometry sensitive
to both the amplitude b) and phase c) of the elastic wave. The experiment is performed at 110 MHz on x-cut LiNbO3.

In parallel, we have performed micromagnetic simulations of the modal response of the magnetic system. For this
purpose, we use a home-developed eigensolver for axi-symmetric geometries, which reduces a 3D problem to a 2D one and
efficiently computes the volumetric standing spin-wave solution. The solver inherently sorts the eigensolutions by their total
angular momentum (nθ ) as shown in Fig. 2. This information, together with the strain field associated with an acoustic
vortex, is fundamental for estimating the overlap integral and determining the selection rules involved in the coupling.
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(a) (b)

Figure 2: Micromagnetic simulation of the azimuthal magnon eigenmodes of index (nR, nθ , nZ) inside a micron-sized disk
whose magnetization is µ0Ms = 0.17 T. The figure shows the morphing of the eigenmodes as a function of an external
magnetic field applied along the normal. The plot is restricted to the modes with nR = 0, nZ = 0, ordered by their azimuthal
index nθ (represented with a color scale), which represents their total angular momentum. In figure a) the field µOH ≈
0.16 T marks the saturation field. Figure b) shows the spectrum at zero field in the magnetic vortex texture. Our focus
concerns the gyrotropic mode, which corresponds to the mode having nθ = +1 and lays in the hundreds of MHz range.

The same solver can also be used to calculate the field-dependent spectral shift of the individual spin wave modes (see
Fig. 2a), which can be used to tune the gyrofrequency of the magnetic vortex core to be equal to the one of the elastic wave
vortex shown in Fig 1.

This effort also represents a test platform to investigate the possibility of accessing non-trivial mechanical modes by
magnetic texture dynamics and vice versa.

Acknowledgments

This work was supported by the LANEF Chaire of Excellence Q-SPIN for Prof. Otani. Additionnaly it was partially supported
by the EU-project HORIZON-EIC-2021-PATHFINDER OPEN PALANTIRI-101046630; the French Grants ANR-21-CE24-0031
Harmony; the PEPR SPIN - MAGISTRAL ANR-24-EXSP-0004; the French Renatech network; and the REIMEI Research
Program of Japan Atomic Energy Agency. K.Y. acknowledges support from JST PRESTO Grant No. JPMHPR20LB, Japan,
JSPS KAKENHI (No. 21K13886), and JSPS Bilateral Program Number JPJSBP120245708.

References

[1] K. An, A. N. Litvinenko, R. Kohno, et al. Coherent long-range transfer of angular momentum between magnon Kittel
modes by phonons. Physical Review B 101 (6 2020).

[2] D. A. Garanin and E. M. Chudnovsky. Angular momentum in spin-phonon processes. Physical Review B - Condensed
Matter and Materials Physics 92 (2 2015).

[3] B. Pigeau, G. De Loubens, O. Klein, et al. A Frequency-controlled Magnetic Vortex Memory. Applied Physics Letters 96
(2010).

Page 84 sur 330

http://dx.doi.org/10.1103/PhysRevB.101.060407
http://dx.doi.org/10.1103/PhysRevB.101.060407
http://dx.doi.org/10.1103/PhysRevB.92.024421
http://dx.doi.org/10.1063/1.3373833


C.L.N. 2025 Vendredi 20 12h00

Structural and Magnetic Insights into
Ti/Mn-Substituted Hexaferrite Thick Films for

Applications beyond 20 GHz
Maria Jose Vazquez Bernardez1,*, Daniel Stoeffler1, Christophe Lefevre1, Laurent Schlur1, Matthieu

Bailleul1, and Nicolas Vukadinovic2

1Institut de Physique et Chimie des Matériaux, CNRS-Université de Strasbourg, Strasbourg, France
2Dassault Aviation, 92552 St-Cloud, France

*mariajose.vazquez@ipcms.unistra.fr

The research for magnetic materials resonating at frequencies above 20 GHz has become a subject of rising interest for
the fabrication of integrated circuit components (antennas, microwave filters, detectors) [1]. Within the family of materials
suitable for low-GHz S, C and X band applications, iron alloys and iron-based oxides such as YIG are notable for their
natural ferromagnetic resonances (FMR) at frequencies below 20 GHz [2, 3]. However, the amount of materials capable
of resonating at higher frequencies within the K, Ka and Q bands is limited. M-type hexagonal ferrites of chemical formula
BaFe12O19 are excellent candidates for this purpose and numerous applications already exploit the excellent properties of
this family of compounds. Two main reasons explain their success : (1) despite having FMR frequency comprised between
46 and 48 GHz [4], it is possible to decrease or increase it by substituting ferric Fe3+ or Ba2+ ions respectively and (2) one
can change the anisotropy from uniaxial to planar by replacing Fe3+ cations [5]. This results in a family of oxides where
one can control both the operating frequency and the direction of the easy axis. Some studies have shown that a partial
substitution of Fe3+ by diamagnetic cations can induce a longitudinal conical magnetic structure inducing a magnetoelectric
contribution [6, 7] that is highly attractive for applications involving multiferroicity.

While BaFe12O19 hexaferrites may have higher magnetic losses (damping) compared to YIG films, they are widely used
in thin-film applications such as magnetic recording, microwave devices (phase shifters, circulators), and electromagnetic
interference suppression [1, 8]. Several decades ago, a race to achieve the minimum FMR linewidth in pure BaFe12O19
films deposited on sapphire (001) culminated in a value of 16 Oe at 60.3 GHz, obtained in the best-crystallized films grown
by pulsed laser deposition (PLD) [9]. Since then, various attempts have been made to fabricate hexaferrites on substrates
with better lattice matching, but a further reduction in FMR linewidth has not been achieved. These losses are ten times
greater than those of YIG. While reducing damping is important, it is not the only factor to consider and these materials
exhibit unique properties that make them valuable for various device applications. The effects of substituting ferric ions on
the static and dynamic properties of M-type hexaferrites remain largely unexplored. Given the limited number of known
magnetoelectric hexaferrites, studying these materials is essential and offers a promising avenue for both experimental and
theoretical research.

The objective of this work is to investigate the relationship between the structural and magnetic properties of Ti/Mn-
substituted hexaferrite films of chemical structure BaTix Mnx Fe12−2xO19 with x comprised between 0.4 and 2.0. This study
has a dual focus: first, to identify the key structural factors that help reduce magnetic losses in Ti/Mn-substituted thin films,
and second, to investigate how Ti/Mn substitution affects the magnetic properties, particularly its influence on magnetic
exchange. Determining the magnetic exchange constant for this material is challenging, as it requires achieving narrow
enough FMR linewidths and excellent film crystallization, to enable the indexing of perpendicular standing spin wave
(PSSW) modes. We have synthesized for the first time Ti/Mn substituted hexaferrite thin films by Pulsed Laser Deposition
on sapphire Al2O3 (001) substrate. The influence of the deposition conditions: temperature, oxygen pressure, laser energy
and the number of laser shots has been carefully optimized to produce highly crystalline epitaxial thick films (evidenced
by Kikuchi lines on RHEED Patters). The influence of film thickness on the structural and magnetic properties has been
followed by Reflection High-Energy Electron Diffraction (RHEED), X-Ray Diffraction with theta-2theta curves and reciprocal
space mapping (RSM) to extract lattice parameters, electron scanning microscopy (SEM) and SQUID-Vibrating sample
magnetometry (VSM) to propose a model on how the strain induced by the substrate evolves with the thickness of the film
deposited. The dynamic magnetic properties of the best fabricated films were measured in both in-plane and out-of-plane
configurations by using a coplanar wave guide in FMR set-up with ac field modulation and lock-in detection which lead
to the identification of the FMR resonance, a surface mode only visible for some films (depending on the broadening of
the FMR mode) and up to 5 satellite peaks appearing at fields lower than the FMR mode corresponding to perpendicular
standing spin waves.

With this work we present the first experimental determination of the exchange constant in Ti/Mn substituted hexa-
ferrites as well as a comprehensive understanding on how the fabrication conditions impact the structural and magnetic
properties of the resulting films. Complementary micromagnetic simulations illustrating the FMR spectra with the presence
of domain walls will also be introduced.

With these results, we aim to propose an alternative to YIG for higher operating frequencies and pave the way for the
investigation of substituted hexaferrite thin films, both for device fabrication and multiferroic applications. Several questions
remain to be addressed like the role played by the concentration of substituents, the occurence of a magnetoelectric coupling
and the further reduction of the damping in this family of hexaferrites.
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Figure 1: (a) Theta-2-theta diffraction patterns of a Ti/Mn substituted hexaferrite 364 nm-thick film before and after
annealing. (b) RSM of the annealed film giving lattice parameters: a=5.9010 ± 0.001 Å and c=23.122 ± 0.001 Å. (c)
RHEED patterns of the film before annealing. (d) Magnetization versus applied magnetic field curves of the annealed film
for in-plane (IP) and out-of-plane (OOP) configurations, the surface between the curves is colored in yellow. (e) Out-of-
plane lock-in response of the annealed film at different frequencies displaying PSSW modes. (f) Mode field µ0Hn versus the
square of the mode index n for the annealed film in the out-of-plane configuration at 49.8 GHz (see fit in inset (g)).
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Cavity magnonics has received significant attention over the past decade. Central to this area is the study of cavity
magnon polaritons —hybrid quasiparticles originated from the strong coupling of magnons and photons. These systems,
typically composed of a magnetic sample inside an electromagnetic cavity, hold promising opportunities for advancements
in quantum information processing and high-precision sensing [1, 2], while also serving as a novel platform for disruptive
radio-frequency (RF) technologies. In particular, several cavity magnonics systems demonstrate non-reciprocity [3–5],
which is a critical feature for classical communication applications. Non-reciprocal microwave components like isolators
are able to protect circuits from unwanted reflections by selectively blocking propagation in one direction. While previous
studies have thoroughly explored both theoretically [6, 7] and experimentally [8] chiral microwave-magnon coupling,
a complete understanding of non-reciprocal effects for multiple ferrimagnetic insulators in an integrable and functional
system is still lacking. In this work, we propose a new built-in platform for the investigation of chiral interactions and
non-reciprocity in cavity magnonics.

Figure 1: a) Sketch of the experimental setup where the chiral cavity loaded with a YIG sphere (red dot) is connected to a
vector network analyzer (VNA) for reflection (S11) and transmission (S21) measurements. b) Distribution of the resonator’s
electric field z-component and the orientation of its magnetic field in black arrows. The three circles denote the special
positions of the resonator: in red ρ−, white ρ0, and black ρ+. c) Measured resonant mode of the cavity (blue) and its fit
(red). d)-e)-f) Measured isolation ratio: Iso.= 20∗ log(S21/S12) in dB as a function of frequency and bias magnetic field for
N = 1 at φ = 0, N = 2 at φ1 = 0, φ2 = π and N = 2 at φ1 = π/2, φ2 = −π/2 (insets) on the chiral line ρ− respectively. g)
The analytical (black), simulated (blue) and measured (red) radial dependency of the coupling strength for N = 1.

We address the non-reciprocal behavior of a system constituted of N yttrium iron garnet (YIG) spheres, strongly coupled
to chiral cavity modes. Our chiral resonator is comprised of a substrate integrated waveguide (SIW) cavity which consists
in a dielectric wedged between two metallic layers. This design leads to a significant reduction of the cavity’s geometrical
volume, allowing larger magnon-photon coupling strength compared to previous studies using circular cavities [8]. An
array of 60 µm radius vias acts as the cavity’s walls to enclose the electromagnetic field [4] and forms the toroidal shape
of our chiral resonator (see Figure 1 a)). In this context, chirality accounts for the orientation of the photon’s spin angular
momentum within the resonator. According to Maxwell’s equations, at certain special positions inside the cavity (chiral
lines), the polarization of the photon modes is linked to the propagation direction.

Chiral interaction is achievable when the YIG are placed on the chiral lines ρ− and ρ+ and brought into resonance
with the cavity modes (see Figure 1. b)). Under these conditions, the magnon mode will couple to photons with the same
polarization, inducing a spatial dependency of the coupling strength for each YIG sphere (c.f. Figure 1. g)).

As illustrated in Figure 1. d)-f), we measure a direct dependency of the non-reciprocity —quantified by using the isola-
tion ratio : Iso.= 20∗ log(S21/S12)— according to the configuration of the YIG spheres, achieving isolation ratio values twice
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as high as the values reported by Bourhill et al.. While prior studies [8, 9] have highlighted the fundamental working prin-
ciple of single-YIG-based chiral cavities, our work extends this framework to the N -spheres configuration. This contribution
sheds a new light on the mechanisms and tunability of non-reciprocity, laying the groundwork for further investigation of
multi-sphere cavity magnonics. Our setup offers promising prospects for an emerging class of non-reciprocal devices that
could also be used for cavity-mediated magnon-magnon interaction [10], paving the way for the development of multimode
quantum memories.
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One of the attractive properties of spin waves, the elementary excitations of magnetic material, is their nonlinearity,
which can be reached with moderate radio frequency RF excitation fields. The nonlinear interactions between spin waves
attract increasing attention in neuromorphic computing [1] and magnonic logic devices [2]. This study presents micro-
focused Brillouin light spectroscopy (µBLS) of nonlinear processes in a 500 nm Bismuth Yttrium Iron Garnet (BiYIG) disk
[3]. Such material is a soft ferrimagnet with moderate cubic anisotropy and has one of the lowest dampings among all
the magnetic materials. The spin waves are excited with RF excitation generated by an Ω-shaped antenna. The disk is
positioned slightly off center within the antenna, approximately 100 nm from the exact center which introduces a small
in-plane RF component along with the predominant out-of-plane excitation. An in-plane static magnetic field is applied,
resulting in an in-plane magnetized disk with some nonuniformity at low static field strengths. We vary three parameters
to investigate the nonlinear dynamics: the in-plane static field, the rf power (ranging from -15 dBm to 10 dBm), and the rf
frequency.

The thermal spin wave spectrum of the 500nm BiYIG disk is obtained using µBLS at different in-plane static fields. The
probing light is focused at the center of the disk. We can identify a large number of thermal spin wave modes as shown
in Fig.1(a), for a frequency range from 0.4 to 5 GHz. The large number of spin wave modes can lead to rich nonlinear
dynamics. Spin-wave modes can interact with each other through different processes.

Starting from an in-plane field of -30 mT, the mode frequencies decrease as the field strength is reduced, reaching a
minimum at -7 mT where the applied field equals the effective anisotropy field. BiYIG has cubic anisotropy and the value
of the effective anisotropy field depends on the orientation of the applied static field with respect to the crystallographic
axis. When the applied field is lower than the effective anisotropy field (in the range between -7 mT and 4 mT), we observe
mode softening [4]. This suggests that the field applied along the x-axis corresponds to a hard axis of the cubic anisotropy.
From the thermal spectra obtained at various in-plane fields, we identified the mode with the highest intensity, which
probably corresponds to the uniform mode. This identification is validated by comparing the experimental spectra with
micromagnetic simulations.

Exciting the uniform mode f0 can result in the first, second, and third Suhl instabilities [5]. The first Suhl instability
involves three-magnon splitting, where a magnon at f0 decays into two magnons at f0/2 [6]. The second Suhl instability
involves four-magnon scattering, in which two magnons at f0 annihilate to generate two new magnons. The third Suhl
instability occurs through the annihilation of three magnons at f0, resulting in the creation of two magnons around 3 f0/2.

To investigate these processes, we sweep the inplane static field while exciting the uniform mode at each field, as shown
in Fig.2. From -12 mT to -17 mT, we observe rich nonlinear dynamics. For instance, the spectrum at -16 mT is plotted in
Fig.2(b). When we excite the resonance mode at frequency f=1.3 GHz, we observe modes around f labeled f1 and f2 with
frequency spacing δ f=0.2 GHz from the pumped mode. We also observe modes around 3 f /2.

Figure 1: (a) Thermal BLS spectrum for 500 nm BiYIG disk when the in plane static field is varied from -30 mT to 30 mT
in steps of 1 mT. (b) Experimental set up scheme with a picture of the Ω-shaped antenna taken by µBLS and SEM image of
the studied disk.
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Figure 2: (a) BLS spectra for in-plane static field is swept between 0 and -25mT while the resonance frequency is excited for
each field at 5 dBm. The excited mode is indicated by f. (b) BLS spectra for -16 mT in plane static field when the uniform
mode is excited at 5 dBm.

We identified the power thresholds for each nonlinear process, finding that four-magnon scattering has the lowest
threshold. As the excitation power increases, modes at f/2 and around 3f/2 appear, with energy being transferred from the
pumped mode to these secondary modes. This results in a decrease in the intensity of the pumped mode, as the energy is
progressively redistributed throughout the generated modes.

Time-resolved BLS measurements provide the temporal evolution of the spin wave populations. The first modes to
populate are the two modes around frequency f which results from four magnon scattering. Following the modes around
f , the modes around f /2 are populated. These modes correspond to the magnons generated via three magnon splitting.
Finally, the modes around 3 f /2 appear and complete the cascade of nonlinear interactions.

All these nonlinear interactions were also reproduced using micromagnetic simulations, demonstrating a strong align-
ment between measurements and computational predictions.

In summary, we studied nonlinear spin wave dynamics in an inplane magnetized BiYIG disk, focusing on the uniform
mode f0 and its resulting Suhl instabilities. Using µBLS and micromagnetic simulations, we observed sequential nonlinear
interactions including first, second and third-order instabilities. We determined the power thresholds to reach the nonlinear
regime and tracked the temporal evolution of the generated modes.
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Extraordinary magnetoresistance (EMR) sensors are geometry-dependent 4-terminal devices based on high-conductivity
semiconductors and metal inclusions, that can achieve over 106 % magnetoresistance ratios [1–3]. The origin of such
effect can be explained by the Lorentz force, rewriting the conductivity tensor of the semiconductor with a magnetic field
dependence. Deviations of the current path result in charge accumulation in the semiconductor, leading to large voltage
differences.

In this work, this effect is employed for passive current-limiting applications with a 2-terminal device. With the possibility
to integrate a magnetic circuit in the current path, the rise in current will create a field on the EMR device, in turn increasing
its resistance and thus limiting the current overshoot [4, 5]. Investigations of the analytical model of this device show that the
maximum achievable MR ratio is µ²B², where µ is the charge-carrier mobility of the semiconductor and B is the magnitude
of the applied magnetic field. Therefore, we seek to use the highest mobility materials and reach the highest magnetic
field possible. In contrast to the 4-terminal sensor, metal inclusions do not improve the current limiter performance, and
charge accumulation at the edges degrades the obtained MR. The model indicates that this can be mitigated by engineering
the geometry of the device, increasing the dimension parallel to the deviated current path. To approach the theoretical
limit, the length of the device must be at least µB times its thickness. We also present a second solution to avoid charge
accumulation by short-circuiting the semiconductor edges, improving the MR without changing the device geometry. In
addition, we propose a way to mitigate this by tweaking the device geometry to minimize contact resistivity between the
semiconductor and the metal electrodes, which is known to negatively influence the MR ratio [6].

In current limiter applications, it is the current of the main circuit itself that passes through the device, and not a small
bias current as is the case in sensor applications. Electric current levels can reach units of amperes, and as high current passes
through the EMR element, resistive power dissipation becomes relevant. Electric and thermal simulations with the finite
element method (COMSOL) in 3D for different device sizes corroborate the analytical model and are used to investigate
resistance variations and Joule heating.

Finally, we show first implementation of such a magnetoresistance-based current limiter. This includes the microfabri-
cation of the EMR component, the simulation and fabrication of the magnetic field generator, and the integration of both
the EMR component and field generator in one system. Electrical, magnetic, and thermal measurements are performed to
characterize the current limiter.
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Controlling the magnetic order of antiferromagnets is challenging due to the vanishing net magnetization. For this
reason, the study of topologically protected real-space states of antiferromagnets is restricted by the difficulty in nucleating
these states [1]. Here, using atomistic simulations we demonstrate how to overcome the challenge of nucleating skyrmions
and bimerons in thin films of prototypical bipartite antiferromagnets (Fig. 1) [2], like NiO and Mn2Au. Utilizing the exchange
bias coupling between a ferromagnet, Pt/Co and the antiferromagnet, we imprint the spin structure of the former through
the latter by means of a thermal and field cycling procedures. The use of a prototypical antiferromagnet and stack, free from
the layers intermixing and polycrystallinity earlier considered [3], allowed us to calculate the three key parameters to attest
to the intricate topology of skyrmions and bimerons: polarity, vorticity and helicity, and the related topological charge. We
demonstrate unequivoquely that the textures imprinted in the antiferromagnets are actual skyrmions and bimerons. How
various parameters: temperature, Dzyaloshinskii-Moriya interaction, anisotropy, affect the efficiency of this imprinting, and
the nature and morphology of the imprinted textures will be discussed. In particular we will show that the skyrmion and the
bimeron penetrate into the core of the antiferromagnet, resulting in tubular topological objects. This work paves way for
further studies on topologically protected real-space phases in antiferromagnets and promotes the development of denser
and faster spintronic devices.

Figure 1: (a) Zoom on the atomic structure of the rocksalt monocrystalline simulation system consisting of: (i) a heavy-
metal(HM)/ferromagnet (FM) bilayer for skyrmion nucleation, (ii) a 75%-rich non-magnetic (NM) interface for coupling,
and (iii) a prototypical bipartite antiferromagnetic layer (AFM) made of two sublattices: AFMa and AFMb. In their ground
state, the spins of AFMa and AFMb are collinear and opposite. The full size of the simulation system is 100 × 100 × 3.35
nm3 corresponding to 1 monolayer (ML) of HM, 3 MLs of FM, 1 ML of NM and 11 MLs of AFM. (b) 3D view of the skyrmion
tube obtained in the FM and imprinted in the 11 MLs-thick AFM, following thermal and magnetic field cycling procedures to
(i) nucleate the skyrmion in the FM while the AFM is disordered, above its Néel temperature TN , (ii) replicate the skyrmion
in the AFM upon crossing TN , and (iii) stabilize the skyrmion at remanence. The simulated spins oriented in the xy-plane
define the contour of the tube. (c) Same when an in-plane anisotropy is considered, resulting in the imprint of a bimeron
in the AFM. The simulated spins oriented in the yz-plane define the contour of the tube.
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Chiral magnetic solitons, which hold great promise in spintronic applications [1], are often attributed to Dzyaloshin-
skii–Moriya interaction (DMI). However, in most 2D van der Waals magnets, the DMI is suppressed due to inversion symme-
try. Here, we propose a strategy to induce strong DMI via oxygen adsorption on the surface of 2D magnets – an experimen-
tally feasible approach [2]. By combining ab initio theory and atomistic spin simulations, we predict highly stable skyrmions
with radii below 10 nm in an oxidized Fe3GeTe2 (FGT) monolayer. Notably, we find very large skyrmion energy barriers
of more than 150 meV, comparable to the ones at ferromagnetic/heavy metal interfaces. Interestingly, oxygen adsorption
breaks the in-plane symmetry of FGT, inducing an anisotropic DMI. This gives rise to multiple topological spin textures
beyond skyrmions. Moreover, the oxygen adsorption site strongly influences the magnetocrystalline anisotropy energy of
FGT, inducing an inverse spin reorientation transition from out-of-plane to in-plane. As a result, isolated bimerons can be
stabilized at zero-field and transformed into skyrmions under an applied field. Finally, we demonstrate that skyrmions are
stable for hours in oxidized FGT, at temperatures up to 27 K.

FGT FGT
Oxide

High
∆𝐸, 𝜏

Figure 1: Oxygen-induced highly stable topological spin textures in monolayer Fe3GeTe2 and their transformation via ex-
ternal stimuli.
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The altermagnet candidate Mn5Si3 has attracted wide attention in the context of non-relativistic spin physics, due to its
composition of light elements [1–3]. However, the presumed structure of the altermagnetic phase had yet to be demon-
strated. In this study [4], we demonstrate a hallmark of altermagnetism in Mn5Si3 thin films, namely the three options,
or variants, for the checkerboard distribution of the magnetic Mn atoms. The magnetic symmetries were altered by field-
rotation of the Néel vector along relevant crystal directions, resulting in anomalous Hall effect anisotropy. The experimental
results in nanoscale devices were corroborated by a theoretical model involving atomic site dependent anisotropy due to
electric multipoles and bulk Dzyaloshinskii-Moriya interaction for a single variant. These findings elevate Mn5Si3 from a
candidate to a proven altermagnet.
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Modeling of magnetization patterns in thin films requires to evaluate precisely the demagnetizing energy, a notoriously

difficult task owing to the slow convergence and often singular behavior of the demagnetizing energy integrals in space due
to the long-range nature of the magnetostatic interaction. Despite the extensive efforts in modeling the stripe patterns in
magnetic thin films, at present there exists no clarity about the regime of validity of various existing analytical formulas for
the equilibrium stripe periods. Formulas with a prefactor proportional to the film thickness or the Bloch wall width are used
indiscriminately for ultrathin films, despite presenting up to more than one order of magnitude difference. Additionally,
even among the models which take into account the domain wall long-range dipolar contributions in the stripe energy,
resulting in an analytical formula with a prefactor proportional to the Bloch wall width, there exist discrepancies in the
estimated constants in front of the prefactor up to a factor of 3.

Figure 1: Equilibrium stripe periodL Bloch
opt as a function of the film thickness d in the regime of Bloch walls (zero DMI). The

material parameters are Aex = 10 pA/m, Ms = 1 MA/m and Ku1 = 0.75 MJ/m3.

In the present work [1] we settle this issue by calculating an asymptotically exact analytical formula for the equilibrium
magnetic stripe period valid in the ultrathin film regime, were the prefactor is calculated explicitly for the case of both
Bloch and Néel domain walls. The formulas are applied to classical sets of system parameters, including the Bloch and
the Néel regimes and a film thickness varying from one monolayer to about 10 nm. The comparison with micromagnetic
simulations in the considered regimes shows excellent agreement, confirming the applicability of our formula in the ultrathin
film regime. This agreement represents a quantitative improvement as compared to the state of the art formulas in the
literature, as previous studies did not succeed to obtain the correct asymptotics for vanishing thicknesses. The accuracy of
our formulas is remarkably robust up to thicknesses of at least twice the exchange length. The variation of the wall width
with the film thickness does not affect this accuracy and the formulas remain accurate as long as the thickness is smaller than
the Bloch wall width. We also highlight the inapplicability, in the ultrathin film regime, of an alternative formula obtained
by neglecting the wall width (thin wall approximation) which leads to a prefactor proportional to the film thickness. This
settles a controversy with regards to which formula should be used for predicting the equilibrium stripe period in ultrathin
films. We explicitly clarify the conditions of validity of the respective formulas as well as the proper choice of domain wall
surface tension in the different regimes.
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Recent efforts to manipulate electronic quantum properties in materials have highlighted the significance of the orbital
degree of freedom [1, 2]. In this context, the emergence of the orbital Hall effect, driven by orbital textures, and the
generation of Orbital-Rashba effects at light metal interfaces [3] represents remarkable alternatives to the heavy-metal-based
materials traditionally used in Spintronics over the past few decades. In this study, we conduct a theoretical investigation
into the emergence of Spin-Orbit Torque in Co/Al bilayers. Starting with state-of-the-art density functional theory (DFT)
simulations, we further apply linear response theory to calculate the actual values of the torque exerted on the magnetic
layer, we also addressed the influence of proximity effects with Pt and the role of strain.

Figure 1: Orbital texture for Co/Al interfaces with (a) and without (b) a Pt layer at the interface.
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Chemically ordered equiatomic FeRh thin films in B2-CsCl structure exhibit Antiferromagnetic /Ferromagnetic (AFM/FM)
transition near room temperature accompanied by a 1 per cent volume expansion. By using a Ferroelectric substrate, such
metamagnetic transition can be electrically driven by only few volts [1]. From our part, we have prepared mass-selected
FeRh equiatomic nanocrystallites pre-formed in gas phase from LECBD (Low Energy Cluster Beam Deposition) in order to
study chemical and magnetic order phase transition at nanoscale. We clearly evidenced a crystallographic phase transition
from FCC chemically disordered A1 phase to B2 chemical ordered for FeRh nanoparticles (NPs) in a carbon matrix upon
UHV annealing at 700°C but with a FM order persistence at low temperature even for equivalent NPs diameter as large
as 10 nm [2], [3]. In order to try to control the magnetic order using external parameters in ultimate nanostructures,
we have deposited FeRh clusters on a surface consisting of a film full-strained BaTiO3(BTO) grown on SrTiO3(001) (STO)
monocrystalline substrate. Once more, we have shown that annealing at high temperature under vacuum allows to reach B2
chemical order for FeRh NPs over oxide perovskite substrates. But for the first time, we have obtained epitaxial relationships
between randomly oriented B2 FeRh nanocrytals in intimate contact with perovskite monocrystalline substrate and atomic
coherence with unusual orientations at the Metal/Oxide interface from grazing Incidence X-ray scattering technics [4] but
also by using advanced scanning electron transmission microscopy (STEM) (see Fig. 1a) .

Figure 1: B2 FeRh NP on STO substrate: STEM-HAADF in cross section (a) and XPS after transfer in air and upon in situ
annealing at 430 °C (b). XPS comparison between in situ UHV prepared B2 FeRh NPs on C/Si, on STO and full metallic
BCC Fe NPs on C/Si substrate

Figure 2: XAS/XMCD of FeRh NPs on STO at L-Fe edge: (a) Paramagnetic PM (A1)–> FM (B2) transition from post-
annealing at T > 600°C and (b-c) Surface de-oxidization to full metallic FeRh NPs from in situ UHV annealing at T > 430°C

Because the high sensitivity of the nanomagnets to their surface atoms offers a great opportunity to gradually control
the interfacial electronic properties of hybrid multiferroic systems, we check if strain and/or charge transfer at the faces of

Page 100 sur 330

mailto:olivier.boisron@univ-lyon1.fr


C.L.N. 2025 Mercredi 18 16h50-19h00 S1P7

B2 FeRh nanoparticles deposited on SrTiO3 (001) crystals (STO) could tune the metamagnetic phase transition by using
the chemical selectivity of X-ray photoelectron spectroscopy (XPS) connected to our UHV chamber and of X-ray absorption
spectroscopy (XAS) simultaneously to X-ray magnetic circular magnetic dichroism (XMCD) on DEIMOS beamline at SOLEIL
synchrotron. The as-prepared sample initially in the chemically disorder FCC A1 phase structure present a very weak
magnetic signal and become FM after post-annealing in UHV at 700°C by achieving the chemically ordered CsCl B2 phase
(see Fig. 2 a and b). But after transfer in air, we systematically observed the formation of a oxide shell passivating a metallic
FeRh cluster core as 35 percent of atoms are at surface for 3nm-NPs diameter. In one hand, we obtained a 2 eV shift of
the metallic Fe 2p XPS peak characteristic to a FeOx oxidation in surface (see Fig. 1b) while a clear doublet peak has been
observed on XAS at the Fe L2,3 edges with an half decomposition into a metallic and an oxide part for B2 FeRh NPs on
perovskite substrate (see Fig. 2b). In the other hand, the corresponding XMCD signals measured at very low temperature
2 K reveal FM signature with a spin magnetic moment of 1.5 µB per iron atom corresponding to half of the XMCD signal
measured for B2 metallic FeRh NPs embedded in Carbon.[2]

To examine electronic structure modifications occurring during de-oxidization and phase transition process, both surface-
sensitive quantitative spectroscopic experiments have been performed during progressive in situ UHV sample annealing.
We show that the metallicity of FeRh NPs on perovskite oxide substrate has been regenerated from in situ 430°C annealing
though reversible redox processes. By comparing the Fe 2p XPS peak of pure Fe metallic clusters and of FeRh NPs in situ
700°C annealed, 0.8 eV induced binding energy shifts has been observed due to charge transfer and hybridization effects in
bimetallic nanoalloys (see Fig. 1c). In agreement with theoretical calculations based on the Anderson impurity model, two
XPS satellite peaks at 730 eV (resp. 717 eV) for Fe 2P1/2 (resp. Fe 2p3/2) have been clearly observed with an increase of
the magnetic Fe moment in B2 FeRh NPs after iron oxide reduction (see Fig. 2c) [5]. As a conclusion, the fine electronic
structure examination at core levels during de-oxidization and phase transition process have shown that the strong Rh
4d-Fe 3d hybridization is responsable to the persistent FM order in B2 FeRh NPs where AF order could not be stabilized
from epitaxy at interface with perovskite oxide substrate, due to finite size effects in alloyed nanomagnet. In addition,
some other Operando X-ray absorption, natural linear and magnetic circular dichroism spectroscopy (XAS/XNLD/XMCD)
measurements under synchrotron facilities will be presented on perovskite substrates.
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Magnetic skyrmions – topologically protected quasi-particles with a whirling spin texture in real space – show great
promise for spintronic applications. In recent years, the demand for device miniaturization in modern electronics has
pushed the skyrmion playground from conventional transition-metal multilayers to 2D van der Waals (vdW) materials con-
sisting of weakly bonded 2D layers [1, 2]. In this poster, we present our recent work on magnetic solitons in Fe3GeTe2 van
der Waals (vdW) heterostructures, focusing on various aspects that are crucial for device applications, such as skyrmion
nucleation, transformation, collapse mechanisms, and detection. First, using first-principles and atomistic spin simulations,
we show how external stimuli can efficiently tune magnetic interactions in Fe3GeTe2 heterostructures [3]. In particular, the
Dzyaloshinskii-Moriya interaction and magnetic anisotropy energy in this interface are highly tunable by strain, enabling
the formation of zero-field sub-10 nm skyrmions [4]. Second, we predict the existence of multiple magnetic solitons in
an all-magnetic vdW heterostructure Fe3GeTe2/Cr2Ge2Te6 (see Fig. 1). We further demonstrate that, although skyrmions
and bimerons are topologically equivalent, they exhibit very different localization behaviors. Skyrmions are isotropically
localized, while bimerons exhibit anisotropic nonlocality, leading to strong finite-size effects [5]. Finally, we propose a novel
approach to detect skyrmions using an electric current in vdW tunnel junctions with nonmagnetic electrodes. An exception-
ally large noncollinear magnetoresistance near the Fermi energy is predicted for a graphite/Fe3GeTe2/germanene/graphite
tunnel junction [6]. We trace the origin to the interplay between spin-mixing effect and orbital symmetry matching at the
interface. This opens a new route to realize skyrmion racetrack memories based on atomically thin vdW materials with
full-electrical writing/reading.
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Figure 1: (a) Atomic structure of the Fe3GeTe2/Cr2Ge2Te6 all-magnetic vdW heterostructure. (b) Coexisting zero-field
bimerons (Q = −1) and antibimerons (Q = 1) and their transformation into skyrmions and antiskyrmions via external
magnetic fields.
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Magnetic skyrmions – stable, localized spin structures – hold great promise for future spintronic applications. The recent
discovery of two-dimensional (2D) magnets opened new opportunities for topological spin structures in atomically thin van
der Waals (vdW) materials [1, 2]. In this study, we investigate the stability and collapse mechanisms of high-Q topological
spin textures beyond skyrmions in an all-magnetic van der Waals heterostructure, Fe3GeTe2/Cr2Ge2Te6 – an experimentally
feasible system [3]. By combining ab initio theory and atomistic spin simulations, we demonstrate that metastable high-
Q bimerons and antibimerons can coexist at zero-field and be transformed into high-Q skyrmions and antiskyrmions by
external stimuli. We analyze higher-order skyrmion transitions, collapse mechanisms, and lifetime by means of transition
state theory.

Figure 1: (a) Skyrmion and meron bound state with topological charge Q = −3 on a honeycomb lattice. Skyrmion and
meron bound state with Q = +3 constructed similar to (a). Both bound states are metastable configurations with respect
to the energy model of Cr2Ge2Te6.
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Ultrafast magnetism is an actively explored research area in the general framework of ultrafast phenomena. For instance,
the demagnetization of a thin magnetic layer by femtosecond laser pulses [1] and its fundamental origin are still under
debate. Ultrafast magnetic phenomena are also crucial to devise and implement effective THz emitters.

In order to describe the coupled charge/spin dynamics in a ferromagnet, a great variety of models are available, going
from the time-dependent spin density functional theory to quantum hydrodynamic models. An alternative approach consists
in modelling the electrons with a phase-space approach similar to that used in plasma physics. In this approach, the electrons
are described by a probability distribution function in the phase-space (x , v) [2]. For particles with spin, four distribution
functions are required: one for the density of electrons in the phase space f0(x , v, t), and three for the spin density fi(x , v, t),
where i = (x , y, z) denotes the spin direction. These distribution functions obey an evolution equation similar to the Vlasov
equation of plasma physics, coupled to a Poisson equation for the mean-field Coulomb potential [3, 4]. This constitute the
itinerant part of the magnetism. In addition, the fixed-ion magnetism is described by the Landau-Lifschitz equation, coupled
to the above spin-Vlasov equation through an exchange term of the Rundermann-Kittel-Kasuya-Yosida (RKKY) type. The
overall model [5] is schematized in Fig. 1.

Our work is aimed at studying the dynamics of magnons in an infinite ferromagnetic material. In particular, we inves-
tigate the effect of the electron dynamics on the damping and propagation of the magnons. We observe that the magnon
amplitude is modulated nonlinearly under strong excitation of the electron dynamics. Tuning the electron polarization at
equilibrium η (e.g., through an external magnetic field) can affect the magnon’s behavior, leading to either a demagneti-
zation of the ferromagnet or a Gilbert damping of the magnon, depending on the value of η. Thanks to our model, one
can have access to the threshold between these regimes. As a first result, we obtained the η-dependency of the magnon
evolution.

For an electron polarization consistent with that of the fixed ions (η > 0 and above a certain threshold), the magnon
amplitude decreases with time, in a sort of electron-induced Gilbert damping. In contrast, for low or negative η (corre-
sponding to an "unnatural" polarization of the electrons induced by an external field) the magnon energy increases in time
and leads to the demagnetization of the sample. These effects may be used for the ultrafast control of magnonic behaviours
through the application of a femtosecond electromagnetic pulse.

Figure 1: Schematic view of the model coupling the itinerant electron magnetism to the fixed electron magnetism. From
[6].
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Bimerons are typically stabilized by interfacial Dzyaloshinskii-Moriya interaction (DMI). Here, we show that bimerons
can form even in the absence of DMI in bilayers. This stabilization arises from interlayer dipolar fields, which induce
opposite chiralities and mimic the effect of opposite-sign DMI. Using micromagnetic simulations and an analytical model,
we quantify this effect and demonstrate its role in bimeron stability. Our work extends dipolar-induced chirality mechanisms
to topological solitons in low-DMI systems.
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Nowadays, the microelectronic industry has to face two main challenges when developing new technologies for data
storage: 1st) the requirement of a continuous downsizing of the devices and 2nd) the improvement of the energy efficiency of
the same. The first obstacle becomes insurmountable for standard perpendicular magnetic tunnel junctions (p-MTJs) used as
unit cells for MRAMs (Magnetic Random Access Memories). This is because of the physics underlying those structures, where
interfacial anisotropy is the main contribution to energy of the system barrier allowing thermal stability. As a consequence,
at very small diameters the stability decreases quadratically [1]. To provide a solution to this problem a new geometry for
MTJs has been proposed: the PSA-STT-MTJ (Perpendicular Shape Anisotropy Spin Transfer Torque MTJ)[2–4]. In these
devices, the free layer has a thickness equal to or larger than its diameter (figure 1). This configuration allows exploiting the
volume contribution of the shape anisotropy for enhancing the stability of the system, enabling to target diameters below
the 20nm.

Figure 1: Schematics of a p-MTJ (left) and a PSA-STT-MTJ (right). The free-layer is thicker for the PSA-MTJ.

The work that we will present, concerns a detailed analysis of the PSA-STT-MRAM’s free layer using Finite Element
Method micromagnetic simulations paired with the local computation of the spin accumulation. Simulations represent a
powerful tool when a system has to be optimized: indeed, our purpose is to understand better the physics of the PSA-STT-
MRAM in such a way to be able afterwards to improve the switching times of the free layer and reduce the needed critical
current to achieve the magnetisation reversal.
We show that several micromagnetic aspects arise specifically because we are considering a 3D nano-objects, while they do
not take place in the thin layer of a standard MTJ. First, when dealing with a 3D nanostructure it is no longer possible to
neglect the field-like component contribution to the Spin Transfer Torque (while it is a widespread assumption when working
with p-MTJs [5]). Second, the magnetisation in a 3D nanopillar takes the configuration of the so-called flower state (i.e. it
deviates from the main anisotropic axis at the edges of the structure). This specific configuration affects the dynamics of
the system. At the edges, in consequence of the tilted magnetisation, a larger current-induced torque is expected. In our
simulations, it is evident that excitation and magnetisation reversal typically begin at the edges of the structure. This aspect
becomes more evident when higher electrical currents are used to trigger the magnetisation reversal (figure 2). A direct
consequence of the flower state is the existence of non-uniform reversal modes for structures having dimensions close to
the one of the dipolar exchange (also figure 2).
We may see that not only the reversal mode becomes of higher order for higher currents but also that the reversal speed
becomes faster (the value is provided through the parameter τ90% that represents the time needed in order to allow the
z-component of the normalized magnetisation to pass from a +1 state to a −0.9 state).

After having investigated theoretically the behaviour of the PSA-STT-MRAM, we wanted to explore the most suitable
design of the free layer in order to optimize the energy efficiency through a decrease in needed critical switching current.
For this reason, in parallel to the analysis based on micromagnetic simulations, we are working to implement experimentally
these 3D nano-magnetic systems. The objective is to realize embedded in-via free layers with a top-deposited tunnel barrier
and reference layer. In order to obtain the embedded free layer we etch a regular array of vias in SiO2 layers. Afterwards,
we aim to electrodeposit a ferromagnetic material inside those vias. The reference layer and the top metal contact are
obtained through first a physical vapour deposition of the missing stack on the electrodeposited substrates that has been
previously submitted to chemical-mechanical polishing. The full MTJ is obtained using a photolithographic process. The
main advantage of this novel process flow consists into allowing obtaining denser sample arrays, which is not possible in
processes based on ion-beam etching for the definition of the PSA, because it requires grazing-incidence steps and therefore
a large separation between the pillars. This increment in throughput meets the first challenge of microelectronic industry:
the downsizing.
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Figure 2: The evolution of the reversal mode is shown for pillars of 20nm diameter and 20nm thickness for a progressively
higher injected electrical current density (J). Red color correspond with unit magnetisation mz pointing along the z-axis
upward while blue corresponds to mz pointing along the z-axis downward.
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Altermagnets form a recently identified subclass of collinear antiferromagnets with zero net magnetization but broken
time-reversal symmetry, realized through non-relativistic spin splitting of the electronic bands. Altermagnetism is symmetry-
allowed if the operation connecting opposite magnetic sublattices is neither a simple translation nor an inversion; thus, its
existence imposes restrictions on the crystal symmetry [1].

Figure 1: Orbital ordering in the Ruddlesden-Popper strontium chromates.

In the Ruddlesden-Popper Srn+1CrnO3n+1 series, the Cr4+ ions exhibit an electronic configuration of d1
xzd1

xz/yz , where
the dx y orbital is lowered in energy due to the layered geometry of the crystal structure. The doubly degenerate dxz/yz
manifold has a tendency towards orbital ordering due to electronic interactions, leading to a state where electrons occupy
either the dxz or the dyz orbital on neighboring chromium sites (see Figure 1). This orbital ordering triggers a metal-insulator
transition in low-n members of the series [2].

Using first-principles calculations, we explore the interaction between orbital ordering and the antiferromagnetic order
in these materials. We demonstrate that orbital ordering breaks the translational symmetry between the two magnetic
sublattices, enabling an altermagnetic non-relativistic spin splitting even in the absence of structural distortion [3], an
effect that had previously been demonstrated only in model systems [4].

In the layered structures, the distinct orbital ordering and antiferromagnetic patterns can either align or anti-align in
adjacent layers, resulting in altermagnetic or compensated (anti-)altermagnetic behavior. In the latter case, the altermag-
netic spin splitting has the opposite sign in adjacent layers; however, the layerwise spin splitting remains intact. The relative
stability of the altermagnetic and anti-altermagnetic phases in these systems can be tuned through effective dimensionality
and strain engineering [3].
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Epitaxial strain has emerged as a powerful tool for tuning magnetic and ferroelectric properties in functional materials
such as multiferroic perovskite oxides. Here, we use first-principles calculations to explore the evolution of magnetic inter-
actions in the antiferromagnetic multiferroic BiFeO3 (BFO), one of the most promising multiferroics for future technology.
The epitaxial strain in BFO(001) oriented film is varied between ϵx x ,y y ∈ [−2%,+2%]. Going from compressive to tensile
strain, both exchange and Dzyaloshinskii-Moriya interaction decrease linearly, whereas uniaxial anisotropy prefers a [112]
magnetization direction for the calculated range of compressive strain and a [110] axis for tensile strain. Comparing the
ratios of the three interactions, collinear G-type antiferromagnetic order in BiFeO3 is strengthened for compressive strain
due to a large increase of anisotropy by about 40% in accordance with experimental observations [1] (blue line and points
of Fig. 1) . For tensile strain our results show a similar magnetic ground state as for bulk BFO, where for a slight change
in the ratios due to small distortions or impurities, also the collinear ground state can be favored (indicated by error bars
in the tensile regime of Fig. 1) [2]. With the renormalization of the domain wall (DW) energy to our previous calculation
in Ref. [3], we envision the region where isolated chiral magnetic texture might occur as a function of strain i.e. where
the DW and the spin spiral energy are equal. This transition between -1.5% and -0.5% of strain should allow topologically
stable magnetic states such as antiferromagnetic skyrmions and merons to occur [4].
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Figure 1: Domain wall energy EDW as a function of applied strain. The blue points are derived from exchange, Dzyaloshinskii-
Moriya interaction and uniaxial anisotropy values determined from density functional theory. The blue solid line shows the
trend from fits of the respective trends. For large domain wall energies, collinear order is more favorable, for negative
DW energies, non-collinear/cycloidal order is preferred. The red point shows the determined value for the R3c phase of
according to Ref. [3] where the red line denotes the trend which is renormalized to that point.
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Spintronics has revolutionized modern electronics by introducing new possibilities for data storage and magnetic sensing

technologies. At its core are magnetic tunnel junctions (MTJs), which consist of two ferromagnetic electrodes separated by
a thin insulating barrier. It has been demonstrated that molecules can be integrated into MTJs, leading to the emergence
of molecular spintronics, which combines the principles of spintronics with the properties of organic molecules. Indeed,
organic materials offer numerous advantages, such as variety, limitless functional possibilities, low cost, and flexibility.

Integrating molecules into MTJs is particularly attractive because it allows for the control of their properties through
chemical design. Molecular engineering can be achieved by modifying the anchoring groups, the body, and the head of
the molecules to independently adjust the coupling strength between the two ferromagnetic electrodes. Thanks to spin-
dependent hybridization at the interfaces between ferromagnetic electrodes and molecules, spin polarization, and conse-
quently tunnel magnetoresistance, can be tuned by the molecules inside a MTJ [1]. However, up to now, mainly passive
molecules, such as alkane chains or aromatic rings, have been integrated into MTJs [2] [3]. Despite TMR signals showing
the viability of such devices, the electronic properties of these hybrid interfaces cannot yet be controlled in-situ.

We aim to focus on MTJs incorporating more complex molecules, known as "active" molecules, which can be switched
between different stable states in response to an external stimulus (such as light, pressure, or an electric field). The energy
gap and coupling strength to the electrodes depend on the state of the molecule. Thus, modifying the molecule can lead
to a modulation of the spin polarization at the interface. As a result, the properties of MTJs can potentially be tuned by
switching the molecule’s state. Among the wide variety of these "active" molecules [4], electrically addressable molecules
are particularly promising for future applications.

In this study, we focus on polyoxotungstate (PW11O10(SiC3H6SH)2) redox-switchable molecules, which belong to the
polyoxometalate (POM) family. These molecules are composed of a POM complex with tungsten atoms, along with an alkane
chain and a thiol group at the end, forming the anchoring group that creates a covalent bonding with the ferromagnetic
electrode (see Fig. 1).

Figure 1: Representation of a magnetic tunnel junction (MTJ) integrating POM molecules

First, we need to confirm the grafting of molecules onto a ferromagnetic metal (NiFe). We have developed a protocol
to form a self-assembled monolayer, and we verify it by doing XPS measurements. Next, we can focus on investigating
the electrical switching of the molecules by performing CT-AFM measurements. This technique is used to measure current-
voltage curves between an AFM tip and a substrate. In our system, the current is transmitted by tunnel effect through the
molecular monolayer. A map of multiple current-voltage curves is shown in Fig. 2. We demonstrate that after applying a
high voltage of 4V on the sample, the current increases, indicating a change in the resistance of the tunnel barrier, resulting
in a modification of the molecule state. This is the first sign of commutation between two states by external electric stimulus.

The next objective is to integrate these molecules into a NiFe/POMs/Co MTJ. We will discuss the various challenges
encountered during the device fabrication process and present the preliminary electrical characterization of the MTJ, which
demonstrate that switchable polyoxometalate monolayer can be successfully integrated in MTJs. Finally, we were able
to observed TMR signal in these junctions (see Fig. 3), demonstrating the spin-dependent transport in the MTJ. With the
demonstration of the switching of POMs by applying voltage, and our ability to integrate them in a device, we are getting
closer to developing multifunctional spintronic devices.
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Figure 2: Map of current-voltage curves at initial state (left), and after applying +4V (right)

Figure 3: Magnetoresistance signal in a NiFe/POMs/Co MTJ measured at 50K and 20mV
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While transistor size and voltage scaling have allowed CMOS technology to offer a continuous increase in computing
efficiency, it is now close to its technological limit. Indeed, the progressive increase of leakage attributed to the Boltzmann
Tyranny has led to the end of Dennard’s law. In this context, new spintronics based devices have recently been proposed
as beyond CMOS candidates such as the MESO (MagnetoElectric Spin Orbit) device of Intel which exhibits memory and
logic properties and has the potential to operate at the aJ scale [1]. These performances are possible thanks to a low power
ferroelectric-based writing of the memory and a magnetoelectric coupling enabling a spin charge interconversion (SCI)
based readout of the memory. This allows the device to work as a memory and produce an output charge current enabling
logic. More recently, the FESO (FerroElectric Spin Orbit) device has been proposed by the Spintec laboratory with the same
low power computing properties as the MESO device [2] (Fig. 1 (a)). However, it is a simpler concept that gets rid of the
magnetoelectric element thanks to a direct control of the SCI by the ferroelectric state. In this work, we present a compact
model for the FESO device (Fig. 1 (c)), simulated in the Cadence virtuoso environment. Using this model, we demonstrate
the suitability of the FESO device for sequential and combinational logic and extract the required performance of the single
FESO device for these applications. The FESO based basic elements for an ALU (majority gate illustrated in Fig. 1 (b),
multiplexer, full adder, multiplier) are conceptualized and simulated to build a 4-bit FESO based ALU. The benefits in terms
of area and energy consumption of the approach are evaluated. The expected area gains with respect to CMOS technology
are summarised in table 1.

Figure 1: Modelling of FESO device
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Circuits N° of elements in FESO technology N° of elements in CMOS technology Potential area gain

FESO device Transistor

NOT gate 1 2 2 2

Memory cell 1 2 6 3

D-latch 1 1 22 22

D-FlipFlop 1 2 32 16

3-input Majority gate 4 4 12 3

Full adder 10 10 28 2.8

Multiplier 14 14 34 2.43

Proposed 4-bit ALU 380 380 940 2.47

Table 1: Potential area gain of circuit elements realised with FESO with respect to CMOS Technologies
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One particularly interesting example of magnetization dynamics in found in magnetic vortices. These structures are
an inhomogeneous magnetic texture that can be formed in magnetic nanosdisks, featuring in-plane magnetization curling
along the disk’s perimeter and out-of-plane magnetization at the center, which defines the vortex core [1]. At remanence
the vortex core is localized at the center of the disk. Resonant excitation by a microwave field induces gyrotropic dynamics
of the vortex core [2]. Recently, it has been proposed by simulations that surface acoustic waves (SAWs) can excite the
gyrotropic mode of the vortex state in a magnetic disk [3].

Here we report on experiments utilizing a magnetic resonance force microscope to investigate magnetization dynamics in
CoFeB sub-micrometer disks in the vortex state, grown on a Z-cut LiNbO3 substrate [4]. Our device design enables excitation
of the gyrotropic mode either inductively, using an antenna on top of the disks, or acoustically via SAWs launched from an
interdigital transducer (IDT) (Fig. 1, left). These experiments demonstrate the clear excitation of the vortex gyrotropic mode
by magneto-acoustic excitation. Our modelling indicates that the lattice rotationωxz generates a localized magnetoacoustic
field that displaces the vortex from the disk center (Fig. 1, right). Combined with the other non-vanishing strain terms (εx x
and εzz) that results in an additional magnetoacoustic excitation field that allows driving the vortex gyrotropic mode.

Figure 1: (left) Optical image of the experiment to detect the vortex gyration induced by SAWs. An IDT excites SAWs on a
piezoelectric substrate towards a disk in the vortex state. The setup includes a top antenna for inductive excitation. (right)
Normalized magnetoacoustic field (beff) distribution over the vortex due to the rotationωxz at zero applied field, with color
coding indicating the x-direction field.
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Recent advances in ultra-fast switching in magnetic memory have been made possible by fs and ps pulse laser excitation
of magnetic tunnel junctions (MTJs) integrated with Tb/Co multilayers [1, 2]. The underlying mechanism behind the
magnetization reversal relies on the precessional motion of the ferromagnetic layer initiated by the demagnetization induced
by the laser pulse. During the thermal demagnetization of the rare-earth metallic layer, the magnetic moment precesses
around quickly, changing its effective anisotropy axis. Depending on the cooling time and the input energy of the laser beam,
the magnetic moment moves along a trajectory that crosses the X-Y plane and subsequently relaxes back to its initial or to
a reversed orientation along the perpendicular Z axis [3, 4]. Fabricated MTJ devices with tunnel magnetoresistance (TMR)
up to 74% showed consistent all-optical switching (AOS) magnetization reversal under 50-fs laser pulses [5]. However, the
dependence of the magnetization reversal on the precessional motion of the magnetic moment implies that the magnetic
state cannot be deterministically defined from the point of view of memory storage. This leads to the biggest challenge for
AOS-MTJs when applied in real memory applications due to its toggle switching under a laser pulse. Furthermore, current
developments in the AOS-MTJs nanopillar devices are still limited by their low thermal budgets and electrical properties,
notably by the low thermal annealing conditions and high resistance area values, somewhat limiting their compatibility
with CMOS technology.

Our current work addresses a possible deterministic switching in AOS-MTJs devices by combining the ultrafast localized
heating from the laser pulse with the spin-polarized current (Fig. 1a). Macrospin simulations have successfully indicated
the possibility for the spin-polarized current to impact the optically induced magnetic switching of the ferromagnetic system.
During the precessional motion of the free layer, the spin-polarized current exerts a torque on the magnetization, driving
it to eventually relax in the desired magnetic state. These findings serve as an essential theoretical basis for conducting
this experiment on manufactured nanopillar devices (Fig. 1b). Furthermore, the results from the model also show that the
spin-transfer torque from the applied voltage not only reduces the threshold fluence for successive magnetic switching, but
also assists the reversal resulting in a faster re-orientation of the magnetization during the precessional dynamics, hence,
decreasing the switching time and energy required (Fig. 2).

Figure 1: Schematic illustration of AOS-MTJ devices under the effect of laser excitation and spin-polarized current (a);
Microscope image of the final patterned AOS-MTJs device (b); The close view of a fabricated window with an underlying

nano-pillar (c); SEM images of nano-pillar devices with different diameters: 100 nm (d), and 200 nm (e).

In the AOS-MTJ stack structure, a thin MgO capping layer at the top of Tb/Co multilayers can also be used to increase
the thermal endurance of the stack up to 350◦C annealing temperature. Simultaneously, the oxidation conditions of the Mg
layer were optimized to achieve both high anisotropy and thermal stability with a thin tunnel barrier. These improvements
reduce the resistance area of the AOS-MTJs stack to levels compatible with spin-transfer torque effects assisting the magnetic
switching during the precessional motion, as predicted by the simulation results.
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Figure 2: Example of time traces of mx, mz components under fluence and applied voltage (F = 2 mJ/cm2, V = -0.4 V).
The dashed lines represent the laser excitation moment (black), and the switching time of reversed magnetic moment at
the relaxed state (red) (a); Effect of laser fluence and applied voltage on the switching time of the magnetic system (b).
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Magnetic skyrmions, which consist of local swirls of spins, are a prime example of topologically nontrivial spin textures.
Nanoscale isolated skyrmions exist at low temperature in bulk chiral materials, while in thin films and multilayers, room
temperature (RT) stable skyrmions exhibit intermediate sizes ranging between 50 nm to a few µm. Ferromagnetic metallic
superlattices are materials which are promising for the development of RT nanoscale skyrmions due to the high tunabil-
ity of their properties. There exist a large number of experimental studies reporting the observation of stripe domains
and skyrmion bubbles in metallic multilayers, for example Pt/Fe/Ir[1] and Ta/Co/Pt[2]. It is well understood that these
skyrmions and stripes are created by a combined action of the stray field effect and the Dzyaloshinskii-Moria interaction
(DMI)[3]. These non-collinear spin structures can also be easily simulated numerically [2]. However, in a system with a
high number of degrees of freedom, the quest remains open regarding how to optimize the parameters to obtain the most
compact and stable skyrmion and the development of adequate analytical tools could lead to breakthrough and transform
this quest from a random walk to a guided tour. Many experimental techniques have been used throughout the years in or-
der to study skyrmions, including Magnetic Force Microscopy[4], soft-x-ray microscopy[1] and Magneto-Optical Kerr Effect
(MOKE) microscopy [5] among others. However, quantitative nanoscale studies on the conditions of skyrmion nucleation
remains of primary importance. In this study, we chose to study skyrmions in a classical [Pt/Co/Ta]n metallic superlattices
system, n being the number of repetitions of the trilayer.

Figure 1: (a) MOKE and LTEM observations of stripe domains at zero applied field for different numbers of repetition n,
and (b) the stripe domain width as a function of the multilayer thickness in [Pt/Co/Ta]n multilayers with circled points
extracted from images of (a), fitted with Kaplan stripe domains model.

In this system, RT skyrmionic bubbles as small as 50 nm have been observed when the Co thickness was tuned close to
the spin reorientation transition[2]. In our study, we fixed the Co thickness at 0.8 nm and we tuned the thickness of the
total system by varying the number of repetitions n of the Pt/Co/Ta tri-layer. This allows us to tune selectively the effect of
the stray field while keeping roughly constant the system intrinsic parameters (magneto-crystalline anisotropy, saturation
magnetisation, DMI). We were able to image the magnetic micro-structures of [Pt/Co/Ta]n multilayers with various differ-
ent number of repetitions in LTEM and MOKE (Figure 1a). In the first place, we conducted an experimental study of the
stripe domain structures as a function of the multilayer total thickness, see Figure 1b. Moreover, when applying a magnetic
field (using the objective lens), we studied the formation process of magnetic skyrmions, the stripe-skyrmion transition,
and the presence of skyrmion lattice or isolated skyrmions in different samples. We could correlate the magnetic contrast
observations with applied field to the magnetic hysteresis obtained from VSM measurements.
In addition, we studied the influence of temperature on the stripe pattern and on the formation of skyrmions, under LTEM,
from which we could elaborate experimental phase diagrams coupled to theoretical diagrams, based on the skyrmionic
bubble model (Figure 2). We will present our understanding of these diagrams obtained by combining the observations
with the model and magnetometry measurements.

Finally, we performed EH experiments on these same samples, combining high spatial resolution with a dedicated Lorentz
stage, direct electron detector with the K3 camera and long exposure time up to 4 mn thanks to the dynamical correction
of instabilities and dedicated image treatment. We were able to recover the magnetic phase of the Néel type skyrmions
up to few nanometers of spatial resolution, and to observe the detailed stripe-to-skyrmion transition with external applied
magnetic field (Figure 3). We will detail the magnetic processes which has been deduced from such observations combined
with simulations.
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Figure 2: Experimental phase diagram (B-T) constructed from series of LTEM images for [Pt/Co/Ta]x12. The LTEM images
show the different phases observed and identified in the phase diagram.

Figure 3: Magnetic phase images of [Pt/Co/Ta]x10 sample extracted from respective holograms at different in-situ applied
fields, with the sample tilted by 30°. A circular mask has been applied in Fourier space leading to 7 nm spatial resolution.
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Spintronics is one of the promising ways to further develop electronic systems, in particular with the aim of greatly
reducing energy consumption while maintaining growing performances. One of the present challenges for the development
of 2D-based magnetic tunnel junctions is the synthesis of air-stable 2D ferromagnet with Curie point higher than room-
temperature.

This presentation focuses on the development of synthesis of 2D-TFCO (Ti0.8−x/4Fex/2Co0.2−x/2O2), doped-titanate oxide
nanosheets, an original 2D oxide stable in ambiant atmosphere which could have suitable magnetic properties at room
temperature for spintronics uses[1]. TFCO oxide nanosheets are produced via the exfoliation of a bulk layered parent oxide
of KTFCO (K0.4Ti0.8−x/4Fex/2Co0.2−x/2O2), synthesized by solid-state chemistry methods. Our recent advancements in the
optimization of synthesis and growth have permitted us to obtain millimetric KTFCO single crystals (see Fig.1a), suitable
for bulk properties analysis prior to the exfoliation of large area TFCO nanosheets.

Latest results on KTFCO crystals characterizations will be presented, especially their magnetic properties with Curie
point above room temperature (see Fig.1b). Structural properties coupled with vibrational spectroscopies of the layered
phase will also be presented. Finally, some of the early results of exfoliation of KTFCO crystals as TFCO-nanosheets will
also be shown to demonstrate their possible use as nanometrically thin materials suitable in spintronics heterostructures.

Figure 1: a) Picture of millimetric KTFCO layered crystal grown using molten salts method; b) Ferromagnetic hysteresis
measured at 300K on a bulk crystal of KTFCO with field applied in-plane (black, red, green curves) and out-of-plane (blue
curve) of titanate layers.
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Using magnons, quasiparticles representing the fundamental units of collective magnetic oscillations, as information
carriers yields significant advantages over classical approaches relying on electron transport. Recent studies have empha-
sized the potential of THz magnons for advanced information processing [1], as high-frequency magnons enable faster
information transfer, aligning with current technological demands. In this context, a novel phenomenon in the field of THz-
frequency magnons has been unveiled: high-energy magnon cascades in α-Fe2O3 [2], where a single photon excitation,
within a 2-photon scattering process, generates multiple propagating magnons, called multi-magnons.

Figure 1: (a) Orthorhombic unit cell of LaFeO3 (LFO). (b) Schematic representation of the Resonant Inelastic X-ray Scat-
tering (RIXS) process [3]. A photon with energy ħhωk excites an electron from the core level to a higher energy state. This
excitation creates an intermediate state, with a core hole. Finally, a valence electron (not necessarily the excited one) fills
the core hole, emitting a photon with energy ħhω′k. (c) Different elementary excitations that occur in materials and their
corresponding energy scale[3].

To gain a better understanding of the mechanisms governing the behavior of multi-magnons, we conducted Resonant In-
elastic X-ray Scattering (RIXS) experiments on orthorhombic, antiferromagnetic LaFeO3/SrTiO3(001) (LFO/STO) thin films
(fig1.a) at the ESRF synchrotron in Grenoble. RIXS technique a on photon-in/photon-out technique, where an incoming
photon (fig1.b-initial state) excites an electron to a higher energy level(fig1.b-intermediate state), and an outgoing photon
results from a decay process in the material (fig1.b-final state). By analyzing the energy, momentum, and polarization dif-
ferences between the incoming and outgoing photons, a multitude of excitations in the material can be probed, including
multi-magnons, as shown in figure 1.c.

In this contribution, I will present our RIXS data and focus on the photon polarization analysis, which allowed us to de-
rive selection rules for multi-magnon excitations. Furthermore, we investigated the possible role of phonon modes during
multi-magnon excitation process. This study serves as an initial step to examine the primary characteristics of multi-magnon
excitations in perovskite thin films and will pave the way for future multi-magnon "engineering" via substrate strain and
doping.
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Non-collinear antiferromagnets (AFMs) attract significant interest because of their novel magnetic orders, unique spin
dynamics, and promising applications in energy-efficient spintronic devices. A key advantage of AFMs is their vanishingly
small stray fields, which enhance stability against external magnetic perturbations, enabling high data retention and the
potential for high-density memory integration. To harness these advantages in practical magnetic devices, a deeper un-
derstanding of AFM spin structures and dynamics is crucial. Mn3Sn, a non-collinear antiferromagnet, exhibits a slightly
distored kagome lattice structure in which magnetic moments form an inverse triangular configuration, see Fig 1. This
unique arrangement leads to a small remnant magnetic moment due to only one of the three moments in each Mn trian-
gle being parallel to the local easy-axis, breaking perfect antiferromagnetic compensation. It has also been demonstrated
that Mn3Sn exhibits a large anomalous Hall effect (AHE) at room temperature. Unlike the AHE observed in ferromagnets,
which arises from net magnetization, the AHE in Mn3Sn originates from its chiral spin texture and Berry curvature effects
in momentum space. The exotic spin properties of Mn3Sn make it a model material for exploring unconventional magnetic
textures [1].

Figure 1: Magnetic structure of Mn3Sn, top view of the ab plane [2].

This work focuses on characterizing magnetic domains in Mn3-xSn1+x thin films, with particular attention to the effects of
crystallinity and stoichiometry, using state-of-the-art scanning NV magnetometry. In polycrystalline Mn3Sn films, previous
studies have demonstrated the existence of multidomain magnetic textures. These films, grown via magnetron sputtering,
exhibit domain sizes that scale with film thickness, as determined by scanning NV magnetometry experiments [2]. However,
the influence of epitaxial growth on the magnetic domain configuration has not yet been explored. To address this ques-
tion, we investigated 5 nm thick epitaxial Mn3-xSn1+x films of different stoichiometries (Mn3Sn, Mn2.9Sn1.1, Mn2.8Sn1.2),
grown using molecular beam epitaxy on MgO(111) substrates with intermediate metallic layers. Our results reveal that
our epitaxial films exhibit significantly smaller magnetic domains than previously studied polycrystalline samples, as ex-
pected for thinner films. The observed domain structures were not significantly affected by stoichiometry or substrate type.
The weak remnant magnetization in Mn3Sn, attributed to its chiral antiferromagnetic state, was corroborated by low stray
field amplitudes of around 0.1 mT detected across all the samples, see Fig 2. We validated these findings with the help of
multiple measurements, and comparison with simulations of expected stray field. The observed behavior agrees with the
theoretical expectations of Mn3Sn’s weak ferromagnetic moment and supports its suitability for additional exploration as a
novel antiferromagnet for future spintronics applications. Furthermore, this study highlights the potential of scanning NV
magnetometry as a powerful tool to investigate complex magnetic textures in non collinear antiferromagnets, paving the
way for deeper insights into their nanoscale magnetic phenomena.
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Figure 2: Scanning NV magnetometry image of the stray field produced by antiferromagnetic domains in Mn3Sn.
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Bulk acoustic waves in the form of ultrasonic pulses have long been recognized as a very sensitive tool for probing
phase transitions, whether structural, magnetic, or electronic [1]. The modification of either or both the mass density
and the elastic constants leads to detectable changes of the sound velocity, which provide a clear signature of the phase
transition. The acoustic pulse attenuation, although less often probed, arises as a fingerprint of the time relaxation of the
order parameter coupled to the strain components. Only a few of them investigate first order transitions, in which the two
phases can coexist over a large temperature range [2, 3].

Here we probe the first-order antiferromagnetic (AFM) to ferromagnetic (FM) phase transition of the equiatomic FeRh
alloy, a versatile material attractive for information storage [4, 5] or its multicaloric properties [6]. This transition is
isostructural but accompanied by a ≈ 1% volume increase. The AFM-FM transition of bulk FeRh was long ago probed
by longitudinal and transverse acoustic waves [7]. Here we use a more appropriate acoustic wave for probing an FeRh
layer, namely a Rayleigh surface acoustic waves (SAW). It probes a 270 nm thick polycristalline FeRh layer grown by DC
sputtering on a GaAs substrate and a 100 nm Ta buffer (Fig. 1(a)) [8]. Recently it was shown that a SAW of high amplitude
can irreversibly induce a partial AFM-to-FM (FM-to-AFM) transition upon heating (cooling) [9]. Here we observe a clear
signature of the transition in the SAW velocity and attenuation changes in the mixed AFM-FM phase. The main results can
be summarized as follows: (i) the SAW velocity variation follows the same temperature dependence as the magnetization.
Hence it can be used to determine the FM fraction versus temperature, (ii) the SAW attenuation contains two contributions,
one from SAW-induced ferromagnetic resonance (SAW-FMR), which can be suppressed by operating at a sufficiently high
field and the other resulting from the coupling of the SAW-induced strain and the FM fraction modulated at the SAW
frequency with a relaxation time.

Figure 1: (a) Schematics of the experiment. The SAW is generated using the piezoelectricity of the GaAs substrate by
applying a radio-frequency pulse on the left IDT. It is detected by the induced voltage on the right IDT fed to an oscilloscope.
(b) Velocity variation obtained from the phase variation of the detected voltage and magnetization obtained from vibrating
sample magnetometry, showing similar hysteretic behaviors at the AFM-FM first-order transition of FeRh. (c) Variation of
the SAW transmitted amplitude for the 3 available SAW frequencies, down-shifted for clarity, showing large absorption in
the middle of the heating/cooling transition. The data are taken under a magnetic field of 50 mT in order to suppress the
SAW-FMR contribution. The red and blue full curves are the calculated curves.

SAW pulses of carrier frequency f1=299, f2=398 and f3=889 MHz and pulse length 200 ns were excited and detected
using interdigitated transducers (IDT) (Fig. 1(a)). The oscilloscope trace of the central part of the detected SAW pulses was
fitted with an Asin (2π f t +φ) function. From the phase variation, we obtained the velocity variation ∆V

V =
VR−VR,ref

VR,ref
, with

VR the Rayleigh velocity of the stack and VR,ref its value at Tre f = −40◦C (Fig. 1(b)). Its hysteretic temperature behavior
closely follows that of the magnetization, making ∆V

V a measure of the temperature dependent FM fraction f (T ). We first
show that the opening of the cycle (a few 10−3) arises from the different Rayleigh velocities in the AFM and FM phases,
mainly originating from different elastic constants in the two phases. Solving the SAW propagation equation in a 2-layers-
on-substrate model and using the FeRh elastic constants determined in [10] we obtain the Rayleigh velocity as a function
of the SAW frequency, in good agreement with experimental data.

The variation of SAW transmitted amplitude is experimentally obtained as ∆A = 20
L log
�

A
Aref

�

where L is the length of
the delay line between the two IDTs (Fig. 1(c)). The SAW attenuation is the largest in the middle of the heating and cooling
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transitions. It has a much stronger variation with frequency than the velocity variation, as seen in many ultrasonic studies
of phase transitions [1].

We model the SAW attenuation using a very simple model. We consider only the longitudinal displacement of the SAW
Ux = U0 exp (i (ωt − kx)) where ω is the angular frequency of the SAW, k the wave vector, and we neglect its in-depth
z-dependence. The FM fraction is taken as f = f0 (T ) + δ f where T is the temperature. Assuming a relaxation time τ for
the SAW-induced variation δ f , which proceeds through AF-FM domain wall displacements, we have ∂ δ f

∂ t = −
δ f
τ −

∂ f0
∂ T

∂ Tm
∂ ε

∂ ε
∂ t

where Tm is the mid-transition mid-temperature and ε = ∂ Ux
∂ x the strain . We further assume a coupling energy of the form

∆g = ∂ gAF M
∂ ε ε (1− f )+ ∂ gF M

∂ ε ε f , where gAF M (gF M ) are the Gibbs energies of the AFM (FM) phases, and inject it into the SAW
propagation equation. We then solve the coupled equations for Ux and δ f and calculate the SAW attenuation as − Im (k).
The calculated variation of the transmitted SAW amplitude ∆A is then

∆A=
20

ln (10)



−

�

�

�

∂ (gF M−gAF M )
∂ ε

∂ Tm
∂ ε

�

�

�

2C11 (T )VR (T )
ω2τ

1+ω2τ2

∂ f0

∂ T
(T ) +

1
L

ln
�

ε (T )
ε (Tref)

�



 . (4)

The first term in the parenthesis of Eq.4 arises from the coupling of the SAW strain and the FM fraction. The temperature
dependence is dominated by the Gaussian-like shape of the derivative ∂ f0

∂ T (T ). C11 is an effective elastic constant obtained
from the Rayleigh velocity and the mass density of FeRh. The second term takes into account the variation of the SAW am-
plitude with temperature since the IDT generation and detection efficiency at the operating frequency slightly depends on
temperature. The calculated curves are shown in Fig. 1(c) in red (blue) for the heating (cooling) branch. They are in good
agreement with the experimental ones. The ∂ Tm

∂ ε factor is taken as 7.43 103 K using the dependence of the transition temper-

ature on pressure from [11]. The best fit for the three frequencies is found for values of the parameters
�

�

�

∂ (gF M−gAF M )
∂ ε

�

�

�=1.34

105, a value somewhat smaller than the one used by Wu et al. in [9], and τ=0.25 ns. τ is not very much smaller than the
SAW period leading to a sub-ω2 behavior of the amplitude variation.

Finally we will present and discuss the variation of the SAW amplitude attenuation at zero applied magnetic field, where
two contributions are present: from the FM phase modulation and from the SAW-FMR close to the coercive field.
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Introduction and motivations

In the field of orbitronics and spinorbitronics, probing fundamental material properties, such as spin and orbital genera-
tion, propagation and spin relaxation in the time domain, is today mandatory for the development of a new generation of
magnetoelectronic devices as spintronic THz emitters [1]. These represents a novel technology of electromagnetic emission
broadband source up to 30 THz. The spectrum of problems brings the need for variety of different emitters. Depending
on the need, the emitters may be required to produce waves in specific ranges, intensities and bandwidths. Controlling
these parameters and constructing reliable devices is a challenging problem both from practical and theoretical point of
view. Indeed, one of the most common devices used for THz generation are made actually of photo-conducting antennas
based on III-V semiconducting materials suffering from the phonon absorption in the 4-8 THz window. Other technology
involves optical rectification such as ZnTe. Here, broken inversion symmetry at surfaces leads to the asymmetric charge
displacement under the influence of intense electromagnetic field and results in THz generation.

Modern physical phenomena involving spin (and possibly orbital) degree of freedom, involving specific band structure
like Rashba states, or topological surface states. The principle is the conversion of an ultrafast spin-current into a transient
charge current via the spin-charge conversion phenomena induced by either spin Hall effects (SHE) or Rashba-Edelstein
effects (REE) at interfaces. Standard conventional THz spintronic emitters consist then of of heterostructures made of
metallic magnetic materials and non magnetic materials (e.g. 5d heavy metals) characterized by large spin-orbit coupling.
By shining femtosecond laser pulses onto the heterostructures, photons absorption can generate ultrafast demagnetisa-
tion and spin-polarized hot electrons in the ferromagnet. This leads to a picosecond spin-current that can be converted
into a charge current through large spin orbit coupling at Rashba interfaces or in the bulk of materials via the inverse
spin-Hall effect. Those phenomenon open new horizons towards optimized THz generation. By using novel spintronic ma-
terials/heterostructures with limited optical absorption in the THz spectrum, emitters covering frequencies 1-30 THz can
be then developed.

THz-TDS Experimental setup

General description of the optical bench

On Figure 1a we show our experimental setup we are working on at the laboratory and I am personally using in my
master 2 internship. A source is a pulsed laser that consists of the Main oscillator, OPA (Optical Parameter Amplifier) and
a Compressor. The available frequencies lay in two ranges; NIR that takes values between 640 nm and 940 nm, and Idler
that ranges from 1159 nm to 2745 nm. The generated signal is split into two beams: pump and probe.

The pump is directed towards the sample and is presented in blue color on the figure. On the way to the sample, the
pump first passes through half wave-plate and polarizer, which purpose is to control the intensity while maintaining fixed
linear polarization. Next, it passes through mechanical chopper connected to lock-in amplifier and whose purpose is to
modulate the signal in order to perform a lock-in detection. After the chopper the pump hits the sample and the THz signal
is emitted in forward and backward direction with detection made in transmission geometry. THz signals generated are
collected by a parabolic mirror, and focus it through a series of 4 mirrors on an electro-optical (EO) signal. Our focus is
the front propagating signal. Two IR blockers are set between the parabolic mirrors to isolate THz signal from the pump.
Electro-motor is used to rotate the emitter so the detection can be observed for different angles of the sample.

Detection technique by Electro-optical sampling (EOS)

In order to describe the detection method, we assume that the optical beam is propagating inside a birefringent material
material of thickness d along the x-axis. We note ny and nz the indices or refraction of interest. We decompose the
propagating field into y and z components, which travel optical paths of different lengths. As a result, the phase shift is
induced:

∆φ =
2πd
λ
(|ny − nz |) (5)
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Figure 1: Illustration of the experimental setup used in Laboratoire Albert Fert (main figure) used in this work and during
my M2 internship and the schematic representation of the EO sampling (bottom right inset)

In our work the THz signal acts as a slow varied electric field, modifying the optical index of the material for an optical
probing pulse. The birefringent material is ZnTe EO detector. In practice, temporal duration of THz pulse is of order of 10 ps
and of NIR pulse is of order 100 f s. For that reason, the THz beam can be considered quasi-static for the entire duration
of probe’s passing through detector. By measuring the change of polarization of the probe, we can deduce the intensity of
THz field for the given temporal position [2][3]. On the bottom right inset of Fig. 1a we illustrate the detection part of
the setup. Lower intensity NIR probe pulse is directed towards the EO detector, where the THz-induced non-linear optical
effects affect the probe’s polarization. A delay line is used to control the optical path of the probe, which is necessary for THz
TDS (Time Domain Spectroscopy). Finally, after the use of a quarter wave-plate and wollaston prism, the two components
of the NIR beam along ordinary and extraordinary axes are measured using balanced photo-diodes. The photo-diodes are
connected to lock-in amplifier where the THz intensity is computed.

Spintronics emission: Experiments and data analyses.

At this conference, I will present the following:

- The technique of EOS adapted to spintronics THz-TDS and its calibration from the derivation of electro-optic sampling
equations for the detection of THz waves, along with the description of the experimental setup.

- Results of spintronic THz emission from bulk and interface Rashba-Edelstein effects generated from heretostructures
made of topological insulators (this is the focus on another presentation of the group, see M. Jain et al.).

- Preliminary results obtained on ferroelectric Rashba semiconductor as e.g. GeTe used as a Rashba spin-charge converter
in epitaxial Fe/GeTe/Si(111) systems[4]. We studied the emission for different thicknesses, analyzed the uniformity of the
sample at different manufacturing conditions with the help of X-ray diffraction and related it to the material conductivity.

- Preliminary results obtained on wavelength-dependent THz generation in various Heusler compounds[5] used as highly
efficient spin-reservoir with almost full spin-polarization, and seeking the corelation with existence and energy of the band-
gap. THz emission was demonstrated for both NIR (640nm-940nm) and Idler (1159nm-2400nm) wavelength ranges. The
peak-to-peak intensity was compared with reference emitter Al2O3//W/CFB/Pt.
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Contrary to resonant systems in open cavities, which are more well understood, the physical basis of level attraction
between resonant systems in quasi-closed cavities, has for so long, remained an open question. Further, it is also of interest
to the development of microwave and quantum devices as level attraction offers two useful features, exceptional points
(EPs) and bound states in the continuum (BICs). Both enables several appealing applications such as topological energy
transfer [1], and enhancement of device sensitivity for EPs and applications in slow-light devices, sensing, and quantum
memory technologies leveraging the long lifetimes of these BICs [2–4].

In this work, we utilize the input-output theory [5] to discriminate between the repulsive and attractive aspect of this
coupling. By understanding the nature of the phase-jump between resonances and antiresonances, we can describe the
behavior of antiresonance coupling and its relation to the position of ferrimagnet within the cavity. We start by deriving the
S-matrix computed using the input-output theory and then consider two different pathways antiresonance may occur. To
validate our results, we perform finite element method simulations and show that both are in agreement with each other
[6].
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Figure 1: Light-matter dissipative coupling at eigenfrequencies (a), (c), and (e) and linewidths (b), (d), and (f). The dissi-
pative nature of the coupling gives rise to exceptional points (EPs) that relates to the convergence of polaritonic frequencies;
and bound states in continuum (BICs) that corresponds to real eigenvalues with no imaginary components [6].
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Although central for spintronics, the interplay between magnetism and transport in metallic ferromagnets remains in-
completely understood. Unfortunately, the inherit complexity of this many-body problem (electrons, phonons, magnons)
has hindered both experimental and theoretical advances in this topic. Only until recently, the finite-temperature resistiv-
ity of elemental Fe, Co, Ni could be modeled using sophisticated ab initio methods [1]. Yet still, the spin-polarization of
underlying scattering mechanisms and role of interactions (spin-orbit coupling, correlations, etc) remain unclear.

In this work, we experimentally address this problem in epitaxial Fe thin films grown on MgAl2O4/MgO. We use the
recently developed current-induced spin-wave Doppler shift technique [2]: we pattern Fe strips that serve as conduits
for a spin-polarized electric current j, and for coherent spin waves of a given wave vector k [Fig. 2 (a)]. The bulk spin-
polarized current transfers torque to the spin waves producing a shift of their resonance magnetic field (spin-wave Doppler
shift)[Fig. 2 (b)]. Measuring precisely the shifts for counterpropagating spin waves as a function of temperature [Fig. 2 (c)],
we extract the temperature dependence of the degree of spin-polarization of the electrical current P = (ρ↓−ρ↑)/(ρ↓+ρ↑).
This is found to increase from 75% up to 85% when cooling the sample from 300 K down to 10 K [Fig. 2 (d)]. Our observation
contradicts early considerations, which, based on its global density of states, predict a weak spin-polarization for Fe [3].
On the contrary, we believe the spin-polarization of the current is dictated by the scattering mechanisms with a majority
electron channel that is much less affected by scattering compared to minority electrons [Fig. 2 (d)].

(a)

(d)

(b)

(c)

Figure 1: (a) Microscope picture of the device for current-induced Doppler shift: two antennas patterned on top of a 14µm
wide and a 20 nm thick Fe (001) strip. (b) Sketch of the spin-tranfer toruq process bwteen a spin-polairzed current and the
magnetization. (c) Measured mutual inductance between antennas as function of the applied magnetic field displaying field
shifts for different configurations. (d) Temperature dependence of degree of spin-polarization of the current and resistivity
in our devices.

Furthermore, combining our polarization estimate with resistivity measurements, we create a relatively simple two-
current resistivity model with contributions from film surfaces, phonons and thermal magnons. Finally, as an independent
check, we validated the magnitude of the latter through independent measurements of magnon magnetoresistance [4]
performed on the same system.
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The advancement of CMOS technology is facing significant limitations, prompting the exploration of alternative ap-

proaches to address scaling and performance challenges. Magnonics offers a promising solution due to its tunability and
energy efficiency, making it an attractive option for future data processing systems. Challenges remain in miniaturizing
magnonic devices, understanding spin-wave behavior in nanostructured environments in which the classical theories fail
at the nanoscale, and integrating discrete magnonic signal processing units into a coherent magnonic circuit[1]. In this
context, leveraging micromagnetic simulations and analytical theory, we propose a novel approach that exploits the dipo-
lar interaction between two adjacent nanoscale waveguides composed of bismuth-doped yttrium iron garnet (Bi-YIG)[2],
envisioning applications in next-generation data processing. We introduce an adaptable spin-wave directional coupler at
the nanoscale, capable of functioning as a waveguide crossing element, tunable power splitter, and frequency multiplexer
(refer to Fig. 1a). The coupler’s operational principle relies on the interference of spin-wave modes, modulated by various
system parameters, thereby facilitating a range of linear and nonreciprocal magnonic functionalities.

A controllable phase shifter constitutes an essential building block for the development of spin-wave-based logic de-
vices. Thus, we also present an innovative phase-shifter device that exploits the positional tunability of magnetic DWs
and the dipolar coupling between two closely spaced waveguides to achieve precise phase modulation at low excitation
frequencies, obviating the need for an external bias magnetic field. We model a nanoscale self-biased spin-wave waveg-
uide with a bent configuration coupled to a half-ring-shaped waveguide (refer to Fig. 1b). Numerical analyses reveal that
exchange-dominated, isotropic magnetostatic forward-volume-like spin waves propagating within the device accumulate a
systematically varying phase, contingent on the DW’s position. A pronounced phase shift is observed when the spin waves
traverse the dipolar coupling region containing a DW, as compared to the configuration without a DW. The device’s func-
tionality is predicated on the dynamic positional flexibility of the DW, enabling a reconfigurable and tunable mechanism
for phase modulation. This enhanced control over spin-wave propagation holds substantial promise for the realization
of advanced spin-wave-based logic circuits, representing a pivotal advancement in the field of magnonics. Moreover, we
emphasize the scalability of the device to nanometer dimensions and its significant nonreciprocal properties, providing
flexibility in reconfiguring the device’s operations.

Figure 1: Domain Wall modulating parameter of device’s functionality. (a) The DW position dependence of the nor-
malized power at the two output beam passes of the directional coupler. (b) The corresponding DW position dependence
of the input-output SWs-phase shift.
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Magnonics has emerged as a new and exciting field that uses spin waves, or magnons, as information carriers that can
propagate with minimal energy dissipation and at high frequencies, offering an alternative to traditional electronics. In the
quest for future magnonic devices, the engineering of spin wave (SW) spectra is deemed to be crucial to manipulate local
propagation modes, enabling the control of SW propagation. One of the promising techniques to modify the local spin wave
propagation is through ion implantation in magnetic films which is the subject of our study.

(a) Sample under study. Sur-
face acoustic waves are ex-
cited electrically by the input
IDT1 and detected by the re-
ceiving IDT2. These IDTs are
deposited on the surface of the
piezoelectric GaAs (001).

(b) Calculated spin wave dispersion relations for
pure Fe film and doped Fe films. A horizontal
line at the working SAW frequency of 1.8 GHz in-
tersects the spin wave (SW) dispersion curve for
pure Fe film. These dispersion relations are plot-
ted for Bex t = 58.4 mT which is the resonant field
for pure Fe film (Figure 1c). This indicates that,
at this field, the SAW frequency is in resonance
with the SW precession frequency of pure Fe. No
such resonance occurs at 58.4 mT for doped Fe
films.

(c) The SW frequencies as a function of exter-
nal magnetic field magnitude calculated for kSW =
kSAW = 3.9µm−1, with Bex t aligned parallel to kSAW

along the [110] hard axis of Fe. The equations used
for this calculation are extracted from [1]. The red
curve represents the SW frequency versus Bex t for a
pure Fe sample, while the blue and black curves cor-
respond to Fe films doped with 1.0×1016 N/cm2 and
2.0× 1016 N/cm2, respectively (top figure). Experi-
mental SAW attenuation curves as a function of the
external field magnitude as it propagates through
the magnetic layer (bottom figure).

Figure 1: Depiction of the sample, and analysis of spin wave dispersion and SAW-driven ferromagnetic resonance, illustrating
resonance characteristics and their shifts in pure and doped Fe films.

Surface acoustic waves (SAWs), traveling elastic waves on the surface of piezoelectric materials, are of extreme impor-
tance in magnonics for their ability to interact with magnons, and to induce magnetization dynamics, making them ideal
for scalable magnonic devices [2]. It has been established that a SAW interacts with the magnetization via two mecha-
nisms: magnetoelastic and magneto-rotation coupling [3] [4]. The softening of magnetization precession frequency allows
it to couple resonantly with the SAW frequency as experimentally demonstrated in the past [5]. Our study deals with the
propagation of SAW on a piezoelectric GaAs (001) substrate, with a Fe thin film deposited on it via molecular beam epitaxy
(MBE), and subsequently etched into a (2× 2)mm2 mesa (Figure 1a). The Fe mesa has been doped using an accelerator
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with N atoms at low dosage in order to preserve the epitaxy conditions and the low SW damping of pure Fe films [6].
In particular, the magnetocrystalline anisotropies are slightly modified by ion implantation with moderate yet controlled
variation of the SW dispersion (Figure 1b).
We have observed that the resonant magnetic field, at which the attenuation and velocity variation of the SAW are maxi-
mized, is slightly shifted compared to the pure Fe sample (Figure 1c). This resonant field corresponds to the external field
magnitude at which the SW frequency matches the SAW frequency, enabling SAW-FMR (Figure 1c (top)). This resonant
field value, marked by the minimum of each curve, shifts distinctly towards lower fields with the nitrogen doping level
in Fe. At SAW-FMR coupling, the interaction between the SAW and the magnetization reaches its maximum, leading to a
maximum attenuation of the SAW as it propagates through the magnetic layer. The SAW attenuation also shifts with the
doping levels, which is consistent with the resonant field shift with doping (Figure 1c (bottom)). This shift validates the
effectiveness of the ion implantation approach for finely engineering the interaction between SAWs and SWs. Furthermore,
we anticipate that the ion implantation would alter the so-called non-reciprocal SAW propagation, i.e., the dependence of
the propagation characteristics with the direction of the SAW-wave vector (kSAW ) with respect to the static magnetization
orientation.
Integrating these findings reveals a pathway to control SW emission by desired modification of the spin wave spectra through
ion implantation which alters the magnetic anisotropy of the magnetic thin film, and in turn, the SAW-SW interaction. This
interaction is anticipated to be locally controlled by implanting N atoms using a Focused Ion Beam (FIB) technique.
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Understanding the processes of creation, propagation, and annihilation of topological defects is key to gaining control
over the different processes they mediate. In magnetism, for instance, magnetic switching is mediated by domain wall
motion while vortex core reversal is driven by Bloch point singularities. Here, we focus on magnetic dislocations in stripe
domains and their role in the field-driven continuous rotation of the stripes. By harnessing both 2D and 3D magnetic imag-
ing, specifically combining 3D soft X-ray magnetic vectorial imaging with in situ magnetic fields, as shown in Figure 1 (a),
not only we characterize the motion of these defects, but also understand how their underlying 3D configuration influ-
ences their behavior (Figure 1 (b)). These advances establish the necessary capabilities to study the behavior of topological
textures in 3D, opening the door to insights into the field-driven behavior of buried three-dimensional magnetic textures.

Figure 1: (a) 3D magnetic imaging with in situ magnetic fields: The sample is moved in the direction of the green arrows to
perform scanning transmission X-ray microscopy (STXM). By rotating the sample around the laminography axis a set of 2D
STXM images is obtained that can be used to reconstruct the magnetization vector field. To measure laminography while
applying in situ magnetic fields, a special sample holder with stacking permanent magnets is used. (b) The movement of
dislocations driven by an external magnetic field as seen by 2D (left) and 3D imaging (right): the inner magnetic structure
revealed by 3D imaging, highlighted in pink and green, is involved in the mechanism for the movement of the dislocations.
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In state-of-the-art spintronic devices, the activation energy for switching a magnetic bit is usually bound by∆E > 50kBT
at room temperature. This ensures the thermal stability of stored information. However, high activation energies also cause
an exponentially increased sensitivity to temperature deviations due to the Arrhenius-law-like lifetime of magnetic bits.
To overcome this issue for reliable future spintronic devices, we investigate the entropy-dominated lifetime of magnetic
solitons in a van der Waals heterostructure Fe3GeTe2/Cr2Ge2Te6, an experimental feasible system [1]. Using first-principles
and atomistic spin simulations, we demonstrate the coexistence of bimerons and antibimerons in the easy-plane Cr2Ge2Te6-
layer at zero-field and the (anti)bimeron-(anti)skyrmion switching. We further quantify their resistivity against thermal and
magnetic disturbance by means of transition state theory [2], which allows for the identification of the important degrees
of freedom that are responsible for the stability of both classes of solitons. Our findings [3] illustrate that the richness of
solitons in easy-plane magnets fundamentally exceeds those in usually discussed easy-axis magnets and are thus promising
platforms for spintronic devices that demand highly nonlinear soliton interactions.

Figure 1: Lifetime of solitons in CGT. a The average life-
time τ of magnetic solitons with topological charge Q = −1 is
displayed over inverse temperature. The line color indicates
the strength of the externally applied magnetic field, reaching
from bimerons at Bz = 0 T (violet) to skyrmions Bz > 1.54 T
(yellow). b Zoom on the region indicated in a. The lifetime
of specific solitons in Cr2Ge2Te6, which are illustrated on the
right with respect to the applied magnetic field, is compared
to those in the experimentally well-studied ultrathin film sys-
tem fcc-Pd/Fe/Ir(111) at Bz = 3.9 T.
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Magnetic tunnel junctions (MTJs) are highly sensitive magnetic field sensing devices with a wide range of applications:
non-volatile memories (MRAM), spintronic nanoscillators (STNO), neuromorphic computing or current sensing. This area
of spintronics is very active not only for its practical uses but also for its interesting fundamental mechanisms such as
tunneling, spin-orbit torque, or noise to name a few. The most important advance in this field comes from the prediction and
demonstration of coherent spin-dependent tunneling in Fe(100)/MgO(100)/Fe(100) MTJs [1]. The large values (>100%)
of tunneling magnetoresistance (TMR) found at room temperature are due to the lower tunneling barrier height for electrons
in the∆1 band state when compared to∆5 electrons [2]. However, transport across the MgO barrier gets significantly more
complex when dealing with defects, vacancies or doping, that is, when there are changes to the electronic structure of the
interface or barrier. Defect-mediated tunnelling in the oxide can promote or hinder magnetotransport depending on the
defect type [3]. Additionally, it has been demonstrated that carbon doping in the Fe/MgO interface can lead to asymmetric
TMR versus bias [4]. Thus, by engineering the structure of the MTJ, different transport mechanisms can be probed.

In this work, the effect of carbon doping on the noise spectrum of MTJs is studied for different positions along the MgO.
We investigate the Hooge factor and the presence of RTN in CoFeB/MgO/CoFeB MTJs, with and without carbon doping, as
a function of magnetic configuration, applied bias and polarity. The success of this study can yield a promising candidate
for a resilient and efficient spin engine [5].

The samples were deposited by magnetron sputtering under UHV, with base pressure 5.1×10−9 mBar and work pressure
5.1×10−3 mBar, on SiO2 substrates with the following structure: [Ta 3/Pt 5]x3/IrMn 8/CoFeB 4/I/CoFeB 6/Ta 3/Pt 5 (nm).
The barrier I is divided into 4 different types: (a) MgO 2.1 (without doping), (b) C 0.2/MgO 2.1, (c) MgO 0.3/C 0.2/MgO
1.8 and (d) MgO 0.6/C 0.2/MgO 1.5. After deposition, the samples were annealed at 200°C during 30 min with a magnetic
field of 1T to pin the hard layer IrMn 8/CoFeB 4 into the sensitivity axis direction (0°) and to obtain a good crystallization
of the CoFeB barrier interfaces. To perform noise measurements, the sensors were assembled on a half Wheatstone bridge
in order to filter out the DC component before amplification. The sensor signal passed through a bandpass filter (SR360)
and was captured by an acquisition card which then applied a fast Fourier transform (FFT) to obtain the spectrum. To

Figure 1: (a) Voltage noise as a function of applied bias voltage for sensor type B in the P (top panel) and AP (bottom panel)
magnetization states. Top panel inset: TMR curve of the measured sensor. (b) Hooge factor in the P (top panel) and AP
(bottom panel) magnetization states for sensor types A, B and C. All data correspond to circular pillars of 3 µm diameter.
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Figure 2: Voltage noise as a function of applied bias voltage and polarity for sensor type B in the P (left panel) and AP (right
panel) magnetization states.

avoid external interference, both the bandpass filter and Wheatstone bridge were fed by a battery while inside a mu-metal
shielded room.

The highest TMR measured was around 100% for sensor types A, B and C with a RA product value ranging from 31
kΩµm2 to 0.57 MΩµm2. All sensors of type D were found to have very low TMR (<1%) and resistance, which was also
seen to partially occur on sensors of type B and C. It is likely that the presence of carbon in the oxide leads to the creation
of pinholes across the barrier. We show here data from devices with circular pillars of 3 µm diameter. An example of a
typical TMR curve measured is shown on the inset of Fig.1(a). The voltage noise of a sensor of type B in both parallel
(P) and antiparallel (AP) magnetization states as a function of applied bias voltage is depicted in Fig.1(a). The frequency-
independent component of the noise floor is attributed to the thermal and shot noise, whereas the 1/ f noise and RTN
dominate the low-frequency range. In addition, the spectra present a peak at around 500 Hz that derives from an external
perturbation and not from any response from the sensor. In the AP state, the voltage noise clearly depicts the presence of
RTN above a bias of 29 mV that is not seen in the P state. To investigate the 1/ f noise, the Hooge factors were extracted
from the noise measurements for all sensor types using α = f ASV ( f )/V 2, where A is the junction area and V is the DC
voltage applied to a single junction. The results are shown in Fig.1(b) for both magnetic configurations. It is interesting to
note that sensor type C displayed the lowest noise despite the presence of carbon doping, whereas an increase was observed
for sensor type B. Lastly, Fig.2 shows the voltage noise of sensor type B as a function of bias polarity. For a negative bias,
both P and AP states present a RTN signal that exists at lower voltages and only begins to appear at positive bias between
29 to 36 mV. The asymmetry of this feature is possibly a reflection of the asymmetry of the bottom and top CoFeB/MgO
interfaces as it does not appear on any other sensor types as of yet. More measurements are currently underway exploring
other types of experiments such as I-V curves, TMR as a function of voltage and∆I/I(T )measurements in order to evaluate
if more information on these structures can be probed and to determine the nature of the observed features.
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Dans la matière condensée, l’étude des textures magnétique concilie la recherche fondamentale et l’innovation tech-
nologique, avec des applications potentielles dans des domaines variés tels que l’informatique, l’énergie et la physique
fondamentale. Ces textures complexes peuvent être générées par impulsion laser, favorisant alors l’émergence des systèmes
de stockage d’informations ultra-rapide à faible consommation d’énergie. [1]

Notre étude s’inspire des travaux de Zhang et al. [2] et est effectuée sur des films minces à anisotropie perpendicu-
laire. Nos mesures de rotation Kerr montrent qu’en diminuant l’épaisseur d’un film mince de CoFeGd de 8.5 à 7 nm l’état
d’aimantation passe d’une configuration magnétique homogène à inhomogène en champ nul (Fig. 2.b). Avant la transition,
il est possible de préparer le système dans un état métastable en champ nul. L’utilisation d’une impulsion laser femtoseconde
peut alors fournir suffisamment d’énergie localement pour franchir la barrière de potentiel qui sépare l’état métastable de
celui de plus basse énergie. Il s’ensuit un changement de la configuration magnétique (Voir Fig. 2.a)).

Dans ce poster, nous allons présenter nos résultats sur CoFeGd en film mince sur un substrat monocristallin de Si/SiO,
élaboré par PVD (Physical Vapor Deposition) sous ultravide dans le tube DAUM à l’Institut Jean Lamour. Une étude du
signal Kerr en fonction de l’épaisseur de la couche témoigne de la transition homogène/inhomogène (Voir Fig. 2.b)). Après
une impulsion laser de 30 fs sur un échantillon de CoFeGd d’épaisseur de 8.5 nm, nous avons observé l’apparition d’une
texture magnétique composée de domaines par microscopie MOKE et MFM (Voir Fig. 2.c)). Des mesures non invasives
par magnétométrie à balayage à centre NV [3] effectuées sur ce système mais aussi sur d’autres alliages en films minces
(multicouches de PtCoAl, CoDy...) sont en cours et seront également présentées.

Figure 1: a) Mécanisme de transition. b) Rotation Kerr en fonction du champ magnétique pour différentes épaisseurs de
couche mince de CoFeGd. c) Images de microscopie MOKE et MFM des textures magnétiques après une impulsion laser
(30 fs) sur CoFeGd pour une épaisseur de 8.5 nm.
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L’étude et le contrôle de l’aimantation des matériaux présentent un grand interêt pour la recherche fondamentale et les
applications technologiques, en particulier dans le contexte du stockage de données. Dans ce contexte, la découverte de la
désaimantation ultrarapide en 1996 par Beaurepaire et al. [1], révélant qu’une excitation laser de quelques femtosecondes
pouvait entraîner une désaimantation à l’échelle de la picoseconde, a suscité un vif interêt au sein de la communauté sci-
entifique internationale.

Cependant, malgré des décennies de recherche, un consensus sur les phénomènes microscopiques à l’origine de cette
désaimantation reste absent [2]. La question centrale est de savoir comment le moment angulaire de l’état ferromagnétique
est transféré hors du système de spin du métal de transition à cette échelle de temps. Les études montrent une même
tendance mais peuvent diverger sur les temps caractéristiques, les amplitudes de désaimantations et les mécanismes expli-
quant les observations expérimentales. Par exemple, concernant les alliages et multicouches de Cobalt Platine, les résultats
et les interprétations physiques font débat. D’un côté, une modification de l’énergie d’échange dues à des effets locaux ou
non-locaux est mis en avant [2–4]. D’un autre, des études ont révélé que des excitations transversales de type Heisenberg,
telles que l’inclinaison du moment magnétique due à des fluctuations thermiques, ou des excitations collectives comme les
magnons influencent la désaimantation ultrarapide.[5]

La question reste de savoir si ces différences proviennent des propriétés instrinsèques des matériaux (comme leur stœ-
chiométrie ou leur structure) ou des techniques de caractérisation utilisées. En effet, les différentes techniques de caractéri-
sation du magnétisme sondent des aspects distincts des propriétés des matériaux. Pour mieux comprendre la contribution et
l’importance des différents phénomènes microscopiques intrinsèques et de distinguer les apports spécifiques des techniques
utilisées, nous avons entrepris une étude systématique des systèmes CoPt. Dans ce cadre, nous avons réalisé des mesures
de dichroïsme circulaire magnétique des rayons X (XMCD) au laser à électrons libres de rayons X (XFEL) à Elettra FERMI
sur des multicouches et alliages de CoPt.

Le XMCD repose sur la différence d’absorption des rayons X en fonction de la polarisation circulaire de la lumière et
de la direction d’aimantation de l’échantillon. Pour explorer la dynamique d’aimantation, il est nécessaire d’adopter une
configuration expérimentale pompe-sonde permettant des mesures résolues en temps. Nous avons donc adapté l’expérience
de XMCD afin de la rendre compatible avec cette approche.

L’expérience pompe-sonde a été conçue pour répondre à deux objectifs principaux: établir un dispositif offrant un très
bon signal sur bruit dans une fenêtre temporelle de l’ordre de quelques picosecondes (∆t = 2,7 ps), et permettre, de sonder
simultanément le Cobalt et le Platine dans les échantillons de CoPt, en utilisant deux énergies de rayons X distinctes, l’une
au seuil d’absorption du Platine O3 et l’autre au seuil M2,3 du Cobalt.

Pour cela, l’expérience utilise une lentille à zone de Fresnel (FZP) hors axe, qui permet des mesures résolues en temps
à l’échelle des picosecondes (Figure 1). La sonde est un rayon X focalisé sur l’échantillon, et la pompe est une impulsion
laser infrarouge (800 nm). Comme montrée sur la figure 1, la FZP introduit des décalages temporels grâce à la différence
de chemin optique entre les rayons passant par les différentes zones de la lentille. L’absorption est ensuite détectée par
une caméra CCD, qui, grâce à la différence de chemin optique, associe chaque délai temporel de la désaimantation à une
position spatiale distincte sur une image 2D [7]. Pour sonder simultanément le Cobalt et le Platine, deux FZP aux longueurs
identiques et adaptées à des énergies distinctes ont été employées [6].
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Figure 1: Illustration du principe expérimental d’une FZP [6]. Une impulsion lumineuse incidente est diffractée par une
zone hors axe d’une lentille à zone de Fresnel (FZP) qui correspond au rectangle vert sur la lentille. Cette dernière va
induire une différence de chemin optique et entraîner un retard temporel, ∆t, qui est précisément défini par la vitesse de la
lumière, le nombre de paires de zones n, et la longueur d’ondes des rayons X incidents λ. Le rectangle bleu représente une
application numérique type. Dans le plan de l’échantillon les faisceaux sont focalisés au même endroit que l’on vient exciter
par une impulsion infrarouge (IR). Dans le plan de la caméra CCD, les faisceaux arrivent à des temps différents: avant la
pompe t<t0 pour les faisceaux arrivant en haut de la caméra et après la pompe t>t0 pour les rayons X arrivant en bas de la
CCD.

Je détaillerai dans mon poster cette technique expérimentale en montrant comment celle-ci permet d’accéder à la dy-
namique d’aimantation du CoPt. Je présenterai ensuite la méthode d’analyse et les résultats obtenues au cours de ce temps de
faisceau. Par ailleurs, j’exposerai l’influence des différentes intensités de pompes, compositions et structures d’échantillons,
ainsi que longueurs d’ondes des rayons X sur la dynamique d’absorption mesurée.
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Topological magnetic textures have been rigorously studied as they could represent an asset for the development of next-
generation spintronics devices, for example, for neuromorphic computing [1]. Chiral magnets and magnetic multilayers
allow for the stabilization of two-dimensional (2D) textures, like the magnetic skyrmion. Beyond these 2D textures, research
interest has expanded to more complex three-dimensional (3D) textures that vary structurally across their thickness.

Recently, we have reported a new type of 3D textures called skyrmionic cocoon [2, 3]. They were found in Pt/Co/Al-
based aperiodic multilayers with variable Co thickness. Interestingly, these multilayers have also demonstrated the capability
to host multiple objects, such as columnar skyrmions together with cocoons. Figure 1 shows an X-ray laminography recon-
struction of such a system. On the other hand, new HERALDO (Holography with Extended Reference by Autocorrelation
Linear Differential Operator) data were acquired, and we aim to perform a 3D reconstruction with an enhanced spatial
resolution.

However, these stacks were optimized for 3D imaging using large thicknesses, several times the vertical resolution of
the probe. This feature makes them unsuitable for current-induced motion of magnetic objects, since high currents are
required. Even more, cocoons in these multilayers show no displacement under current pulses due to changes in rotation
sense along their structure.

To overcome the problems related to thickness, we aim to reduce the number of repetitions in these stacks. This approach
will make it easier to increase the current density in the tracks while making the deposition and patterning processes time-
and cost-efficient. Additionally, the detection of the new textures via MFM (Magnetic Force Microscopy) will be easier
due to their depth in the track. We also investigate approaches to nucleate and move cocoons through electrical currents,
potentially advancing 3D spintronics applications.

Figure 1: Laminography reconstruction showing columnar skyrmions and paired cocoons (circled). Isosurfaces mz = 0 are
displayed to show the transition between domains. The out-of-plane magnetization texture of the bottom layer is color-
coded.
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Magnetic tunnel junctions (MTJs) are now well established building blocks for nonvolatile magnetic memory, for which
information retention at the scale of years is required. More recently, superparamagnetic MTJs, in which thermal noise
induces the magnetization to fluctuate rapidly between two metastable states–parallel (P) and antiparallel (AP) (Fig. 1(a))),
have emerged as highly appealing for numerous low-energy, unconventional and bioinspired computing applications [1, 2].
For the latter, reducing the mean dwell times between reversals is a way to increase efficiency.

In this work [3], we demonstrate a good agreement between mean dwell times measured in 50 nm diameter, perpen-
dicularly magnetized superparamagnetic tunnel junctions, and theoretical predictions based on Langer’s theory [4]. Due to
a large entropic contribution, the theory yields Arrhenius prefactors in the femtosecond range for the measured junctions,
in stark contrast to the typically assumed value of 1 ns. Thanks to the low prefactors, and fine-tuning of the perpendicular
magnetic anisotropy, we report measured mean dwell times as low as 2.7 ns under an in-plane magnetic field at negligible
bias voltage (Fig. 1(c))–a timescale thus far only reported in junctions magnetized in plane [5]. Under a perpendicular
magnetic field, we predict a case of the Meyer-Neldel compensation rule, whereby the prefactor scales like an exponential of
the activation energy [6], in line with the exponential dependence of the measured dwell time on the field (Fig. 1(d)). We
further predict the occurrence of (sub)nanosecond dwell times as a function of effective anisotropy and junction diameter
at zero bias voltage.

These findings pave the way towards the development of ultrafast, low-power, unconventional computing schemes
operating by leveraging thermal noise in perpendicular SMTJs, which can be scaled down below 20 nm.
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Figure 1: (a) Sketch of the energy profile along the reaction coordinate for parallel (P) and antiparallel (AP) states. (b)
General legend for (c, d), where K is the effective perpendicular anisotropy, and VAP/VP is the voltage inside the MTJ. (c, d)
Experimental and theoretical mean dwell times as a function of applied (c) in-plane and (d) out-of-plane field. The insets
in (c, d) show a comparison with dwell times computed with a prefactor τ0 of 1 ns.

Acknowledgments

This work was supported by NSF grant number CCF-CISE-ANR-FET- 2121957, the NSF-ANR grant StochNet Project ANR-21-
CE94-0002-01, the Carnot project PRIME SPOT ANR P-22- 03813, and the French RENATECH network. L. D. acknowledges
funding from the University of Liège under Special Funds for Research, IPD-STEMA Programme.

References

[1] A. Mizrahi, T. Hirtzlin, A. Fukushima, et al. Neural-like computing with populations of superparamagnetic basis
functions. Nat. Commun. 9, 1533 (2018).

Page 148 sur 330

mailto:louise.desplat@cea.fr
http://dx.doi.org/10.1038/s41467-018-03963-w
http://dx.doi.org/10.1038/s41467-018-03963-w


C.L.N. 2025 Mercredi 18 16h50-19h00 S1P35

[2] W. A. Borders, A. Z. Pervaiz, S. Fukami, et al. Integer factorization using stochastic magnetic tunnel junctions. Nature
573, 390–393 (2019).

[3] L. Soumah, L. Desplat, N.-T. Phan, et al. Nanosecond stochastic operation in perpendicular superparamagnetic tunnel
junctions. arXiv preprint arXiv:2402.03452 (2024).

[4] J. S. Langer. Statistical theory of the decay of metastable states. Ann. of Phys. 54, 258–275 (1969).

[5] K. Hayakawa, S. Kanai, T. Funatsu, et al. Nanosecond random telegraph noise in in-plane magnetic tunnel junctions.
Phys. Rev. Lett. 126, 117202 (2021).

[6] L. Desplat and J.-V. Kim. Entropy-reduced Retention Times in Magnetic Memory Elements: A Case of the Meyer-Neldel
Compensation Rule. Phys. Rev. Lett. 125, 107201 (10 2020).

Page 149 sur 330

https://www.nature.com/articles/s41586-019-1557-9
http://dx.doi.org/https://doi.org/10.48550/arXiv.2402.03452
http://dx.doi.org/https://doi.org/10.48550/arXiv.2402.03452
https://www.sciencedirect.com/science/article/abs/pii/0003491669901535
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.117202
http://dx.doi.org/10.1103/PhysRevLett.125.107201
http://dx.doi.org/10.1103/PhysRevLett.125.107201


C.L.N. 2025 Mercredi 18 16h50-19h00 S1P36

Eigenmode following for magnetic lifetime calculations
beyond harmonic approximation

Stephan von Malottki1,2,3,4,*, Moritz Goerzen1, Hendrik Schrautzer1,2, Pavel F. Bessarab2,5, and Stefan
Heinze1,6

1Institute of Theoretical Physics and Astrophysics, University of Kiel, Kiel, Germany
2Science Institute, University of Iceland, Reykjavík, Iceland

3Thayer School of Engineering, Dartmouth College, Hanover, USA
4UCLouvain, Institute of Condensed Matter and Nanosciences, Louvain-la-Neuve, Belgium
5Department of Physics and Electrical Engineering, Linnaeus University, Kalmar, Sweden

6Kiel Nano, Surface, and Interface Science (KiNSIS), University of Kiel, Germany
*stephan.von.malottki@uclouvain.be

The stability of phases and states is an important property for almost every technological application of solid state
physics. It is often described by an Arrhenius law,

ν= ν0 e−β∆E , (6)

where ν is the average transition rate, ν0 the pre-exponential factor containing dynamical and entropic effects, ∆E the
energy barrier and kBT the thermal energy. In magnetism, a recent example for extensive studies of stability are magnetic
skyrmions, which are desired to be simultaneously small, deterministic and room temperature stable [1]. It has been
demonstrated that not only energy barriers but also entropic effects, i. e. the prefactor, can strongly affect average skyrmion
lifetimes [2].

In many fields, the application of transition state theory is the standard way to calculate prefactors. In most cases, this is
made possible by applying an harmonic approximation to the energy in order to solve the Boltzmann integral over all states
in the system. While the harmonic approximation is certainly powerful, it has some shortcomings, namely the assumed
decoupling of eigenmodes and the assumption that the energy curve of each degree of freedom is parabolic. While the
harmonic approximation is applied widely, naturally, these conditions are not always true. For magnetic skyrmions, this is
the case for the rotation mode of the chimera skyrmion transition state [3, 4] as well as the rotation mode of skyrmions in
the presence of weak Dzyaloshinskii-Moriya interaction [5].

Here, we present the eigenmode following (EMF) method for direct entropy calculation. In EMF, the potential energy
landscape around a selected state is explored along chosen eigenvectors by iteratively updating and partially diagonalizing
the Hessian matrix along the path (see Fig. 1). The Boltzmann factor along the energy curve is integrated numerically,
yielding the partial partition function, and hence, the entropy contributions of the followed eigenmodes.

The EMF method comes with increased computational cost compared to the harmonic approximation due to repeated
diagonalization of the Hessian matrix. However, by only treating the lowest few eigenmodes of a state with EMF while
keeping the rest in harmonic approximation it is feasible to improve the description of these most important eigenmodes
while still treating realistic systems.

In this presentation, first, the concept of the method and a sketch of its algorithm are introduced. This is followed
by some toy model examples to illustrate EMF and make a comparison with the harmonic and zero mode approximation.
Finally, real applications in skyrmionics are shown in which the traditional approaches via harmonic approximation were
inadequate and the calculation of mean lifetimes has been enabled by EMF (see Fig. 2).

Figure 1: Illustration of the eigenmode following method. An arbitrary energy potential with a local minima is illustrated
by the shape and colour of a 2D surface. The EMF method translates the initial state (black) iteratively along the selected
eigenvector (arrows). The eigenvector is recalculated after each step, yielding an approximated path of the eigenmode.
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Figure 2: Value of the partition function of the second Chimera transition state over temperature. The partition
function, Φp, has been calculated in harmonic approximation, zero mode approximation and with eigenmode following.
The second eigenmode of the Chimera transition state corresponds to a rotation around the Bloch-like point and has been
calculated in the fcc-Pd/Fe/Ir(111) system with 0.2 T of magnetic field applied in in-plane direction. Figure adapted from
Ref. [4]
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The development of energy-efficient spintronic devices is a significant focus in condensed matter physics and nanotech-
nology, with a primary challenge being the efficient conversion of spin currents into charge currents or vice versa for memory
and logic applications. This is typically achieved using heterostructures comprising ferromagnetic (FM) layers and heavy
metals [1]. In one direction, a charge current flowing through the heavy metal generates a spin current via the spin Hall
effect, which diffuses into the FM layer and exerts a torque on its magnetization, enabling magnetic state manipulation.
Conversely, the FM layer can inject a spin current into the heavy metal, which is then converted into a measurable charge
current via the inverse spin Hall effect. To further enhance spin-to-charge conversion (SCC) efficiency, topological materials
such as Bismuth-Antimony (Bi1−xSbx) alloys have emerged as promising candidates [2]. These materials exhibit robust
surface states with perpendicular spin-momentum locking, making them ideal for efficient spin transport and conversion.
However, their integration poses challenges. The surface states in topological insulators (TI) are protected by time-reversal
symmetry, which is broken by exchange coupling with the FM layer, potentially degrading their functionality. Therefore,
achieving reliable and efficient SCC requires addressing key issues, such as optimizing the growth of high-quality BiSb thin
films, preserving their surface states and minimizing the impact of exchange coupling when integrating them with FM layers.

Figure 1: In a) is shown an ex-situ atomic force microscopy map of 10 nm BiSb grown on a sapphire substrate with crystal-
lographic orientation (0001). In b) is shown the reflection high energy electron diffraction image of the same sample. In
c) is the schematic of the heterostructure used to measure the spin-to-charge conversion and in d) is the STEM scan image
of the heterostructure.

In the current study, we grow Bi0.89Sb0.11 (x nm)/Co (2 nm)/Al (2.5 nm) heterostructures via RF magnetron sputtering
on sapphire (0001) substrates, where aluminum acts as a capping layer to prevent cobalt oxidation. To disentangle surface
versus bulk contributions, we varied the thickness of BiSb and performed different pre-annealing and post-annealing treat-
ments. As thickness increases, bulk contributions grow while surface contributions remain fixed. The BiSb composition was
determined using Vegard’s law in conjunction with XRD data. BiSb growth is highly sensitive to the −5.3% lattice mismatch
with sapphire, resulting in morphology challenges: thinner films have incomplete coverage (holes), whereas thicker films ex-
hibit vertical columnar growth. Significant efforts were made to optimize growth conditions for high-quality, near-epitaxial
bilayers. Systematic investigations of thickness and annealing effects using atomic force microscopy (AFM) revealed com-
plete films (without holes or pillars) in the 7.5–15 nm range, achieved with pre-annealing at 600–1280 ◦C for 9 hours
and post-annealing at 225–275 ◦C for 180 minutes. Representative AFM images (Figure 1a) confirm an atomically flat,
fully covering surface, and streaky Reflection high-energy electron diffraction (RHEED) patterns observed during growth
demonstrate the bidimensional growth of BiSb layers (Figure 1b).

Alternating gradient force magnetometry (AGFM) measurements were performed to evaluate the Co magnetic config-
uration. By varying the magnetic field in-plane and out-of-plane while measuring sample magnetization, it was confirmed
that all samples exhibited an in-plane magnetic easy axis. As spin-orbit torque (SOT) generation primarily arises at the
TI/FM interface, ensuring the interface quality is crucial. Scanning transmission electron microscopy (STEM), shown in
Figure 1d, confirmed the structural integrity and uniformity of the interface, reinforcing the high quality of the samples.

After achieving a satisfactory growth optimization, we used terahertz time-domain spectroscopy (THz-TDS) to investi-
gate the SCC. The results reveal that BiSb sample with thickness of 7.5 nm, post-annealed at 275°C, and grown on pre-
annealed sapphire substrates at 1100°C, exhibited the highest SCC efficiency (see Figure 2). Comparing this result value
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Figure 2: Left: THz emission of a 7.5 nm BiSb film with different post annealing temperature. Right: THz electric field
peak-to-peak value for different conditions.

with the Pt/Co, known to be one of the best SCC convertor, we are able to achieve almost the same conversion efficiency
using sputtered BiSb.

Despite the promising SCC results, significant challenges remain. For instance, distinguishing the contributions of surface
and bulk states to SCC requires both optical and structural insights, necessitating further measurements and analysis to fully
understand the conversion mechanism. Another key aspect is the impact of the FM proximity effect on BiSb surface states.
To address this, we plan to introduce spacer layers (Pt, W, Ti, Ag) of varying thickness between Co and a 10 nm BiSb film,
mitigating exchange coupling and preserving topological surface states [3], enabling a deeper understanding of surface
state roles. Additionally, recent theoretical studies show that Ni exhibits enhanced orbital effects [4], making it a promising
ferromagnetic layer for orbital-to-charge current conversion studies, as the orbital counterpart effect is expected to be at
least an order of magnitude higher than spin current.
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Spintronic Terahertz emitters, based on optically triggered spin-to-charge conversion (SCC) processes, have recently
emerged as novel route towards compact and efficient THz sources. Yet, the next challenge for further technologically-
relevant devices remains to modulate the emission, with low-energy consumption operation. To this aim, ferroelectric
materials coupled to active spin-orbit layers such as two-dimensional transition metal dichalcogenides are potential candi-
dates. In this work, we present the realization of a large area heterostructure of CoFeB/PtSe2/MoSe2 on a bidomain LiNbO3
substrate and propose to elucidate the SCC mechanisms at work using THz time-domain spectroscopy together with density
functional theory calculations.

Samples were first prepared from a LiNbO3 wafer with pre-poled out-of-plane polarization areas along opposite direc-
tions, and cut into 10x10 mm² coupons, with half the area hosting a polarization pointing up (up area) and half pointing
down (down area). The 2D layers constituting the MoSe2/PtSe2 van der Waals heterostructure were grown using molecular
beam epitaxy on a Mica substrate and transferred onto the ferroelectric substrate in an aqueous environment [1]. Finally,
a 3 nm-thick ferromagnetic layer made of CoFeB was deposited by sputtering without breaking vacuum, followed by 4 nm
of Al to prevent oxidation, defining the heterostructure depicted in Fig. 1a.

Figure 1: (a) Schematic of the full heterostructure. Numbers in parentheses express the number of monolayers (thickness
in nm) for 2D (bulk) materials, respectively. (b) Temporal traces of magnetic THz contribution for up and down areas. (c)
Down panel: Peak-to-peak amplitude of the magnetic contribution for up and down areas, as a function of the incident
infrared pump power. Upper panel: Calculated ratio between the peak-to-peak amplitudes in up polarized and down
polarized areas in % (ratio up/down) as a function of incident pump power.

The THz emission properties of the system were probed using standard THz time-domain spectroscopy technique in
transmission mode. Samples were excited from the substrate side (LiNbO3) at normal incidence by linearly polarized 80
fs-long pulses centered at 800 nm (photon energy ∼1.55 eV) while applying a small in-plane magnetic field (∼20mT). We
probed up and down ferroelectric areas for two opposite directions of the magnetic field, allowing to extract the magnetic
contribution to the THz emission by performing the difference of the time traces [2]. We observe that both THz signatures
are of the same positive phase, with a sizable increase of the THz emission in the up-poled area compared to the down
one (Fig. 1c). This result shows that the ultrafast spin current generated in the FM layer under illumination is efficiently
converted into a charge current into adjacent layers, in the vicinity of LiNbO3/2D interface. Interestingly, we also observe
that the THz emission remains always higher for the up area over a large range of pump power excitation (see Fig. 2a)
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Figure 2: (a) Spin accumulation as a function of the energy for the trilayer, at equilibrium (black) and while applying an
external electric field E=0.25 V/Å pointing up (blue) and down (red). (b) Charge density for the trilayer at the isosurface
0.01 e/Å3, displaying the strong hybridization between MoSe2 and PtSe2. (c) Spin texture at an energy cut of E=EF -1.5 eV
(vertical dashed line in (a)) showing Rashba states.

corroborating the influence of ferroelectricity direction on SCC efficiency. We evaluate the induced ferroelectric modulation
on SCC to be about 15-20%.

We now turn to Density Functional Theory of SCC phenomena in these systems. We evaluate in Fig. 2a the spin accu-
mulation response, related to the Rashba Edelstein tensor and thus THz emission, at equilibrium and for an electric field E
pointing either up or down, in agreement with our experiment. In the absence of any additional polarization field (E=0),
a strong and positive spin accumulation is observed in the valence band. In the presence of an electric field pointing up
(down), the spin accumulation remains positive and is shifted towards lower energy (higher energy), resulting in a total
energy shift of about 0.32 eV, in agreement with previous experimental observation in similar systems [1]. At an energy cut
of E=EF -1.5 eV (vertical dashed line in Fig. 2a), corresponding to the photon energy of our pump laser, the spin up accu-
mulation becomes larger than the down one, in qualitative agreement with our experimental results. The charge density
map (Fig. 2b) highlights the conversion location in the heterostructure, showing a strong hybridization between MoSe2 and
PtSe2 layers. Since MoSe2 takes part to the inversion symmetry breaking, it lifts the degeneracy present in PtSe2, leading
to Rashba states (Fig. 2c) as already reported in the case of PtSe2/Gr bilayers [3], in which SCC also occurs in the valence
band. We thus interpret the observed THz emission change in up and down areas to arise from SCC mediated by Inverse
Rashba-Edelstein effect at the interface between MoSe2 and PtSe2, and modulated by ferroelectricity..
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Magnetic Skyrmions are nanometric topological spin textures that have attracted a large interest owing to their promising
applicability for non-volatile memories, logic devices or non-conventional computing. Their stabilization at room temper-
ature and current-induced motion in ferromagnetic thin films have recently been demonstrated, making them interesting
candidates as information carriers [1]. Moreover, the possibility of electrically nucleating and annihilating them in basic
MRAM units, Magnetic Tunnel Junctions (MTJ) [2, 3] via Voltage Controlled Magnetic Anisotropy (VCMA) and Spin Trans-
fer Torque (STT) points them closer to commercial devices. Recently, due to their already mentioned particle-like properties
and non-linearity, were proposed as possible candidates for non-conventional computing [4]. However, the low signal ex-
tracted from conventional electric measurements such as Anomalous Hall Effect (AHE) have opened the path to explore
different detection methods, mainly via Tunneling Magnetoresistance (TMR) within MTJs [5] due to their large signal. Un-
fortunately, the use of MTJs to detect single skyrmions in a magnetic track is still a challenge, and no demonstration of TMR
readout accompanied by magnetic texture imaging has been done to the moment.

The purpose of this work is to demonstrate the full electrical read and write operation of skyrmion-based devices using
3-terminal devices, an important milestone for low power consumption applications. This device consists of a magnetic track
that hosts skyrmions and on top of it an MTJ to detect them (see Fig. 1a). To deterministically show skyrmion imprinting in
the Free Layer of the MTJ, we simultaneously performed images using Scanning Tunneling Magnetic Microscopy (STXM)
experiments and magneto-transport measurements to track the TMR by fabricating the devices on top of SiN ultrathin
membranes. These techniques allow us a high spatial resolution of the spin texture and unambiguous electrical detection.
The magnetic stack of the track and the FL of the MTJ are optimized to be in the spin-reorientation transition to enhance
skyrmion nucleation (see Fig. 1b) with high Spin Orbit Coupling (SOC). Nanosecond current pulses are delivered through
the track, displacing the skyrmions towards the detectable area below the MTJ. The TMR readout increment it is proportional
to the number of skyrmions imprinted in the FL (see Fig. 1b).

Figure 1: a) Diagram and SEM image of the 3 terminal device and b) magnetic textures in track and FL for different magnetic
fields.
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Magnetic tunnel junctions (MTJs) are widely employed as magnetic field sensors because of their exceptional sensitivity
relative to their size. By applying a magnetic field along the hard axis direction of the free magnetic layer, its magnetization
rotates coherently. Thanks to the tunnel magnetoresistance (TMR) effect and the presence of a reference magnetic layer,
insensitive to this applied field, a linear variation in the junctions resistance is achieved. This resistance change is thus used
to measure the amplitude of the applied field.

Our objective is to develop an integrated magnetic field sensor, based on MTJ technology, capable of detecting picotesla
magnetic fields across a broad frequency band, from DC to 10 kHz. With the rise of nanosatellites (cubesat), miniaturized
magnetic field sensors with such performance are essential to replace conventional bulky magnetic sensors commonly em-
ployed in space missions, such as search coils or flux gates [1]. To improve the limit of detection, or detectivity, defined by
the ratio of the sensor noise over its sensitivity, increasing the sensitivity and simultaneously decreasing noise are required.

In pursuit of this objective, we first increased the MTJs sensitivity, i.e. the variation of the TMR value related to the
applied magnetic field. By adding a 7µm thick Permalloy flux concentrator (FC) grown by electrodeposition, we achieved
an enhancement of the sensitivity from 3.6 %/mT to 1600 %/mT [2]. Recently, sensitivities of the order of 18 %/mT
were demonstrated in optimized MTJ stacks with an inversion of the free and reference layers as compared to usual stacks
[3]. By including these inverted magnetic stacks within our sensor design, we reached high sensitivities of 9.5 %/mT. The
combination with our single stage flux concentrator with a gain of 440 should thus lead to 4200 %/mT.

Approaching picotesla detectivity at low frequencies also requires to minimize the noise of magnetic origin, which varies
like the inverse of frequency and is thus large in our frequency range of interest. Increasing the magnetic volume is a well-
known way to reduce the 1/f noise. However, it requires a wider and longer air-gap of the flux concentrator to accommodate
larger junctions, which results in a decrease of the FC gain. We show here an optimal design (Fig. 1), resulting from a trade-
off between increasing the size and number of MTJs and lessening the gain of the flux concentrator. This is achieved for
61 MTJs of 9µm. With this optimized FC geometry and MTJ design, we estimate that we can improve the detectivity of the
previously mentioned junctions with concentrators by a factor of 7. This will bring the estimated detectivity to 60 pT/

p
Hz.

Figure 1: Estimated detectivity as a function of the air-gap length for multiple junction’s diameter d. The inset represent a
scheme of the air-gap with N junctions inside. The minimum is reached for 61 MTJs of 9µm of diameter. The steps of the
curve are linked with the discrete number of junctions in the air-gap.

Finally, to ultimately reach the (sub-)picotesla detectivity at low frequencies we propose to implement a magnetic mod-
ulation scheme based on magnetic flux chopping by coupling a piezoelectric and a ferromagnetic material [4]. This ongoing
development is expected to lead to a magnetic sensor able to detect variations of the order of 1 pT at low frequencies (10Hz
and below).
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The rapid expansion of the global IoT market raises concerns about the energy consumption that goes along with the
massive use of IoT devices. In particular, for wireless sensor networks, as part of IoT, reducing the energy consumption of its
constituting components and warranting autonomous operation are two important issues. These can be tackled by concepts
such as wake-up receivers and RF energy harvesting or wireless RF power transfer. Within this framework, spintronic-based
devices emerge as a unique and promising solution [1]. Nanoscale magnetic tunnel junctions (MTJs) form the foundation
of most spintronic-based information communication technology (ICT) devices. Over the past decade, they have been ex-
tensively demonstrated in memory and sensor applications [2]. Recently, promising results have also emerged for RF-to-DC
rectification [3–6]. When the rectification signal is narrowband, it can be used for the detection of RF signals within wake-
up receivers [4] and when it is broadband it can be used for RF energy harvesting of RF power transfer [5, 6]. However,
since ambient RF power levels are typically low - below -30 dBm - and concentrated in frequency bands around 2.4 and 5.2
GHz, there is a critical need to develop high-efficiency devices operating at the desired frequencies without the need for a
DC bias and external magnetic field. This work focuses on the investigation of such devices.

Results will be presented for the narrowband and broadband RF-to-DC signal conversion using perpendicular magnetic
tunnel junctions (pMTJs) (see Fig. 1(a)). The rectified DC voltage originates from the non-linear coupling between an
injected RF current and the dynamic resistance of the device, due to resonance excitations of the magnetization. A peak
in the detected DC voltage is observed when the frequency of the injected current approaches the intrinsic ferromagnetic
resonance (FMR) frequency of either the free layer (FL) or the reference layer (RL) of the pMTJ. A key feature of pMTJs is
that their internal fields can be tuned by adjusting the device dimensions, such as the diameter and thickness of the magnetic
layers. For example, by varying the FL thickness around the spin reorientation transition, it is possible to induce a transi-
tion from in-plane (IP) to out-of-plane (OOP) magnetization orientations. We examined pMTJ devices with FL thicknesses
between 1.2 and 1.9 nm, covering transitions from OOP to IP orientations. A prior study from our group by Valli et al. [4]
demonstrated that IP-FL configurations produce the best narrowband RF-to-DC detection signals (in the mV range) under
an IP magnetic field. Such signals were observed in devices with small effective anisotropy and small nominal diameter
(20 nm), which improved spin-transfer torque efficiency. Building on this work, we now demonstrate the ability to tune
the rectified DC voltage using OOP magnetic fields. One notable advantage of magnetization dynamics characterization
under OOP fields is that these fields can be more easily generated via internal biasing, either by incorporating a biasing
ferromagnet [7] or optimizing the thickness of the synthetic antiferromagnet (SAF) layers. Our results show that applying
an OOP field opposite to the RL magnetization direction consistently enhances the rectified DC voltage across devices for
all FL thicknesses (Fig. 1 (c)). We achieved a maximum output voltage of 16 mV at -5 dBm input power, exceeding the
performance of IP field measurements. Static magnetoresistance (MR) measurements reveal that higher OOP fields cause
tilting of the magnetization of the SAF (and consequently the RL), creating a non-zero angle between the RL and FL (Fig. 1
(b)). This angular misalignment, which increases with field strength, leads to the observed improvement in the rectified DC
voltage. First measurements were realized with an electromagnet whose field is limited to 170 mT; further studies using
magnets up to 1 T are underway that will reveal the limit of the RF-DC signal strength. To analyze the dynamics of the
different layers at larger fields, we performed macrospin simulations solving the coupled LLG equations for a four-block
model representing the two layers of the SAF and the RL and FL layers. The exchange and dipolar interaction between the
different layers can be adjusted, and current-induced effects such as spin transfer torque and Joule heating are included.
The simulations closely match our experimental results and show that the output DC voltage initially increases with field,
as in the experiment, before decreasing to zero at higher fields due to parallel alignment of the FL and RL at large OOP field
values (Fig. 1 (c)).

A further observation of experimental and simulation studies is that when the magnetic field is applied in a direction
opposing the RL magnetization (negative field in Fig. 1 (d) and (e)), the FMR frequencies for the RL and FL show opposite
trends. In particular, the FMR frequency of the RL decreases with field, whereas the FL FMR frequency increases (Fig. 1
(e)). In devices, where the FL is close to the IP-to-OOP transition, when these two frequencies are close to each other, a large
broadband rectification signal has been observed ( Fig. 1 (f)). This high-frequency broadband range is tunable and lies in
the range of 2.5-6.5 GHz. Another broadband rectification signal with opposite voltage is also observed in the range of 0-3
GHz (Fig. 1 (f)). These frequency ranges, which fall inside the IEEE wireless LAN standards for the 2.4, 5 and 6 GHz bands
could be used in energy harvesting modules to recover wasted RF energy. To conclude, our findings show the prospect of
utilizing pMTJs for narowband microwave detectors suitable for wake-up receivers, and broadband energy harvesting.
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Figure 1: (a) A simplified schematic of the pMTJ stack. (b) OOP MR loop for a pMTJ with a free layer (FL) thickness of
1.4 nm, a nominal diameter of 40 nm. (c) Experimental and simulation results for Maximum rectified DC voltage for the
device mentioned in (b) under an injected RF power of -5 dBm. Magnetic field swept from negative to positive. The inset
shows a typical signal in this device. (d) MR loop for a pMTJ with FL thickness of 1.6 nm, a nominal diameter of 40 nm.
(e) Frequency response of the rectified DC voltage at different magnetic field values for the device mentioned in (d). (f)
Example of low frequency and high frequency broadband rectification (marked by regions in filled colors) in the device
from (e) under a magnetic field of -230 mT.
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Spin-orbit torque (SOT) is an energy-efficient tool to manipulate magnetization dynamics in spintronic devices. SOT is
facilitated by the transfer of angular momentum of electrons from the lattice to the spin system, i.e., when a charge current
flows parallel to an interface with broken inversion symmetry, spin-orbit coupling generates a spin density at the interface
and/or generates transverse pure spin current in the nonmagnetic metal layer, exerting torque on the adjacent magnetic
layer. Depending on its origin, the exerted torque could be field-like or damping-like, enabling various manipulations of
magnetization dynamics.

The emergence of SOT has shown fast and low power magnetization switching in magnetic tunnel junctions, offering a
potential alternative for cache memory applications [1, 2], current-induced magnetization dynamics such as skyrmion mo-
tion [3, 4], chiral domain wall motion [5, 6], and oscillation [7]. In addition, the three dimensional detection of magnetic
fields without the need for multiple sensors has been enabled by a single SOT-magnetic field sensor [8]. Therefore, SOT
emerges as a promising energy-efficient methodology for advancing spintronic devices.

In this work, SOT is used to carefully tune the magnetization dynamics of the free magnetic layer in an in-plane
Ta/CoFeB/MgO/CoFeB-based tunnel magnetoresistance (TMR) sensor (see Fig. 1). Our results show that the influence
of distinct SOT components, fieldlike and dampinglike torques, the magnitudes of which can be precisely regulated through
the optimization of materials and heterostructures, addresses important TMR sensor challenges such as offset drifts over
time, stray fields and sensing range. This innovative approach is envisaged to enable energy-efficient, reconfigurable TMR
sensors.

Figure 1: A schematic representation of the stack showing a charge current flowing through the Ta layer (current density
Jc), generating an Oersted field HOe and the corresponding torque τOe, as well as the distinct SOT components: fieldlike
(τFL) and dampinglike (τDL) torques that act on the magnetization m of the CoFeB free layer.
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The magneto-elastic interaction couples the magnetic and elastic degrees of freedom, allowing spin waves and ultrasonic
waves to hybridize [1]. Yttrium iron garnet (YIG) is well known by the magnonics community because of its extremely low
spin-wave damping. It also exhibits very low acoustic losses and moderate magnetoelasticity [2], which results in strong
magnon-phonon coupling in single-crystalline samples [3].

With recent advances in the nanofabrication of YIG nanoresonators [4], it can now be envisioned to couple spin-wave
dynamics to mechanics in such systems. An interesting practical aspect is to efficiently actuate the mechanical modes of YIG
microstructures in the gigahertz range by inductively driving specific spin-wave modes in them. A longer-term perspective
would be to achieve the strong coupling regime between microwave photons, magnons, and phonons, which would allow
for broadband and coherent frequency conversion using this type of magnetomechanical transducer [5].

In this work, we present the mechanical and magnetic characterizations in the microwave range of suspended YIG
microdisks obtained by two distinct methods to integrate these suspended YIG structures with on-chip waveguide elements.
In the first one, inductive elements are patterned near and around existing micrometer-sized suspended YIG microdisks
without damage to the YIG structures (see Fig. 1(a,b)), while in the second one, focused ion beam (FIB) manufactured
YIG micro-rings are transferred directly into existing inductive antennas on arbitrary substrates (see Fig. 1(c)). These two
distinct methods provide alternative and complementary means, the former being a “bottom-up” approach while the latter
is effectively “top-down” fabrication, to produce high-quality devices necessary for these goals.

Figure 1: (a) SEM picture of a YIG disk patterned on a GGG substrate, with a thickness of 100 nm and a diameter of 7 µm
(1.5 µm suspended on each side). (b) Optical picture of the same microdisk surrounded by an omega shaped microwave
antenna used to excite its mechanical modes, which are monitored thanks to a homemade scanning interferometry set-
up. (c) Schematics of the MRFM measurement of a YIG ring of thickness 3 µm and diameter 8.5 µm (inner diameter 2
µm). The SEM image also shows the nearby microwave antenna deposited on sapphire which provides the rf field to drive
the magnetization dynamics. A cantilever with a cobalt magnetic nanosphere attached to its end is placed above the YIG
microstructure to perform its spin-wave spectroscopy.

To characterize the mechanical modes of these suspended YIG microstructures, we use a homemade laser Michelson
interferometer to detect mechanical vibrations. The laser probe is focused with a 100x microscope objective that can be
precisely scanned over the sample with a spatial resolution of 300 nanometers. The interference signal is detected with a
high-speed photodiode giving the measurement a bandwidth of 1 GHz and a displacement resolution around the picometer.
To detect acoustic modes in these structures, the experiment consists in sending a microwave excitation in the antenna at
a given frequency while measuring the mechanical displacement under the laser spot by demodulating the interferometric
signal at the same frequency. Sweeping the excitation frequency, we access the amplitude and phase spectrum of the
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mechanical vibrations. It turns out that the non-resonant magnetostriction is strong enough in YIG to transfer energy into
acoustic modes. Many of them can be detected from 50 to 1000 MHz, and identified by mapping their spatial profile
using the scanning capabilities of our set-up. They can be labeled with radial and azimuthal indices and understood in the
framework of their total angular momentum. The smoothness and regularity of the amplitude as well as the phase profiles
highlight the quality of the YIG crystal. Moreover, the vibration profiles close to the disk edges are smooth, which is a
signature of clean surfaces with low roughness. As a matter of fact, the different mechanical modes exhibit quality factors
of around 1000 at ambient temperature and pressure; they are expected to increase tremendously in vacuum.

To perform the spin-wave spectroscopy of the suspended YIG disks and rings, we employ a magnetic resonance force
microscope (MRFM) [6], whose schematics is shown in Fig. 1(c). A magnetic probe attached at the end of a soft cantilever
monitors the dipolar force with the underlying magnetic sample under microwave irradiation. When a spin-wave mode is
resonantly excited in the sample, a corresponding reduction of the averaged magnetization yields the MRFM signal. The
micrometer-sized YIG ring shown on the figure exhibits a rich spin-wave spectrum when it is saturated out-of-plane by the
applied dc magnetic field. It is composed of three main groups of densely packed peaks, which correspond to different spatial
localization of standing spin-wave modes within the spatially non-uniform internal field in the ring. A good agreement with
mumax3 micromagnetic simulations and a homemade axi-symmetric eigen solver is found. To estimate the damping in this
structure, we measure the linewidth of a few isolated peaks at high field. The FWHM is found to lie between 2 and 2.5
Oe at 20 GHz, yielding an upper bound of 2 · 10−4 to the damping coefficient. This low value indicates that the top-down
fabrication process does not introduce too much damage to the YIG ring, which was extracted by FIB from a high quality
12 µm thick film grown by liquid phase epitaxy.
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For the past decade, great progress has been made in understanding how spin waves, or magnons, interact with bulk
and surface acoustic wave (SAWs) via magnetoelasticity[1]. Acoustic waves are an interesting non-thermal and adjustable
lever with which to actuate on a magnetic system, in particular when they are resonant with magnetic eigenfrequencies.
Such SAW-driven ferromagnetic resonance (SAW-FMR) experiments were initially done on nickel and GaMnAs[2, 3], but
very general features of this interaction, in particular the importance of the static magnetization position were put to light in
cobalt, YIG, FeMnSi, or Fe[4]. In parallel to this work within the ferromagnetic resonance community, devices, models and
systems were being developed by the magnetic field sensor community[5], using the same physics but treating it from an
acoustic perspective. Measuring a field through the variation of elastic constants, even very far from the magnetic resonance
has indeed been found to be an interesting alternative to traditional field sensors based on magnetoresistive or Hall effects,
with the potential benefit of a wireless operation mode. For both sides of this same coin - harnessing magnetoelasticity to
either actuate on the magnetization or to measure a field via acoustic properties - magnetic hysteresis is at best avoided, or
at worst a real issue to be dealt with. In this work, we show that coercivity is in fact a viable route to reach the SAW FMR
regime.

Using electrically excited SAWs (Fig. (a)), we evidence for the first time SAW FMR in FeRh, an atypical material,
which we choose for its easily tunable coercivity. This equiatomic alloy exhibits upon cooling a first-order transition from a
ferromagnetic (FM) state to an antiferromagnetic (AFM) state, during which it sees its coercivity diverge (Fig. b). Working
on a FeRh(270nm)/Ta(100nm)/GaAs sample and performing positive/negative field sweeps, we find the SAW FMR to be
hysteretic (Fig. c), with a coercivity perfectly matching that of the static magnetization at all temperature (Figs. (b,d)). The
data is modeled well when considering the SAW to induce an effective magneto-acoustic field, which forces the precession
of the magnetization [2]. The resonance field corresponds to the one for which the eigenfrequency matches the SAW
frequency. This condition is validated at the coercivity, when field and magnetization are anti-aligned, and the applied field
exactly compensates the anisotropy field Bu=

2Ku
Ms

, thus softening the eigenfrequency down to fSAW (Eq. 7 with φeq=0 or π
depending on the field history) (Fig. (b) and [4]).

ω0 (H) =
γ

Ms(1+α2)

q

2Ku cos2φeq +µ0HMs cosφeq

q

µ0HMs cosφeq + 2Ku cos2φeq +µ0M2
s (1− P00(k)) (7)

Figure 1: (a) A fSAW=299 MHz SAW is excited along the [110] direction of GaAs substrate and travels on a FeRh/Ta/GaAs
stack grown by a graded composition technique[6]. (c) Hysteretic SAW amplitude variations at 130°C with the resonance
field matching the static coercivity of the sample measured by longitudinal microscopy at the same temperature (d), a
feature observed at all temperatures coming down from the fully ferromagnetic phase (b). (e), (e*), (f) and (f*) SAW
amplitude variations for different in-plane field angles, data (top curves) and model using a hysteretic SAW-FMR model
(bottom).

Varying the field angle of the applied field, unusual hysteretic shapes are observed (Fig. (d,e)). Again the SAW-FMR
model including hysteresis, i.e. with M and H allowed to be anti-aligned in the Landau-Lishitz equation, reproduces qual-
itatively well the observed features. Here we will show that peaks not only come from a softening of the eigenfrequency

Page 165 sur 330

mailto:laura.thevenard@insp.jussieu.fr


C.L.N. 2025 Mercredi 18 16h50-19h00 S1P44

(Eq. 7), but also of the canceling of the magneto-elastic field for specific positions of the static magnetization.
To conclude, hysteretic SAW-FMR has been observed and a clear correlation between resonance and coercive fields demon-
strated. The effect has been tracked down to the lowering of the eigenfrequency at the coercivity. Using a combination of
isotropic depinning energy and uniaxial anisotropy, this model was extended to explain the field angle dependency of the
SAW-FMR. Looking towards SAW-based applications such as field sensors, resonators and magnetic delay lines, for which
clever solutions have been devised to avoid hysteresis, such a model could now be used to harness this hysteresis to obtain
a large, resonant response of these devices at very moderate fields.
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The control of spin waves beamforming and near-field interferences at the sub-micron scale is central for the devel-
opment of wave-based computing applications such as reservoir computing [1], holographic memory, or spectral analysis
[2]. The complexity of spin dynamics, inherently due to its dependence to numerous parameters, and the intricacy of
magnon-magnon interactions, requires heavy computational methods, which can limit the scope of study. In this context,
we developed an efficient tool to study the near-field diffraction (NFD) patterns of spin-wave in homogeneous out-of-plane
magnetized thin films for arbitrary distribution of excitation fields [3, 4]. In this communication, we present the adaptation
of our NFD model to in-plane magnetized thin films, and reveal how non-reciprocal caustic spin-wave beams can be directly
emitted from a sharply constricted stripline [5]. In particular, we draw on the importance of assessing the microwave field
distribution in nanostructured antennas using Comsol simulations, which are subsequently used as input for the micro-
magnetic and NFD simulations. Using spatially resolved micro-focused Brillouin light spectroscopy on various constriction
sizes, we satisfyingly verify our predictions, and explore further the steerability as well as the caustic beams properties.
These findings showcase the potential for two-dimensional magnonic devices like magnon circulators, advancing scalable
spin-wave-based information processing technologies.
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Figure 1: (a) Comsol simulation of the microwave field distribution in a nanoconstricted stripline. (b) BLS measurement
at 7.5 GHz, and a +188 mT (left) and -188 mT (right) bias field applied along u. (b) Corresponding MuMax3, and (c) NFD
simulations for both bias field polarities.

Acknowledgments

We acknowledge the financial support from the French National research agency under the projects MagFunc/ANR-20-
CE91-0005, and also France 2030 program under project ANR-22-EXSP-0004 SWING. We also thank the High Performance
Computing Center of the University of Strasbourg for supporting this work by providing scientific support and access to
computing resources. Research at the University of Delaware was supported by the U.S. Department of Energy, Office of
Basic Energy Sciences, Division of Materials Sciences and Engineering under Award DE-SC0020308.

Page 167 sur 330

mailto:vincent.vlaminck@imt-atlantique.fr


C.L.N. 2025 Mercredi 18 16h50-19h00 S1P45

References

[1] Ádám Papp, Wolfgang Porod, and Gyorgy Csaba. Nanoscale neural network using non-linear spin-wave interference.
Nature Communications 12 (2021).

[2] Ádám Papp, Wolfgang Porod, Árpád I. Csurgay, and György Csaba. Nanoscale spectrum analyzer based on spin-wave
interference. Scientific Reports 7 (2017).

[3] V. Vlaminck, L. Temdie, V. Castel, et al. Spin wave diffraction model for perpendicularly magnetized films. Journal of
Applied Physics 133 (2023).

[4] L. Temdie, V. Castel, M.B. Jungfleisch, et al. Probing Spin Wave Diffraction Patterns of Curved Antennas. Physical
Review Applied 21 (2024).

[5] Dinesh Wagle, Daniel Stoeffler, Loic Temdie, et al. Shaping non-reciprocal caustic spin-wave beams. 2024.

Page 168 sur 330

http://dx.doi.org/10.1038/s41467-021-26711-z
http://dx.doi.org/10.1038/s41598-017-09485-7
http://dx.doi.org/10.1038/s41598-017-09485-7
http://dx.doi.org/10.1063/5.0128666
http://dx.doi.org/10.1103/physrevapplied.21.014032


C.L.N. 2025 Mercredi 18 16h50-19h00 S1P46

Spin Hall magnetoresistance at the altermagnetic
insulator/Pt interface

Miina Leiviskä1,*, Reza Firouzmandi2, Kyo-Hoon Ahn1, Peter Kubaščik3, Zbynek Soban1, Satya Prakash
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Spin Hall magnetoresistance (SMR) is a magnetoresistive effect present in magnetic insulator (MI) and heavy metal
(HM) bilayers [1, 2]. As illustrated in Figure 2a, it relies on the concerted action of spin Hall (SHE) and inverse spin
Hall effects (ISHE), and spin accumulation dissipation at the interface: when a current (jc) is driven in the HM layer, a
spin current (js) and a spin accumulation (µµµs) at the HM|MI interface is generated via SHE and depending on the spin
transparency of this interface js can flow into the MI (jabs

s ) while the back-reflected spin current (jref
s ) is re-converted to a

charge current via ISHE. Rotating the (sublattice) magnetic moment direction (m) will modulate the resistivity of the HM
layer as the spin current transparency of the interface is sensitive to m. Typically,µµµs ∥m facilitates the spin current reflection
at the HM|MI interface giving a low-resistance state, while µµµs ⊥m facilitates the spin current absorption by the MI giving a
high-resistance state. The relative resistance difference between these two states, known as the SMR ratio, is usually of the
order of 0.01% in MI/Pt heterostructures [3–5].

Altermagnets are a new class of collinear compensated magnets with a unique anisotropic spin ordering with character-
istic spin-degenerate nodes and alternating even-parity spin polarization that breaks the time-reversal symmetry [6]. Their
various unconventional properties, such as the pure spin-current generation [7–10] and anisotropic chirality-split magnon
dispersion [11, 12], are potentially advantageous for spintronics and magnonics. In addition, also the record SMR ratio
(0.25 %) has been observed in heterostructures of Pt and the insulating altermagnetic candidate α-Fe2O3 [5], considerably
surpassing the SMR ratio in heterostructures incorporating ferrimagnetic insulators, such as yttrium ion garnet (YIG) (0.16
%) [3], and antiferromagnetic insulators, such as NiO (0.08 %) [4].

In this work, we present a set of SMR measurements in heterostructures of Pt and an insulating and ferroelectric alter-
magnet candidate Ba2CoGe2O7 (BCGO). We will first detail the fabrication of devices for SMR experiments on bulk crystals
of BCGO, and then discuss characteristic SMR features of the BCGO/Pt heterostructures. Notably, we show that the SMR
ratio is unexpectedly large and shows anisotropy depending on in which crystal direction the current is applied as shown
in Figure 2b. We systematically rule out device-to-device variations, magnetic domains, magnetocrystalline anisotropy,
and electric polarization as the main origin of this current-direction anisotropy of the SMR ratio. Finally, we will suggest
mechanisms through which the crystal symmetries that characterize the altermagnetic phase of BCGO could give rise to the
observed anisotropy.
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Figure 1: a) Spin Hall magnetoresistance modulates the resistivity of the HM in HM/MI heterostructures. (1) A charge
current (jc) generates a spin current (js) and consequently a spin accumulation µµµs at the HM|MI interface. (2) js can be
either reflected (jref

s ) or absorbed (jabs
s ) at the interface depending on the available spin current channels across the interface.

(2a) When there are no available channels the spin current is reflected and converted back to charge current and (2b) when
the channels are open the spin current is absorbed by the MI. b) The SMR ratio (closed symbols) depends on the crystal
direction of the current channel (α is the angle between the current and the [11̄0] crystal axis) while the same trend is not
observed in the longitudinal resistivity of Pt (ρx x ,0) (open symbols).
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Spin-based electronics, recently highlighted as a leading candidate for highly efficient and ultrafast embedded memories
(such as MRAMs) and post-CMOS unconventional electronics strategies (including spin logics, stochastic, neuromorphic and
quantum computing), has experienced considerable growth. Beyond the intrinsic spin transport properties of graphene, 2D
materials have unlocked a wealth of previously unexplored opportunities for spintronic devices.

We will present results concerning the integration of graphene in vertical Magnetic Tunnel Junctions. We will show
that a thin graphene passivation layer, directly integrated by low temperature catalyzed chemical vapor deposition (CVD)
[1–3], allows to preserve a highly surface sensitive spin current polarizer/analyzer behavior and adds new enhanced spin
filtering properties. Here, the graphene layer prevents the oxidation of the ferromagnet enabling the use of novel processes
for spintronics devices. [4, 5].

Comprehensive characterizations of complete spin valves making use of graphene grown by CVD will be presented.
First, we will illustrate the protection property of graphene by demonstrating the use of ozone-based ALD processes for
fabricating efficient spin valves protected with graphene. Following this, we will discuss the experimental spin signals in
the context of highly efficient bulk band structure spin filtering effect (reminding MgO symmetry filtering). Additionally,
we will also highlight the critical role of interfacial hybridization for spin selection (a.k.a spinterface) for spin selection.
Notably, we will reveal spin polarizations exceeding 98% in Magnetic Tunnel Junctions (MTJ), with ab-initio calculations
in support. [6, 7]. We will further discuss potential toward scaling of 2D materials based spin devices, and integration into
applications. [8] The different presented experiments unveil promising uses of 2D materials for spintronics.

Figure 1: a) Schematic process flow for the fabrication of epitaxial multilayer graphene-based MTJs b) Conductance mea-
surement recorded at 2 K on the graphene-based spin valve. c) TMR dependency with respect to the DC bias applied in the
junction with pink circles being experimental TMR measured at different biases.
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During the last two decades, a variety of models have been developed to explain the ultrafast quenching of magnetization
following femtosecond optical excitation [1–3]. These models can be classified into two broad categories, relying either on
a local or a non-local transfer of angular momentum [3, 4]. To distinguish those local and non-local effects we can measure
the magnetization depth profile with femtosecond resolution, thanks to time-resolved x-ray resonant magnetic reflectivity
[5, 6]. In this presentation, I will show how, from our experimental results gathered at the free electron laser FLASH, we
can unravel the dynamics of the transient inhomogeneous depth magnetic profile of an Fe layer after optical excitation.

Figure 1: Delay scans for the (a) structural signal Sn and (b) magnetic signal An extracted from x-ray magnetic reflectivity as
a function of the delay ∆t between the pump and the probe for two different reflectivity angles θ . (c) Magnetic signal as a
function of the reflectivity angle θ for a delay =∆t = 0.3 ps and its fit for the magnetic asymmetry Pumped and Unpumped
(Pu - orange and Up - blue respectively) and their ratio (An - red). The depth magnetic profile derived from these fits
is shown in the right panel for unpumped data (without optical excitation, blue) and 300 fs after an optical excitation
(Pumped, orange). The vertical axis corresponds to the sample depth with the different layers indicated on the left while
the horizontal axis corresponds to the magnetization in µB.
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First our experiment on a polycrystalline Fe sample reveals two distinct dynamics at different time scales for the structure
and the magnetization [Fig. 1 (a) and (b)]. Until one picosecond, the magnetic signal is quickly evolving while the structural
one stays more or less constant. After that, the magnetic signal is slowly coming back to equilibrium while the structural one
changes periodically. For this structural signal, we observe a maximum dilation of 0.2 nm followed by a coherent damped
oscillation of the thickness of the sample [Fig. 1 (a)]. This dynamic is due to stresses that are generated by the rapid
increase in temperature and might be enhanced via magnetostrictive effects.

Second, the quantitative analysis of our magnetic reflectivity data allows us to retrieve the inhomogeneous depth mag-
netic profile for different delays after the optical excitations. As shown in Fig. 1 (c), close to the bottom interface, there is
an overall reduction of the demagnetization. When comparing this result to simulation we can directly show that both local
and non-local phenomena [7] take place at the same time scale and that there is probably a contribution from spin currents
that could carry the magnetization beyond the magnetic layer [8].
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Recently, molecular beam epitaxy (MBE) has become a powerful tool to grow high-quality 2D materials on large areas,
opening a new route for their integration in spintronics or electronic devices. As an example, the MBE growth of 2D Van
der Waals ferromagnets has been achieved with perpendicular magnetic anisotropy [1] and room temperature Curie tem-
perature (Tc) [2]. Those materials are made of atomically thin monolayers weakly bound to each other by a van der Waals
interaction. In such materials, the number of layers is a key parameter in controlling the magnetic properties. Post-growth
annealing constitutes another method of adjusting magnetic properties by controlling the annealing temperature and dura-
tion [3]. Our primary candidate for exploring this effect is C r2Te3, a 2D vdW ferromagnet. After the growth on graphene, we
can modify the Curie temperature (approximately 100 K increase) with in situ annealing while maintaining a similar atomic
structure but different stoichiometry[4]. We also found that using a stable capping layer (alumina) allows us to increase
the Curie temperature even higher (up to room temperature) by annealing the film in air (see Fig.1). Another promising
family of materials are 2D ferroelectrics. One recent example is the 2D layered α− In2Se3 material with polarization both
in and out of plane and showing a Tc above room temperature (see Fig.2). Moreover, this material also has other phases
(β and γ) with the same stoichiometry but different electronic properties, which is of great interest for the development of
new memory devices. This combination of knowledge on 2D vdW ferromagnetic and ferroelectric materials with high Tc
leads us toward the development of a synthetic multiferroic heterostructure (2D ferromagnet/2D ferroelectrics) working at
room temperature, by taking advantage of the proximity effects between the two materials. Our goal is to control magnetic
properties with ferroelectric polarization. The main challenge would be to maintain the desired properties necessary for the
preximity effect while succeeding in the growth of the heterostructure by MBE, especially since the ferromagnet is grown
in a Te-rich chamber while the ferrolelectric is grown in a Se-rich chamber.

Figure 1: SQUID measurements of the remanence mag-
netization as a function of temperature to determine the
Curie temperature of Cr2Te3;

Figure 2: Piezo force microscopy
(PFM) image of 10 nm In2Se3.
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The increasing demand for faster digital technologies drives the development of advanced memory materials. Modern
memory processing involves the dynamics of reading and writing in various storage types. Magnetic memories are highly re-
liable for long-term data retention but consume significant energy during the writing process. Conversely, electric memories
are energy-efficient during writing but suffer from volatility, posing challenges for long-term stability.

Recent innovations have introduced hybrid memories that combine the advantages of electric and magnetic properties.
These systems leverage an electric field for writing and magnetic order for stable information retention, offering a promising
pathway towards fast and efficient memory technologies [1][2][3]. Such advancements have fuelled the exploration of
multiferroic materials that exhibit coupled magnetic and electric properties.

In the last decade, a novel multiferroic material was theoretically predicted. This material is structured as a perovskite
superlattice of rare earth oxides as represented in figure 1. At low temperatures, the superexchange interaction causes an
antiferromagnetic behaviour that, at the same time, may be coupled with improper ferroelectric behaviour [4] where the
Jahn-Teller distortions and orbital ordering play a significant role. This study presents the synthesis of superlattices, in the
form of epitaxial thin films, composed of repeating motifs of (LaVO3)n/(PrVO3)m, where n and m represent the number of
unit cells for each compound per motif.

Figure 1: Superlattice structure for achieving multiferroic properties. Atoms of vanadium are located at the B site. Oxygen
atoms are located at the vertices of the octahedron. The A site is filled by a rare earth element and the A’ site by another. In
this work the A and A’ rare earth used were lanthanum and praseodymium respectively

The (LaVO3)n/(PrVO3)m superlattices were deposited using Molecular Beam Epitaxy (MBE), with an ozone source acting
as the oxygen provider. Two distinct deposition strategies were employed to achieve the desired structures. In the co-
deposition approach, vanadium and rare earth atoms simultaneously arrive at the substrate, allowing the materials to
self-arrange into the target structure. Alternatively, the atomic layer-by-layer (ALL) deposition method involves sequential
arrival of vanadium and rare earth atoms at the substrate. This process enforces a controlled growth sequence, regulated
by successive openings of effusion cell shutters. ALL allows for the formation of sharper interfaces inside the superlattice
[5].

Monitoring of the growth process is performed using Reflection High-Energy Electron Diffraction (RHEED). For that
purpose, oscillations of the intensity of the 01 streak along the [110] azimuth are registered in real time. For the co-
deposition approach, one oscillation corresponds to the deposition of one unit cell. In the case of ALL deposition, the
RHEED intensity increases during the arrival of rare earth atoms and decreases during vanadium deposition (see figure 2).
The precise timing of the shutter openings is critical for achieving the correct doses for the AO and VO2 planes.

After deposition, the structure and epitaxy of the superlattices were examined using a variety of analytical techniques.
Reciprocal space mapping, performed by X-ray diffraction (XRD), allowed a comparison of in-plane lattice parameters
between the substrate and the superlattice. The in-plane lattice parameter decreases while the out-of-plane parameter
increases. The former adjusts to match with the substrate lattice parameter and forces the latter to increase. High resolu-
tion transmission electron microscopy (HR-TEM), particularly high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), provided validation of the epitaxial growth in agreement with RHEED and XRD.
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Figure 2: RHEED oscillation monitoring superlattice growth on co-deposition and atomic layer-by-layer (ALL) regimes.
On both cases, one oscillation corresponds to the deposition of one unit cell. Regions in yellow and purple correspond to
deposition of LaVO3 and PrVO3 respectively. On ALL deposition, arrows indicate the moment each cell’s shutter is opened
during one oscillation. Each shutter is closed just before the opening of the next one. Intensity increases (decreases) during
the arrival of rare earth (vanadium) atoms.

The successful synthesis of (LaVO3)n/(PrVO3)m superlattices with n=m was achieved, with a total thickness maintained
at 40 nm. Satellite peaks observed in XRD Bragg-Brentano configuration diffractograms confirmed the formation of periodic
superlattices for both co-deposition and ALL methods. Additionally, electron energy loss spectroscopy (EELS) probed the
composition of each atomic layer and confirmed that there was no interdiffusion.
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The initial permeability of sintered soft ferrites plays a critical role in the design of many magnetic devices. For a given
composition, many experimental data report the variation of the initial permeability with the average grain size. This
was first interpreted by the contribution of a domain wall relaxation to the permeability, in accordance with microwave
permeability measurements [1]. Globus has then expressed various grain size dependences depending on the field regime
of the domain wall (Globus type model) [2]. An other idea suggested by [3] was to assume a non-magnetic phase (located
at the grain boundary), whose volume fraction depends on the grain size. The “Non-Magnetic Grain Boundary” model
was shown to successfully describe the initial permeability of MnZn ferrite on a wide range of grain size. Many relevant
experimental results are published in a recent keynote paper of van der Zaag [4] and are questioned, for example, with
in-depth microstructural characterizations of the grain boundary composition, and neutron depolarization experiments for
determination of the volume domain size versus the grain size in various samples. In a soft NiZnCo ferrite, these data clearly
show a critical grain size for a transition between a uniform magnetization state or monodomain state (MD) to a bi-domain
(BD) magnetization state.

Using an effective medium theory approach, we have been able to extend the Brown model for the critical radius (RC)
of this magnetic state transition established for an isolated soft magnetic sphere to the case of a dense polycrystalline soft
magnetic material. The computed value of RC is in good accordance with the one determined experimentally by the neutron
depolarization data. A striking feature of magnetic properties (coercive field, initial susceptibility, and volume domain size)
is that a discontinuity is observed at the critical size. This means that the grains in the sample are then all in the MD state
or in the BD state. We propose a mechanism explaining such a fact, showing an analogy with a nucleation with a phase
transition mechanism.

Then, we have extended the Globus model, in which the magnetostatic energy does not take into account the interaction
with the neighbouring particles, to the case of a full dense polycrystalline medium, using the effective medium theory. We
then successfully retrieve the initial susceptibility dependence on the grain size for various compositions of ferrites.

Figure 1: Comparison between initial susceptibility measured by Globus and the one determined by the extended model
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The Hall current is often assumed dissipationless because it is normal to the driving field, or in other terms because it
is produced by a curl-force (in relation to gauge invariance and geometrical phase), or again in other words, because it is
due to time-reversal symmetry breaking at the microscopic scales in relation with antireciprocal Onsager relations. In the
case of electric transport in magnetic systems, both the anomalous Hall effect (AHE), and the Planar Hall effect (PHE) can
be measured [1]. The former effect is described by an antisymmetric conductivity matrix, while the latter is described by
a symmetric conductivity matrix. Both AHE and PHE effects can then be considered as archetype of Onsager reciprocity
relations, because the dissipative properties of reciprocal vs. non-reciprocal relations can be studied on equal footing [2].
Since seventy years [1], the study of AHE has been the object of deep and fundamental theoretical developments, especially
since the description of the magnetic field generated in the momentum space by the Berry curvature.

In the last years, the studies about AHE focused on the different possible origin of the effect, pointing-out the qualitative
difference between extrinsic and intrinsic mechanisms. The extrinsic mechanisms for AHE being related to spin-dependent
scattering (skew scattering and side-jump scattering), while the intrinsic mechanisms are related to non-dissipative geomet-
rical phase (i.e. Berry curvature). The last property is today intensively studied in new topological materials like Heusler
alloys, topological semimetals, or altermagnetic materials [3].

Yet, as shown in a recent experimental work [4], the electric power carried by the anomalous Hall-current can be mea-
sured from the Joule power dissipated in a load circuit (which is connected in place of the Hall voltmeter: see Fig.1). In this
configuration, the maximum power is shown to be approximately proportional to the square of the Hall angle, and depends
on the load resistance in agreement with phenomenological predictions based on the second law of thermodynamics for the
stationary regime [2,5]. However, the observations about GdCo ferrimagnetic Hall-device reported in reference [4] were
non-conclusive from the point of view of the role played by the geometric phase, because extrinsic scattering mechanisms
could dominate in GdCo, even at low temperature. Furthermore, the typical profile observe was also a-priori compatible
with a more conventional anisotropic conduction, like that observed in the planar Hall effect [1,2].

Rload

Figure 1: Illustration of a Hall bar connected to a load circuit with resistance Rload

The goal of the present work is to extend these observations to various magnetic materials, including the altermagnet
Mn5Si3 (thin single crystal layer) that generates intrinsic AHE [3] (i.e. related to the Berry curvature of its band structure).
Indeed, the measurements performed on the altermagnetic material are compared to that performed on GdCo and NiFe
Hall bars of identical geometry and measured under the same experimental protocol. The NiFe (thin polycrystalline layer)
plays here the role of yardstick for the conventional dissipation, as it has a strong anisotropic magnetoresistance - hence a
strong Planar Hall effect - together with negligible AHE.
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Figure 2: Normalized dissipated power in the load resistance as a function of normalized Hall angle (left) and normalized
load resistance (right) for the three materials: NiFe, CoGd and Mn5Si3. Continuous black line indicates variation for both
dependencies predicted by Eq.8. Hall angle and load resistance corresponding to the maximum dissipated values in both
figures are indicated for all materials.

The observations show that the profiles of the power dissipation as a function of the load resistance Rload and as a
function of the Hall angle Θ can be superimposed (see Fig.2), at the leading order in the Hall angle Θ. The maximum
power dissipated is approximately proportional to Θ2, and obeys the maximum power transfer theorem (maximum for the
resistance matching). These observations are in agreement with the phenomenological theory based on dissipative transport
developed in reference [2] and summarized in the expression of the power dissipated in the load resistance:

P(Θ, Rload) = P0
Θ2

1±Θ2

Ri

Rload
�

1+ Ri

Rload

�2 (8)

where P0 is the power injected in the Hall bar, Ri is the film resistance corresponding to i={NiFe, CoGd, Mn5Si3}. In the
denominator of Eq.(1), the sign (+) corresponds to AHE while the sign (−) corresponds to PHE.
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A key challenge in spin-wave computing is steering spin waves through circuits without wave distortion or reflections
[1–3] This often results in 1D propagation scenarios, which hinder applicability in 2D magnonic circuits. We demonstrate
a novel approach using a hard-magnetic spherical microparticle to guide spin waves in an unbounded YIG film as sketched
in Figure 1(a). The particle’s stray field induces a radially symmetric magnetization landscape, which was confirmed with
micromagnetic simulations shown in Figure 1(b). Thus, this radial Magnetic order creates a circular path for the spin
waves propagation. We present an experiment conducted on a 55 nm-thin YIG film using RF antennas at 180◦ for which
homogeneous order prevents any spin wave transmission. Approching the spherical particle above the antenna results in
significant spin-wave transmission spectra consistently with the particle position and its resulting stray field (cf Figure 1(c)).
Furthermore, the spin-wave spectra display exctinction features that are reminiscent of multi-path interference spectra,
suggesting that the spin-wave loops around itself. In parallel, we conducted micromagnetic simulations using MuMax3
reproducing the experimental conditions at the same scale as shown in Figure 1(d). These simulations confirmed the
formation of spin-waves packet circulating several times around the particle. Nevertheless, it also shows an increasing
spread due to the magnitude inhomogenities of the particle stray field away from the center. This work demonstrates the
possibility to steer spin-wave onto a cricular path using inhomogeneous magnetic landscape, showcasing the potential for
two-dimensional magnonic devices like magnon circulators, advancing scalable spin-wave-based information processing
technologies.

CPWs

x

y

<
m
y2
>

(a) (c)

(b) (d)

Figure 1: (a) Sketch of the propagating-spin-wave spectroscopy experiment in the presence of a magnetic sphere magnetized
in the −ẑ direction. (b) Micromagnetic simulation of the static magnetization in the YIG film subjected to a 70µm-diameter
sphere located at 80 µm above the YIG film. (c) VNA measurement with the sphere at different heights. (d) Micromagnetic
showing the time evolution in region 2 from a pulse launched in region 1.
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Transition metal dichalcogenides (TMDs) have emerged as a versatile class of materials, offering promise for nanoelec-
tronics, optoelectronics, and spintronics. Their electronic, optical, and magnetic properties can be finely tuned by varying
layer thickness, stacking configurations, and inherent symmetries.[1, 2] Based on symmetry properties, TMDs are generally
categorized into two primary phases. The 1T phase, with its octahedral coordination, maintains inversion symmetry, while
the 1H phase features trigonal prismatic coordination and broken inversion symmetry.[1] These structural distinctions di-
rectly affect the electronic band structure and, in conjunction with TMDs’ notable spin-orbit coupling (SOC), underpin their
utility in spin-charge conversion (SCC). This phenomenon lies at the core of spintronics, enabling the mutual conversion of
spin and charge currents.

Figure 1: Figure 1: (a) RHEED images of (i) epitaxial Graphene/SiC Substrate (ii) WSe2 monolayer and (ii) HfSe2 mono-
layer on WSe2 monolayer along [100] confirming heterostructure. (b) THz electric field as a function of time delay and
magnetic field direction for HfSe2/HfSe2 heterostrutcure. The external magnetic field (strong enough to saturate the Co
magnetization) is applied along an azimuthal angle of 0° (red) and 180° (Grey) showing a clear magnetic contribution due
to SCC. (c) Fourier transform of Figure b and other power dependent measurements. (d) Crystal structure and calculated
charge density in PtSe2/MoSe2/Gr heterostructures (e) The dotted lines are the DFT calculated bands whereas the solid
lines are the fitted ones using the free-electron model. (f) The SCC efficiency is quantified by the calculated κy x tensor in
arbitrary units where its cumulative profile is displayed. The negative sign corresponds to the SCC sign of Co/Pt.[3]

Despite their potential in spintronics, the influence of structural symmetries and symmetry-based heterostructures on
SCC remains largely unexplored. In particular, the SCC properties of 1T/1T and 2H/1T heterostructures, which offer diverse
stacking sequences and interlayer interactions, have not yet been systematically studied. These architectures could unlock
novel spintronic behaviors governed by the interplay of symmetry and phase-specific features.
In this work, we focus on molecular beam epitaxy (MBE) grown HfSe2, WSe2, and PtSe2 as representative TMDs to examine
how structural symmetries and heterostructures shape SCC. Using spintronic terahertz emission spectroscopy and density
functional theory (DFT), we investigate the SCC characteristics of TMD bilayers in both 1T/1T and 2H/1T configurations,
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paying particular attention to the role of stacking sequence. Our findings provide fresh insights into the relationship be-
tween symmetry and stacking in TMDs, paving the way for the design of next-generation materials for advanced spintronic
applications.
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The design of extrinsic multiferroics, formed by the association of a ferroelectric material with a ferromagnet in het-
erostructures, has been a subject of intense research aiming to obtain large magnetoelectric couplings. Indeed, switching
the magnetization through spin-orbit torques (SOT), by applying an electric field, represents an extraordinary opportunity
to reduce the power consumption of magnetic memory devices [1–3]. In these devices, spin-orbit coupling plays a central
role as it governs the spin-charge or orbital-charge interconversion phenomena. Ferroelectric compounds can substantially
boost these mechanisms by altering the crystal structure in a non-volatile manner. However, the use of ferroelectric com-
pounds in miniaturized devices faces several challenges, such as the disappearance of the electric polarization below a layer
critical thickness or the growth incompatibility with CMOS technologies. Of these observations, the recent discovery of
ferroelectricity in doped hafnia (HfO2) films [4], which do not suffer from the aforementioned issues, has been welcomed
with enthusiasm for the design of ferroelectric-based applications or memories involving resistive-switching processes.

We predict the giant ferroelectric control of interfacial properties of Ni/HfO2, namely, (i) the magnetocrystalline anisotropy
and (ii) the inverse spin and orbital Rashba effects [5]. Using a combination of ab ini t io simulations and transport calcu-
lations, we demonstrate that reversing the electric polarization modulates the interface magnetocrystalline anisotropy from
in-plane to out-of-plane. This modulation compares favorably with recent reports obtained upon electromigration induced
by ionic gating. In addition, we find that the current-driven spin and orbital densities at the interface can be modulated by
about 50% and 30%, respectively. This giant modulation of the spin-charge and orbit-charge conversion efficiencies opens
appealing avenues for voltage-controlled spin- and orbitronics devices.
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Figure 1: Manipulation of the magnetocrystalline-anisotropy energy (MCAE), the spin δ〈Sy〉 and orbital δ〈L y〉 accumulation
at the Ni/HfO2 interface through a reversal of the electric polarization P.
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Pressure is a powerful thermodynamic parameter for tuning the magnetic properties of van der Waals magnets owing to
their weak interlayer bonding [1–3]. However, local magnetometry measurements under high pressure still remain elusive
for this important class of emerging materials. Here we introduce a method enabling in situ magnetic imaging of van der
Waals magnets under high pressure with sub-micron spatial resolution. Our approach relies on a quantum sensing platform
based on boron-vacancy (V−B ) centers in hexagonal boron nitride (hBN), which can be placed in atomic contact of any type
of two-dimensional (2D) material within a van der Waals heterostructure [4–7]. We first show that the V−B center can be
used as a magnetic field sensor up to pressures of a few GPa, a pressure range for which the properties of a wide variety of
van der Waals magnets are efficiently altered. We then use V−B centers in a thin hBN layer to perform magnetic imaging of
a van der Waals magnet under pressure. To illustrate the performances of the method, we image the pressure-dependent
magnetization in micrometer-sized flakes of 1T -CrTe2 (see Fig 1), whose evolution is explained by a shift of the Curie
temperature [8]. Besides providing a new path for studying pressure-induced phase transitions in van der Waals magnets,
this work also opens up interesting perspectives for exploring the physics of 2D superconductors under pressure via local
measurements of the Meissner effect [9, 10].
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Figure 1: Magnetic imaging under pressure with V−B centers integrated in a van der Waals heterostructure. (a) Sketch and
(b) optical image of the heterostructure deposited in the high-pressure chamber of a diamond anvil cell (DAC). (c) Spectrum
of the low-frequency magnetic resonance of the V−B center recorded far from the CrTe2 flake at zero external pressure with
a bias field Bb = 8 mT. (d) Images of the magnetic field component Bz produced by the CrTe2 flake for increasing (top) and
decreasing (bottom) pressure. For all images, the pixel size is 300× 300 nm2 and the acquisition time per pixel is 60 s.
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Advancements in spintronics demand energy-efficient and high-performance materials for next-generation technologies,
such as non-volatile random access memory and spincaloric devices. Topological insulators (TI) have garnered significant
attention due to their unique spin-momentum locking, a result of strong spin-orbit coupling, which enables highly effi-
cient charge-to-spin current conversion [1]. To fully harness their potential, it is essential to understand how key material
properties, such as layer thickness and interface engineering, affect spin transport and magnetization dynamics. This study
addresses these challenges by exploring charge-to-spin current conversion in thin films of the TI Bi2Te3, the FM Co and non-
magnetic materials as P t, Cu and Al fabricated via magnetron sputtering, providing valuable insights into their performance
and applicability in advanced spintronic devices.

Direct contact between a topological insulator (TI), such as Bi2Se3, and a ferromagnetic metal (FM), such as Ni or Co,
is theoretically predicted to disrupt the helical spin structure of the TI [2]. Furthermore, significant interdiffusion between
polycrystalline FM and TI layers has been observed [3], altering the chemical composition and reducing the spin-to-charge
conversion efficiency (SCCC). However, the strong spin-orbit coupling (SOC) inherent in Bi and Te enables compounds
like Bi2Te3 to retain high SCCC. To address these challenges, we propose interface engineering by introducing 2 nm thick
spacer layers (LM) between the Bi2Te3 and FM layers, to prevent interdiffusion and and preserve helical spin texture of the
TI. Despite the polycrystalline nature of the samples, we aim to investigate whether interfacial contributions—such as the
Edelstein Effect or Inverse Edelstein Effect—coexist alongside the bulk contributions dominated by strong SOC. To this end,
we also conducted a thickness dependence study on the Bi2Te3 layer, also enabling us to estimate its spin diffusion length
(SDL).

This research employs two complementary experimental approaches to investigate and optimize the spin-to-charge
conversion efficiency of sputtered Bi2Te3. First, in-plane magnetized systems with 5 nm Co layers in structures like
Bi2Te3/LM/Co/Al were developed for spin pumping FMR and spin torque FMR measurements. Second, systems featuring
0.6 nm Co layers with perpendicular magnetic anisotropy (PMA), such as Bi2Te3/LM/P t/Co/P t, were designed to enhance
spin-orbit torque (SOT)-induced magnetization switching. For both studies, the TI layer thickness was varied across 3, 5, 8,
10, and 20 nm to characterize the bulk contributions to SCCC. To mitigate interdiffusion between the TI and Co layers and
to preserve the helical spin structure of the TI, we introduced nonmagnetic spacer layers (LM) such as Cu, Ag, Ru, Ti, and
Au. Magnetic and spin-charge interconversion properties were systematically compared with those of analogous devices
based on heavy metals like P t, these comparisons included systems like F M/Al and P t/Co/Al for in-plane magnetized
structures, as well as P t/Co(0.6 nm)/AlOx for systems with PMA.

To analyze the magnetic properties of the deposited thin films, advanced characterization techniques were employed.
These included Magneto-Optical Kerr Effect (MOKE) magnetometry, Vibrating Sample Magnetometry (VSM) (Fig. 1), and
Ferromagnetic Resonance (FMR). Additionally, structural characterization was performed using X-ray Diffraction (XRD)
to determine the structural properties of the samples, along with X-ray Reflectivity (XRR) to accurately measure the film
thickness.
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Figure 1: Magnetization normalized by the sample area (M) versus magnetic field (H) curves are presented for three
multilayer systems: Co(5nm)/Al(3nm), P t(5nm)/Co(5nm)/Al(3nm), and Bi2Te3(3nm)/Co(5nm)/Al(3nm). Each system
is evaluated in in-plane (IP, black) and out-of-plane (OOP, red) orientations. The results demonstrate an hard magnetization
axis in the OOP orientation and a easy magnetization in the IP orientation.

Device fabrication was performed using standard optical lithography to enable proper measurements of spin-to-charge
conversion efficiency. Characterization of in-plane magnetized systems was carried out using Spin Pumping FMR (SP-FMR)
[4] and Spin Torque FMR (ST-FMR) [5] measurements. For PMA systems, SOT-switching experiments [6] were conducted
to evaluate their performance in magnetization switching.
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Spin Orbit Torques (SOT) are effects in which an electric current flowing in a non-magnetic material exhibiting spin-orbit
(SO) interaction (typically a heavy metal) is converted into a transverse spin current capable of acting through a transfer of
spin angular momentum on the magnetization of an adjacent layer (e.g. Co, CoFeB or NiFe). This transfer of spins leads to
effective magnetic torques exerted on the ferromagnetic layer, which changes its magnetization. These effects can be used in
variety of devices, such as MRAMs, but can also be good candidates for TMR sensors in which SOT can tune the properties.
The archetypical structure is a Magnetic Tunnel Junction (MTJ) incorporating SOT material, in a 3 or 4 terminal device (see
Inset Fig 1). A proper characterization of all the magnetic interactions in such device is very relevant for understanding the
response of the device and predicting the best configurations. However, as the structure of magnetic layers becomes more
complex and even in the case of a simpler macromagnetic approach, other interactions –such as the Oersted field– can mask
the effect of spin orbit-interaction.

Figure 1: Normalized voltage versus in-plane field angle measurement, the amplitude of the in-plane field being 10 mT.
Dot: experimental data, solid line: fitting. Inset: scheme of the characterized device with two separated path. The SOT
line width is 10µm and is composed of Ta(3nm)/Pt(7nm). A voltage VSOT is connected at the SOT line terminal. The
TMR pillar on top of the SOT line is biased with a constant current: 3µA. The TMR pillar stack is, from bottom to top:
CoFeB(2nm)/MgO(2nm)/CoFeB(2.6nm)/Ru(0.85nm)/CoFe(2.1nm)/IrMn(9nm).

The characterization of spin-orbit torques is usually performed on a simplified stack containing a single magnetic layer
in contact with a heavy metal layer. One can then retrieve torques applied onto the magnetization by disentangling the
various contribution of the spin hall voltage [1]. For magneto-resistive sensor application used with spin-orbit torque effect,
the stack contains at least four different layers: two ferromagnetic layers, a spacer and a current line. In a more realistic
case, there are almost twice as many layers when the reference layer is pinned.

We have developed [2] a tool to simulate the static magnetic configuration in xMR stacks (x: Giant or Tunnel), using
macromagnetic framework. The static configuration comes from the local minimization of the total energy [3], so it can
be used to extract the amplitude of the various interactions. We can feed this code with experimental data (resistance, or
magnetic moment) as a function of the field amplitude in any direction, or as a function of a rotating in-plane field.

To integrate the SOT, we start from the Landau-Lifshitz-Gilbert equation and find an energy term that will lead to the
proper equivalent torque after derivation:

dm
dt
= −γm×Heff +αm×

dm
dt
+τF Lm× p+τDLm× (m× p) (9)
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We show here that while the integration of the field-like torque is straightforward (it can be directly described as a field
applied along the spin polarization) the damping-like torque must be adapted, as it does not derivate from a potential. The
advantage of this method is that we can easily take into account for changes in the static configuration from all layers and
one can disentangle the contribution of the Oersted field coming from the current flowing inside the layers.

We have applied this method to the measurement of R(θ) on the four-terminal device presented in inset of figure 1. The
stack is composed of Si/SiO2/Ta(3nm)/Pt(7nm)/CoFeB(2nm)/MgO(2nm)/CoFeB(2.6nm)/Ru(0.85nm)/CoFe(2.1nm)/IrMn(9nm).
The TMR pillar is polarized with a current of 3µA under a constant rotating field of 10 mT. We can then fit the experimental
data with respect to the field angle. As a result, we can deduce the amplitude and the sign of the field-like torque as well of
the Oersted field contribution. We plan to apply this method for other SOT materials (such as Ta, W...). This approach can
be extended to other types of multilayer stacks including PMA structures.
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The interplay between magnetism and superconductivity has been heavily studied during the past 35 years in X/S
bilayers, where S was mostly a thick niobium or aluminum layer with critical temperatures (Tc) of the order of few Kelvin
and X was either a normal metal (NM) or a uniformly magnetized ferromagnetic layer (F) [1]. Since the 2010s, stacks with
thinner S layer, non-uniformly magnetized F layer and more complex hybrids stackings revealed new phenomena opening
the way to mix superconductivity and spintronics [2]. On the one hand, paramagnetism was observed for superconducting
films thinner than 100 nm [3, 4] whose origin is still under debate. On the other hand, generation of spin-polarized equal
spin-triplet Cooper pairs has been evidenced [5] but their reliable and efficient generation, as well as techniques to detect
and manipulate them are still pursued. To tackle these 2 questions, we have studied the growth, the magnetic properties
and spin-injection through ferromagnetic resonance (FMR) of various stacks based on epitaxial NbN thin films.

The growth of epitaxial NbN and X/NbN/Y/Py films with X,Y=Cu, Pt, Ta at room temperature using physical vapor
deposition (PVD). The NbN crystal, characterized by x-ray diffraction (XRD), x-ray reflectivity (XRR), and transmission
electron microscopy (TEM, see Fig. 1(b)), is strongly influenced by the chamber pressure and nitrogen percentage during
deposition [6]. The best Tc is obtained at 9.8% N2 for NbN on MgO and 7% for NbN on Pt[100]. Despite the absence of
substrate heating, the NbN films exhibit critical temperatures around 15 K for a NbN thickness greater than 25 nm as shown
in Fig 1(a) while Tc decreases rapidly for thicknesses below 25 nm when NbN is capped with Pt and below 10nm for MgO.
This allows to disentangle the different origins of the decrease: inverse proximity effect, coherence length and structural
defect. Electrical transport and magnetic measurements, based on the BCS model, reveal a typical coherence length of
approximately 6.5 nm for 90 nm thick films, and around 5.5 nm for 15 nm thick films at the 0 K limit.

Figure 1: (a) Critical temperature as a function of thin film thickness of NbN with MgO and Pt capping, the blue dashed
curve corresponds to an exponential function fit similar to the Cooper model [7]. (b) High resolution TEM micrograph of
a MgO[100]/MgO/NbN/Ta epitaxial structure.

As recently observed for MgB2 thin films [4], for sufficiently thin film, high field and large temperature, the magnetiza-
tion versus field loop of NbN in the superconducting state consist in an "inverted" loop as shown in Fig.2 (a), as compared
to the usual M(H) loop described by the Bean or Kim-Ji models [8, 9]. NbN has a coherence length similar to MgB2 but a
much higher penetration depth[10, 11]. We observed that under measurement conditions identical to those used for MgB2,
this inverted effect was more pronounced in NbN. We propose that the inverted cycle could be a manifestation of a phase
transition in the vortex lattice, gradually shifting from a classical Abrikosov lattice to a liquid-like vortex lattice [12]. Based
on this hypothesis, the role of vortex pinning and edge field was experimentally investigated and quantified.
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Figure 2: (a) SQUID-VSM measurement of an epitaxial NbN thin film (45nm) with a magnetic field applied perpendicular
to the film plane. Measurements are done with a field sweeping rate of 1 mT/s. At 13 K, The red curve corresponds to
the ZFC (Zero Field Cooling) curve, which measures the magnetization of a material when it is cooled in the absence of
an external magnetic field. The black curve represents the variation of the field after ZFC (Hmax -> Hmin and Hmin ->
Hmax). The cycle is traversed in the reverse direction compared to a bulk superconductor (Kim-Ji model). (b) Temperature
dependence of Gilbert damping for NbN/Cu/Py stacks.

Additionally, X/NbN/Y and X/NbN/Y/Py stacks were synthesized to explore the influence of X,Y = Cu, Ta, Pt on NbN
Tc, as well as to test the influence of NbN and of X,Y = Cu, Ta, Pt on permalloy (Py) damping. As observed in previous
studies on Nb/Py [1] and NbN/Py [13], the momentum loss channel in the NbN (50 nm) layer is partially suppressed by
the opening of the superconducting gap below Tc. This leads to a reduction of the damping parameter below Tc (Fig. 2
(b)). The amplitude of the damping reduction changes as a function of the Y interlayer thickness for Y = Cu as shown in
Fig.2 (b).
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Spin orbit torques (SOT) based magnetic tunnel junctions (MTJ) hold great promise for embedded non-volatile memories
application. In fact, they feature ultra-fast dynamics (sub-ns), large endurance (1012−16) and low power operation (sub-
pJ) [1]. The working mechanism of SOT-MTJ is summarized in Fig. 1. In such a structure, a charge current flowing through
a non-magnetic material, usually a heavy metal (HM), is converted into a spin current source, mediated by the Spin Hall
effect (SHE) and the Rashba-Edelstein effect (REE) [2]. Such spin current, in turn applies a torque on the adjacent magnetic
layer, the free layer (FL) that stores information, Fig. 1(a).

A key challenge that has to be resolved for SOT-MRAMs technology is reducing the write current Iwrite, which is directly
related to the charge-to-spin current conversion ratio parameter ξ, that describes the SOT material efficiency. β-tungsten
is the state-of-the-art conversion layer [1], but recent studies suggest making use of orbital physics to further enhance ξ
[3]. Various materials such as Cr, Ti, Al, and Ru were shown to have potential in this. Although various materials (Cr, Ti,
Al, Ru) have shown promise, experimental demonstration of a clear improved switching in SOT-MTJs with these elements
is still lacking [4], .

In this poster, I will present a material study incorporating Ru as orbital source, and the current effort undertaken
to realize three terminal (3-T) structures such as benchmarking these emerging solutions aiming at improving ξ. Our
approach begins with simplified stacks patterned as Hall-bars, Fig. 2(a), to investigate how the efficiency varies when
inserting different materials and thicknesses of the conversion layers Fig. 2(c). This first phase of the study allows us to
select the most promising material systems, separate the origin of different contributions, and evaluate the impact of the
annealing step necessary for MRAM technology.

In a second part, promising stacks were transferred to full SOT-MTJ devices with diameters down to 50 nm, Fig. 2(b).
We will present their electrical characterization and compare different material systems Fig. ??. The preliminary results hint
at an improved conductivity, but this does not translate into an equivalent improvement in ξ.

This study aims at clarifying whether orbital-to-spin conversion can improve the current SOT-MRAM technology, and
further opens the way to multipillar SOT-MRAMs.
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During the past few years, evidences of the concerning amount of energy consumed by data storage and processing
systems has been put to light [1, 2]. The increasing use of the internet of things (IoT) and the recent surge in the AI ap-
plications development reinforce the need for energy-efficient data processing techniques. In the meantime, neuromorphic
engineering has begun to address these issues by focusing on the development of analog and brain-inspired computing
systems. These techniques rely on running specialized computing schemes on dedicated low-power hardware, by lever-
aging specific features of physical systems. Magnetic tunnel junctions (MTJ) are choice candidates for implementing such
hardware. Indeed, the dynamics of spin-torque vortex oscillators (STVO) has already been successfully used as a nonlinear
activation function in different kinds of neural networks relying on random nonlinear transformations for data classification
and timeseries forecasting [3, 4].

However, nonlinear transformations are only one of the two main operations occurring in neural networks, the second
one being the weighted sum of a set of inputs. The so-called multiply-and-accumulate (MAC) operation essentially consists
in multiplying an input vector x by a weight matrix W to produce an output vector y (Eq. 10).

y=Wx⇔ yi =
∑

j

Wi, j x j (10)

Ii =
∑

j

Gi, jVj (11)

Some works have already showcased the use of magnetic systems for performing the so-called multiply-and-accumulate
(MAC) operation such spin-torque oscillators operated with the spin-diode effect [5], or even skyrmions [6]. It can also
be performed directly in the hardware using a crossbar array of cells presenting a set of distinct conductance levels. The
input, which is encoded into a voltage vector V applied to the gates of the cells, is multiplied by the weight encoded in the
conductance level Gi, j of each cell through Ohm’s law. The resulting currents are then accumulated along each row using
Kirchhoff’s current law to produce the output current vector I, effectively implementing the weighted sum (see Fig. 1a and
Eq. 11). Previous works already showcased MAC operations performaed with a crossbar array of binary state memristive

V1

V2

I1 I2 I3

G1,1 G2,1 G3,1

G1,2 G2,2 G3,2

(a) An input voltage vectors V is multiplied with the conductance
matrix G to produce an output current vector I.

(b) Each memristive cell contains a MTJ able to store 4 distinct
states depending on the magnetization of the free layer (black ar-
row). The fixed layer magnetization is represented by the blue
arrow. Extracted from [7].

Figure 1: A crossbar array of multistate MTJs can be used to perform the MAC operation efficiently in the hardware.

cells [8], or the dynamics of field-effect transistors for multibit operations [9]. In this work, we consider MTJs presenting 4
distinct conductance levels (Fig. 1b), allowing to perform analog MAC operations with unprecendented speed and scalability.
These levels can be obtained in each cell by setting the magnetization of the MTJ free layer in a specific nonvolatile state
through external field or spin-orbit torque [7].

However said states are not linearly distributed, which is an ideal case crucial for performing MAC operations reliably.
Using simulations, we investigate the impact of the non-ideality of the MTJ states and derive a lower bound for the expected
error. The scaling of this intrinsic error with the dimensions of the matrix W is assessed. The impact of the MTJ non-idealities
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is shown independent from the number of output channels in the crossbar array, but increasing with the number input
channels. By considering the signal-to-noise ratio of the output signal, we show that the array is optimized for multiplying
large input vectors and wide matrices, which is precisely the case in random nonlinear projection techniques. The simulated
non-ideal crossbar array is hence finally used to demonstrate the classification of the MNIST dataset in the framework of
extreme learning machines (ELM) [4].
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YCo12B6 is a fascinating compound for study in the context of itinerant electron magnetism and spin fluctuations. With a
Curie temperature TC close to 152 K and an average magnetic moment per Co atom of approximately 0.45 µB [1], YCo12B6
offers a possibility to get new insights into the magnetism of intermetallic compounds. Indeed, despite its high Co content,
both the magnetic moment and the ordering temperature are remarkably low. This is a common feature of all RCo12B6
compounds, with R being a rare earth. These compounds belong to the SrNi12B6 structure type (space group R3̄m), and they
have the peculiarity of having two very similar but inequivalent crystal sites, 18g and 18h, for the Co atoms. The interplay
between itinerant electrons and localized magnetic moment in this compound provides insight into the mechanisms driving
magnetic ordering and fluctuations. Here, we will focus on a combined approach using local probes and macroscopic
characterization techniques to investigate the properties of YCo12B6, be they structural, magnetic, or magneto-responsive.

First, the structure and the chemical composition were studied in details though X-ray diffraction (XRD) and scanning
electron microscopy (SEM) combined with energy dispersive spectroscopy (EDS). Through this, we confirmed the high
quality of YCo12B6 crystalline samples (for polycristalline samples or single crystals).

In a second part, the macroscopic magnetic properties were studied through the scope of mainly three theoretical models:

• The critical exponents and the associated Landau coefficients related to the phase transition at T = TC were studied
through Landau’s theory of phase transitions using the Inoue-Shimizu model [2, 3].

• The temperature dependence of spontaneous magnetization has been analyzed through the physical model described
in refs. [4–7]. The strength of this model is that it allows the determination of the spin wave stiffness for a ferromag-
netic (or ferri) compound.

• The delocalization degree of 3d electrons in YCo12B6 has been evaluated with the theory of spin fluctuations by
Takahashi [8].

Finally, we have exploited the different local probes to study magnetic properties of YCo12B6. Neutron diffraction exper-
iments at ILL (D1B diffractometer) allowed for direct observation of magnetic structures and moment arrangements. The
solved magnetic structure of YCo12B6 can be seen on Figure 1.

(a) (b)

Figure 1: (a) Atomic environment of 3d transition metal atoms at sites 18g (black) and 18h (blue). The Y atoms (in green) at
the four vertices of the unit cell, as well as all the B atoms, have been removed for an easier visualisation. (b) Representation
of a fraction of the magnetic structure corresponding to two crystallographic unit cells along the c axis. Only the magnetic
atoms are shown here (red arrow to represent the magnetic moment).

In order to provide element selective information on the electronic structure and magnetic moments, we have carried
out X-ray magnetic circular dichroism (XMCD) on single crystals at the ESRF - ID12 beamline. Experiments have been
performed at the Co-K edge and Y-L2,3 edges. Using the magneto-optical sum rules, we have determined the spin and
orbital magnetic moment of the 4d states of Y.

Despite the fact that Y is usually considered to be "non-magnetic", we have found a sizeable XMCD signal at the Y-L2,3
edges, reflecting a magnetic polarization of Y due to 4d(Y)-3d(Fe) hybridization, as displayed on Figure 2. The induced
total magnetic moment of Y (µ0H = 7 T) is found to be antiparallel to the magnetic field (the orbital moment mo and ms
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are parallel for µ0H//c), i.e. antiferromagnetically coupled to Co magnetic sublattices. However, with k⃗ and µ0H along
the a-axis, the orbital and spin moments are now opposite (the orbital moment mo and ms are antiparallel), with a spin
moment much stronger than the orbital one. The total magnetic moment is once again antiparallel to the applied magnetic
field. We also performed theoretical calculations, using LMTO and FDMNES, confirming the induced magnetic polarization
of Y-4d states, therefore showing the role of Y in the magnetic properties of YCo12B6.
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Figure 2: X-ray Absorption Near Edges (XANES) spectra and the associated X-ray Magnetic Circular Dichroism (XMCD) for
the L2,3 edges of Y measured on YCo12B6 single crystals.(a) The propagation vector of the X-rays k⃗ is aligned with the a⃗ axis
of the crystal. (b) The propagation vector of the X-rays k⃗ is aligned with the c⃗ axis of the crystal.
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Magnetic skyrmions are two dimensional chiral spin textures stabilized by the antisymmetric exchange interaction called
Dzyaloshinskii-Moriya interaction (DMI) [1],[2]. They have many interesting properties: they can be small, their size is
usually between the nano and the microscale [3]; they are stable at room temperature [4], they can be created and annihi-
lated using a gate voltage [5] and furthermore, they are efficiently manipulated with a current [6]. All these characteristics
make skyrmions promising for many applications, such as skyrmions racetrack memories [7],[8] and skyrmions based logic
devices [8] but also for neuromorphic computing [9]. However, we need to understand and control the physics of skyrmions
and particularly their trajectory under an applied current. While this has been widely studied, both experimentally and the-
oretically [10], these studies usually focus on Néel type skyrmions, in systems with a relatively large DMI strength. Recent
experimental observations on the control of the helicity and chirality by material tuning or gate voltage [11],[12],[13]
allow easy reaching of all intermediate states between Bloch and Néel skyrmions. We thus need to better understand the
behaviour under current of the intermediate skyrmions found in these weak DMI systems.

Here we will present an analytical and micromagnetic analysis of the skyrmion trajectory under current in systems with
weak DMI. In particular, we will focus on the influence of the DMI strength and damping. The micromagnetic study was
performed using the software Mumax3.10 [14]. The physics of the motion of skyrmions under an electric current in Heavy
Metal(HM)/ Ferromagnet(FM)/ Metal Oxide tri-layer system relies on a transverse spin current created by the spin Hall
effect when a current is injected into the HM layer. This results in a spin accumulation at the HM/FM interface, whose
polarization is determined by the spin Hall angle of the HM. At the interface between the HM and FM layers, the angular
momentum of the accumulated spins is transferred to those within the FM layer, generating a spin-orbit torque (SOT) which,
in turn, generates the motion of the spin textures.
Under this current, the skyrmion trajectory is expected to be a straight line, deflected from the current direction by an angle
ϕt ra j .Following the thiele equation,[15], we can analytically derive a trajectory angle :

ϕt ra j = arctan(
−pδDW

αR
)− ξ= ϕSkHE(

R
δDW

)− ξ (12)

with p the polarity of the skyrmion (orientation of its core), α the damping parameter, δDW the width of the domain
wall (DW), R the radius of the skyrmion and ξ his helicity, the angle between the spin in the domain wall and the radial
unit vector as defined in Fig. 1 (a).
The first term in the equation,ϕSkHE , represents the well-known skyrmion hall angle, which arises from the Skyrmion Hall
Effect (SkHE). This angle represents the deflection of the skyrmion’s trajectory from the one induced by the force exerted
by the spin-orbit torque (SOT), expressed in the second term as directly proportional to the helicity.
In fig. 1 (b), we see that the trajectory angles simulated (colored crosses) show a discrepancy from the linear analytical
behaviour expected if ϕSkHE is constant (red dotted line), especially close to ξ = π

2 . In fact, ϕSkHE is not constant for
varying helicities as it is directly related to the radius of the skyrmions and therefore to the value of the DMI coefficient. To
determine ϕSkHE using the simulation, we remove the helicity term from the trajectory angle.
We now explore the influence of the damping parameter, from 0 to 1. In fig. 1.(c), the colored lines correspond to the
analytic plot of ϕSkHE(

R
δDW
), while the colored crosses correspond to the values obtained from the micromagnetic simula-

tions. The results demonstrate a good agreement between our simulations and the analytical formula 12 for three values
of damping used for the simulations (0.05, 0.5 and 1).
Through simulations, we validated an analytical model that accurately predicts skyrmion trajectories based on their struc-
tural characteristics (R, δDW , ξ, p) and material parameters such as α. Specifically, we show that the skyrmion trajectory
depends linearly on helicity and that ϕSkHE depends on R

δDW
, while also noting the impact of the damping parameter on

the trajectories of skyrmions. Importantly, by tuning the DMI, for instance via gate voltage control, it is possible to adjust
skyrmion helicity and radius, thereby impacting the skyrmion’s motion. This study underscores the significance of coupling
material engineering and external control mechanisms, such as voltage gating [11], to finely tune skyrmion properties, an
essential step toward realizing advanced spintronic applications.
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Figure 1: (a) Trajectory of the skyrmions stabilized with different values of DMI ∈ [-0.5,0.5] J/m2 plotted according to the
helicity ξ. The simulated results are displayed using the colored crosses and the red dotted line correspond to the linear
behavior ϕSkHE − ξ, with ϕSkHE constant. The insert is a scheme of a skyrmion with ϕt ra j the angle corresponding to the
trajectory of the skyrmion and ξ the helicity (c) Plot of the skyrmion Hall angle ϕSkHE according to the ratio R

δDW
for different

values of damping α ∈ [0, 1]. The lines correspond to the analytic formula 12 meanwhile the crosses correspond to the
simulation results.
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MRAM efficiency can be defined as the amount of energy required to write one cell into the high- or low-resistance state
and the energy barrier to overcome during the corresponding magnetization reversal. The retention time is determined
by the thermal stability factor ∆ corresponding to the ratio between the energy barrier and the thermal energy. This work
investigates two different methods to assess the efficiency of a spin-transfer torque (STT) magnetic memory. The investigated
stack has a main and a capping MgO barrier creating two magnetic-oxide interfaces to increase the perpendicular magnetic
anisotropy. These methods are then used to find optimized magnetic stacks, by creating two orthogonal FeCoB thickness
wedges on the same wafer and comparing their device properties.

Study System
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Figure 1: Evaluation of spin transfer torque efficiency through quasi-static measurements and magnetization switching times
through WER measurements in the showcased study system featuring dual MgO tunneling barriers and three FM layers of
FeCoB: one in the reference layer (RL) in which the magnetization is fixed by a Co/Pt multilayer synthetic anti-ferromagnet
(SAF), storage layer (SL) and assistance layer (ASL) in which the magnetizations are free. a1): Pulse voltage variation as a
function of applied field extracted from a field phase diagram of a single device, using pulses applied during a field sweep[1]
to extract the effective anisotropy field HKe f f = 2209Oe, and a critical switching voltage V50 = 0.38V , to evaluate the STT
efficiency from the boundary slope for both parallel to anti-parallel (PAP) and anti-parallel to parallel (APP) transitions,
respectively 5876 Oe/V and 5553 Oe/V. a2): STT efficiency and the anisotropy field HK evolution as a function of the
storage layer FeCoB at a fixed thickness of ASL layer (0.7 nm). b1): The relationship between critical switching voltage
V50 and pulse width is analyzed for PAP and APP transitions within the thermally activated regime for durations up to 10−6

seconds and the precessional regime for pulses shorter than 100−9 seconds. b2): The change in characteristic magnetization
switching time τsw is examined relative to the storage layer FeCoB thickness for both PAP and APP transitions.

The first method involves applying 100 ns current pulses during quasi-static field sweep measurements. The resulting phase
state diagram shows the variation in the critical switching voltage as a function of the external applied field as presented in
Figure a1). These diagrams are used to extract parameters such as the effective anisotropy field and the critical switching
voltage. One way to evaluate the efficiency of the spin transfer torque (STT) using the above method is to calculate the
ratio between the anisotropy field and the minimum critical switching, as discussed in a previous study [1]. An initial eval-
uation employing this efficiency metric was conducted to optimize the layer thickness of the magnetic stack. A significant
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relationship is observed between the STT efficiency and the thickness of the ferromagnetic layers. As shown in Figure a2)
we observe a higher STT efficiency, up to more than 6000 Oe/V at lower FM thicknesses of 0.84 nm in the FeCoB storage
layer and at 0.65 nm of the assistance layer (ASL FeCoB).

The second method used to evaluate the efficiency is based on Write Error Rate (WER) measurements. Investigating the
switching probability of each device over more than 1000 writing attempts for different pulse widths and voltage ampli-
tudes. Moreover, this method allows us to investigate pulse widths as short as 7ns, addressing both the thermally activated
and the precessional reversal regimes. A unified model was used to fit the data simultaneously over the whole pulse width
as described in [2]. The thermally activated regime allows us to extract the thermal stability factor (∆). The precessional
regime, when the critical switching voltage increases inversely proportional to the pulse width, typically extends up to 100
ns. A characteristic time in this regime is represented by the magnetization switching time τsw, which corresponds to the
time at which the reversal energy is minimized. We investigated its various dependencies in both parallel (P)-to-antiparallel
(AP) transitions (in blue) and vice versa (AP-to-P transitions, in red). One significant finding, illustrated in figure b2)
demonstrates a clear dependence of magnetization switching time on the storage layer thickness. Faster switching times (1-
4 ns) occur for thinner FeCoB (0.8-1.1 nm), while thicker FeCoB (1.15-1.45 nm) results in slower switching times (4-6.5 ns).

A key question is how the dependencies observed in spin-transfer torque efficiency, as evaluated from 100 ns pulses in quasi-
static measurements, are correlated with the characteristic times in the precessional regime. A preliminary comparison of
the dependencies of STT efficiency and switching times on the FeCoB storage layer thickness suggests a correlation where
higher STT efficiency and faster switching times are observed for thin storage layer thicknesses. It is important to examine
the influence of additional physical parameters, such as the diameter of the device, taking into account variations in the
thermal stability between devices. The stability is also affected by the ferromagnetic coupling between the storage and
assistance layers of the stack. Addressing these complexities is the focus of our ongoing studies.
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Magnetically ordered systems sustain collective dynamical excitations in which all magnetic moments precess coherently,
known as spin waves. Spin waves are prime candidates for encoding information that can be processed, propagated and
converted in other types of signals, enabling various technological applications. At temperatures that are low enough for
quantification to occur, these concepts are promising for quantum information applications based on the generation of
magnons in the quantum regime [1, 2].

Yttrium iron garnet (YIG, Y3Fe5O12) is the magnetic material known to feature the lowest magnon losses in bulk and
epitaxial thin film forms, and has been the most studied platform in the context of magnonics. In the past decade, the
synthesis of nm-thick epitaxial films of iron garnets by physical vapor deposition has opened up exciting opportunities for
the on-chip generation and processing of microwave signals encoded in magnons. Nevertheless, extrinsic magnetic losses are
commonly observed at cryogenic temperatures, owing to the ubiquitous use of a paramagnetic substrate, gadolinium gallium
garnet (GGG, Gd3Ga5O12). Recently, YIG has been purposely grown on lattice-mismatched yttrium scandium gallium garnet
(YSGG, Y3Sc2Ga3O12), a commercially available substrate that is nominally free of paramagnetic species, either directly as
a substrate [3] or as an intermediate layer between YIG and GGG [4]. However, iron garnet thin films still suffer from
demanding lattice-matching and stoichiometry requirements. This calls for renewed synthesis methods and substrate/film
combinations including suitably substituted iron garnet systems.

This poster is a follow-up to the results presented in 2023 in Sète, and is intended to support further discussion on the
broad topic of magnonic thin films for cryogenic applications. Using magnetron sputtering, we grow perfectly epitaxial
ultrathin iron garnet films (thicknesses from 3 to 90 nm) with controlled magnetic anisotropy and low damping. We will
present our most recent updates on YIG, off-stoichiometric Y-doped YIG and Bi-doped YIG grown on GGG and YSGG with:

• an innovative approach to control garnet film stoichiometry, based on the co-sputtering of binary oxides [5]

• lattice-matched substituted garnets on YSGG to reduce paramagnetic losses in cryogenic conditions [5]

• measurements of a hybrid magnon–photon system in thin film geometry using a loop-gap resonator [6]

• an investigation of orbital pumping in Bi-doped YIG [7]
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Materials with high spin-orbit torque (SOT) efficiency are essential for the development of new spin-orbitronic devices
that enable storage and logic technologies that are fast, nonvolatile, and endurant. The proper metrology of these SOTs
is pivotal for the technological development and for the understanding of their underlying physical mechanisms. Several
techniques have been developed to quantify the SOTs [1], but there appear to be recurrent inconsistencies in the reported
results on the SOT efficiency suggesting that the understanding of the involved processes is incomplete, even for the most
studied Pt-based systems [2].

Harmonic Hall resistance measurements are widely used to evaluate SOT effects, and more particularly the efficiency of
the dampinglike (DL) torque and the fieldlike (FL) torque in normal metal (NM)/ferromagnet (FM) bilayers [3]. The usual
harmonic Hall resistance analysis assumes a constant magnetization, unaffected by the current and magnetic field. How-
ever, this reasoning does not hold in general, as the creation or annihilation of magnons induced by the spin current affects
the magnetization [4]. The excitation of magnons by an interfacial spin accumulation depends on the relative direction
of the accumulated spins and the magnetization. Spin-flip scattering leads to the creation (annihilation) of magnons when
the magnetization M is parallel (antiparallel) to the spin accumulation, as depicted in Fig. 2. In turn, the modification of
the magnon population by a spin current leads to a change of the magnetization.

Figure 1: Schematic of the annihilation and creation of magnons in a FM due to current-induced spin accumulation in the
NM. The local magnetic moments are shown as purple arrows, the spin moments are shown as thin red and blue arrows.
The spin magnetic moment is opposite to the spin moment. Figure adapted from [5].

All magnetoresistances that depend on the magnitude of the magnetization, such as the anisotropic magnetoresistance,
spin Hall magnetoresistance, planar Hall effect, and anomalous Hall effect, thus have a nonlinear contribution that depends
on the current density. The change of magnon population due to spin currents in NM/FM bilayers give rise to trans-
verse and longitudinal nonlinear magnetoresistances due to magnon creation or annihilation. We call this set of nonlinear
magnetoresistances the magnon creation-annihilation magnetoresistances (m†mMRs) [5, 6]. In particular, the transverse
magnetoresistances due to the nonlinear planar Hall effect (m†mPHE) and nonlinear anomalous Hall effect (m†mAHE) were
previously not accounted for in the harmonic Hall resistance measurements. Due to their similar symmetry to the SOT
contributions, the m†mPHE and m†mAHE can lead to a strong misestimation of the torques. Consequently, the widespread
harmonic Hall resistance measurement technique that has been used to study heavy metals should include the m†mMRs to
provide a correct estimation of the torque efficiency [7].

In this work we present a comprehensive approach combining both longitudinal and transverse second harmonic resis-
tance measurements to evaluate the m†mMRs and SOT contributions in NM/FM bilayers. Accounting for the m†mMRs, we
provide a corrected estimate of the SOTs in different NM/FM material. Specifically, we show that the m†mPHE, when unac-
counted for, can lead to strong misestimation of both the DL and FL SOTs in NM/FM bilayers with in-plane magnetization.
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To evidence this misestimation, we compare, on the same device, the DL torque estimated by the usual harmonic Hall resis-
tance technique with the one estimated using a calibrated magneto-optical Kerr effect (MOKE) technique. This comparison
reveals a discrepancy of the DL torque, which is overestimated by 30% in Pt/CoFeB (and up to 100% in W/CoFeB) when
using the uncorrected harmonic Hall resistance method compared to the MOKE measurement and corrected harmonic Hall
method as shown in Fig. 3.

Figure 2: Comparison between the DL torque obtained at different currents from MOKE and the harmonic Hall resistance
analysis with (HH*) and without (HH) magnon correction. Figure adapted from [7].
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Spin waves (SW) are the elementary excitations in magnetic material. One popular technique to characterize them is
Brillouin light Scattering (BLS) [1]. BLS is an inelastic scattering between photons and magnons that occurs through two
types of interaction. A magnon can be annihilated, increasing the photon energy in an antiStokes (AS) process, or created,
decreasing the photon energy in a Stokes (S) process. In this technique, the light is focused on the sample using a quasi-
parallel beam, where only SW wavevectors k = 4π

λ sinθ can be probed (with θ being the incident angle). To access different
wavevectors, the scattering geometry must be changed. Focusing the light through a high numerical aperture lens instead,
allows mapping a wide range of in-plane SW wavevectors in a single acquisition. This technique is called microfocused
Brillouin light scattering (µ-BLS). This results in complex spectra that need to be analyzed and interpreted. Here, we
develop a physically transparent method to help interpret the µ-BLS signal as only a few models have been reported [2].
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Figure 1: Experimental results: (a) microfocused BLS spectrum recorded for an applied field of µ0Happ = 20 mT. (b) Noise-
floor-corrected intensity maxima of the Stokes peaks corresponding to different modes for µ0Happ = 25 mT (shaded narrow
bars) and µ0Happ = 80 mT (wide bars). The error bars correspond to 25 mT. (c) ratios of the Noise-floor-corrected maxima of
intensity of the S versus AS parts of the spectra for the 4 modes at µ0Happ = 45 mT. (d) Field dependence of the frequencies
of the maxima of the spectra.

We first started by investigating the thermally excited SW from a 50 nm thick CoFeB film by µ-BLS. These spectra
exhibited four distinct modes which we identify as the uniform modes (p = 0) and the first three perpendicular standing
spin wave (PSSW) modes (p = 1, 2,3). These spectra show unique features such as peak shapes not being Lorentzian
[Fig 1](a), a non monotonic intensity [Fig 1(b)] and a S/AS intensity asymmetry [Fig 1(c)]. The model we develop to
understand those results is the following,

Fbls(ω) =
∑

Ψk

η(Ψk)R(k⃗) I(Ψk) L(ω−ωΨk
) (13)

where η(Ψk) is the population of the Ψk magnon, R(k⃗) is an instrumental function related to the light diffraction (Rayleigh
criterion), I(Ψk) is the intensity scattered by each magnon and L(ω−ωΨk) is a Lorentzian function accounting for the finite
lifetime of the magnon and the finite instrumental width. To calculate these contributions, we only need the following pa-
rameters, which can be classified into two categories: magnetic and optical inputs. The magnetic inputs are the equilibrium
magnetization, SW wavevector, SW frequency, SW population, SW linewidth, dynamic magnetization. To generate these
inputs, we used the numerical solver TetraX [3, 4]. As for the optical input, it only consists on the permittivity tensors of
the magnetic material.

To get a better understanding of the µ-BLS, we performed a first fictitious µ-BLS experiment where we only consider
that the "Backward Volume" (BV) waves are the sole present in the system [Fig. 2(a)] and the second is when only the
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"Damon-Eshbach" (DE) waves are present in the system [Fig. 2(b)]. This is done by restricting the sum in Eq. 13 to the
corresponding orthogonal line scans in wavevector space.
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Figure 2: AntiStokes part of the modeled microfocused BLS spectra that would be obtained if the only spin waves populated
in the material would be (a) the backward volume waves (φk=0, black, dashed lines) or (b) the Damon-Eshbach waves
(φk=

π
2 , black lines). The dotted lines correspond to the frequencies of the FMR mode and the PSSW 1,2 and 3 modes.

The spectral intensities are scaled in a square root manner to better evidence the low intensity features. Each spectrum is
normalized to the p = 1 mode.

When the sole BV SW are considered, the spectrum [Fig. 2(a)] contains 4 narrow peaks that are positioned at frequencies
very near the frequencies of the FMR and the PSSW 1, 2 and 3 modes. In contrast in the second experiment [Fig. 2(b)],
only 3 peaks are present. The shape of the two lowest SW branches (p = 0 and p = 1) spread over a wide frequency interval
(6-25 GHz), giving a small asymmetric shallow hill skewed to the high frequency side. For both spectra, the p = 1 mode
gives the most intense peak in the spectrum.

From this observation, we can expect the following features from the real µ-BLS spectra. For all the modes, the ampli-
tudes of the peaks will result from their thermal population –approximately inversely proportional to their frequencies– and
the interplay between their thickness profile and the light penetration profile within the magnetic material. In addition, the
lowest frequency peak p = 0 will have a rather small amplitude and a composite shape, appearing to result from the sum of
a rather narrow peak approximately placed at the absolute bottom of the dispersion relation, plus a shallow asymmetric hill
offset to larger frequencies and extending up to 25 GHz, as indeed observed experimentally [Fig. 1(a)]. As for the linewidth
of each peak in a µ-BLS, it does not correspond to the damping but rather reflects the dispersion of the spin waves within
the interval of wavevectors sensed by the experimental setup.

The present formalism offers a physically transparent and direct method to interpret microfocused BLS spectra.
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To detect surface magnetism, a technique using highly charged ions (HCIs) as probe and X-ray spectroscopy of HCIs
has been developed in recent years by our team [1]. Such a detection is chosen suitable as, amongst others, it gives spin
information from the sample of the very first atomic layer in a non-destructive way and with no need to apply external
fields.
Experiments proving the feasibility of the technique have been recently done [2][3] on a monocrystalline Ni (110) sample
using 170 keV Ar17+ ions at grazing incidence in a range of different temperatures with low-resolution detection. The ob-
served asymmetric broadening at higher temperature of the acquired emission peak, unresolved in its electron composition,
provides an evidence of the phase change from the ferromagnetic to the paramagnetic phase. The outcome motivated the
need for high-resolution detection to resolve precisely the spin-dependent population of the sample’s first atomic layer, and
thus the possibility to detect antiferromagnetic phases.
For this purpose, a Bragg spectrometer has been designed and predisposed combining a Highly Oriented Pyrolytic Graphite
crystal with a time- and space- resolved pixel detector (ASI Technology) [4][5]. Here we present the preliminary character-
ization of such a detector with respect to a calibrated detector on benchmark targets with and without a diffraction crystal.
Moreover, we will present the preliminary results on the new measurement campaign that will take place in Spring 2025 on
Ni and FeRh samples. The latter is particularly interesting because of the possibility to study the double magnetic transition
antiferro-/ferromagnetic and ferro-/paramagnetic with the same sample.
The X-ray spectrometer, permitting to perform also coincidence measurements, open the possibility to resolve surface mag-
netism. After the development of calibration in well-characterized samples, the aim is to use the technique also on more
exotic materials, such as 2D materials, which will be specifically fabricated and characterized at Polifab.
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The manipulation of magnetic anisotropy and Dzyaloshinskii-Moriya interactions(DMI) is of great research interest in
modern spintronics, with the goal of developing devices that feature non-volatility, high access speeds, and low power
consumption. In particular, Pt/Co/Al multilayers have emerged as an ideal platform for tuning interfacial properties, such
as DMI and perpendicular magnetic anisotropy (PMA). Magneto-ionic gating is a powerful technique for precisely tuning
the properties of the topmost magnetic layer in multilayer stacks. By applying a gate voltage through an ionic liquid, a
previous study demonstrated that the magnetic anisotropy in the top Co layer of Pt/Co/Al multilayers can be changed from
PMA to in-plane magnetic anisotropy (IPMA)[1]. These results indicate that magneto-ionic control of the anisotropy in a
single layer can effectively manipulate the magnetic properties of coupled multilayer systems. Although ionic liquid devices
are robust and easy to fabricate, solid-state devices are more compatible with practical applications and miniaturization.

Here, we report the magneto-ionic gating effect on Pt/Co/Al multilayers, using HfO2 as gating material. Figure 1a shows
a schematic of the multilayer and Hall bar structure. The stack is composed of Ta/Pt/[Co/Al/Pt]4/Co/Al/AlOx , grown by
magnetron sputtering on a SiO2 substrate. HfO2 serves as the source of oxygen species, altering the Al / AlOx front with
the application of a gate voltage[2]. Indium Tin Oxide(ITO) is on top of the HfO2 and used as one electrode. Figure 1b
shows the Hall resistance of this stack in the as-grown state and after application of gate voltages. In the as-grown situation,
the stack exhibits a complete PMA state. After applying a +5V gate voltage for 120 seconds, the anomalous Hall resistance
decreases to four-fifth of its saturation value. Further +9V gating for 60 seconds induces a complete transition from PMA
to IPMA in the top Co layer, which can be fully reversed, restoring the stack to its original state by applying -9V gating for
60 seconds. These results demonstrate that the magneto-ionic control of anisotropy from PMA to IPMA can be effectively
transferred from ionic liquid to solid-state devices.

Figure 1: (a) Multilayer and Hall bar structure. (b) Hall resistance under different gating conditions. (c) Kerr microscopy
images of the domain motion in an as grown state. (d) Kerr microscopy images of the domain motion after a +5V gating
for 120 seconds.(e) Kerr microscopy images of the domain motion after a +9V gating for 60 seconds.

Figure 1c, 1d and 1e illustrate Kerr microscopy images of the magnetization switching induced by an out-of-plane
magnetic field. Below each microscopy image, there is a corresponding side view of the five Pt/Co/Al repetitions with
their magnetic properties (PMA or IPMA) indicated. Vertical black arrows represent the PMA state, while horizontal black
arrows represent the IPMA state. In the as grown state shown in Figure 1c, the domains in five layers are coupled and then
propagate smoothly without any pinning effects as they move under the area covered by the electrode.
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In Figure 1d, after applying a +5V gate voltage for 120 seconds, the top Co layer beneath the ITO remains PMA state
at the center, while the edges exhibit IPMA, as proved by the gray scale contrast displayed in the Kerr microscopy image.
This inhomogeneous gating effect may promote the formation of chiral magnetic domains, which could be manipulated for
domain generation, movement, and annihilation. Figure 1e shows the domain configuration after applying a +9V gating
for 60 seconds. In this case, the top Co layer under the electrode exhibits only IPMA, while the four underlying Co layers
remain PMA. This transition can pin the domain motion when it moves from the as-grown region to the gated area, meaning
a higher out-of-plane magnetic field is required to continue the switching once the domain front achieves the gated area.

In conclusion, this work demonstrates that solid HfO2 can be used to control the magnetic property of the top Co layer in
multilayers, advancing the understanding of the anisotropy and magnetic domains manipulation via gating. The transition
from PMA to IPMA in the top layer also enables control of the domain motion beneath it, with potential applications for the
control of magnetization in 3D magnetic multilayer systems.
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Atomically thin van der Waals semiconductor magnetic materials (2D) display behaviors resulting from the interplay
between semiconducting and magnetic properties, those being absent in other material systems. This combination of mag-
netic and semiconducting transport properties enables the control of charge and spin carriers so that one can show complete
spin polarization of conduction electrons. These considerations are more so significant while considering the realization
of field-effect transistors (FET), therefore enabling gate-tunable transport measurements. In this regard, CrSBr is a layered
A-type antiferromagnetic material of choice featuring intralayer ferromagnetic order and interlayer antiferromagnetic cou-
pling [1]. In order to conduct this study, we consider a field-effect transistor geometry fabrication forming, in this manner,
a Si bottom-gate and a graphite top-gate. Nanofabrication of all the exfoliated materials including CrSBr is performed using
the dry transfer method in a glove box to protect the air sensitive magnetic material from oxidation and furthermore in the
objective of ensuring good quality interfaces between the 2D magnetic and insulating layers.

Figure 1: field anisotropy MR measurements at 10K

By following the FET architecture principals, this work is focusing on the effect of the doping induced by the two gates
as well as the influence of the electric field generated [2]. The study of the magnetic field anisotropy and the conduction
anisotropy is achieved thanks to our fabrication process and enables us to observe magnetoresistance (MR) switches from -
60% to 60%. A complete modification from negative to positive magnetoresistance never observed before with this material.
As a general statement, this study highlights very novel results that are providing a new understanding for the theoretical
interpretation of the magneto-transport properties and behaviors of CrSBr.
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We present the controlled and epitaxial growth of Mn5(SixGe1-x)3 thin films on Ge(111) substrate by Molecular beam
epitaxy method (co-deposition), as well as characterizations of their structural and magnetic properties by X-ray diffraction
(XRD), Atomic force microscopy (AFM), Transmission electron microscopy (TEM), and Nuclear magnetic resonance (NMR).

Mn5Ge3 and Mn5Si3 are two compounds exhibiting hexagonal D88 structure (space group P63/mcm) and they can be
grown epitaxially on Ge(111) substrates [1]. However, they exhibit very different magnetic behavior. Mn5Ge3 is a metallic
ferromagnet that presents a high spin polarization of the conduction electrons at the Fermi level, a Curie temperature of 296
K and a strong uniaxial magnetocrystalline anisotropy along the hexagonal c axis [1]. On the other hand, Mn5Si3 thin films
exhibit a complex magnetic structure that is both temperature- and field- dependent: it is non-collinear antiferromagnetic
below 65 K and collinear antiferromagnetic up to 100 K [2]. It can also be driven altermagnetic by growth engineering [3, 4].

The electrical and magnetic properties of the bulk Mn5(SixGe1-x)3 materials have only been studied in the bulk phase
by few research groups, however no studies were carried out on the thin films. XRD shows the correlation between Si
concentration and lattice structural parameter deformation and crystallinity. Magnetic measurements (M(T) and 55Mn
NMR) reveal the changes of local magnetic properties over Si concentrations [5, 6].
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Energy consumption is one of the major issues that semiconductor electronics and computing systems have to face
alongside with scalability. This is in particular the case when running brain inspired algorithms on conventional von Neuman
architectures for which processing and storage units are physically separated. This results in increased energy consumption
when moving large amount of data sets between them. Novel approaches for computing architectures and computing
hardware are thus intensively searched for. Spintronics provides promising solutions [1]: spin-based devices require no
standby power for memory operation, they are compatible with CMOS technology, they operate at room temperature, they
are multifunctional, acting as memory, logic, sensor and microwave devices and at the hardware level they can act as
artificial neurons and synapses. In this context, it has been demonstrated that spin-torque nano-oscillators (STNOs), based
on magnetic tunnel junctions, can emulate the oscillatory behavior of neurons and perform spoken digit recognition or
classification tasks [2]. The rich dynamics of STNOs, along with their non-linear properties is also of interest for wireless
communication applications [3], [4] and fast frequency analysis [5]. Optimization of the microwave properties of STNOs
for these different applications is hence an essential task including the realization of high quality STNO devices and the
characterization of their spin torque driven magnetization dynamics. Two different STNO configurations are considered in
this study: vortex-state (STVO) and uniformly magnetized STNOs with perpendicular magnetic anisotropy (PMA) called
pbias-STNO (see Fig. 2).

Figure 1: Schematic representation of the (a) vortex and (b) pbias STNO configuration

In the STVO, a magnetic vortex is stabilized in the free layer and steady state oscillations occur in the frequency range
of 200 – 600 MHz. The pbias-STNO is based on perpendicular magnetized memory devices, for which the free layer is
biased by an additional PMA layer. The corresponding frequencies lie in the 2-10 GHz range [5]. For the generation
of true random numbers [6] and Ising-model based unconventional computing (Hopfield networks, Ising machines) [7],
[8] the understanding and control of the phase dynamics of single and coupled STNO devices is essential. Phase control
is achieved when the spin torque driven self-oscillations are locked to an external microwave signal. The phase is then
described by the Adler equations [4]. When the frequency of the control signal is close to twice the natural STNO frequency
(called here 2f synchronization), the STNO phase can take two distinct values 0 and π. In a previous study, this phase
binarization has been well demonstrated for vortex STNOs and it was shown that it will be suitable for unbiased random
number generation. Here we investigate the phase binarization for pBias-STNOs. Further control of the phase is achieved
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when adding to the 2f-synchronisation signal a 1f synchronization signal that breaks the symmetry and leads to a biased
random number generation [6]. Here we investigate the phase binarization for pBias-STNOs. Further control of the phase
is achieved when adding to the 2f-synchronisation signal a 1f perturbation signal that breaks the symmetry and leads to a
biased random number generation. Here we analyze the biasing via the 1f signal as a function of the frequency mismatch
with the external RF source, the STNO configuration as well as the operating point (DC current, applied magnetic field), to
determine best operational conditions and annealing strategies for Hopfield networks and Ising machines.
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Deep neural networks have been responsible for the rise of artificial intelligence (AI) technologies in the modern era.
However, network structures fail to map easily to conventional von Neumann computing architectures, which consist of
separated units responsible for memory and processing. This separation causes drastic energy usage required for edge-
AI applications, since vast quantities of data are shuffled between memory and processor, expending energy every time
a computation requires memory access [1]. Neuromorphic computing architectures, inspired by the interconnectivity of
the brain, avoid such issues since simple memory (synapse) and processing (neuron) units are intertwined. We focus on
how such novel architectures could learn specific AI tasks, since the process of learning requires a significant amount of
data shuffling and rewriting. Self-learning physical networks, which don’t require separated units, promise to dramatically
reduce the energy consumption of AI technology [2].

An increasing portion of recent research efforts investigates radically changing the computational architectures on which
AI is performed. Such a paradigm shift to network-inspired architectures will require devices that can perform memory and
processing capabilities at the nanoscale. This is because today’s neural networks have a huge number of neurons and
synapses (approaching 1011 − 1015). Emulating such large networks on a realistic-sized chip requires very small neurons
and synapses.

Magnetic tunnel junctions (MTJs) are excellent CMOS-compatible nanoscale candidates for emulating both neurons
and synapses in hardware [3]. Their non-volatile property, extensively used for memory applications, is a great opportunity
to emulate low-energy non-volatile synapses. On the other hand, the same device, through trivial geometry variations or
changing the applied field or current operating regimes, can emulate a large variety of neural dynamics such as oscillations,
spikes, and stochastic switching.
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Figure 1: a) A single superparamagnetic tunnel junction (SMTJ), whose free layer magnetization switching probability can
be changed through the voltage applied across the device. b) One layer of c) a multi-layer deep neural network of SMTJs
(purple nodes). d) Example resistance fluctuation of an SMTJ. The voltages of the three depicted examples are labelled on
e) showing the sigmoidal relation between the voltage across the SMTJ and the anti-parallel (AP) state probability. Adapted
from [4]. f) Depiction of the two phases of learning through Equilibrium Propagation (EP). The second, or nudged, phase
alters the network state from the previous free phase by comparing the current (y) and expected (d) network outputs. g)
and h) show simulation results for the loss and testing error when training networks on the MNIST dataset. The layer sizes
represent the size of the input, hidden, and output layers for our deep networks. Increasing the hidden layer improves our
testing accuracies.

One important aspect of neural networks is the presence of non-linearities, allowing complex mappings of inputs to
outputs. For physical MTJ-based networks, we propose to use superparamagnetic tunnel junctions (SMTJs) as non-linear
processors at each network node. SMTJs can be seen as unstable MTJs where the energy barrier separating the two stable
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configurations (P and AP) is sufficiently small, typically of the order of a few kT , where k is the Boltzmann constant, and
T = 300 K is the room temperature. Such small energy barriers are sufficient for thermal fluctuations at room temperature
to switch SMTJ’s magnetization between the P and AP states in a stochastic manner, on a timescale ranging from a few ms
to ns (see Figure 1) [5]. State switching probabilities can be deterministically biased by the voltage V (representing the
network node value) across the device. The evolution of the corresponding probability with the applied voltage follows a
sigmoid dependence for a sufficiently large number of taken statistics.

By construction, SMTJ-based networks we envision mimic the dynamics of a specific type of machine learning model,
known as an energy-based model (EBM). EBMs are described by a scalar ‘energy’ function across the network. The gradient
of this energy potential then determines the dynamics of the network over time. Minima of the energy function correspond
to long-term network solutions. EBMs require the weight matrices between layers to be symmetric. Since electrical currents,
described by Kirchhoff’s laws, govern the information transferred through the physical networks, this condition is satisfied.

For local supervised learning compatible with EBMs, we propose to use the Equilibrium Propagation (EP) algorithm.
EP describes how network parameters need to be changed for the model to learn successfully [6]. Figure 1 depicts EP
visually. The benefit of EP compared to other learning algorithms, such as the popular backpropagation algorithm, is that the
information required when updating the parameters can be accessed locally. This is in contrast to backpropagation, which
requires global knowledge of the network and, therefore, large amounts of data shuffling every time a parameter is updated.
Whilst EP was formulated for supervised learning on deterministic Hopfield-like networks, our physical implementation
introduces stochasticity to the algorithm through SMTJs. The potential benefits of stochasticity within network activation
functions has been previously shown [7].

In this work, we assess the capability of a physical SMTJ-based neural network to learn classification tasks by itself. We
define self-learning to mean the capability of the network to learn how to change its parameters (weights and biases) to
provide the correct input-to-output mapping for the task using local dynamics, without the need for external processing.
We leave solving the task of updating the network parameters physically for future work.

Here, in silico, we show for the first time the ability of EP to reliably learn and update network parameters for a given
task, when the system dynamics are noise-dependent. We demonstrate this on a realisable nanoscale physical network that
utilises the spintronic technology of MTJs.

Our results, in Figure 1, show the ability of a physical network to learn the correct input-to-output mapping for the
MNIST image recognition dataset. We show that the network weights converge over time up to a 96% recognition rate on
MNIST. Excluding input nodes, which we define as constant input voltages, the network consists of three interconnected
layers of SMTJs, respectively. We varied the size of the hidden layer during our investigation. The size of the hidden layer
can alter the mapping accuracy by several percent, as seen in our results.

This work provides an opportunity to prove accurate mappings can still be achieved for more complex datasets, both
using conventional network structures explored here, as well as more modern structures such as convolutional networks.
Experimental demonstrations of networks composed of MTJs and SMTJs, working up to harder tasks such as those described
here, are a further long-term research goal that we will actively tackle in future studies.
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Spintronics has revolutionized data storage, notably through the development of highly sensitive hard-drive read-heads

based on Giant Magnetoresistance (GMR), and later Tunnel Magnetoresistance (TMR) technologies. These are at the core
of Magnetic Tunnel Junctions (MTJs), nowadays composing the latest generation of ultra-fast and low power Magnetic
Random Access Memories (MRAMs) and fueling post-CMOS unconventional electronics strategies (including spin logics,
stochastic, neuromorphic and quantum computing). In this direction 2D materials [1], [2] have unleashed a multitude of
previously unexploited possibilities for spintronic devices. As such, graphene has already demonstrated impressive perfor-
mance, achieving record spin polarization of up to -98 % in a MTJ [3]. But more recently, a new class of materials, 2D
ferromagnets, have emerged as particularly promising for spintronics, as they could pave the way to gate-controllable 2D
magnetic tunnel junction (2D-MTJ) spin valve devices. However, a 2D ferromagnet efficiently working at room tempera-
ture remains a clear challenge. In this work, we focus on the development of room temperature 2D ferromagnets and their
integration as electrode into 2D-MTJs. Specifically, we have engineered 2D ferromagnets based on Fe4GeTe2. To achieve
this, we have recently developed novel in-situ processes based on large-scale pulsed laser deposition (PLD) techniques to
allow the growth and heterostacking of different 2D materials [4], [5]. We will discuss how to reach one step further with
the large-scale integration of these materials into tailored 2D heterostructures.

Figure 1: HAADF image of PLD-grown Fe4GeTe2 with simulated crystal structure.
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Controlling magnetization dynamics through light interactions has become a major focus of research, attracting ex-
tensive attention from both theoretical and experimental perspectives. This interest stems from its promising potential to
enable new, energy-efficient paradigms for spintronic applications. Modeling the interaction between light and magnetiza-
tion is commonly achieved using stochastic Landau-Lifshitz-Gilbert (sLLG) equation coupled with two- or three-temperature
models (2TM/3TM) [1]. This approach involves solving the sLLG equation alongside the 2TM/3TM for multiple realiza-
tions, then obtaining the final result by averaging over these realizations. While this method provides reliable results, it is
computationally intensive and less efficient in terms of processing time.

Here, we study the ultrafast demagnetization of 3d ferromagnetic materials (Nickel, Iron, and Cobalt) using deterministic
atomistic spin dynamics (ASD) and femtosecond laser heating. This method involves solving the dynamical Landau-Lifshitz-
Bloch (dLLB) equation for each spin in a multi-spin system [2, 3].

Initially, the Curie temperature TC of these ferromagnets is determined using dLLB equation with a classical fluctuation
dissipation relation (CFDR) [1], which overestimates TC due to the mean-field approximation (MFA) of the exchange inter-
action as can be observed from Fig.1(a) (red symbols). To correct this, a linear adjustment to the MFA exchange constant is
applied, mimicking second-order fluctuations. We find that dLLB with CFDR does not accurately capture the magnetization
behavior at lower temperatures [4, 5]. This issues was addressed by using information from the magnon band structure,
which can be measured experimentally or computed, to better model energy transfers [6]. This approach employs a quan-
tum fluctuation dissipation relation (QFDR) based on Bose-Einstein statistics instead of the Maxwell-Boltzmann statistics
used in CFDR.

By simulating the ultrafast demagnetization of Ni, Fe, and Co with femtosecond laser heating using dLLB and QFDR, the
energy exchange between different reservoirs is accurately modeled, and we find that the results match the experimental
data, which can be seen from Fig.1(b). This demonstrates that dLLB equation can efficiently model all-optical switching
mechanisms, avoiding the need for multiple statistical realizations required in methods based on the stochastic Landau-
Lifshitz-Gilbert equation [5].
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Figure 1: a) Magnetization versus temperature curve of Nickel computed from dLLB with both CFDR and QFDR compared
to experimental data from [7]. b) Laser induced ultrafast demagnetization of Nickel. Experimental data are adapted from
[8].

In conclusion, deterministic atomistic spin simulations based on the dynamic Landau-Lifshitz-Bloch equation have
proven to be highly efficient tools for modeling thermal effects in spintronics. These equation is powerful enough to effec-
tively simulate not just simple, but also complex structures and realistic devices, such as those based on Tb/Co which are
often used in advanced all-optical switching schemes [9].
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Anti-perovskite Mn4N is a ferrimagnet with a perpendicular magnetic anisotropy (magnetic anisotropy constant: Ku
∼ 0.1 MJ m-3) and a small saturation magnetization (Ms ∼ 80 kA m-1)[1]. In addition, Mn4N films exhibit magnetic com-
pensation (MC) composition if Mn atoms are replaced by other elements [2], allowing faster magnetization dynamics. For
example, STT-driven DW motion of vDW ∼ 3 km s-1 was demonstrated in Mn4-xNixN tracks at room temperature (RT)[3].
To achieve faster and more efficient magnetization control, we fabricated new materials by doping Mn4N films with other
non-magnetic elements, and investigated their magnetic properties. 10-nm-thick Mn4-xZxN (Z = Cu, Ag or Au) films were
formed on SrTiO3(001) substrates by molecular beam epitaxy. The substrate temperature was set at 450 °C during de-
position. All samples were capped with 3-nm-thick SiO2 to prevent oxidation. The crystalline quality was evaluated by
reflection high-energy electron diffraction (RHEED) along the SrTiO3[100] azimuth and by 2θ/ω X-ray diffraction (XRD).
The magnetization curves were obtained by using a vibrating sample magnetometer (VSM).

Figures 1(a) and 1(b) show 2θ/ω XRD profiles and the RHEED images of samples with a composition of x = 0.3, respec-
tively. Peaks and fringes around the SrTiO3 002 reflection originate from Mn4-xZxN crystals. Streaky patterns in the RHEED
images suggest that the crystals are also oriented in-plane. Similar results were obtained for x ≤ 0.3. This demonstrates the
epitaxial growth of these samples. Figures 1(c) and 1(d) show the composition dependence of the saturation magnetizations
Ms and the coercive fields µ0Hc measured by VSM at RT. Regardless of the dopant, the presence of a minimum Ms and a
maximum µ0Hc was confirmed. The composition corresponding to this Ms close to 0 and this µ0Hc maximum corresponds
to the MC point. Other profiles will be detailed during our presentation. To study the current-induced domain wall motion,
we patterned the samples into tracks contacted to metallic electrodes using a standard nanofabrication process. Results of
the current-induced domain wall dynamics for various doping compositions will be presented.

Figure 1: (a) 2θ/ω XRD profiles and (b) RHEED images of Mn4-xZxN (Z = Cu, Ag or Au) films with x = 0.3 . (c) Saturation
magnetization Ms and coercive fields µ0Hc . Dotted lines show the fitted profiles around MC compositions.
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Afin d’obtenir des dispositifs spintroniques plus rapides, plus denses et plus efficaces avec une consommation d’énergie
réduite, les propriétés des matériaux magnétiques doivent être bien définies et ajustées en fonction de l’application souhaitée.
L’amortissement magnétique α, qui est l’un des paramètres les plus critiques des matériaux, joue un rôle important dans de
nombreuses applications spintroniques, car il affecte fortement l’énergie requise et la vitesse à laquelle un dispositif spin-
tronique peut fonctionner. Par conséquent, les matériaux magnétiques ayant à la fois un faible amortissement et une faible
aimantation à saturation (Ms) sont fortement souhaitables pour un fonctionnement économe en énergie. En effet, la densité
de courant critique pour écrire dans une cellule de mémoire magnétique à accès aléatoire à base du couple de transfert de
spin est proportionnelle à la fois à Ms et à α [1]. D’autres parts, une Ms modérée produit un champ de fuite réduit, ce qui
permet d’obtenir des structures plus denses car le couplage entre les bits est faible. L’utilisation des alliages de fer-vanadium
(FeV) permet d’obtenir des valeurs d’amortissement plus faibles. En effet, il a été rapporté que le FeV est l’un des meilleurs
candidats pour une réduction efficace de l’aimantation à saturation, ainsi qu’une diminution de l’amortissement [2]. En
outre, les systèmes composés d’une interface matériau ferromagnétique/ métal lourd sont extrêmement importants pour la
spintronique. Cette interface est à l’origine de nombreux phénomènes tels que le pompage de spin et l’effet Hall de spin (
SHE) [3], qui peuvent être utilisés pour la commutation de l’aimantation par l’intermédiaire du couple de spin orbite, et
l’interaction Dzyaloshinskii-Moriya d’interface (iDMI) [4], donnant lieu à de nouvelles configurations magnétiques telles que
les skyrmions. L’objectif de ce travail est donc d’étudier l’amortissement, l’anisotropie magnétique perpendiculaire (PMA)
et l’iDMI dans les systèmes à base d’Ir/FeV. L’idée est de contrôler leur intensité en optimisant la qualité de l’interface par la
variation de l’épaisseur du FeV, l’utilisation de différentes couches de recouvrement (Cu et MgO) et en variant la température
de mesure.

Afin de mener cette étude à terme, des mesures par diffusion Brillouin de la lumière (BLS) et par résonnance ferromag-
nétiques (FMR), complétées par des mesures statiques de l’aimantation par magnétométrie à échantillon vibrant (VSM) ont
été faites. Les mesures par VSM ont révélé des valeurs similaires de Ms et de l’épaisseur de la couche morte (td) pour les
échantillons recouverts de Cu et de MgO (Ms = 1100± 20kA/m et td = 0.39± 0.04nm). Cette couche morte magnétique
pourrait être due à l’oxydation du FeV pendant le dépôt de la couche de MgO et à l’interdiffusion aux interfaces Ir/FeV et
FeV/Cu. Cependant, la valeur similaire de td pour les deux systèmes suggère une oxydation ou une interdiffusion néglige-
able aux interfaces FeV/MgO et Fe/Cu, confirmant l’immiscibilité du Fe et du Cu. La valeur Ms est nettement inférieure
à celle du Fe pur (1700 kA/m) et du Co en massif : 1422 kA/m pour le Co hcp et 1450 kA/m pour le Co fcc, ce qui
renforce l’intérêt du FeV pour les dispositifs basés sur le couple de transfert de spin. L’analyse des mesures BLS et FMR
révèle l’existence d’une anisotropie magnétique uniaxiale perpendiculaire d’interface qui montre une légère dépendance de
la couche de recouvrement mais il est difficile de déterminer avec précision l’interface induisant une telle PMA puisque les
deux interfaces FeV/Cu et FeV/MgO pourraient contribuer à cette anisotropie en plus de l’interface Ir/FeV. Toutefois, on peut
s’attendre à ce que la contribution de l’interface supérieure avec FeV dans les deux systèmes soit négligeable, en particulier
celle de FeV/MgO où les liaisons Fe-O, qui sont une source de PMA d’interface, sont censées se produire. Cela suggère que
V pourrait réduire de manière significative les liaisons Fe-O à l’interface FeV/MgO, empêchant ainsi toute contribution à
la PMA. Cette hypothèse pourrait être élucidée en étudiant les systèmes Cu/FeV/Cu. En revanche, la constante PMA du
second ordre, qui pourrait résulter de la distribution inhomogène et des fluctuations spatiales à l’échelle nanométrique de
la PMA uniaxiale à l’interface, est significativement plus forte pour le système Ir/FeV/Cu.

Les mesures FMR de la largeur de raie sous champ magnétique appliqué dans le plan et perpendiculairement ont permis
de conclure à une constante d’amortissement de Gilbert relativement faible de FeV (αFeV = 1,7.10−2) et d’identifier les
inhomogénéités et les contributions de la diffusion de deux magnons. Alors que la largeur de raie à fréquence nulle (∆H0)
dans le plan résulte principalement de la diffusion de deux magnons pour les deux systèmes, ∆H0 dans la configuration
perpendiculaire est due à des inhomogénéités interfaciales. Une augmentation significative de l’amortissement a été ob-
servée et attribuée au pompage de spin à l’interface Ir/FeV. Nous avons également étudié l’iDMI dans les deux systèmes, qui
peut être déterminée par l’investigation du décalage de fréquence entre les fréquences des ondes de spin correspondant aux
lignes Stokes et anti-Stokes. La dépendance en épaisseur de la constante effective de l’iDMI a été mesurée et a permis de
séparer les contributions des différentes interfaces. Nos résultats montrent que les interfaces Ir/FeV et FeV/MgO induisent
une faible iDMI de signe opposé conduisant à une contribution supplémentaire à l’iDMI totale.
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La dépendance de ces propriétés magnétiques par rapport à la température constitue un moyen efficace d’étudier leurs
relations et pourrait être utilisée pour mieux comprendre leurs origines physiques. Par conséquent, l’effet de la mesure de
la température sur le PMA et l’amortissement de ces deux systèmes a été étudié in situ à l’aide d’un système, intégré dans
un dispositif de résonance ferromagnétique. À cette fin, la température a été variée de la température ambiante à 250◦C
et les spectres FMR sous un champ magnétique appliqué dans le plan ont été enregistrés. Pour chaque température, le
chauffage, l’équilibre thermique et l’acquisition de spectre durent approximativement 2h et les dépendances en épaisseur
de l’aimantation effective et du coefficient d’amortissement ont été utilisées pour déterminer les constantes de PMA et la
conductance par mixage de spin, représentées sur la figure 1 en fonction de la température. Comme notre VSM ne permet
pas d’effectuer des mesures en fonction de la température, les mesures VSM ont été menées seulement sur les échantillons
n’ayant subi aucun chauffage et sur ceux qui ont été soumis à un cycle de chauffage complet (variation de la température
de mesure de l’ambiante à 250◦C). Le moment magnétique de saturation par unité de surface est ensuite déterminé et
utilisé pour obtenir Ms et td pour chaque système. Les valeurs de Ms et td avant chauffage ont été utilisées pour analyser
les données en fonction de la température. Les dépendances de la température ont révélé une augmentation des constantes
PMA de volume (Kv) et d’interface (Ks) et la conductance par mixage de spin (g↑↓e f f )et une diminution de l’amortissement
intrinsèque (α0) et avec l’augmentation de la température comme le montre la figure 1.

Figure 1: Dépendence en température de mesure des constantes d’anisotropie perpendiculaire de volume (Kv) et de surface
(Ks), de l’amortissement intrinsèque (α0) et la conductance par mixage de spin (g↑↓e f f ) pour systèmes à base de Ir/FeV/MgO.
Les symboles bleus et verts représentent les valeurs obtenues après un cycle complet de mesure en température.
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Antiferromagnets (AF) have been capturing interest in spintronics over the last decades due to their fast dynamics and
their vanishing stray field, compared to ferromagnets (F), paving the way for low-power and fast devices [1]. Using AFs for
practical applications remains challenging due to their vanishing magnetization, making it difficult to detect the magnetic
order from electrical or optical signals. Among non-collinear antiferromagnets (NCAF), there is a specific subclass that
breaks time-reversal symmetry [2], leading to observable effects typically associated with F (e.g., the anomalous Hall effect
(AHE) [3] or magneto-optical Kerr effect [4]), despite having zero net magnetization. This class of materials combines
the advantages of both AF and F, making them suitable for use as spin-active layers in devices. A long-term objective is to
stabilize spin textures in NCAF and control them by current to use them as information carriers. Therefore, the growth of
pure NCAF is crucial. Here, a method for the growth of polycrystalline Mn3Sn, a triangular NCAF material (Fig. 1), and
various ways of characterising the material are presented.

Figure 1: Crystal and spin structure of Mn3Sn, showing the triangular NCAF configuration above 275 K and the helical
arrangement below 275 K. Adapted from [5] with permission from AIP.

Mn3Sn has been deposited on a SiO2 substrate via magnetron co-sputtering. To improve the crystal quality, it is expected
that annealing the samples will favor the diffusion and organization of atoms into an ordered state. Annealed and non-
annealed samples were then compared. To characterize the material, a diffractometer working with Co X-ray tubes was used.
To study the electronic properties, a physical property measurement system was used to analyse the transport properties of
the material under various magnetic fields and temperatures. In particular, the field dependence of the transversal resistivity
allows us to recover the AHE.

X-rays data (Fig. 2) show that annealing favors the formation of a crystalline phase. The obtained diffractogram demon-
strates that some peaks match properly with Mn3Sn, but not all of them, making it clear that there are crystalline impurities
composed of other materials, likely Mn2Sn or Mn3Sn2. The evolution of the transversal resistivity under a magnetic loop
shows a non-zero Hall effect even at zero magnetic excitation (Fig. 3), indicating a F or a symmetry-breaking AF phase after
annealing, while it was linear before, confirming the role of annealing. A way to ensure that the grown material is Mn3Sn
is to study the magnetic phase transition at 275 K. Below this temperature, it adopts a helical spin configuration (Fig. 1)
where symmetries do not allow for AHE [5]. It was confirmed that there is a drop in AHE, showing the prominence of a
Mn3Sn phase, but it does not reach zero, indicating that the crystalline impurities are probably F materials such as Mn2Sn
or Mn3Sn2. To get a pure NCAF crystal, studies on stoichiometric control during the deposition need to be done.
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Figure 2: X-ray diffractograms at 300 K, comparing annealed (black) and non-annealed (red) Mn3Sn films grown by co-
sputtering. The peaks corresponding to the crystal planes of Mn3Sn are indicated. The other peaks are likely to be attributed
to Mn2Sn or Mn3Sn2 phases.
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Figure 3: Transversal resistivity of Mn3Sn films (annealed vs. non-annealed) as a function of magnetic field, at 300 K.
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Spin waves are the eigen-excitations of magnetic materials. They exhibit specific properties such as nonlinearity [1, 2].
This property makes them potentially suitable for applications in neuromorphic computing and magnonic logic devices [3].
Synthetic antiferromagnets (SAFs), composed of two ferromagnetic layers separated by a non-magnetic layer that favors
antiparallel magnetizations, are particularly effective for studying the nonlinearity of spin waves [4]. A comprehensive
understanding of the magnetic properties of SAFs is essential before exploring their nonlinear properties.

The interlayer coupling is a degree of freedom that confers a large tunability to SAFs, which allows their customization in
several spintronics applications. The efficient use of this magnetic configuration requires an in-depth understanding of the
magnetic properties and their correlation with the material structure. We established a reliable procedure to quantify the
interlayer exchange coupling and the intralayer exchange stiffness in SAF. We applied this procedure to the ultrasmooth and
amorphous Co40Fe40B20 (tmag)/Ru (0.7 nm)/CoFeB (tmag) structure [5]. The complex interplay between the two exchange
interactions results in a gradient of the magnetization orientation across the thickness of the stack, which alters the hysteresis
and the spin wave eigenmodes of the stack in a nontrivial way. We measured the frequency-field dependence of the first
four spin waves confined within the thickness of the stack. We modeled these frequencies and the corresponding thickness
profiles of these spin waves using micromagnetic simulations. The comparison with the experimental results allows us to
deduce the magnetic parameters that best account for the sample behavior. The exchange stiffness is Aex = 16 ± 2 pJ/m,
independent of the film thickness. The interlayer exchange coupling starts from -1.7 mJ/m2 for the thinnest layers and it
can be maintained above -1.3 mJ/m2 for CoFeB layers that are as thick as 40 nm.

Figure 1: a) Scheme of the experimental configuration. In practice, 4 well separated Co40Fe40B20 microstripes are positioned
under the antennas to improve the signal-to-noise ratio. b) Spectra of excess power spectral density versus pump frequency
at excitation power arriving at the sample 11 dBm and HDC=20 mT, for a SAF with 2x17 nm of CoFeB.

Frequency-field dependence allows the identification of conditions that exhibit nonlinear interactions. For specific con-
figurations of the applied static magnetic field HDC the frequency of the acoustic magnon mode (fac) becomes half of the
optical magnon mode frequency (fop), a favorable condition to investigate nonlinear phenomena in SAF.

We developed an experimental setup shown in Fig 1.a that is based on propagating spin wave spectroscopy. We inves-
tigated the nonlinear processes inductively by varying the applied field HDC , the pumping frequency and the microwave
power arriving at the simple. Two phenomena are observed (see Fig 1.b): the doublets near fpump/2 evidence a three-
magnon process where one optical magnon at fpump split into two acoustic magnons at fpump/2 - δ and fpump/2 + δ. 2). A
strong halo around fpump could be a four-magnon scattering process, in which two optical magnons at fpump annihilate and
create two new optical magnons.

We focused on the three-magnon splitting process on a device patterned by optical lithography, featuring a 1.8 µm wide
single-wire antenna. We showed that the population of the created magnons varies exponentially with the amplitude of
the rf excitations above a certain threshold, which is 1.8 mT. Furthermore, to explore the dynamics of magnon creation, we
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apply rf pulses with various durations. We developed an analytical model that we compared to the experiment to effectively
determine the growth rate of the population of the acoustic mode.

To investigate spin waves in confined nanometric geometries, we fabricated new devices using electron beam lithography
that feature 100 nm and 150 nm wide U-shaped antennas on top of magnetic conduits. This enables the excitation over a
large range of wavevectors ∆k = 10 rad/µm corresponding to a frequency interval of ∆f = 4.13 GHz as shown in Fig 2.
In contrast to the 1.8 µm wide antenna, which excites a narrower range of wavevectors ∆k = 2 rad/µm corresponding to
∆f = 0.64 GHz.
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Figure 2: The field-derivative of the microwave transmission S21 between two stripelines for a 5 µm magnetic bus. a) A
SAF with 17 nm of CoFeB and a 1.8 µm wide antenna on top. b) A SAF with 22 nm of CoFeB and a 150 nm wide antenna
on top.
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The Rashba interaction is an effective spin-orbit interaction (SOI) linear in momentum that can lead to the conversion
of a spin density into a charge current, also known as the spin galvanic effect [1]. One of the most interesting aspects of
Rashba SOI is its tunability by a gate voltage which has been demonstrated in Rashba systems such as the 2D electron gas
existing between LAO and STO [2], [3]. Recently the existence of Rashba-split states at the interface between CoFeB and
MgO has been observed by measuring spin-to-charge conversion [4]. Interestingly, these interface states often allow for a
large sensitivity to the application of an electric field. The present work aims to investigate this effect in a top-gate geometry
in metallic-oxide multilayer structures.

The samples studied in this work, Glass|CoFeB|MgO|HfO2, Glass|CoFeB|Cu|MgO|HfO2 and Glass|CoFeB|Pt|MgO|HfO2,
were deposited by magnetron sputtering (see Fig. 1). They present different contributions from both spin and orbital an-
gular momentum converted into charge. A few micrometers thick polyimide is spun on top of the sample to reduce current
leakage when a gate voltage is applied. Spin injection is carried out through the spin Seebeck effect which requires a thermal
gradient applied normal to the ferromagnetic layer, achieved by shining high intensity 465 nm blue light on the samples. The
Spin Seebeck effect is accompanied by a spurious signal coming from anomalous Nernst voltage parallel to the spin/charge
conversion signal and directly proportional to the thermal gradient inside the ferromagnet and its magnetization [5]. To
better interpret our results, we simulate the thermal gradient by finite elements’ calculations incorporating the light’s ab-
sorption profile simulated by the transfer matrix method. This innovative approach is envisaged to enhance the conversion
of angular momentum into charge by applying a gate voltage to discriminate interface from bulk effects and possibly spin
and orbital contributions. Mastering this is key for faster and more endurant low-consumption spin/orbit-based memories
[6].

Figure 1: Schematic of the device under a temperature gradient ∇T and gate voltage Vg
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Neuromorphic devices promise new perspectives for the next generation of hardware technologies. Bypassing conven-
tional CMOS architectures and exploiting nontrivial physical effects may offer lightweight and energy-efficient computation
solutions. We present here an approach based on the nonlinear spin wave interactions in YIG micro-structures as a versatile
platform for nontrivial calculation and classification tasks. Unlike other physical neuromorphic systems that rely on discrete
interconnected building blocks composed of neurons and synapses, interconnectivity in our approach occurs intrinsically in
the reciprocal or k-space of the spin wave excitation spectrum, eliminating the need for hardwired interconnections. This
concept has been successfully demonstrated in other magnetic microstructures [1].

Figure 1: Three parametrically excited modes of an array of ∅1 µm and 55 nm thick LPE YIG disks, detected inductively
using a spectrum analyzer, with varying excitation frequency and amplitude.

When considering a YIG microstructure such as a 1 µm disk, finite-size effects impose quantization, resulting in a discrete
spin wave spectrum. The corresponding magnon modes have been identified by micromagnetic simulations and experimen-
tally observed using Brillouin light scattering (BLS) [2]. Figure 1 demonstrates that several modes can be independently
parametrically excited and inductively detected at excitation frequencies in the accessible range (3.5 GHz – 4.5 GHz) of our
setup. These nonlinear excitation processes exhibit a threshold behavior, a key feature for enabling neuromorphic compu-
tation. In addition, the population of one magnon mode can induce (de-)populations of other modes, where the interaction
strengths vary for each mode pair. Hence, the YIG disk can be formally modeled as a fully interconnected recurrent neural
network (RNN), where spin wave modes are the neurons and their coupling through non-linear modes interactions are
the synapses, the synaptic weights being the strength of those interactions that are directly related to the individual modes
population.

An illustrative example of a network representation with four modes (n1 to n4) is shown in Figure 2. In this model, the
modes function as neurons, whose output values (populations) are nonlinearly dependent on their inputs. The finite line
widths of the modes result in the broadening of their response in frequency space, leading to multitone input and output
signals being given by continuous spectra rather than discrete frequency peaks. Furthermore, it is possible to crossover
from a reservoir-computing-like architecture to a programmable neural network by adding a programming signal to the
input redefining the dynamical state at will. This approach dynamically biases each neuron and shifts its threshold value,
enabling the reconfigurability of the RNN response.
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Figure 2: Recurrent neural network of interacting magnon modes in k-space.

Our experimental setup (Figure 1a) consists of 20 identical Yttrium Iron Garnet (YIG) disks, each with a thickness of 55
nm and a diameter of 1 µm. The magnetization of these disks is saturated by applying a 27 mT in-plane static magnetic field.
Spin waves are excited using a coplanar waveguide with a 2 µm wide signal line, which generates a time-varying magnetic
field at a 45° angle relative to the static field. We use an arbitrary waveform generator (AWG) to shape the input signal.
The system’s response is measured using a spectrum analyzer, capturing the frequency-resolved magnetization response at
half the excitation frequency.

Figure 3: a Setup for spin wave excitation and detection using an AWG and spectrum analyzer. b YIG microdisk with in-
plane static and time-varying magnetic field at a 45° angle.

We investigate the potential of this platform through a speech classification task using the Google Speech Commands
dataset [3]. The initial focus is on binary classification, identifying the occurrence of a specific word. To process audio
data, the frequency range relevant for speech recognition (≈ 300 Hz – 3.5 kHz) is mapped to our setup’s excitation range.
To mitigate overfitting while preserving the structural integrity of the sound signal, we apply a combination of frequency
scaling and shifting in the frequency domain, directly mapping the audible spectrum to the excitation range.

We parametrize the programming signal as a superposition of a small number (≈ 10) of sinusoidal components, each
characterized by amplitude, frequency, phase shift, and onset and cutoff times relative to the resampled speech signal. The
model parameters are then refined using optimization techniques, such as gradient-based algorithms and global minimizers,
to minimize the loss function of the recognition task. Upon progressing with the binary classification task, the gained
understanding of the relevant parameter space will provide insights into the potential capabilities and limitations of the
current neural network, thereby laying the groundwork for adapting the system to more complex tasks.
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Spin-torque vortex oscillators (STVOs) are compact spintronic devices characterized by their highly nonlinear dynamics.
These devices typically consist of a magnetic tunnel junction (MTJ) stack structure, in which the free layer exhibits a vortex
magnetization configuration. Over the years, STVOs have gained considerable interest for a wide range of applications,
particularly in the emerging field of neuromorphic computing, where their ability to mimic certain aspects of biological
neural networks offers potential advantages in terms of energy efficiency and computational power. [1] The operating
principle of these devices relies on the injection of a current into the system, which triggers the excitation of the gyrotropic
mode of the vortex. This gyrotropic motion of the vortex magnetization results in an oscillatory behavior, allowing for the
generation of a corresponding alternating voltage through magnetoresistance effects. Such a measurable signal is directly
linked to the dynamics of the vortex. In practice, this out-of-plane current injection can also be combined with other
excitation methods, such as magnetic fields.

For future on-chip integration, it is anticipated that multiple oscillators will be arranged to interact and form highly
dense networks. When spin-torque vortex oscillators are placed in close proximity to one another, they can communicate via
dipolar interactions. This type of coupling has been widely studied in the literature, both experimentally and by theoretical
means. [2, 3] However, the influence of the Oersted magnetic field generated by one oscillator on its neighbors has, to the
best of our knowledge, not yet been thoroughly considered. In this study, we focus specifically on the effect of this Oersted
field (see Fig. 1a), deliberately excluding dipolar interactions from our analysis. We demonstrate that this nonuniform,
planar field has a significant effect on the dynamics of a vortex by altering the magnetic energy landscape (see Fig. 1b).
The presence of this field introduces additional complexity to the system, influencing the motion of the vortex core in ways
that can not be attributed to dipolar interactions alone. Given these findings, we suggest that incorporating the Oersted
field into future studies of STVO arrays would provide a more comprehensive understanding of their collective dynamics
and could lead to more optimized designs for practical applications.

(a)

(s , φ)
x

y

STVO

(b)

Figure 1: a) Schematic of the system under study. The free layer of an STVO, which exhibits a vortex magnetization (in blue),
is excited by an out-of-plane spin-polarized current, its core (in red) oscillates at a position (s,ϕ) (in cylindrical coordinates).
If a conducting wire (which could be a neighboring STVO in a dense STVO network) is located close (∼ 100 nm) to this
STVO, the Oersted field generated modifies the Zeeman energy of the system and influences the dynamics. b) Theoretical
calculation of the Zeeman energy W Oe associated with an external Oersted field, with respect to the vortex core orbit s and
its phase ϕ.

In practice, the influence of a local stationary Oersted field, modeled as emitted from a simple conductive wire, on a
vortex magnetic structure has been thoroughly investigated. An analytical expression for the Zeeman energy associated with
this field was derived and confirmed through numerical simulations, [4] providing a clear understanding of the interaction
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between the field and the magnetic structure. The study then examined the effects of an oscillating Oersted field, revealing
resonance phenomena and demonstrating how the frequency of the excitation field affects the trajectory of the vortex
core, as already studied for uniform fields by Lee & Kim. [5] These findings offer valuable insights into the dynamics of
vortex oscillators and their response to external fields. The results of this work are expected to present implications for
applications involving dense oscillator networks, such as neuromorphic computation, frequency detection, and RF signal
generation. The ability to control and manipulate these interactions opens up new possibilities for the design of efficient
and versatile spintronic devices for future technologies.
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Non-collinear chiral AntiFerroMagnets (AFM) of the Mn3X (X = Sn, Ga, Ge) family of intermetallic compounds have
attracted a lot of attention recently since the discovery of a significant Anomalous Hall Effect (AHE) and Anomalous Nernst
Effect (ANE) [1], normally observed only in ferromagnetic materials. The chirality emerges from the triangular spin lattice
carried by Mn atoms and gives rise to a non-vanishing Berry phase of the electronic states responsible for this AHE and
ANE, as well as the predicted Weyl semi-metallic nature of their band structure. Furthermore, it has been shown recently
that chiral AFMs were able to carry spin-triplet Cooper pairs over long distances in Josephson junctions [2], opening the
way toward superconducting spintronic applications. Combining the AFM stability toward stray fields, the manipulation of
the magnetic state with currents via the AHE and the vast number of phenomena associated to the magnetic chirality, Mn3X
compounds are very promising for future spintronic devices and an excellent playground to study the physics associated to
magnetic topological phases of matter.

In this study, we have tested the epitaxial growth of Mn100-xSnx compounds with a large range of stoichiometry, x ∈
[20; 50], i.e. from equiatomic MnSn to Mn4Sn, by molecular beam epitaxy. Surprisingly, a single-crystalline phase is main-
tained throughout the stoichiometry range, as demonstrated by the Reflection High Energy Electron Diffraction (RHEED)
patterns in figure 1. This result is particularly interesting since MnSn was not found in any crystallographic databases.
Atomic Force Microscopy and RHEED confirmed a drastic change in the surface morphology, with an increase of the rough-
ness as a function of the Mn content. The structure of the Mn100-xSnx epitaxial layers is investigated using X-Ray Diffraction
and a non-monotonous evolution of the lattice spacings is observed, in agreement with a structural transition that still needs
to be determined. The magnetic properties are being studied using magnetometry and X-ray magnetic circular dichroism.

Figure 1: a) RHEED patterns of selected Mn100-xSnx epitaxial layers. b) lattice spacings obtained from XRD and RHEED. c)
AFM images showing islands for Mn rich samples.
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This work explores the field of magnonics and magnetoelastic couplings, focusing on the control of spin wave frequencies
in nanostructured films through the application of mechanical stress. Part of this work involves finite element simulations
of such phenomena using Comsol Multiphysics®. These simulations couple the effects of mechanical deformations on mag-
netic properties (indirect coupling) as well as the effect of magnetization on mechanical properties (direct effect) through
the magneto elastic energy:

Fme = ϵ
el : C : ϵel = ϵ

el
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They enable us to account for the temporal evolution of magnetic properties, the dispersive characteristics of spin waves,
and even predict magnon-phonon couplings that may arise in certain systems. We studied Both numerically with Com-
sol and experimentally by FMR and BLS the behavior of spin waves modes in such strained systems in order to observe
magnetoelastic and geometrical effects induced mechanically.[1–3]

Figure 1: (Left) Simulation of spin wave dispersion in a square lattice of holes in Co40Fe40B20 under 0.2% strain. (Middle)
Simulated spectra for 0% strain (black) and 0.2% strain (red). (Right) Simulated profiles of the static magnetization
configuration and the σx x and σy y components of the stress tensor.
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Terahertz waves bridging the gap between microwave and infrared radiation, offer a wide range of applications in
investigating material properties, telecommunication, medical imaging etc. The rise in frequency compared with current
telecommunications in the GHz range gives the possibility to an even faster data transfer rate and the ability of THz waves
to penetrate through plastic and coatings is advancing the field of non-destructive screening. Despite having a wide range of
potential scientific and industrial applications the emission and detection of THz waves is still challenging and the emitters
and detectors have limited performances: this is known as the THz gap [1]. The conventional emission techniques of
THz involve nonlinear optical methods such as optical rectification, higher harmonic generation and semiconductor-based
approaches [2]. In this work, we explore the THz emission using spintronic mechanisms [3]. The aim of this work is
to realise the emission of the THz waves in ferromagnet/normal metal bilayers by taking advantage of the inverse spin
Hall effect (ISHE) and orbital Hall effect (IOHE). The ultrafast laser pulse excitation induces a demagnetisation in the
ferromagnetic (FM) layer which leads to the generation of a spin (orbital) current propagating to the normal metal where it
is converted into a charge current via the ISHE or IOHE. The transient charge current radiates as an electromagnetic wave
of THz frequency in free space namely the THz waves. This mechanism of conversion of the spin current (JS) induced by the
femtosecond laser pulse (fs-pump) into a transverse charge current (JC) in a heterostructure giving THz waves is illustrated
in Fig.1. Typically, the ISHE is observed in heavy metals like Pt or W and the IOHE in light metal like Ti or oxidised Cu
(CuOx) [4, 5]. The measurement of the emitted THz wave is performed using electro-optic sampling in a ZnTe crystal. The
heavy metal based spintronic emitters typically outperform most laser driven semiconductor THz emitters using spintronic
mechanisms [4]. Notably the ISHE and IOHE can also be used for THz detection too making spintronics a potential versatile
platform for THz emission and detection.

Figure 1: The schematic of the heterostructure depicting the inverse spin Hall effect (ISHE) and orbital Hall effect (IOHE).
The ultra-fast demagnetisation caused by the femtosecond laser pulse will produce a spin (orbital) current in the ferro-
magnetic layer (FM). This spin (orbital) current (JS) would convert into a transient charge current (JC) via IS(O)HE in the
normal metal and radiates as an electromagnetic wave of THz frequency range into the free space.

In this work, we used multilayer heterostructures comprising of a heavy/light metal and a ferromagnetic metal deposited
on intrinsic FZ-Si by magnetron sputtering and integrated them within a THz time-domain system. In particular, we studied
Co/Pt and CoFeB/Pt bilayers and compared the efficiency of the THz emission with Co/Cu and CoFeB/Cu using either
Cu with 3 nm Al capping and Cu without a capping layer. In all these samples we could detect THz emission and we
confirmed the spin (orbital) origin of the signal by reversing the magnetic field. As expected the samples with Cu gives a
much smaller signal than the heavy metal Pt samples. Surprisingly oxidised Cu, which is expected to have a large orbital
Hall effect comparable to the spin Hall effect in Pt [6] gives an even smaller THz emission signal than unoxidised Cu (See
figure 2). These results indicate an apparent discrepancy between the large direct orbital Hall effect measured using spin
orbit torque measurement and the small THz signal associated with the inverse orbital Hall effect. This “non-reciprocity”
could be explained by the small orbital-to-spin magnetisation ratio in Co and CoFeB, leading to an inefficient orbital current
injection [7].
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Figure 2: Signal comparison of time-domain THz emission from different heterostructures of Co(2.5)/Pt(3)/Al(2.5),
Co(5)/Cu(5)/Al(2.5) and Co(5)/CuOx(5), the numbers in parentheses correspond to the thickness in nm.
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The identification of non-classical magnon states relies on the ability to reference the states fluctuations to the thermal or
vacuum fluctuations. We show that thermal magnetization fluctuations of a ferromagnetic thin film can be sensitively probed
using inductive magnon noise spectroscopy (iMNS, see Fig. 1). Our broadband approach allows to detect the microwave
emission of the equilibrium magnetization fluctuations relative to a cold microwave background by utilizing a coplanar
waveguide and a spectrum analyzer. Modeling the response of the whole microwave system and comparing it quantitatively
with low-power broadband ferromagnetic resonance (FMR) measurements in linear response yields excellent agreement,
which verifies the equilibrium character of the iMNS. Therewith, our work establishes purely inductive broadband access
to the equilibrium properties of magnetization fluctuations [1].
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Figure 1: Sketch of the inductive magnon noise spectroscopy setup and measurement principle.
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We report the first observation of a superconducting transition in a 3D printed, metalized-plastic device. A resonant TE
microwave mode at 13.41 GHz is observed to reduce its losses by an order of magnitude once it is cooled below 3.72 K; the
superconducting transition temperature of tin, with the mode’s Q factor increasing from 2.7×104 to 4.0×105.

Plastic resin 3D printing has been demonstrated to be an extraordinarily portable technology, with the ability to move a
printer from one location to another without the need for arduous set-up and pack-down procedures, or overly cumbersome
printing units – a typical printer weighs on the order of 20 kg. This fact makes them an intriguing technology to explore
for their applications to defence and space exploration wherein manufacturing from the same device may be required at
changing locations with short lead times. It has been previously demonstrated that microwave resonant cavities with equiv-
alent performance to their traditionally manufactured counterparts can be produced by plastic 3D SLA printing followed by
metallisation [1]. This result has opened up the possibility of rapid, low cost, and highly reproducible production of a wide
variety of microwave devices; such as filters, isolators, RF and magnetic field shielding, and more complicated systems for
coupling microwave photonics to additional degrees of freedom to form a hybrid system.

Figure 1: (a) S21 transmission spectra over a 100 MHz span at various temperatures with the central highlighted region
zoomed in (b). (c) Q factor of the mode extracted from fitting as a function of temperature with the superconducting
transition temperature of Sn labelled in red.

A hollow cylinder is first 3D printed with a stereolithography 3D printer. This printer has a resolution of 25µm for the
vertical axis. The internal diameter and height of the cavity were both designed to be 30 mm, with radial wall thickness
7 mm. A conventional 3-D metallization procedure of plastic elements has been adapted to produce a full metallization of
the plastic cavity with copper and tin (Sn). The Sn layer is made thicker to ensure that it acts as a bulk superconductor, well
above the percolation limit [2]. The cavity has a rubidium oxide temperature sensor mounted to its base, ensuring direct
measurement of the real cavity surface temperature, and together they are mounted to the mixing chamber (MXC) plate of
a dilution refrigerator. Data is recorded during the condense procedure of the dilution fridge, in which the temperature of
the MXC changes from 5 K to 20 mK, an ideal window to observe the superconducting transition of Sn.

A sample of the S21 transmission spectra recorded at different temperatures is displayed in Fig. 1 (a) and (b). It can be
observed from the first figure that within the observed 100 MHz frequency span there exists 3 modes, each of which becomes
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more resolved as the temperature decreases; a direct result of the increase in conductivity of the conducting boundaries.
The mode of interest is the central, high Q TE011 mode with frequency ω/2π=13.413 GHz. It is determined from finite
element simulation (COMSOL Multiphysics) that this is indeed the mode we are looking at. A zoomed in picture of the
mode is shown in Fig. 1 (b) as well as theoretical fits using a Fano model [3] and the resulting calculated Q factor. It is
clear that an increase in Q as well as peak transmission is associated with a decrease in temperature. By plotting the fitted
Q values against temperature in Fig. 1 (c), we observe that a jump in Q occurs around Tc = 3.72 K; the superconducting
transition for Sn. Over an order of magnitude improvement in Q factor is achieved; rising from a 2.7×104 to 4.0×105.

In conclusion, our study marks a decisive advance in the combination of superconductivity and additive manufacturing.
We have successfully demonstrated the first ever superconducting transition in a 3D-printed metallized plastic device.
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Skyrmions are particle-like magnetic non-collinear textures. Skyrmions are characterized by an integer called skyrmion
number, such as -1 for an anti-skyrmion, 1 for a skyrmion, and 0.5 for a vortex or meron. The skyrmion number is given by:

Q =
1

4π

∫
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n ·
�

∂ n
∂ x
×
∂ n
∂ y

�

dS (16)

Where S is the surface of the topological textures and n is the unitary vector field collinear to the magnetization field. A
non-zero topological charge ensures an energy barrier between collinear long-range and topological short-range states, pre-
venting spontaneous collapse. This stability makes skyrmions especially promising for applications in spintronics. Skyrmion-
based spintronics could drive significant advances in communication technologies [1], with potential for increased storage
density due to skyrmions’ sub-10 nm size, compared to the ∼ 30 nm limit of domain walls, neuromorphic computing due
to their non-trivial dynamics combined with their peculiar transport properties [1]. Additionally, skyrmions can be moved
with a low current density in different directions depending on their skyrmion number and even more dynamical properties
have been predicted [2, 3]. These innovations could counteract the slowdown in Moore’s law and significantly reduce the
energy consumption of electronic and spintronic devices [4].

One challenge in skyrmion-based spintronics is to identify the internal structures of topological objects. As the topolog-
ical charge is a non-local property that requires the definition of a boundary, opposite topological structures with opposite
charges, like a skyrmion and an anti-skyrmion, will cancel each other’s charge when evaluated collectively [5]. Therefore,
distinguishing the number, type and spatial extension of these structures within a sample is complex but essential. Develop-
ing such methods is critical for advancing research on the creation, annihilation, and topological protection of skyrmions,
enabling systematic simulations even at high temperatures.

Figure 1: Simulation results showing a disordered spin texture. In our implementation, the vector field could be the
magnetization field, the gauge field or the displacement field. To each vector component corresponds a neuron in the input
layer. Then several hidden layer of different size may be defined. As an output, the NN can give information about the chiral
nature of the magnetic texture as well as its boundary. In this particular example, we show in our preliminary result that a
skyrmion or an antiskyrmion may be recognized. This approach can be used to recognized topological textures in-situ.

To tackle these challenges, our work relies on three core elements. The first is the generation of dynamics for magnetic
topological structures. This is achieved through the implementation of algorithms within the Matjes program developed
at TOM research unit [6]. The second element is the automation of the creation of the database required for the training
of neural networks. This enables us to train different types of network. The last element is the development of optimized
neural networks, both in terms of intrinsic structural design and architectural configuration, within Matjes.

Page 245 sur 330

mailto:x.bosch@uliege.be


C.L.N. 2025 Jeudi 19 10h50-13h00 S2P23

The three core elements are connected to each other as represented in Fig. 1. The atomistic simulations provides us
vector field samples as the one on the left of the figure 1. The information within the samples is divided into parts that
serve as input for the first layer (purple neurons) of the neural network. The neural network applies its trained artificial
intelligence when the information goes from the left to the right of the network. The last layer, composed of the blue
neurons, provides the output of the network. In this case, the output is a skyrmion as represented on the right of Fig. 1.
Our neural network is able to classify the topological magnetic structure inside the sample.
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Spintronics research is built upon materials. The humble magnetic tunnel junction (MTJ) has seen decades of study
[1], from subtle improvements through tweaking of compositions and layer dimensions, to leaps in performance made
possible through the development of new materials (such as Heuslers [2–4]) and material combinations (such as the Fe/MgO
interface [5]). Spintronics and magnetics research has been the driver of the big-data revolution, and continues to push
increased connectivity and performance in all areas of information technology and science. The future of spintronics includes
low-energy MRAM [6] and in-memory computing, as well as breakthrough neural network systems [7], all of which requires
building a foundation for the exploitation of properties that new and novel materials can bring to our research. This depends
not only on understanding of the materials themselves, but also the ability to produce and develop such materials in a flexible
environment, where fast prototyping is key.

Due to its scalability, sputtering is the standard physical vapour deposition (PVD) technique for depositing a variety of
materials and devices, ranging from hard coatings to complex multilayer active devices. Co-sputtering allows for the precise
control of film stoichiometry by controlling the deposition rate of each target, either elemental or an alloy. Other properties
such as structure and morphology are controlled by a complex interplay of sputter power, chamber pressure, deposition
temperature and post-annealing steps. Optimising films for application means balancing between ideal properties of single
films and the requirements of device structures, as well as further developing standard industry processes to be compatible
with new materials.

With increased performance requirements from MTJs and spintronics research, the team at SPINTEC developed the Con-
vergence tool, shown in Fig 1, to meet the needs of future research and explore new material systems. Based on a confocal
design, the system is capable of sputtering from eight targets, and up to four simultaneously, on 100 mm wafers. Deposition
across the wafer can be uniform, or with a wedge in any arbitrary direction. Using MEIVAC MAK2 magnetrons, the system
is capable of depositing magnetic and non-magnetic materials, dielectrics via RF power, as well as reactive sputtering with
oxygen and nitrogen gas. The custom design allows for expansion and modification of the system’s capabilities, includ-
ing a new high-power heater currently under construction, for oxygen-compatible high-temperature depositions. Using a
robotic distribution chamber also permits expansion to include extra process chambers, allowing us to further increase the
capabilities of the system.

As a co-sputter tool, the Convergence is key in the development of materials for emerging topics in SPINTEC, in particular
for anti-ferromagnetic and altermagnetic materials, including Mn3Sn, Mn5Si3, and other Mn-based materials, as well as
Heusler alloys (Co2MnSi), and hard magnetic materials (L10/L12 CoPt, FePt). In addition, the system allows fast prototyping
of multi-layer systems with atypical materials which can be transferred to systems with mature MTJ growth capabilities.
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Figure 1: Left: The Convergence deposition platform, with the different chambers indicated
Right: View inside the chamber from above the sample

Page 247 sur 330

mailto:gwenael.atcheson@cea.fr


C.L.N. 2025 Jeudi 19 10h50-13h00 S2P24

References

[1] S. A. Wolf, D. D. Awschalom, R. A. Buhrman, et al. Spintronics: A Spin-Based Electronics Vision for the Future. Science
294, 1488–1495 (2001).

[2] Takayuki Ishikawa, Hong-xi Liu, Tomoyuki Taira, et al. Influence of film composition in Co2MnSi electrodes on tunnel
magnetoresistance characteristics of Co2MnSi/MgO/Co2MnSi magnetic tunnel junctions. Applied Physics Letters 95,
232512 (2009).

[3] Benjamin Balke, Sabine Wurmehl, Gerhard H. Fecher, Claudia Felser, and Juergen Kuebler. Rational design of new
materials for spintronics: Co2FeZ (Z = Al, Ga, Si, Ge). SCIENCE AND TECHNOLOGY OF ADVANCED MATERIALS 9
(2008).

[4] H. Kurt, K. Rode, M. Venkatesan, P. Stamenov, and J. M. D. Coey. Mn3−xGa (0 ≤ x ≤ 1): Multifunctional thin film
materials for spintronics and magnetic recording. physica status solidi (b) 248, 2338–2344 (2011).

[5] S. Yuasa and D. D. Djayaprawira. Giant tunnel magnetoresistance in magnetic tunnel junctions with a crystalline
MgO(001) barrier. JOURNAL OF PHYSICS D-APPLIED PHYSICS 40, R337–R354 (2007).

[6] Sabpreet Bhatti, Rachid Sbiaa, Atsufumi Hirohata, et al. Spintronics based random access memory: a review. MATE-
RIALS TODAY 20, 530–548 (2017).

[7] J. Grollier, D. Querlioz, K. Y. Camsari, et al. Neuromorphic spintronics. NATURE ELECTRONICS 3, 360–370 (2020).

Page 248 sur 330

http://dx.doi.org/10.1126/science.1065389
http://dx.doi.org/10.1063/1.3272926
http://dx.doi.org/10.1063/1.3272926
http://dx.doi.org/10.1088/1468-6996/9/1/014102
http://dx.doi.org/10.1088/1468-6996/9/1/014102
http://dx.doi.org/10.1002/pssb.201147122
http://dx.doi.org/10.1002/pssb.201147122
http://dx.doi.org/10.1088/0022-3727/40/21/R01
http://dx.doi.org/10.1088/0022-3727/40/21/R01
http://dx.doi.org/10.1016/j.mattod.2017.07.007
http://dx.doi.org/10.1038/s41928-019-0360-9


C.L.N. 2025 Jeudi 19 10h50-13h00 S2P25

Graphene/CoFeB-Based Heterostructures : Influence of
Direct and Oxide-Separated Interfaces on Dynamic

Magnetic Properties
Imane BERRAI1,*, Wafa Alimi1, Mohamed Belmeguenai1, Yves Roussigné1, P. A. Dainone2, Hyunsoo

Yang3, Yuan Lu2, Samir Farhat1, and Salim Mourad Chérif1

1Université Sorbonne Paris Nord, Laboratoire des Sciences des Procédés et des Matériaux, CNRS,
LSPM-LPR 3407, 99 Avenue J.-B. Clément, 93430 Villetaneuse, France

2Institut Jean Lamour, Université de Lorraine, CNRS UMR 7198, Campus ARTEM, 2 Allée André Guinier,
BP 50840, 54011 Nancy, France

3Department of Electrical and Computer Engineering, National University of Singapore, 117576,
Singapore

*imane.berrai@lspm.cnrs.fr

The integration of graphene (Gr) in spintronic devices has been shown to be effective in modulating the magnetic proper-
ties of ferromagnetic (FM) films as demonstrated by research conducted over the last decade [1]. In this work, the dynamic
magnetic properties of graphene-based heterostructures in two geometries have been studied: (i) SiO2/Gr/CoFeB/Cu : in
this case the monolayer graphene (MLGr) is interfaced with the FM layer, and (ii) SiO2/Gr/Oxide/CoFeB/Ta where MLGr
is separated from the FM layer by an oxide barrier. We have shown in this study that the influence of MLGr on the given
system persists in both cases, mainly through its intrinsic ripples, regardless of direct contact or oxide separation.

The structural properties of the heterostructures were investigated by Raman spectroscopy and HR TEM was used to
analyze the interface quality. Dynamic magnetic properties have been studied using Brillouin Light Scattering (BLS) and
Ferromagnetic Resonance (FMR) techniques. In SiO2/Gr/CoFeB/Cu heterostructures, an increase in surface Perpendicular
Magnetic Anisotropy (PMA) of about 23 % was observed (Figure 1-a). This enhancement is due to the following two mecha-
nisms: a proximity effect (hybridization at the Gr/FM interface) and a geometric effect (ripples inherent to Gr). Conversely,
in SiO2/Gr/Oxide/CoFeB/Ta multilayers, where the Gr is separated from the FM by MgO or Al2O3 barriers, the PMA en-
hancement is mainly attributed to interface structural effects. An increase in the effective PMA constant by approximately
30 % was noted, as deduced from the decrease in BLS frequencies in the presence of Gr (Figure 1-b).

In SiO2/Gr/CoFeB/Cu heterostructures, FMR measurements showed a significant increase in magnetic damping due to
the contribution of two-magnon scattering (TMS), while no evidence of spin pumping contribution was observed. The TMS
effect was found to be enhanced by a factor of three in the presence of graphene (see figure 2-a). In the presence of an oxide
barrier, a notable increase in the damping constants, more pronounced with MgO, is also observed, suggesting a stronger
influence of heterogeneities in the presence of MLGr (see figure 2-b). This finding is consistent with Raman and HRTEM
results (see figure 2-c, 2-d et 2-e). Crucially, it is shown how the rippling of Gr plays an important role in determining
the properties of these heterostructures. Furthermore, the frequency asymmetry of spin waves measured through BLS was
weak, and an effective DMI constant of about 0.04 mJm−2 in both cases was determined, indicating a weak interfacial DMI
even in the presence of graphene [2].

This study establishes that the effect of Gr on the dynamic magnetic properties of FM films persists regardless of whether
it is in direct contact or separated by an oxide barrier. The results thus provide an important insight into the engineering of
Gr/FM interfaces for improved performance in spintronic devices.
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Figure 1: (a) Effective magnetization (µ0Meff) vs t−1
eff of CoFeB films with or without Gr, (b) Field dependence of frequencies

of Si/SiO2/MLGr/oxide/CFB-based heterostructures.

Figure 2: (a) Damping for SiO2/CFB and MLGr/CFB plotted as a function of t−1
eff ; and fitting curves with parabolic func-

tion as expected for TMS, (b) In-plane applied field-dependent BLS linewidth of the SiO2/MLGr/OxB/CFB/Ta samples
and their references, and Comparative HRTEM Imaging of (c) Si/SiO2/MLGr/CFB, (d) Si/SiO2/MLGr/Al2O3/CFB, and (e)
Si/SiO2/MLGr/MgO/CFB heterostructures.
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The phase dynamics of coupled and/or injection locked arrays of spin torque nano-oscillators (STNO) can be harnessed
for novel hardware concepts within unconventional computing schemes [1] or for smart communication applications [2].
Here we address the case of an array of weakly coupled STNOs that are simultaneously injection locked to an RF signal whose
frequency is close to two times the free running STNO frequency. This 2 f -injection-locking leads to a phase binarization
(π-peridiodic values of the oscillator phase) that can be exploited as a binary spin to implement an Ising machine (IM) for
solving combinatorial optimization problems (COP) [3]. For this purpose, the problem is mapped on the Ising Hamiltonian
HIsing = −
∑

i, j Ji jσiσ j −
∑

i hσi that describes a 2D lattice of binary-valued spins σi ,σ j and where the coupling constants
Ji j encode a given problem. The inherent convergence towards the global energy minimum can then be used as an algorithm
to determine the solution of the COP.

Figure 1: Comparison of the solution of (a) the Ising Hamiltonian HIsing for N = 8 spins, with 256 highly degenerate
spin states, resulting in only 5 different energy levels indicated by the color code and (b) the probability distribution for
N = 8 coupled identical STNOs for VDC = 1.5V , RF source frequency 9.618GHz and a ratio of detuning to locking range
δ/∆Ω = 0.6. The total simulation time is 200µs and the temperature T = 50K . The probabilities are grouped into five
levels, given by the color code, according to (c), where the states of highest to lowest probability are plotted. Although in
each group the probability is not the same, there are distinct jumps in the value of the probability that allows identification
of the corresponding energy level. There is good agreement between (a) and (b). However, when changing the detuning
sign, operating point (VDC) or coupling constant, the agreement is less good. In (a) and (b) the 256 levels are arranged in
a matrix with each line representing 16 levels, that are counted from left to right and continue in the next line, going from
bottom to top.

To explore the stochastic phase dynamics within an Ising system based on in-plane magnetized STNOs, the coupled
Landau-Lifshitz-Gilbert-Slonczewski equations including thermal fluctuations have been solved numerically. Combing these
numerical simulations with analytical models provided by the non-linear auto-oscillator theory [4] allows one to extract
the instantaneous phase of single and N coupled STNOs (N ≥ 2). Due to thermal fluctuations, the phase of each STNO
jumps stochastically between its two binary states and, therefore, phase state probabilities and phase correlations between
different STNOs are extracted. For a single oscillator, both phase states are equiprobable in the isolated and coupled case.
However, the probabilities of the 2N collective phase states are unequal when the coupling between STNOs is activated.
The probability distribution of the phase states of all coupled STNOs is analyzed as a function of the coupling parameters
(strength, sign, type of coupling), frequency mismatch and operational point in order to determine the parameter range that
provides the solution to an optimisation problem. Results are illustrated for the MaxCut problem (Ji j = K < 0) for which
the energy levels of the corresponding Ising Hamiltonian HIsing are determined for all possible phase state combinations
Fig. 1a. The phase states with lowest energy are expected to correspond to the phase states of highest probability Fig.
1b. We first present results for identical STNOs and then address the important question of non-identical STNOs to guide
experimental implementations of an Ising machine and evaluate the feasibility of the concept.
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The evolution of thin-film deposition technologies has significantly transformed material science and device fabrication
enabling the substantial development of next-generation spintronic devices. The Singulus sputtering system, equipped with
24 targets across two deposition modules, represents a cutting-edge solution for precise, scalable, and versatile thin-film
deposition. Designed to handle 200mm wafers, the tool allows for the deposition of up-to 24 different materials in total
(see Fig. 1) and is fully automated, featuring at least one loading slot capable of accommodating 25-wafer cassettes. In
its final configuration, the system will incorporate dedicated oxidation-etching and thermal annealing chambers. This ad-
vanced system provides exceptional flexibility for depositing complex multilayer structures, supporting the integration of
various materials such as metals, oxides, nitrides, and alloys within a single processing cycle. Capabilities like simultaneous
co-sputtering, sequential deposition, and gradient layer formation enable precise control over film properties, including
composition, thickness uniformity, and interface quality. The tool also enables the integration of heavy metals, antiferro-
magnet and oxides for advanced spintronic functionalities, such as perpendicular magnetic anisotropy and efficient spin
current generation, etc. This poster highlights the sputtering system’s applications in spintronics, including the deposition
of films for magnetic tunnel junctions, spin valves, spin-orbit torque devices, magnetoresistive random-access memory, and
high-performance memory and logic devices.

The tool ensures high reproducibility and uniformity (within wafer and wafer to wafer), making it ideal for both fun-
damental research and industrial-scale applications. This tool is also open for collaborations with academics and industrial
partners.

Figure 1: The Singulus tool with two modules (left and right) and the transfer chamber (center) installed at Spintec.
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In the objective of decreasing the energy consumption of electronic devices, “spinorbitronics” appears as an interesting
research field. In the last years, a new technology of non-volatile memories has emerged, called SOT-MRAM. It uses spin-
orbit torque (SOT) to reverse the magnetic orientation of a ferromagnetic (FM) material in a magnetic tunnel junction,
which stores the information 0 or 1. SOT-MRAM presents fast operation time and high endurance [1]. However, this tech-
nology faces many challenges, including the optimisation of charge-spin conversion in order to reduce the current required
to achieve magnetization switching. A new class of materials, namely topological insulators (TI), appears as promising
candidates to enhance energy efficiency of SOT-MRAM [2], due to their strong spin-orbit coupling caused by the presence
of topological surface states in which it is possible to generate important spin accumulation.

The aim of this PhD work is to study the integration of tellurides-based topological insulators (Bi2Te3, Sb2Te3 and
(BixSb1-x)2Te3) in SOT devices. We will deposit ferromagnetic materials on sputtering-grown topological insulators, and
study the magnetic and spin-orbit torques in these stacks. The CEA-Leti is developing TI growth by the industrial-friendly
magnetron sputtering method over large area up to 300 mm.

The first part of this work consists in optimizing the surface quality of the topological insulators, before the deposition
of the ferromagnet. The TI and ferromagnet being grown in two different sputtering machines, the samples have to be
transported in air from one machine to the other. To keep the TI surface quality, the films are capped with protecting layers
which need to be removed without damaging the TI layer, by annealing, ion beam etching or both. The crystallographic
structure of the stack and surface quality are monitored in-situ by reflection high-energy electron diffraction (RHEED) (Fig.
1), and we perform material characterizations such as X-ray diffraction and atomic force microscopy to control the quality
of the topological insulator and its surface morphology.

Figure 1: in-situ RHEED, during the evaporation of the capping layer. When the annealing temperature increases, we
observe the diffraction pattern turning into vertical lines, which is the signature of a smooth crystal surface of the TI layer.
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Parametric excitation using radiofrequency fields allows populating specific spin wave modes in magnetic microstruc-
tures. In the context of unconventional computing using nonlinear spin wave dynamics [1, 2], it is essential to understand
how excited modes influence the generation of other modes and whether transients dynamics play a role. We examine
this question in simulation for 1-µm-diameter 50-nm-thick YIG disks [Fig. 1(a)] at 300K using the MUMAX3 code [3].
The system is under parametric excitation in parallel pumping configuration: both static field B0 = 50 mT and sinusoidal
radio-frequency brf field are applied along the same direction [Fig. 1(a)]. Using mode-filtering method projected onto
precomputed eigenmode profiles [4, 5], we track the time evolution of any mode both population and power spectrum.
Figure shows the main features for modes κ = 11 and 18 with eigenfrequencies ν11 = 2.885GHz and ν18 = 3.139 GHz
and critical threshold of brf,c,11 = brf,c,18 = 0.70 mT. We monitor the populated modes when excited parametrically first
separately [Figs. 1(b-c)] then toggled with 500 ns delay in between [Figs. 1(g-h)]. On one hand, pumping at νrf = 2ν11
with brf = 1.05mT [Fig. 1(b)], targeted mode ψ11 is populated along with modes ψ17 and ψ7. Modes reach their satu-
ration values (nsat

κ ) simultaneously with nsat
11 about two order of magnitude higher than nsat

17 and nsat
7 . When the pumping

frequency is detuned [Fig. 1(d)] steady state values follow a sawtooth shape expected from the parametric excitation. On
the other hand, pumping at 2ν18 with same field [Fig. 1(c)], targeted mode ψ18 is populated along with mode ψ19, modes
that are close in eigenfrequencies (ν19 − ν18 = 4MHz). Here the two modes have similar saturation values, nsat

18 and nsat
19 ,

but the latter reaches it after the former. Their steady values have sawtooth shape with different trends when frequency
is detuned [Figs. 1(e-f)]. The goal after, is to determine whether modes associated with a second pump can be populated
when a family of modes preexists in the system [Figs. 1(g-h)]. When 2ν11 is pumped first, thus populating modes ψ11, ψ17
and ψ7, additional pump 2ν18 populates mode ψ18 and inhibits mode ψ19 while preexisting modes carry on. When the se-
quence is reversed, additional pump 2ν11 populates all modes affiliated while preexisting modeψ18 maintains its value and
mode ψ19 is annihilated. The mode spectrogram also reveals that the annihilation is accompanied by the transient mode
creation of two modes ψ12 and ψ29. While mode power spectra can account for mode creations (we have ν11+ν29 = 2ν18
and the negative frequency shift of mode ψ12 of a few MHz), the presence/absence of modes associated with the addi-
tional frequency can be explained by the mutual nonlinear frequency shift imposed by the first frequency. It is possible
to estimate the frequency shift related to this quantity and predict the nsat

κ values of the modes intended to populate. For
modes κ= 18,19 when exciting at 2ν11 have a negative frequency shift of 1 MHz and 9MHz respectively [shaded curves in
Figs. 1(e-f)]. At 2ν18, nsat, shifted

18 yields non-zero value and nsat, shifted
19 below thermal level value, explaining why mode ψ11

is populated mode ψ19 is inhibited. When exciting at 2ν18, mode ψ11 has a negative frequency shift of 2 MHz, at 2ν11 we
have nsat, shifted

11 yielding non-zero value again explaining why mode ψ11 is populated [Fig. 1(d)]. Toggling these nonlinear
excitations goes beyond mode selection: full inhibition, annihilation and complete coexistence of modes and their satellites
have been observed depending on pumping frequencies, sequence and supercriticality. Observations are similar for created
modes, beyond the transient creation: created modes can take over for inhibited ones or follow stimulated 4-magnon scat-
tering rules. This strong bearing on the overall dynamics can also be tuned by taking into account the characteristics of the
nonlinear excitation either detuning or field amplitude which could be promising for information processing.
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Figure 1: (a) Geometry and eigenmode profiles. Populated modes when pumping at (b) νrf = 2ν11 and (c) νrf2ν18 with
brf = 1.05mT. Evolution of saturation values with detuning under same field of (d) nsat

11 at 2ν11 (solid filling) and nsat, shifted
11

when pumping at 2ν18 (shaded filling), (d) nsat
8 and nsat, shifted

18 , (d) nsat
19 and nsat, shifted

19 at 2ν18 (solid filling) and shifted
in presence of 2ν11 (shaded filling). (c) Populated modes when excitations are toggled under sequence defined by a first
excitation applied for 500ns followed by the addition of a second pump for another 500 ns (see sketches) with (g) 2ν11,
2ν11 + 2ν18 and reversed sequence (h) 2ν18, 2ν18 + 2ν11.
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In a context of energetic crisis, significant efforts are being devoted to developing new solutions for energy generation
and recuperation. In this context, thermoelectricity stands its ground by bringing reliable, noiseless and compact devices
on the table. Still, fundamentals limitations in the efficiency persist, coming from the inherent physical properties of the
materials. Indeed, when it comes to caracterizing perfomances of thermoelectric materials, one quickly get in touch with the
thermoelectric figure of merit zT = σS

κ , imposing very small conversion yields for usuals materials. Recently, experimental
and theoritical progress in the synthesis an comprehension of low dimentionnality materials gave hopes to investigate this
new horizon with unconventional materials to propose systems taking advantage of low dimensionnal effects and nanos-
tructuration. Among these systems, the inclusion of metallic nanoparticles allow optimization of the materials on different
fronts [1], [2].

In the meantime, the idea of adding the spin degree of freedom to the optimization of thermoelectric material has be-
come a hot topic [3], [4]. Taking advantage of these two trends, Zhao et al. [3] demonstrated experimentally that the
inclusion of magnetic nanoparticles within a thermoelectric matrix could significantly enhance performances, suggesting
in the same time that the magnetic state of the nanoparticle assembly may provide a means to control the thermoelectric
properties of such complex materials. Despite these experimental findings, this topic remains largely unexplored, with no
clear trend predicting which thermoelectric properties benefit from magnetic nanoparticle inclusions [2], and this work
takes place in the global effort to rationnalize these effects, by introducing a new model system to investigate them.

The nano-composite system we propose is composed of a semiconducting matrix (thin-film of amorphous or nano-crystalline
germanium) into which nanoparticles of transition metals (Co or Co based alloys) are co-deposited using the Low Energy
Cluster Beam Deposition method (LECBD [5]) under ultrahigh vaccum conditions. With this original set-up, we are able to
synthetize with a physical route nanoparticles of very precise sizes and controlled concentration (i.e. a controlled interpar-
ticle distance) inside the e-beam evaporated matrix. This provides an ideal platform for the in-depth study of the effects of
the magnetic nano-inclusions on the transport properties of thin semi-conductor films of various cristallinity.

As a first step, significant effort has been dedicated to the reproducible synthesis of a germanium matrix using e-beam
evaporation., with well controled crystallinity, surface morphology and segregation between nanoparticles and matrix. This
last point is mandatory as it allows the existence of second phase magnetic material inside of a non magnetic matrix, which
has been confirmed by SQUID magnetometry and STEM-EDX, see Fig. 1.

Figure 1: From left to right : Scanning Transmission Electronic Microscopy of our system. Energy Dispersive X-ray Spec-
troscopy, for cobalt and germanium.

Besides, we have characterized the electronic transport properties of the Ge matrix by resistivity and Hall measurements.
Other structural characterizations will be discussed, utilizing complementary experimental methods such as X-ray diffrac-
tion and reflectivity, Raman and Brillouin spectroscopy, Atomic Force Microscopy, Transmission and Scanning Electron Mi-
croscopy to ensure confidence in the control of the synthesis process. Ongoing transport measurements (thermopower,
temperature dependant electrical conductivity and capacitive characterization), will also be presented, with a huge focus
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on reproducibility of samples and measurements. The first results are showing tremendous incresase in electrical conduc-
tivity an thermopower for doped samples.

To conclude, we will have a look at perspectives about systematic characterization of thermal conductivity by time
resolved thermoreflectance and field dependance of transport properties which is still lacking in the community for this
kind of nanostructured systems.
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Magnonics focuses on the study and manipulation of spin waves (SWs), which are collective excitations of electron spins
in ordered magnetic materials. Devices based on Spin Waves encode data through their phase and amplitude and enable
information transmission and processing over micrometer-scale distances without charge transport, effectively eliminating
Joule heating. Their tunability through magnetic phase diagrams, controlled by external fields, magnetic anisotropy, or
material compositions, makes them ideal for magnon-based reconfigurable signal processor and logic circuits.

Yttrium iron garnet (YIG) has been the main material platform for magnonics because of its ultra low magnetic damping
α≈ 10−5 [1]. It has been shown that perpendicular magnetic anisotropy (PMA) induced by Bismuth doping [2] can stabilize
magnetic textures such as worm-like domains or magnetic bubbles, making Bi-YIG an optimal candidate for reconfigurable
magnonic devices [3] [4] (see Fig. 1). In this work, we investigated the propagation of SWs in Bi-YIG films with thickness
∽ 20 nm, using simultaneously - magneto-Optical Kerr effect (MOKE) imaging and vector network analyzer (VNA)-based
propagating spin wave spectroscopy (PSWS) between two inductive antennas (Fig. 2). A vectorial in-plane (µ0Hip) and out-
of-plane (µ0Hoop) fields are applied simultaneously and controlled independently to tune the magnetic phases. Polar-MOKE
was used to image the out-of-plane components of the magnetization.

Figure 1: Magnetic imaging of BiYIG at zero in-plane (IP) field and at different out-of-plane fields (OOP). The domains are
initialized by cycling from high IP field (60 mT) to -60 mT at a fixed OOP field. Due to this field history, even at 0 mT, a
well-defined distribution of domains can be seen. Wide variety of magnetic states are observed: (a) Domains at µ0Hoop =
0 mT, (b) Domains + bubbles at µ0Hoop = 3 mT, (c) Bubble lattice at µ0Hoop = 5 mT and (d) Isolated bubbles at µ0Hoop =
7 mT. The yellow arrow indicates the direction of the initial in-plane field.

Different magnetic textures were observed - magnetic bubbles or domains or a mixture of both depending on the
strengths of the in-plane (IP) field, out-of-plane (OOP) fields and the angle at which the in-plane field is applied (as dis-
played in Fig. 1). Using VNA-based PSWS, we characterized spin wave transmission, showing forbidden frequency band
gaps in Fig. 2 (red frames) as a function of IP fields for the various OOP fields. The position of the band gaps is observed
to vary depending on the strength of the OOP field. The group velocity of the SWs was also extracted from the phase data
obtained from the imaginary part of S-parameters of VNA and compared to the Kalinikos-Slavin model [5].
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Figure 2: (a) Schematic illustration of propagating spin wave spectroscopy (PSWS): When microwave current I(ω) is
injected to the antenna, a dynamic RF magnetic field is induced, which excites the spin wave. The SWs then propagate to
the second antenna, where they are detected through voltage variation ∆V because of the varying magnetic field induced;
(b) S21 magnitude of transmission spectrum for in-plane field spanning from -60 mT to 60 mT at zero out-of-plane field.
The red frames show the bandgaps.

We compare the results with micromagnetic simulations using Mumax3 [6] software to unravel the SW propagation,
magnetic domain behavior, and the interactions between magnetic textures and spin wave dynamics in different states in
order to bridge the gap between experimental results and theoretical predictions.
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Les capteurs à magnétoresistance anisotrope (AMR) réalisés à base de couches minces de manganite La1-xSrxMnO3
(LSMO) font partie des capteurs de champs magnétiques compétitifs, au même titre que les GMR et les TMR, en raison
de leur faible bruit intrinsèque [1]. La manganite LSMO est ferromagnétique pour des concentrations de dopant de Sr
comprises entre entre 0.25 et 0.5 et pour la fabrication de capteurs une couche mince épitaixale déposée par PLD (Pulsed
Laser Deposition) est requise. Afin d’obtenir une réponse magnétique sans hystérésis, une anisotropie uniaxiale est induite
dans le plan de la couche mince et le champ magnétique à détecter est appliqué selon la direction difficile d’aimantation.
L’anisotropie magnétique uniaxiale est induite dans la couche mince par l’utilisation d’un substrat vicinal de SrTiO3 (STO)
présentant un angle vicinal de 4°. L’axe facile magnétique est aligné selon les bords des marches [2] [3]. La figure 1 montre
montre deux configurations de capteurs disposés enpont de Wheatstone.

Figure 1: Capteur AMR LSMO disposés en ponts de Wheatstone

Le bruit basse fréquence de ces couches minces de LSMO suit le modèle empirique de Hooge [4]. Il s’avère particulière-
ment faible ce qui permet d’obtenir une bonne détectivité. Ainsi pour un dopage x=0.3 (conduisant à une température
de Curie d’environ 360K [5] nettement supérieure à la température ambiante), la meilleure détectivité obtenue atteint
1.4nT ·Hz−1/2 à 1Hz et 240 pT ·Hz−1/2 à 1kHz, pour une tension de polarisation de 20V [1].

Afin d’améliorer la détectivité, et donc le rapport signal sur bruit, l’intégration de concentrateurs de flux magnétique
(MFC) est ici étudiée. Ces concentrateurs vont amplifier la densité de flux magnétique vue par le capteur. Ils sont réalisés
par électrodépôt dans un bain électrolytique, de couches de permalloy (NiFe) de 7µm, d’épaisseur déposées sur un seed
layer conducteur [6]. Afin de définir la géométrie optimale de ces concentrateurs, des simulations utilisant la méthode
des éléments finis, à l’aide du logiciel COMSOL, ont été menées. Plusieurs géométries ont été étudiées. Différentes tailles
de concentrateurs et du gap séparant les concentrateurs au milieu desquels se trouve le capteur, ont été étudiées ainsi
que différentes formes visant à améliorer la focalisation de la densité de flux vers le capteur. Les résultats obtenus pour
certaines géométries ont été comparées à des résultats de littérature [6] [7], ce qui a permis de valider la méthode. De
manière complémentaire, une étude de l’homogénéité du champ appliqué au capteur par les concentrateurs a été menée.

Figure 2: Simulation Comsol montrant une amplification du champ magnétique de 338 fois pour cette structure
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A titre d’exemple de résultat, pour un concentrateur de 10mm de longueur par 1 mm de largeur, un gain théorique de
340 est attendu pour une largeur de gap de 30µm (cf figure 2), tandis qu’un gain de 150 est attendu pour un capteur en
pont de Wheastone de 15µm de coté et une largeur de gap de 10µm.

La réalisation de ces concentrateurs de flux est en cours. La caractérisation expérimentale visera à vérifier ces facteurs de
concentration et étudier une éventuelle contribution de bruit basse fréquence supplémentaire de la part des concentrateurs.
Il s’agira enfin d’évaluer si la détectivité en basse fréqeunce des capteurs suit bien la loi ci dessous (Eq 1), où D, S et Ω
désignent respectivement la détectivité, la sensibilité et le volume du capteur, Do, So et Ω0 étant la détectivité, la sensibilité
et le volume d’un capteur de référence de 300µm de coté, dépourvu de concentrateur.

D
D0
=

S0

S

√

√Ω0

Ω
(17)
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Anisotropic magnetoresistances (AMR) sensors use the change in electrical resistance of a ferromagnetic material when
its magnetization is rotated relative to the current direction[1]. AMR sensors generally have lower sensitivity than Giant
MagnetoResistance (GMR) and Tunnel MagnetoResistance (TMR) sensors but they are easier to fabricate since they need
only one active layer. Sofar the most popularly used material for AMR sensors is Permalloy, an alloy of iron and nickel. We
previously demonstrated that high sensitive AMR sensors can be fabricated using La2/3Sr1/3MnO3 thin films. Detectivity as
low as 200 pT.Hz-1/2 at 1 kHz and 1 nT.Hz-1/2 at 1 Hz could be measured at 310 K in 45 nm thick LSMO thin films deposited
on vicinal SrTiO3 (001) substrate of vicinal angle 4° [2]. Among other possible room temperature ferromagnetic candidates
Cr4Te5 compounds have great potentials. It has been reported that Cr4Te5 epitaxial films showing ferromagnetic-metallic
character at room-temperature could be deposited on Al203(0001) substrates by Pulsed Laser Deposition (PLD) using a KrF
laser with wavelength 248 nm [3], [4] or by PLD using a first harmonic Nd:YAG solid-sate laser with wavelength 1064 nm
[5].

Here we will present magnetoresistance and low frequency noise measurements measured in Wheatstone bridges pat-
terned in 75 nm thick Cr4Te5 thin films deposited on Al203(11-20) substrates. PLD using a first harmonic Nd:YAG solid-sate
laser with wavelength 1064 nm was used. The films were deposited at a temperature of 570 °C under ultra-high vacuum
(UHV) conditions (<10-7 mbar), with a substrate-to-target distance of 8 cm and a laser repetition rate of 2 Hz. In contrast to
the isotropic magnetic anisotropy that was obtained on Al203(0001) substrates, magnetization versus magnetic field loops
measured at room temperature by magneto-optical Kerr effect indicated that an uniaxial magnetic anisotropy could be ob-
tained. We deposited gold layer and patterned the Cr4Te5/Al203(11-20) film using laser lithography and ion beam etching
using argon to define Wheatstone bridge with arm of width 100 µm and length 300 µm. Figure 1 shows the voltage of the
Wheatstone bridge as a function of magnetic field at 300 K for different bias voltages. Detectivity of about 5 nT.Hz-1/2 at 1
kHz and 1000 nT.Hz-1/2 at 1 Hz could be measured at 5V. Even if these values are still higher that the detectivity measured
at 5V in LSMO Wheatstone bridges of the same dimensions at 310 K (800 pT.Hz-1/2 at 1 kHz and 2 nT.Hz-1/2 at 1 Hz) these
results are very promising. Further studies are needed to be performed versus film thickness, Wheatstone brigde dimensions
and temperature and will be compared with results obtained in NiFe and LSMO.

Figure 1: Wheatstone bridge voltage versus applied magnetic field at 300 K for various bias voltages
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To date, the ever-increasing use of computers and especially the advent of new tools using artificial intelligence (AI) lead
to an exponential increase in the world’s power consumption. Additionally, classical semiconductor technology (CMOS) is
reaching its limits in terms of performance and size. At the core of any conventional computing device are logical circuits
and, therefore, new approaches for logic devices are required. Magnons, the quanta of spin waves, are the associated
quasiparticles of collective excitations in a magnetically ordered material. The information is encoded and processed using
rather the spin than the electronic charge, thus Joule heating is significantly reduced especially in magnetic insulators [1].
Therefore, magnonic logic devices have been identified as promising candidates to provide solutions in terms of performance
and efficiency while scaling down to the nanoscale and operating across a wide frequency range from the GHz to the THz for
the next-generation computing devices, e.g. magnonic logic devices. Such devices have been already successfully realized,
ranging from magnon majority gates, magnonic directional couplers to magnon transistors and inversely designed magnonic
demultiplexers [2–5]. However, to date, the realization of fully reconfigurable, voltage-controlled and programmable on-
chip magnonic devices is compulsory to fully harness the immense potential of magnonic logic and neuromorphic computing
devices.

With our findings, we suggest to employ the impact of the magnetoelectric (ME) coupling on the spin wave propagation
in nanometer thick multiferroic/ferromagnetic heterostructures. We use a heterostructure from 34 nm-thick multiferroic
BiFeO3 grown on 21 nm-thick La0.67Sr0.33MnO3 on a NdGaO3 (NGO) (001)O orthorhombic substrate (illustrated in Fig.
1a). By controlling the applied voltage to change the orientation of the ferroelectric polarization state (in-plane and out-
of-plane) for different customized geometries by means of piezoresponse force microscopy (PFM) (10 nm resolution) (Fig.
1b and c), it was shown that the spin wave dispersion can be altered [6]. In this work, we investigated the origin of the
changes in spin wave dispersion and took it a step further by tailoring these changes, e.g. frequency and wavelength. We
achieved the design of spin waveguides merely by carefully imprinting areas of identical ferroelectric polarization in the
multiferroic layer into the desired geometry. We used Brillouin light scattering (BLS) spectroscopy to image both incoherent
and coherent spin wave tuned by ME coupling. The study of the thermal magnons shows that the ME coupling changes the
effective internal magnetization and hence leads to a frequency difference of 150 MHz for opposite ferroelectric polarization
(Fig. 1e). Coherently excited magnon propagation along the defined waveguide is also observed. Controlled spin wave
propagations in Damon-Eshbach configuration along tailored waveguides formed by the ME coupling to the multiferroic
layer are evidenced. This allows us to control the spin wave propagation and opens further means for more complex
magnonic structures for logic in this specific system in the future.
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Figure 1: a and b Schematics of the BFO/LSMO heterostructure and the writing principle of the ferroelectric polarization
state in BFO via piezoresponse force microscopy (PFM). Micro-focus BLS was utilized to detect the thermal magnon (green
laser) and RF-excited magnons (blue laser). c and d PFM images of a written area compared to the virgin state both for
the out-of-plane (upper) and the in-plane (bottom) component. e Thermal spectra of magnons in LSMO in the region
corresponding to written and virgin states in d. All spectra are averaged scan over 4 locations normalized to the elastic
peaks of each BLS scan.
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Ferrimagnetic garnets such as Y3Fe5O12 and its derivates are materials with lowest magnetic damping α, allowing spin-
wave propagation for very long distances. Implementing pure spin-injection in ferrimagnetic insulating oxides (YIG, Bi:
YIG) is of interest because of their insulator properties. This can be realized by adding Pt electrodes, which allow spin
injection into garnet films through the Spin-Hall Effect (SHE) [1]. Spin-orbit torque (SOT) induced magnetization reversal
mediated by domain-wall (DW) motion has been recently shown by S. Hussain et al. [2] in TmIG garnet films. It is in
general assumed that DW with a Néel component stabilized by Dzyaloshinskii–Moriya interaction (DMI) can be driven by
SHE-SOT, however recent studies shows weak or no evidence of this effect in Pt/ garnet bilayers [3]. Thiaville et al. [4]
have recently shown that DWs in garnet films with cubic symmetry are not of pure Bloch type and therefore can be driven
by SHE-SOT.

Our objective is to demonstrate the presence of cubic anisotropy and determine its value for further SOT-induced DW
motion measurements by studying in-plane (IP) Bi: YIG layers and perpendicularly magnetized YIG/Bi: YIG multilayers
with tunable anisotropy.

Using a two-step synthesis (RF magnetron sputtering at room temperature followed by post-annealing), single and
bilayers are prepared in the 5 - 100 nm thickness range. We have optimized Bi1.5 : Y1.5Fe5O12 garnet fabrication, figure 1, a
shows thermal dependence of the magnetization which agrees with the mean-field model of the Bi: YIG [5]. The material
has the expected magnetic properties with respect to the model.

Figure 1: Figure 1: a) VSM-SQUID measured magnetization at different temperatures of 35 nm Bi:YIG/ sGGG plotted with
a Mean-Field model. b) Dependence of effective anisotropy on Bi: YIG layer thickness.

Using sGGG substrates, heteroepitaxy is achieved with strained ferrimagnetic garnet. Magnetoelastic anisotropy related
to lattice mismatch allowed us to fabricate an IP easy magnetization axis single layer, here Bi:YIG/ sGGG(111) and an Out-
Of-Plane (OOP) one YIG/ sGGG(111). Growing (x nm) Bi: YIG/ (13 nm) YIG/ sGGG bilayers produce an effective material,
which evidences an Out-Of-Plane to In-Plane reorientation close to 13.7 nm Bi: YIG as shown in Fig. 1, b. By tuning the
Bi: YIG thickness it is thus possible to tune effective anisotropy.

5-nm thick Pt electrodes grown by magnetron sputtering, patterned using UV lithography allowed us to measure trans-
port properties in the Hall and Magnetoresistance configurations evidencing spin-injection, on top of that in a Kerr micro-
scope with 3D magnetic field (Fig. 2, a). Here we would like to address the role of cubic anisotropy in the OOP magnetized
bilayers close to OOP-IP transition studied using P-MOKE and Spin-Magnetoresistance (SMR). Transversal SMR measure-
ment at +/-10 mT IP field showing dominant 2-fold symmetry originating in spin absorption/ reflection into the transversal
direction (Fig. 2, b). The amplitude saturates at 35 mT corresponding to the sample saturation field in the IP direction (Fig.
2, c). The Fourier transformation of the SMR signal with + 10 mT IP field shows dominant 2-fold symmetry originating
from SMR and minor 3-fold symmetry frequency originating in the cubic anisotropy (Fig. 2, d).

To conclude, using a multilayer approach, the effective anisotropy could be tuned to a low value. This allows to evidence
3-fold symmetry originating in the cubic anisotropy term.

Work is on the way to model quantitatively and extract K1 value of the cubic anisotropy and check the expected [001]
orientations. Secondarily, we would like to measure and quantify SOT acting on the garnet multilayers.
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Figure 2: Figure 2: a) Scheme of the Spin-Magnetoresistance experiment in longitudinal (Rxx) and transversal (Rxy)
geometry performed on Pt-Hall bar on OOP magnetized Bi: YIG/YIG/sGGG bilayer. b) Transversal SMR measurement
performed at +/- 10 mT IP applied magnetic field evidencing spin injection. c) SMR amplitude scaling with an applied IP
field. d) Fourier transformation of Transversal SMR signal at + 10 mT shows dominant 2-fold symmetry of SMR and minor
3-fold symmetry due to cubic anisotropy.
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Skyrmions are topological spin textures that exhibit particle-like dynamics under current-driven forces such as spin-orbit
torques (SOT). In frustrated magnets, competing exchange interactions and the Dzyaloshinskii-Moriya interaction (DMI)
can stabilize textures of different topologies, such as skyrmions and antiskyrmions [1]. These textures exhibit distinct motion
under SOT, such as trochoidal trajectories and skyrmion-antiskyrmion pair generation, in addition to the usual rectilinear
motion. This behaviour arises from a departure from the frozen-core limit, where the (anti)skyrmion helicity couples to the
core position [2].

Here, we discuss the role of thermally-driven helicity dynamics in the Brownian motion of skyrmions [3]. Under weak
DMI and SOT, the magnitude of the DMI, which governs the strength of the restoring force experienced by the helicity,
relative to kB T , significantly influences the thermal drift of the skyrmion core compared to its deterministic trajectories
under weak SOT at zero temperature. This behaviour stems from the thermal drift and diffusion of the helicity under SOT,
which is analogous to the well-known problem of Brownian motion in a tilted washboard potential. In this scenario, the
helicity plays the role of an oscillator phase in a periodic potential with a linear force term.

Under weak SOT or strong DMI, we observe a “phase-locked” solution in which the helicity is pinned, resulting in
rectlinear drift. Conversely, under strong SOT or weak DMI, we find a “free-running” solution, where the helicity varies
continuously in time (akin to the Walker regime in domain wall motion) and results in an amplified Brownian diffusion
of the skyrmion core. In between these two regimes, thermally-activated hopping of the helicity between energy minima
occurs.

These results highlight the importance of helicity dynamics and may have bearing on dipole-stabilized bubbles for which
drive-dependent skyrmion Hall angles [4] and low drift velocities have been reported [5].
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Spin waves (SW) are collective oscillations in magnetic materials with their associated quantum of excitation called
magnons (as phonons are to lattice vibrations). Nonuniform magnetic textures have been explored for generating and ma-
nipulating spin waves and generally offer an opportunity to expand the range of useful phenomena for applications. Such
textures can appear spontaneously at the micro- and nanoscale in magnetic materials as a result of the competing interac-
tions, namely, exchange, dipolar, and anisotropy. Magnetic textures like bubbles, stripes, and vortices have been shown to
exhibit a rich diversity of magnetization dynamics[1]. However, the observation of their dynamics is quite challenging as it
is difficult to stabilize these structures in materials with low damping.

In this regard, ferrimagnetic insulators such as Yittrium Iron Garnet (YIG) and Bismuth-substituted YIG (BiYIG) are
well-known low damping materials for studying linear and non-linear magnetization dynamics. These garnets can also host
magnetic textures[2] and can therefore facilitate the study of regimes that cannot be achieved in metallic systems.

In this study, we explore the magnetization dynamics of BiYIG films grown by Liquid Phase Epitaxy (LPE) on GGG
substrates with thicknesses in the range of 120-180 nm. These films have an effective small out-of-plane anisotropy in the
range of 3 mT to 12 mT as a result of an optimization of the growth conditions. In these samples, we first characterize
the static properties using Polar-Kerr Microscopy (PMOKE) where we observe well defined stripe domains with a period of
around 600 nm at near-zero fields as shown in Fig. 1(a). The observed stripe domain alignment depends on the history of
the applied field direction.

For the dynamics, we performed microfocussed Brillouin Light Spectroscopy (BLS) measurements on BiYIG film as a
function of in-plane magnetic field. The sample is saturated at 140 mT where we observe the Kittel mode and many other
modes parallel to it. As we decrease the in-plane field, we see a softening of the Kittel mode and subsequent parallel modes,
as shown in Fig. 1(b). Strikingly, we also see the appearance of new modes with optical characteristics (i.e. negative slope),
resulting in a complex crossing of many modes in the frequency-field dispersion map. We performed BLS spectroscopy
on different parts of the sample and observed that the sample was quite homogenous in the in-plane direction. X-Ray
diffraction measurements on the sample indicated the same. We will discuss the origin of these multiple modes that seem
to have acoustic and optical characteristics and interpret the observed complex dynamics using micromagnetic simulations.

Figure 1: (a) Polar Kerr Microscopy image of stripe domains in BiYIG sample. (b) BLS spectra
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Spin-orbit coupling has transformed our understanding of magnetism by giving rise to new emerging phenomena [1].
Of particular interest is the generation of spin currents from charge currents, for example using the Spin Hall effect (SHE).
In a heavy metal (HM)/ferromagnetic (FM) stack, the spin accumulation at the interface exerts a torque on the magnetic
layer, called spin-orbit torque (SOT), able to manipulate its magnetization. Recently, significant current-induced torques
have been observed in systems featuring light metal [2]. Given the weak spin-orbit coupling (SOC) in light metals, this effect
is more closely associated with the orbital moment of the electrons. Orbital current generation can arise from two mech-
anisms: the orbital Hall effect (OHE) and the orbital Rashba-Edelstein effect (OREE) [3]. The former originates through
momentum-space orbital texture at the Fermi level, whereas the latter from inversion symmetry breaking, naturally present
at surfaces and interfaces. As the orbital angular momentum cannot directly act on the magnetization, the orbital current
arose by a charge current needs to be converted into spin current in a intermediate layer with strong SOC. Our objective is
to explore this physics by investigating the materials that are source of orbital current, and the material used to convert the
orbital current to a spin current.

In this study, we engineered stacks of Pt(2)/Co(1)/Ta(t)/Cu*(3) (nm), where Cu* represents the naturally oxidised Cu
layer. Here, Cu is the light metal at the origin of orbital current: 3 nm is sufficiently enough to not completely oxidize the
Cu layer, giving rise to a vertical oxidation profile. The Ta layer provides a layer with strong SOC to convert the orbital
current into spin current. Its thickness varies between 2 nm and 6 nm in order to see when the orbital current is efficiently
converted and injected into the FM layer below. The bottom Pt layer is a seed layer that promotes a (111) texture required
to obtain a perpendicular magnetization of the Co layer. Its thickness is minimized to avoid a significant SOT contribution.
The samples are grown by evaporation in ultra-high vacuum conditions at room temperature.

Detection of the magnetization can be done through transport measurements, using the Anomalous Hall effect (AHE).
When current flows in the sample, a transverse voltage VAHE arises, allowing to probe the perpendicular component of the
magnetization mz . Moreover, the applied current also induces changes in the magnetization direction from its equilibrium
position, allowing the quantification of the current-induced torques. The equilibrium magnetization direction gives a signal
proportional on the applied current. Instead, the current-induced magnetization changes scale as the square of the current.
To differentiate these two contributions, an alternating current (AC) at low-frequency ω is used. This approach enables the
observation of equilibrium properties at ω and current-induced effects at 2ω [4]. When an in-plane field is applied to the
sample the static magnetization direction varies, enhancing the visibility of the current-induced perturbations at fields close
to magnetic anisotropy field Hk.

Different current densities are sent to the samples, which were optically patterned into Hall crosses of 5 nm-width chan-
nels. Through a double lockin amplifier, the signal corresponding to the two harmonics are recorded. In Figure 1 the signals
at different current densities are shown as shades of blue dots, and the orange line represents the fit performed, and repre-
sented as a function of the applied magnetic field. In Figure 1(a) theω-signal is normalised by the current density, evaluated
assuming a homogeneous flow through all the layers composing the stack. Under the assumption of the macrospin model, it
is possible to extract the magnetic anisotropy field Hk, together with the AHE signal amplitude. In Figure 1(b) the 2ω-signal
is normalised by the square of the current, as it is linked to the effect of its perturbations. The influence of the current is the
strongest for applied fields close to Hk, with the peak amplitude predominantly influenced by the damping-like component
of the torque HDL .

The behaviour of HDL as a function of the thickness of the Ta layer is shown in Figure 2. When the torque is generated
by uniquely SOT, the damping-like torque is expected to monotonous increase until saturation for thicknesses greater than
the spin diffusion length [2]. The orbital current is responsible of the peak for 5 nm of Ta, where a more efficient conversion
of orbital current into spin current, and efficient injection in the FM layer occur. In addition, as compared to the literature
where the orbital to spin conversion is performed using Pt, we obtain an opposite HDL sign due to the opposite SOC signs of
the two heavy metals. This thus corroborates the scenario where the orbital current needs to be converted into spin current
through SOC.

This study highlights the importance of orbital effects in light metals on the manipulation of magnetization, and the
effect of the heavy metals on its conversion. Additional works are on-going to better investigate the efficiency of this effect
by exploring alternative light metals, like Ti, V and Cr.
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Figure 1: Normalized first (a) and second (b) harmonic signals (blue dots) for different current densities in damping-like
configuration, and corresponding fits (orange line).

Figure 2: Damping-like field behaviour as a function of the Ta thickness. For 5 nm of Ta the orbital torque is efficiently
converted into spin current and injected into the Co layer.
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The controlled manipulation of magnetic textures such as domain walls in thin films is important for the development of
spintronic devices, like magnetic memories and logic. In this context, the study of DW driven by various torques [1] (mag-
netic field, Spin-Orbit Torque, Spin-Transfer Torque...) in materials with very low interaction between domain walls and
disorder is particularly interesting. Recent results indicate how ultra-thin iron garnet films are characterized by depinning
magnetic field which stands orders of magnitude lower than other classic ferromagnetic materials. In this work, we present
a preliminary comparison between magnetic field- and Spin-Orbit Torque-driven DW dynamics on BiY IG (Bismuth substi-
tuted Yttrium Iron Garnet) ultra-thin films [2]; the study is focused on the possible link between the low-drive dynamical
regimes (creep regime and depinning transition) for the two driving forces, with particular attention on how to model DW
velocity accounting for possible spurious effects, as Joule heating.

Figure 1: a) MOKE acquisitions showing nucleation and propagation of a circular domain wall by SOT. DW displacement is
calculated as the distance ∆x travelled by the DW during the charge current pulse duration ∆t. b) DW velocity as function
of applied magnetic field for two BiY IG ultra-thin samples with similar depinning fields. Highlight on creep regime and
depinning transition. c) DW velocity as function of charge current pulse for one of the previous sample (TSST29), with
different modelled dynamical behaviors. Highlight on the role of Joule heating at high drives.

In thin films, domain walls present a wide variety of dynamical behaviors, that depend on both the nature and magni-
tude of the driving force acting on them [3][4][5]. At high drive, domain walls are expected to follow strongly non-linear
dissipative regimes, for which velocity depends on time evolution of the DW internal magnetization. The high-velocity
regimes are generally difficult to reach, because of domain walls pinning by ubiquitous defects of magnetic materials. At
low drive, the interaction between domain wall and defects is dominant. Dynamics is the result of the interplay between
domain walls elasticity, interaction with disorder, and thermal activation. DW dynamics present universal behaviors, similar
to those encountered in a large variety of other phenomena (contact lines in wetting, domain walls in ferroelectric mate-
rials, propagation of fractures in earthquakes...), which are described in the generic theoretical framework of disordered
elastic systems. Pinned dynamics is characterized by two regimes [6]. For a driving force lower than depinning force fd ,
DW velocity follows a thermally activated creep, with velocity scaling as an Arrhenius-like law v ∼ ex p(−∆E/kb T ), where
∆E ∼ f −1/4. Approaching the depinning, the pinning barrier heights become comparable to thermal activation energy,
and the effect of disorder starts to weaken. For f ≳ fd , velocity follows a polynomial law v ∼ f 1/4, which is smoothed by
thermal rounding. A self-consistent model, developed in Ref. [6], allows to define a set of material dependent parameters
which quantify the role of pinning in the material: depinning force, fd , average pinning barrier height, kb Td and depinning
velocity vd . Above depinning, domain walls enter the flow regime, for which pinning no longer contributes to DW dynamics.

DW dynamics produced by SOT and magnetic field pulses is reported in Fig. 1. In Fig. 1a) we show MOKE acquisi-
tions of BiY IG/P t bilayer. On the side are visible the two electrodes, that send charge current pulses in the P t track. By
Spin Hall Effect, along with an in plane magnetic field, it is possible to nucleate and displace DW (expansion & contraction).
Subsequently, DW velocity is defined as the ratio between the displacement, ∆x , and the current pulse duration∆t. In Fig.
1b), we present field-driven DW motion. The comparison with predictions of the self-consistent model allows us to identify
the creep regime and depinning transition, as well as the dissipative regime corresponding to the velocity plateau. Both sam-
ples have low depinning field, µ0Hd ≈ 2mT . In Fig. 1c), we show SOT-driven motion, for different current pulses duration
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(from 100ns up to 1µs). The different curves evidence Joule heating effect on DW dynamics. The curves for shorter pulse
duration (100−200ns) can be superimposed, indicating no strong Joule heating. By increasing the pulse duration, velocity
starts instead to strongly increase. Let us discuss the depinning current Jd . The curve obtained for 100−200ns present good
agreement with the predictions for the creep regime and depinning transition, which allows to obtain Jd = 1.5 · 1011A/m2.
Assuming the Spin Hall angle to be given by θSH = (Hd4eµ0Ms t)/(Jdħhπ), we obtain θSH = 0.06±0.10, which is close to the
value reported in the literature [7]. Moreover, the shape of the curves is in agreement with the prediction for the flow [8].
Further analysis are needed to better understand the contribution of the internal magnetization of DW on SOT-driven free
and pinned dynamics.
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Metallic ferromagnetic thin films are key components in devices including sensors, data storage, and signal processing
systems. With the rise of flexible electronics, understanding the relationship between magnetic properties and mechanical
deformations in the low and high strain regimes is critical [1]. These deformations induce not only homogeneous elastic
strains, but also strain heterogeneities due to crystalline defects and cracks, impacting the magnetic properties of films
through dipolar interactions and magnetostriction [2]. The research aims to reveal the relationship between controlled
microstructural changes (residual stress, film thickness [3]) and magnetic properties, from initial strain to crack onset and
subsequent propagation. To investigate these effects, a unique setup has been developed at Synchrotron SOLEIL (DiffAbs
beamline) (fig.1). It combines four techniques to study, in situ, the crystalline and magnetic properties of the films subjected
to controlled biaxial deformation: Digital Image Correlation (DIC) to measure macroscopic strains, X-Ray Diffraction (XRD)
to monitor the lattice strain, electrical square resistivity measurements (R□) to reveal the crack onset and longitudinal
Magneto-Optical Kerr Effect (L-MOKE) to follow the magnetic reversal.

(a) (b)

Figure 1: Experimental setup at DiffAbs beamline in Synchrotron SOLEIL. Fig.1a shows the optical bench attached to the
tensile machine which is itself installed on the diffractometer. Fig.1b illustrates the cruciform PI sample with the planes of
the X-Ray beam and the L-MOKE laser beam. Applied magnetic field H⃗ is along 22 direction.

Magnetostrictive (λ= 14.10−6) Ni60Fe40 thin films have been elaborated by physical vapor deposition (direct ion beam
sputtering) and deposited on 75 µm polyimide (PI) flexible substrates with a 20 nm Mo buffer layer. Two modes of me-
chanical loading have been performed: equibiaxial and sequenced uniaxial until high strain regimes, creating different
crack patterns. Two different Ni60Fe40 thicknesses (20 and 200 nm) have been analysed, to determine the importance
of plasticity. Fig.2 depicts data of the four techniques from PI/Mo(20 nm)/Ni60Fe40(20 nm) samples subjected to three
different loading paths: an equibiaxial tensile test (fig.2a) and two sequenced uniaxial tensile tests (figs.2b, 2c), followed
by unloading, as a function of time. (DIC): the first line of graphs show the macroscopic strain of the substrate (ϵDIC),
which reached up to 7% in the first sample, 8% in the second and 10% in the third one. (XRD): this macroscopic strain
applied directly to the substrate is transmitted to the thin film, resulting in three mechanical behaviors: an elastic regime
(I), a microcracking/plastic regime followed by a multi-cracking regime (II), and unloading (III), reaching a maximum of
transmitted elastic strain of 0.7% (for the first sample) and 1% (for the other two). When loading is applied equibiaxially
(fig.2a), the film experiences in plane isotropic tensile stress, creating a mud crack pattern (refer to the inset optical mi-
croscope image). For fig.2b, the sequenced uniaxial loading firstly applies tension in the 22 direction (fig.1b) (loading 1),
which leads to the formation of straight, parallel cracks perpendicular to the applied magnetic field. At 3.8 hours, the strain
is applied along 11 direction (loading 2), an array of secondary cracks forms. In contrast, for fig.2c, primary straight cracks
form parallel to H⃗ (loading 1). After loading 2, a brick crack pattern is created. The third line of graphs (R□): an increase
of 10% with respect to the initial value is considered to be the ending of plastic regime and the crack onset. For all three
samples presented, this is reached slightly after the maximum of elastic strain underwent by the alloy. (L-MOKE): magnetic
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features were obtained from the analysis of hysteresis loops throughout the experiment. For each experiment, the coercive
field µ0Hc and the saturation field µ0Hsat are shown. A similar starting point is observed for the three samples (µ0Hc ∼ 5
mT and µ0Hsat ∼ 5,9 mT). When loading is applied equibiaxially (fig.2a), the magnetoelastic coupling effects are cancelled
out, resulting in no significant variation in the linear elastic regions (I). Heterogeneities of stress are generated in regime
(II), leading to small changes of the MOKE loops. Then, a plateau is formed when there is a relaxation of stress thanks to
the propagation of cracks. During the unloading in regime (III), the saturation field reduces even more due to the decrease
of internal stresses. The greater variations of the hysteresis loops are shown in figs.2b, 2c. It is associated to a huge increase
of µ0Hsat when the tensile stress increases in the 11 direction. This happens with or without cracks. For all samples, the
initial square-loops are almost recovered at the end of the unloading, despite the presence of cracks.

(a) (b) (c)

Figure 2: Magneto-mechanical characterization of PI/Mo(20 nm)/Ni60Fe40(20 nm) samples. Fig.2a equibiaxial loading
tensile test and figs.2b,2c a complex sequenced uniaxial loading (respectively 22 then 11; and 11 then 22). All figures
show (from top to bottom) the macroscopic in-plane deformation of the substrate (DIC), the elastic behavior of the NiFe
(111) plane (XRD), the electrical square resistance of the film (R□), and the evolution of the magnetic reversal where the
coercive field µ0Hc and the saturation field µ0Hsat allow to depict the width and squareness of the magnetic hysteresis loops
(L-MOKE). An inset of optical microscopy images of post mortem samples show the final crack configuration.

Other measurement campaigns have been carried out with different magnetic thicknesses and magnetostrictive re-
sponses (by changing the Ni/Fe ratio). Findings show how crack density (which varies with thickness) and fragmentation
modes influence the material’s magneto-mechanical properties. Further research will investigate more in detail the mag-
netic reversal process and show how crack patterns, that differ between fragile and ductile materials, may influence the
shape, distribution, and orientation of magnetic domains.
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Ferromagnetic van der Waals (vdW) materials present an interesting new class of materials for the study of nanomag-
netism. In particular, the FexGeTe2 family stands out as a potential system for spintronics applications due to their high Curie
temperature, metallic character, and large magneto-transport effects. Moreover, there have been reports of observations of
chiral magnetic structures in films of this family [1, 2], which suggest that these films can host a significant Dzyalonshinskii-
Moriya interaction (DMI), and are thus suitable for applications based on skyrmions and chiral domain walls. However, it
is difficult to characterise the DMI and its origin from the observation of chiral magnetic textures alone.

In this work, we measure the static and dynamic magnetic properties of thin, epitaxially-grown Fe5GeTe2films, capped
to prevent oxidation (Fig. 1a), by Brillouin light scattering (BLS) spectroscopy (Fig. 1b). We directly measure the DMI in
these films, demonstrating unambiguously the presence of a significant DMI.

The Fe5GeTe2 films (t = 12, 8 and 3 nm) were epitaxially grown on Al2O3(0001). The 12-nm-thick film studied here
was characterised in depth by Ribeiro et al. [3], and all films were grown following the protocol reported in that work. The
films were capped by 3 nm of Al deposited at room temperature, then naturally oxidized in air. This capping layer prevents
the oxidation of the film and guarantees symmetric top and bottom interfaces (Fig. 1a).

The spin wave dispersion was studied using BLS spectroscopy. The Stokes and anti-Stokes peaks in the BLS spectrum
(Fig. 1c) correspond to cycloidal spinwaves of opposite rotation sense (Fig. 1b), and are subject to an opposite energy
contributions from the DMI. In the limit of thin films (kt ≪ 1), as is the case here, the difference in frequency between the
Stokes and anti-Stokes peaks (∆ f ≡ | fStokes| − | fanti−Stokes|) can be used to determine the magnitude of the DMI effect D:

D =
Ms

2γ
∆ f
k

, (18)

where k is the wave vector of the spinwave (determined by the incidence angle of the light in the BLS measurement.) Several
spectra were measured and the the slope of∆ f (k) (which we dub vDMI) was determined. Fig. 1d shows the measured∆ f (k)
for the 3, 8 and 12 nm films (at 150 K). We observe that there is clearly a linear slope and thus a finite D in all three films.
All three show a slope, and thus a DMI, of the same sign.

The calculated D parameters (using eq. 18) are about 0.037 mJ/m2, a value comparable to other systems studied in
spintronics. Significantly, they do not vary as 1/thickness and show an approximately constant dependence on the film
thickness. This indicates that the DMI is not interfacially-induced, but instead arises from a mechanism present in the bulk
of the material.
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Figure 1: a) Schematic of the studied Fe5GeTe2 epitaxial films. b) Schematic of the BLS measurement. c) BLS spectrum of
12nm-thick film showing the Stokes and anti-Stokes peaks. d) Stokes/anti-Stokes frequency difference versus wave vector
for three films.

These results confirm that Fe5GeTe2 can host a significant DMI and suggest that the reported magnetic textures in
Fe5GeTe2 are likely chiral in nature. We propose that the bulk mechanism at the source of the DMI may be enhanced
by adjusting the growth conditions, and complemented by interfacial-induced DMI. This makes of Fe5GeTe2 a promising
material for exploring the dynamics of chiral magnetic textures and for chiral spintronic applications.
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There is a growing interest in evaluating the behavior of memories at cryogenic temperatures (223K, 77 K, 4 K) for
high-performance, spatial, and quantum computing applications [1, 2]. Within the memory landscape, magnetoresistive
RAM (MRAM) is gaining traction for embedded applications due to its lower power consumption, high speed, scalability,
and endurance. Therefore, it is of interest to evaluate MRAM properties as a function of temperature to build predictive
compact models for technology design and to further engineering MRAM stack such as minimizing power dissipation at
operating temperatures.

MRAM building blocks are magnetic tunnel junctions (MTJs), which are read via the tunnel magnetoresistance (TMR)
effect. Various methods can be employed for writing, including spin transfer torque (STT) and toggle MRAM, which are
commercially available, and spin-orbit torque (SOT) MRAM, currently at the research stage. While STT is limited to oper-
ation times greater than 10 ns for reliability, SOT-MTJ demonstrates sub-ns writing speeds with large endurance, making it
a promising candidate for future fast and energy-efficient embedded memory solutions [3]. Although there are reports on
STT-MRAM [4, 5], the behavior of SOT-MRAM at low temperatures is under-explored and limited to 4 K [6].

In this presentation, we report on the cryogenic properties of 300 mm integrated W-based SOT-MTJs, initally designed
for room temperature memory behavior. First, we introduce the main characteristics of the magnetic tunnel junction (TMR,
Bc , Bk, Boff, ∆, RSOT) and their variations with temperature down to 50 K for MTJ diameters ranging from 50 to 100 nm.
Figure 1(a) shows a typical R− H curve at 50 K and 300 K, clearly demonstrating the expected increase in coercivity (Bc)
and TMR when dedcreasing T, consistent with the inelastic electron tunneling model [7].

Additionally, we present the temperature and field dependence of the SOT DC critical switching current down to 11
K, as shown in Figure 1(b). We also present preliminary switching studies using pulsed currents as fast as 250 ps down
to 77 K. This analysis allows us to study the intrinsic critical switching current and energy conservation parameters versus
temperature, which will be crucial for benchmarking SOT-MTJ systems [8].

Our study aims to develop a comprehensive compact model of SOT-MTJ behavior that includes low-temperature be-
haviors, and to establish an initial benchmark for SOT-MTJ operations in cryogenic applications. This will help to identify
solutions to leverage SOT physics in low-temperature environments.

(a) (b)

Figure 1: (a) R-H loops obtained from 60nm based MTJ at 300K and 50K. (b) Critical switching current (DC) versus
temperature for an 80nm based SOT-MTJ at varied external fields. Inset shows critical switching current (rf) versus pulse
width curves down to 250ps pulses for an80nm based SOT-MTJ at T = 300K and 77K
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The coupling between surface acoustic waves (SAWs) and ferromagnetic resonance (FMR) has garnered significant
attention in recent years due to its potential for advancing the next generation radio-frequency and spintronic devices. The
mechanism enabling the SAW-FMR coupling is the magnetoelasticity present in heterostrures comprised of thin magnetic
films deposited on top of a piezoelectric substrates. For heterostructures with isotropic magnetic films, the SAW-FMR
coupling is found to occur at four evenly spaced field orientations i.e., 4-fold symmetry [1]. However, in more realistic
systems, the anisotropy of the magnetic film plays a significant role in the symmetry of SAW-FMR coupling.

In this work, we investigate the symmetry of SAW-FMR coupling in a CoFeB / LiNbO3 heterostructure exhibiting uniaxial
anisotropy which impacts the behavior of the symmetry of SAW-FMR coupling. We use a SAW device where the magnetic
film is placed in-between two interdigitated transducers (IDTs) [see Fig. 1(a)]. The SAWs are excited at first port of a Vector
Network Analyzer and the transmission is collected at the second port. The measurements are done for applied in-plane dc
fields µ0|H⃗0| ∈ [−10,10] mT of variable orientations ψ ∈ [0◦, 360◦] [see Fig. 1(a)]. The SAW-FMR coupling is examined
through the variation in amplitude of the forward transmission parameter (∆S21) defined as,

∆S21(H0,ψ, f ) = 20 log10

� |S21(H0,ψ, f )|
|S21(Href,ψ, f )|

�

in [dB], (19)

where f is the working frequency and µ0Href = −10 mT is a reference dc field chosen far from the SAW-FMR resonance
fields. Fig. 1(b) shows the hysteretic behaviour of the SAW-FMR coupling that is maximal at µ0|H⃗0| ≈ ±3.5 − 4 mT, and
leads to an extra loss of 4 dB. The maximum of the extra loss depends on the field orientation (ψ) with respect to the SAW
wavevector (k⃗SAW) direction.

Figure 1: a) Experimental setup and geometry. The IDTs periodicity is λSAW = 9 µm and the finger width is w = 0.9 µm.
A CoFeB rectangle of length d = 800 µm is placed between the IDTs. {x yz} is the reference frame of the in-plane dc field
H⃗0 ∥ ˆ⃗x , and {X Y Z} is the reference frame of the LiNbO3 crystal. EA stands for easy axis. b) Field dependence of ∆S21 at
ψ= 15◦ and at fSAW = 1.72 GHz. The arrows sketch the field sweeping direction. c) Measured maximum (negative) value
of ∆S21 at µ0|H⃗0|= 4 mT and fSAW = 1.72 GHz versus the orientation of the applied field.

A 2-fold symmetry of the SAW-FMR coupling is depicted in Fig. 1(c) where the SAW energy is significantly absorbed only
at two field orientations ψ= 15◦ and ψ= 195◦. What is the origin of this 2-fold symmetry of SAW-FMR coupling?

We turn now to the theoretical aspects to understand the 2-fold symmetry of SAW-FMR coupling in the system. In other
words, we intend to calculate curves that reproduces Fig. 1(c). To do so, we employed a simplistic yet insightful model
that considers only the following contributions: Zeeman energy, dipolar energy and uniaxial anisotropy. We calculate
the magnetic susceptibility tensor (←→χ ) associated with the ferromagnetic resonance, which serves as a critical parameter
in characterizing the response of the system to external excitations. Furthermore, we restrict our study to the in-plane
magnetoelastic field (hrf) which will be dependent on the magnetoelastic coupling constant (B1), the elastic strain (εX X ),
the magnetization state (ϕ) and field orientation (ψ).
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To quantify the SAW-FMR coupling and study its symmetry, we use the time-averaged power transmitted to the magnetic
film [2],

∆P = −
µ0ωt

2
Im
�

h†
rf ·
←→χ · hrf

�

�

�

�

ϕ=ϕ0

in [W/m2], (20)

where the dagger symbol means transpose-conjugate, ω = 2π fSAW is the SAW frequency and t is the thickness of the
magnetic film. Eq. 20 is evaluated at the magnetization ground state (ϕ0). We show in Fig. 2 our theoretical results. In
Fig. 2(a), when the uniaxial anisotropy is zero we obtain the previously known 4-fold symmetry of the SAW-FMR coupling
as in ref. [1]. For small anisotropy fields (i.e., Hu < H0), the maximum coupling occurs in between the previous π/4+nπ/2
orientations and the hard axis of the anisotropy. The coupling is maximal for anisotropy fields of typically 2 mT. At anisotropy
fields much larger than the applied dc field [see last panel in Fig. 2(a)] the maximum coupling finally tends to align with the
hard axis. In general, as soon as a weak magnetic uniaxial anisotropy is present in the sample and whatever its orientation
[see Fig. 2(b)], the symmetry of SAW-FMR is reduced to 2-fold and the coupling tends towards the hard axis of anisotropy.

Figure 2: Angular dependence of SAW-FMR coupling when: a) varying µ0Hu and keeping constants uniaxial anisotropy
angle ϕu = 105◦, and SAW frequency fSAW = 1.72 GHz. b) varying ϕu and keeping constants µ0Hu = 1.5 mT, and fSAW =
1.72 GHz. c) varying fSAW and keeping constants µ0Hu = 1.5 mT, and ϕu = 105◦. The vertical lines represent the easy and
hard axes (EA, HA). Global constants: µ0|H⃗0|= 4 mT, α= 0.01. The green curve is the best fit of the measurements.

The SAW working frequency also plays a role to the symmetry of the SAW-FMR coupling [see Fig. 2(c)]: when going from
lower to higher working frequencies the magnitude of the SAW-FMR coupling decreases but still retains the 2-fold symmetry,
however at the highest working frequency the 4-fold symmetry is almost recovered. We emphasize that the green curves of
Fig. 2 serve as a qualitative description of the 2-fold symmetry of SAF-FMR coupling shown in Fig. 1(c).

In a nutshell, our experimental and theoretical results demonstrate that the 2-fold symmetry of SAW-FMR coupling is
originating from the uniaxial anisotropy present within the magnetic film [3].
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Magnetic fluids, or ferrofluids, are colloidal suspensions of magnetic nanoparticles in a liquid solvent, stabilized by
surfactants or ligands. These systems, characterized by their dipolar interactions, provide an ideal environment for studying
fundamental aspects of self-assembly processes and magnetic interactions at the nanoscale. In the absence of an external
magnetic field, magnetic nanoparticles can self-assemble into chains, rings, and branches, forming a complex topology
with different magnetic states, including closed loops, head-to-tail coupling, and networked structures. When exposed to
a magnetic field, these assemblies align into long, micrometer-sized chains that exhibit strong magnetic coupling between
particles. This provides a unique opportunity to study the interplay between nanoparticle interactions and their macroscopic
magnetic properties. Magnetic fluids have potential applications in diverse fields such as magnetic hyperthermia for targeted
cancer treatment, MRI contrast agents, drug targeting and high-density data storage devices.

Binary ferrofluids, formed by mixing two ferrofluids with nanoparticles of different size, shape, or composition, represent
a further extension of this system. These mixed systems introduce new degrees of freedom for controlling magnetic proper-
ties, as variations in particle size, shape, or composition can induce different ranges of magnetic moments or anisotropies,
resulting in different magnetic behaviors. Notably, binary magnetic fluids give rise to intriguing effects such as the "poi-
soning effect", wherein smaller nanoparticles inhibit the magnetic behavior of larger ones by preventing or modifying the
field-induced chaining process [1]. This effect highlights the importance of understanding magnetic interactions in binary
ferrofluids, as their modular properties can provide a straightforward method for tuning magnetic behavior, particularly for
applications like magnetic hyperthermia.

For example, a recent study [2] examined a unique magnetic fluid created by mixing iron oxide nanoparticles of different
shapes, specifically elongated and spherical particles. This approach significantly improved the performance of magnetic
hyperthermia, with the mixed samples exhibiting higher heating efficiencies than would be expected from a simple sum-
mation of the efficiencies measured for the single-phase nanoparticles. Similarly, another investigation [3] of MnFe2O4 and
CoFe2O4 nanospheres revealed that the magnetization curves of binary magnetic fluids deviate from a simple average of
their single-phase counterparts. Element-sensitive magnetometry was used to disentangle the contributions from each type
of nanoparticle, highlighting the critical role of magnetic interactions in shaping the macroscopic properties of these binary
ferrofluids.

In our study, we investigate the behavior of binary magnetic fluids composed of CoFe2O4 (a hard magnetic material)
and MnFe2O4 (a soft magnetic material) in the presence and absence of an external magnetic field. Cryogenic transmission
electron microscopy (cryo-TEM) is used to directly observe the spatial arrangement of nanoparticles in the magnetic fluid,
providing a snapshot of their positions in real space. Although cryo-TEM has been applied to magnetic fluids before [4],
our work is the first to perform a statistical analysis of the observed assemblies, providing deeper insights into the nature
of self-assembled structures. This technique, combined with other more bulk-sensitive methods such as small-angle X-ray
scattering, allows us to obtain both nanoscale and macroscopic information about the system.

Electron holography, a challenging and technically demanding technique, allows direct visualization of magnetic prop-
erties at the nanoscale. It uniquely reveals the behavior of individual nanoparticles and their interactions within assemblies,
providing unparalleled insight that complements the macroscopic information obtained from bulk-sensitive methods.

Magnetometry and First-Order Reversal Curve (FORC) diagrams are employed to study the distributions of magnetic
coercivity and of interaction fields within the magnetic fluids. Simulated FORC diagrams further enhance the analysis by
providing deeper insights into the mechanisms underlying observed behaviors. In addition, advanced element-sensitive
techniques such as liquid-cell X-ray spectroscopy, energy-dispersive X-ray spectroscopy, and scanning transmission X-ray
microscopy (STXM) allow precise characterization of nanoparticle composition and magnetic interactions.

Molecular dynamics simulations based on experimentally obtained parameters are used to explain the observed ex-
perimental behavior, providing predictive insights into the interactions and properties of magnetic fluids while advancing
our understanding of the mechanisms governing self-assembly and magnetic interactions in both single-phase and binary
ferrofluids. These results emphasize the critical role of magnetic anisotropy, a parameter often simplified as uniaxial in
simulations, demonstrating the necessity of incorporating its complexities into theoretical models.

In single-phase magnetic fluids, we present the first detailed observation of self-assembly in a CoFe2O4 nanoflower
magnetic fluid, with quantification of the types of assemblies formed, in agreement with previous numerical predictions.
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Figure 1: Magnetization curve of a binary ferrofluid (red) and the average magnetization curve obtained from both single
phase-ferrofluid (black).

The results highlight the importance of magnetic anisotropy in driving magnetic interactions and organizing the nanoparticle
assemblies [5]. In binary magnetic fluids, the magnetic properties of the MnFe2O4 component are significantly modified
by the presence of CoFe2O4 nanoparticles, even in the absence of an applied field. Interestingly, this effect is asymmetric,
as the CoFe2O4 component remains largely unaffected by the presence of MnFe2O4. When an external magnetic field is
applied, both types of nanoparticles form long, anisotropic chains (Fig. 2). The MnFe2O4 nanoparticles appear to "poison"
the CoFe2O4 nanoparticles by introducing periodic disruptions within the chains, reducing the coercivity of the CoFe2O4
component and altering its magnetic properties within the assembly (Fig. 1).

Figure 2: Composite image obtained by STXM measured at the edge of Fe, Co and Mn. The cobalt ferrites nanoparticles are
in green and the manganese ferrite in red. Scale bar = 200 nm

In summary, this study provides a comprehensive analysis of self-assembly and magnetic interactions in both single-
phase and binary magnetic fluids. Our results highlight the crucial role of magnetic anisotropy and dipolar interactions
in determining the macroscopic properties of magnetic fluids. These insights contribute to the broader understanding of
magnetic anisotropy and offer valuable guidance for designing magnetic fluids with tunable properties for applications such
as magnetic hyperthermia.
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The ever-expanding field of 2D materials started in 2005 with the Nobel prize winning exfoliation of graphene. It has
sparked significant discoveries in all fields of condensed matter physics [1] and notably the community of magnetism in
2017 with the emergence of 2D magnets [2]. These materials have unique properties and are particularly well suited to
the study of interfacial effects because of their layered nature. By themselves or combined into stacks, they are widely
researched today.
My Ph-D project focuses on FeXGeTe2 compounds, namely Fe3GeTe2 and Fe5GeTe2 whose Curie temperature are 200 K and
300 K, respectively. Fe3GeTe2 is notable for its strong perpendicular magnetic anisotropy, which is essential for manipulating
magnetic textures. Fe5GeTe2 exhibit an in-plane magnetic anisotropy but its complex structure may allow the existence of
Dzyaloshinskii-Moriya interaction, as reported in calculations [3–5]. This makes Fe5GeTe2 a strong candidate for hosting
skyrmions [5]. Results on this matter obtained in the group on Fe5GeTe2 epitaxial thin films are presented in another
poster [6]. The respective crystalline structure of Fe3- and Fe5GeTe2 compounds are shown in Figure 1. Fe3GeTe2 displays
a centrosymmetric structure. Fe5GeTe2 posses a split site for one of it’s Fe atoms that induces a shift in the neighbouring
Ge atom. This structure can be either centrosymmetric or acentric depending on the position occupied by the split site Fe
atom.

Figure 1: Left) Crystalline structure of Fe3GeTe2 [7] and Fe5GeTe2 [8]. Right) A : Optical image of Fe3GeTe2 flake exfoliated
on a gold substrate with a milimeter lateral size B : Optical image and AFM cross section of Fe3GeTe2 flake (yellow) exfoliated
and partially covered with an hBN flake (transparent).

A key challenge is the exfoliation of flakes of suitable dimensions. They must be thin enough to study interfacial effects
that diminish as 1/thickness. Simultaneously, a large lateral size allows for easier manipulation and observation of the flakes,
as well as being a requirement for some characterization tools such as Brillouin Light Spectroscopy (BLS). In this regard, the
usual exfoliation processes using scotch tape on silicium substrates are limiting as they cannot reliably yield flakes that are
both thin and large in lateral size. To overcome this issue, we used state-of-the-art gold-assisted exfoliation processes [9]
that rely on the strong gold-chalcogen interaction to obtain large-scale monolayers, with hundreds micrometers of lateral
size as shown in Figure??. Furthermore, the air sensitivity of these materials requires manipulation under an argon filled
glovebox. To prevent their oxidization, the exfoliated FexGeTe2 flakes are then covered with hexagonal boron nitride flakes
(hBN) using a stacking process to protect them when taken out of the glovebox, as illustrated in Figure 1.

Magneto-optical Kerr effect (MOKE) microscopy allows direct and dynamic observation of magnetic behaviors and tex-
tures, at low temperatures and with either perpendicular or in-plane sensitivity. Additionally, BLS is used to probe the
dispersion relation of surface spin waves in the exfoliated flakes, including at low temperatures. This provides detailed
information on magnetic parameters such as the exchange energy or gyromagnetic ratio as well as a direct quantitative
measurement of the Dzyaloshinskii-Moriya interaction.

Preliminary results of these studies obtained on hBN covered flakes with thickness ranging from 40 nm to 87 nm can be
seen on Figure 2. In BLS (Fig.2A), a surprising double peak was observed, that results from the contribution of bulk spin
waves to the signal. The DMI interaction depends on the difference between the frequency of Daemon Eshbach left and
right side peaks. This additional bulk contribution prevents a direct determination of the DMI. We currently try to reduce
the studied flake thickness, as explained above. Nonetheless in similar flakes Fe3GeTe2 covered with hBN magnetic textures
were obtained (Fig. 2B) showcasing the ability of this material to host unusual magnetic structures subject to further studies.
Indeed, it is possible to inject current directly into the flakes by adding metal contacts (either directly into the flakes or in
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Figure 2: A : Superimposed BLS spectra obtained at 100 K on Fe5GeTe2 / hBN flake for different applied field. For 33 mT
and 130 mT a clear double peak can be observed on one side. B : Polar MOKE microscopy images of magnetic textures
observed in Fe3GeTe2 / hBN flake during an hysteresis loop at 200 K under out-of-plane magnetic field.

large Spin orbit coupling contacts) to probe the Spin Transfer Torques or Spin Orbit Torques induced dynamics of magnetic
textures. These preliminary results show both the importance of taking on the fabrication challenges as well as the promises
of these studies.
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Facing several bottlenecks in integration as well as computational and energy efficiencies, the microelectronics industry
is trying to renew itself with the search for new computing paradigms addressing specific problems.

Using spins as the support and vector of information and computation has been deemed an interesting alternative or
complement to the all-charge-based CMOS transistors used in today’s chips and bringing the logic operation and information
storage closer together could be a significant step further to gain on the energy consumption side and the computational
throughput [1, 2]. While most of the focus in the field of spintronics has been on exploiting magnetic order in magnetic
materials to store information, magnetic torques to write it, this solution still raises some concerns, in part due to its power
consumption.

Another key element of envisioned spintronic logic-in-memory devices is the readout, usually performed by passing a
current through the ferromagnetic memory element, generating a spin-polarized current which is then converted back into
a charge current in a system that exhibits strong spin-orbit coupling. This can be achieved either via the inverse spin Hall
effect (e.g. in heavy metals) or the inverse (Rashba-)Edelstein effect, where the latter typically arises in systems with broken
inversion symmetry, for instance with strong interfacial electric fields.

With some of the highest spin-charge interconversion efficiencies reported in the literature [3], two-dimensional electron
gases (2DEGs) confined at the surfaces and interfaces of oxides are a particularly promising platform for the readout brick
of the above-mentioned spintronic devices.

In this work, we show how oxide 2DEGs can be exploited not only to perform the spin-charge conversion but also to
store basic information not via magnetization but rather via ferroelectric polarization. Specifically we use different knobs
such as minute isovalent ionic substitution [4] or strong electric fields [5–7] to push SrTiO3 substrates into a ferroelectric
phase and we generate 2DEGs at their surface by room temperature sputtering of a thin layer of reactive metal such as Al[8,
9].

We first show how basic transport properties such as the carrier density and sheet resistance are affected by the ferro-
electric polarisation state and display a hysteretic behavior with applied electric fields. [10] Most importantly, performing
charge-to-spin and spin-to-charge conversion experiments at low temperature, we demonstrate not only a ferroelectric con-
trol of the amplitude but also of the sign of the spin-charge interconversion, with opposite signs at electric remanence (see
Fig. 1)[11].

Figure 1: Spin-to-charge conversion experiments in SrTiO3-based 2DEGs by spin-pumping at the ferromagnetic resonance.

Extending this work to other ferroelectric oxide 2DEGs with even higher conversion efficiencies and stable ferroelectric
phase at room temperature may pave the way for future ultralow power spintronic logic-in-memory devices, reaching the
attojoule range.
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The first part of this poster will introduce the physics of the Brillouin Light Scattering (BLS) and its implementation as
a BLS set-up. It will then be applied to characterise the magnonic and phononic excitations of epitaxial BiYIG garnet films
heteroepitaxially grown on SGGG(111) substrates.

Figure 1: (a) BLS photon in -photon out Stokes (q is emitted) and Anti-Stokes (q is absorbed) processes. For thin films only
the in-plane wave vector is conserved. (b) BLS optical bench.

Figure 2: BLS spectrum recorded on a 33nm-thick BiYIG/SGGG(111) film evidencing bulk acoustic phonons (from SGGG),
perpendicular standing spin waves and propagating in-plane spin waves.
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Molecular spintronics offers transformative potential for magnetic data storage devices [1] and energy harvesting [2]
applications by utilizing molecular materials embedded between ferromagnetic (FM) layers, forming molecular magnetic
tunnel junctions (MTJs). The industrial penetration of spintronics augurs the possibility to utilize this platform as a vector
to industrialize quantum physics. Advantageously, ferromagnetic metal/molecule interfaces (also known as spinterfaces)
exhibit a high spin polarization of the electronic charge current[2], which can alter the spin splitting and energy position of
a spin 1/2 two-level system[3]. Our group has reported on the spintronic control over a spin chain borne by the spin 1/2 site
of Cobalt Phthalocyane molecules[1]. In that study, the spin chain was is in direct electronic interaction with the spinterface.
To extend this study and investigate the platform’s potential to industrialize quantum physics, in the present work, we have
inserted an ultrathin C60 spacer between the spinterface and the molecular spin chain. We aim in this way to decrease the
effective spin splitting that is electronically induced onto the spin 1/2 site. We will present first magnetotransport results
on Fe/C60(0-2ML)/CoPc(1-3ML)/C60(5ML)/Fe devices, which exhibit a rich feature set (see example in Figure 1).

Figure 1: Temperature dependence of magnetoresistance across a Fe/C60(1ML)/CoPc(2ML)/C60(5ML)/Fe nanojunction
(nominal diameter 500nm). As a first interpretation, the dataset reflects the competition between thermally assisted spin-
tronic transport across the antiferromagnetic spin chain formed by CoPc, and the mixing of spin channels due to overcoming
the intrachain exchange energy corresponding to T 70K[2].
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The scaling limitations of CMOS technology drive the need for alternative solutions in memory and logic spintronic de-
vices, where the manipulation of magnetic anisotropy driven by gate voltage offers a non-volatile, low-energy way to control
the magnetization. This presents a promising path for the development of low power, high-performance microelectronic
devices.

We have studied the magnetic properties of a Si/SiO2/Ta/Pt/Co trilayer with a gradient of cobalt thickness varying
between 0.7 nm and 1.2 nm, prepared by magnetron sputtering, and then exposed to air. The magnetic easy axis varies
between out-of-plane to in-plane as the Co thickness increases, with a reorientation transition occurring around 1 nm of
Co. Using UV lithography and lift-off techniques, we fabricated Hall crosses and capacitor-like devices by adding a high-k
dielectric layer, HfO2, which acts as an ionic conductor. By gating the stack, a magneto-ionic effect is induced, enabling the
tuning of the system’s magnetic anisotropy.

Figure 1: (a) Schematic representation of voltage-controlled magnetic anisotropy via a magneto-ionic effect. A gate volt-
age (Vg) applied to capacitor-like structures induces ionic motion of oxygen between the HfO2 layer and the CoO layer,
modulating the magnetic anisotropy. (b) Simple graphics of the fabricated device, showing the layered system, along with
the electrical connections for gating. (c) Photo of the fabricated device with labeled top and bottom electrodes. (d) An
example of the manipulation of PMA for a Co + CoO thickness of 0.9 nm. The sequence of the hysteresis loops cooresponds
to consecutive gating pulses (Vg = +/− 5 V, t = 0.6 s), showing reversible changes in the coercive field. The consecutive
oxidized and reduced states exhibit different resistances of the magnetic stack.

X-ray Photoelectron Spectroscopy (XPS) measurements highlight the presence of a mixture of Co metal and CoO oxide,
with a dominant CoO signature, indicating that the oxide is on the surface of the layers and, consistently, an increasing Co
metal signature as the Co thickness increases.

Hysteresis cycles measured via the Anomalous Hall Effect (AHE) at temperatures between 4 K and 300 K, reveal a giant
exchange bias and an increase of coercivity at low temperatures, highlighting the antiferromagnetic nature of the CoO layer.
The blocking temperature, TB, varies with Co thickness, ranging from 150 K at 0.7 nm to 200 K at 1.2 nm. We also modified
the exchange bias of the system by gating the stack ex situ at room temperature.

Page 292 sur 330

mailto:agnieszka.klimeczek@neel.cnrs.fr


C.L.N. 2025 Jeudi 19 10h50-13h00 S2P49

We demonstrate that the perpendicular magnetic anisotropy (PMA) of our sample can be modified by gating, enabling the
switching between low-, and high-anisotropy states respectively with in-plane and out-of-plane magnetization. Additionally,
anisotropic field-driven domain-wall dynamics highlights a strong interfacial Dzyaloshinskii-Moriya interaction, which can
be also modulated by an external field.
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Achieving high spatial resolution of magnetic micro- and nanostructures is essential for understanding cutting-edge
phenomena such as spin-wave propagation in ferromagnetic materials [see Samer Curdi’s publications], and it plays a
crucial role in translating these findings into technological applications.

The ability to optically detect the electron paramagnetic resonance (EPR) of a single nitrogen-vacancy (NV) center in
diamond has revolutionized the field of spectroscopy [1, 2]. By attaching a nanodiamond that hosts such a single color
center to the tip of a near-field microscope cantilever, one can construct a scanning spectrometer capable of locally mapping
the modulation of its EPR response without compromising the frequency range, external magnetic field strength, spatial
resolution, sensitivity, or precision.

In order to extend these techniques to the study of phenomena occurring at cryogenic temperatures, such as supercon-
ductivity, NV-based systems must be able to operate under these low-temperature conditions. Previous work has demon-
strated the feasibility of such measurement setups [3]. However, using color centers as magnetic sensors requires collecting
fluorescence across a broad emission band (600–800 nm).

Current systems, whether operating at room temperature or in cryogenic environments, mainly rely on free-space optics
for confocal microscopy of NV centers. In a cryostat setting, this approach severely limits the implementation of effective
mechanical isolation against the vibrations induced by pulse tubes, owing to the extreme sensitivity of the optical alignment.
Specifically, the free-space beam path between the focusing objective and the external environment—often spanning up to
two meters—introduces substantial vibrations at the near-field probe, thereby restricting the spatial resolution to a value
far above the theoretical ten-nanometer range.

To overcome these limitations, our team at ETH Zurich, under the guidance of Professor Degen, is launching a new
project aimed at rethinking the integration of confocal optics commonly used in NV microscopes. We propose coupling
both the collected fluorescence and the excitation laser in situ via optical fibers, directly within the microscope head located
inside the cryostat. This design enables far more effective isolation of the near-field microscopy region from the rest of the
cryostat, notably by using a lossy spring-based suspension setup.

This approach further leverages integrated photonic chips to separate fluorescence from excitation in a highly constrained
environment, positioned as close as possible to the NV center.

Ultimately, this project seeks to remove the technological barriers that currently hinder the study of magnetic properties
of materials at low temperature through NV magnetometry.
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Spin waves (SWs) hold great promise for energy-efficient hardware for information processing due to their low-energy
and small wavelength at GHz frequencies. Furthermore, their non-linear properties make them interesting for neuromorphic
computing [1], which takes inspiration from the brain to efficiently perform complex tasks. SWs face the same connectivity
challenge as other physical systems. In fact, both artificial and biological neural networks are highly interconnected struc-
tures that are difficult to replicate with physical hardware based on 2D nanofabrication techniques. To address this issue,
we have noted that in the non-linear regime SW modes are all coupled to each other, i.e. in the reciprocal space (k-space)
they are all highly connected. In extended films, the SW k-space is continuous and has been the subject of many studies
describing striking nonlinear phenomena such as Bose-Einstein condensation, solitons, and chaos. However, these phenom-
ena that involve the interaction of many modes are difficult to control and to model. In contrast, in confined magnetic
structures, the SW spectrum is quantized. This opens up the possibility to selectively excite SW modes using multi-tone rf
signals, and use their non-linear interactions to perform computation tasks. Recently, neuromorphic hardware based on this
approach has been successfully implemented to robustly classify rf signals [2].

In this work, we are interested in determining the nonlinear phenomena involved when multiple modes are excited
in a confined magnetic system, as well as ways to control and model these non-linear interactions. To that end, we have
demonstrated [3] that we can use parallel pumping to selectively excite any SW mode in a 1µm yttrium iron garnet disk
magnetized in the plane. We then use frequency multiplexing to parametrically excite two SW modes simultaneously
and probe their mutual interaction by magnetic resonance force spectroscopy (MRFM). By sweeping the two excitation
frequencies ( fA and fB) we observe that for the frequencies where two modes are excited (crossing regions), the total
number of magnons does not correspond to the sum of the respective single tone experiments, meaning that the excited
modes interact nonlinearly (Fig. 1). By analyzing the crossing regions using a normal mode model [4], we evidence that for
quantized structures the nonlinear mechanism that governs the steady state is the nonlinear frequency shift (NLFS), which
is contrast with extended magnetic systems where a phase mechanism dominates. Using our model, we demonstrate that
the final state of the system critically depends on the relative signs of the NLFS of the two modes, the detuning between the
excitation frequency and twice the resonance frequencies of the modes, and the timing of the excitation pulses ( fA applied
before fB or vice versa). These results open up exciting avenues for nonlinear magnonics and spin-wave neuromorphic
computing.
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Figure 1: (a,b,c,d) Total number of magnons in the steady state (linear color scale) as a function of the parallel pumping
frequencies fA and fB (PA = PB = 3 dBm). The different maps show the third SW mode of the disk non-linearly interacting
with mode 1 (a, b) and mode 2 (c, d). Both modes are excited for 40µs and mode 3 is either applied 5µs before the other
mode (a, c) or 5µs after (b, d). The steady state intensity draws typical patterns that strongly depends on the pair of excited
modes, the excitation frequencies and the order of excitation (clear non-commutativity between c and d). The magnetic
field is applied in plane (H0 =27.1 mT).
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Magnetic skyrmions are topologically protected swirling spin textures, offering great potential as information carriers
for data storage, processing, and transmission technologies. These textures are stabilized at room temperature in magnetic
thin films or heterostructures engineered with optimal magnetic anisotropy and Dzyaloshinskii-Moriya interaction (DMI)
and can be manipulated by electric current and field. Their unique physical and topological characteristics have gained
increasing attention in the field of spintronics, driven by their nanoscale dimensions, particle-like behavior, stability, non-
volatility, energy efficiency, and high-speed operation[1].

Neuromorphic computing is based on principles inspired by the structure and functionality of the human brain that
reduces energy consumption by up to four orders of magnitude compared to CMOS technology by using neurons for com-
putation and synapses for memory, enabling highly efficient parallel processing[2]. Incorporating the unique properties of
magnetic skyrmions for neuromorphic computing holds the potential to boost computational capabilities. Recently, some of
us have demonstrated the proof of concept of a fully functional, all-electrical device utilizing skyrmions to make a weighted
sum operation, a first important step towards artificial neural network applications[3]. However, many challenges remain
for improving their functionalities and performances.

Figure 1: (a) Illustration of the microwave response of skyrmions, distinct modes: Low-Frequency Mode (LFM),
Intermediate-Frequency Mode (IFM), and High-Frequency Mode (HFM). (b) Variation of these modes with different
skyrmion counts. (c) Schematic representation of the proposed implementation of a skyrmionic weighted sum, performing
the essential operations for a neural network. (d) Voltage gate control schematic for skyrmion nucleation and motion.

In skyrmionics synapses, the synaptic weight, which determines the strength of the signal transmitted between neurons,
is typically linked to the total number of skyrmions in the device, that thus needs to be detected. Several methods can
be used for this purpose, such as the Anomalous Hall Effect (AHE), or the integration of Magnetic Tunnel Junctions. An-
other promising approach for achieving skyrmion-based synapses involves leveraging their microwave response[4]. Using
micromagnetic simulations, we study the response of the magnetization inside the synapse to an RF input signal, and how
it varies with the number of skyrmions, as shown in Figure 1(a, b). By applying a small in-plane radio frequency (RF)
field, commonly used in ferromagnetic resonance (FMR) techniques, we were able to excite distinct skyrmion modes: the
low-frequency mode (LFM <2 GHz), intermediate-frequency mode (IFM < 8 GHz), and high-frequency mode (HFM >12
GHz), as illustrated in Fig. 1(a). This method provides an effective way to quantify skyrmions within the crossbar track, and
therefore read its output. Skyrmions also naturally enable the implementation of weighted sums, the essential operation
of a neural network[3]. In Fig. 1(c), we present a crossbar array designed to control the nucleation and propagation of
skyrmionic quasiparticles along the skyrmion host line (purple track). Electrical inputs (J) are applied to these tracks to nu-
cleate a controlled number of magnetic skyrmions at specific nucleation sites (orange boxes), each associated with a synaptic
weight (W). The nucleation process is influenced by factors such as local magnetic anisotropy and material properties. The
skyrmions are then guided to a transverse electrical detection zone (green boxes) at the intersection of the magnetic track,
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where the cumulative number of skyrmions is electrically detected through an output voltage (∆V ) generated by the AHE.
The electrical output is highlighted in red.

Voltage-controlled magnetic anisotropy (VCMA) offers a powerful mechanism for modulating the local magnetic prop-
erties of skyrmionic multilayers[5] and eventually the number of generated skyrmions, effectively tuning the synaptic
weight[6] or directly acting as an input, as illustrated in Fig. 1(d). The applied voltage can nucleate a controllable number
of skyrmions in the skyrmionic stack at room temperature and the number of generated skyrmions (weight factor) directly
correlates with the voltage applied. Integrating charge-based VCMA with interfacial chiral interactions (DMI) makes it
possible to control the formation and annihilation of large skyrmionic bubbles. Achieving long-lasting, ultra-low-power
skyrmion synapses with non-volatile control over skyrmion generation, along with the ability to selectively pin or depin
various skyrmionic species, are essential capabilities for advancing skyrmion-based artificial neural network computing.
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Multiscale simulations are critical for designing novel materials with optimized properties and performance. In spin-

tronics, multiscale simulations play a vital role in developing next-generation devices such novel magnetic storage device,
energy efficient computing units or sensors [1].

All these innovations are originating from breakthroughs in the field of quantum mechanics which can describe accu-
rately the magnetic and structural properties down to the atomic scale. This involves the computation of realistic magnetic
interactions, elastic constants and band structures. To successfully describe an electronic device in a realistic environment,
not only the single atom limit but also the collective thermodynamical behavior must be described. Multiscale simulations
parametrized by density functional theory (DFT) calculations are an ideal tool to study electronic devices in a realistic
environment.

Recently, non-collinear magnetic textures such as domain walls, vortices and skyrmions are coming in the forefront of
spintronics [2]. Such extend textures in real space are impossible to study with DFT calculations and require the use of
second principle calculation which may be atomistic or continuous simulations. Here, we would like to present our recent
advances regarding second principle atomistic simulations as implemented in our code Matjes [3]. Our implementation
is similar to available packages [4–6] but extends the current implementations to real space calculations of non-collinear
textures which may arise in magnetic, ferroelectric or multiferroics materials.

Our implementation can simulate bulk, thin film, interfaces geometries. For each geometry and symmetry, we compute
the topological charge given by:

Q =
1

4π

∫

n (r ) ·
�

∇xn ×∇yn
�

dr (21)

where n (r ) is a normalized vector field collinear to the displacement or the magnetization field. Our computational
method uses the topological alongside the magnetization and the displacements to describe phase transition via conventional
Monte Carlo simulations, entropic Monte Carlo and parallel tempering Monte Carlo. The particularity of our approach is to
explore in situ the correlations on the topological charge, the magnetization and the displacements to solve real space green
functions, to calculate entropy and internal energies to explore the temperature evolution of the different interactions.

Our simulations are able to include harmonic interactions beyond the first nearest neighbor approximation (magnetic
exchange, magnetic anisotropy...), dipolar interactions as well as higher order interactions such as the three and four spin
interactions and the Dzyalijinskyi-Moriya interactions in agreement with the Levy and Fert Model [7] and the spin current
model [8]. The implementation of these couplings allows for the combined exploration of magnetic and molecular dynamics
in multiferroics.

Acknowledgments

S.M. is a Postdoctoral Researcher (CR) of the Fonds de la Recherche Scientifique - FNRS (F.R.S.-FNRS no. CR 1.B.324.24F).
This work is supported by Excellence of Science project CONNECT number 40007563 funded by FWO and FNRS.

References

[1] Feliciano Giustino, Jin Hong Lee, Felix Trier, et al. The 2021 quantum materials roadmap. Journal of Physics: Materials
3, 042006 (2021).

[2] C Back, V Cros, H Ebert, et al. The 2020 skyrmionics roadmap. Journal of physics D: Applied physics 53, 363001
(2020). eprint: 2001.00026.

[3] P.M. Buhl, L. Desplat, M. Boettcher, S. Meyer, & B. Dupé. Matjes. Version 1.1.0. 2024.

[4] B Skubic, J Hellsvik, L Nordström, and O Eriksson. A method for atomistic spin dynamics simulations: implementation
and examples. Journal of physics. Condensed matter: an Institute of Physics journal 20, 315203 (2008).

[5] Richard F L Evans, W J Fan, P Chureemart, et al. Atomistic spin model simulations of magnetic nanomaterials. Journal
of physics. Condensed matter: an Institute of Physics journal 26, 103202 (2014). eprint: 1310.6143.

[6] Gideon P Müller, Markus Hoffmann, Constantin Dißelkamp, et al. Spirit : Multifunctional framework for atomistic
spin simulations. Physical Review B: Condensed Matter and Materials Physics 99, 224414 (2019). eprint: 1901.11350.

[7] Albert Fert and Peter M Levy. Role of anisotropic exchange interactions in determining the properties of spin-glasses.
Physical review letters 44, 1538–1541 (1980).

[8] Hosho Katsura, Naoto Nagaosa, and Alexander V Balatsky. Spin Current and Magnetoelectric Effect in Noncollinear
Magnets. Physical review letters 95, 057205 (2005). eprint: cond-mat/0412319.

Page 299 sur 330

mailto:bertrand.dupe@uliege.be
http://dx.doi.org/10.1088/2515-7639/abb74e
http://dx.doi.org/10.1088/1361-6463/ab8418
2001.00026
http://dx.doi.org/10.1088/0953-8984/20/31/315203
http://dx.doi.org/10.1088/0953-8984/20/31/315203
http://dx.doi.org/10.1088/0953-8984/26/10/103202
1310.6143
http://dx.doi.org/10.1103/PhysRevB.99.224414
http://dx.doi.org/10.1103/PhysRevB.99.224414
1901.11350
http://dx.doi.org/10.1103/PhysRevLett.44.1538
http://dx.doi.org/10.1103/PhysRevLett.95.057205
http://dx.doi.org/10.1103/PhysRevLett.95.057205
cond-mat/0412319


C.L.N. 2025 Jeudi 19 10h50-13h00 S2P54

Caustiques d’ondes de spin dans un matériau
non-réciproque confiné latéralement

Jean-Paul Adam1,*, Sokhna-Mery Ngom1, Nathalie Bardou1, A. Solignac2, Joo-Von Kim1, and Thibaut
Devolder1

1Centre de Nanosciences et de Nanotechnoloies, Université Paris-Saclay, CNRS, Palaiseau, France
2SPEC, CEA, CNRS, Université Paris-Saclay, Gif-sur-Yvette, France

*jean-paul.adam@universite-paris-saclay.fr

Dans une piste magnétique confinée latéralement, les ondes de spin propagatives peuvent être excitées par l’utilisation
d’une antenne qui permet de générer un champ magnétique dans le régime des GHz. Dans un matériau ferromagnétique
tel que le Permalloy, saturé dans la direction perpendiculaire à la piste, géométrie dite de Damon-Eshbach, les ondes de spin
sont guidées dans la piste selon des modes confinés dans la largeur [1]. Ces différentes ondes de spin peuvent interférer et
donner naissance à des figures d’interférence comme observé par spectroscopie Brillouin microfocalisée - µBLS [2].

Nous présentons une étude, par µBLS, sur le comportement des ondes spin propagatives dans un système antiferro-
magnétique synthétique constitué de deux couches de CoFeB de 17 nm chacune, séparées par une couche de ruthénium de
0.7 nm d’épaisseur. Il en résulte un couplage antiferromagnétique entre ces deux couches qui permet de stabiliser un état
ciseaux sur une large gamme de champ magnétique. Deux types d’ondes de spin existent dans un tel système, les ondes de
spin acoustiques (respectivement optiques) avec une précession en phase (resp. en opposition de phase) de l’aimantation
dans les deux couches. Dans un tel système, la propagation des ondes de spin est fortement non-réciproque - f( k⃗) ̸= f(- k⃗)
- pour les ondes de spin se propageant selon la direction de lla somme des aimantations de chacune des deux couches. Elle
peut même se faire de façon unidirectionnelle : le transport de l’énergie a lieu selon une unique direction indépendemment
du signe du vecteur d’onde pour les ondes acoustiques [3].

L’échantillon a été structuré sous la forme d’unee piste de largeur 5 µm par gravure ionique, qui a été recouverte d’une
couche de Si3N4 de 160 nm d’épaisseur. Afin d’exciter les ondes de spin, une antenne de 1.8 µm de large, perpendiculaire
à la piste magnétique a été réalisée par lift-off (voir Figure 1.(a)). Pour une telle largeur d’antenne, des ondes de spin
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Figure 1: (a) image optique de l’échantillon et schéma de l’empilement de l’échantillon et du système de coordonnées. Les
cadres rouges correspondent aux zones mesurées par µBLS boxes: regions investigated by BLS microscopy. (b) Fonction
d’efficacité de l’antenne en fonction du vecteur d’onde. (c) Configuration micromagnétique dans l’état ciseaux pour un
champ appliqué de 50 mT tel qu’indiqué sur le schéma. (d) Profil de propagation d’onde de spin à fex = 4.5 GHz. Les
régions investiguées ont des tailles respectives de 6.6 µm×10.2 µm et 6.6 µm×2.2 µm en haut et en bas.

avec un vecteur d’onde jusqu’à 3 rad.µm−1 peuvent être excitées inductivement. Les mesures de µBLS ont été obtenues en
focalisant le faisceau LASER - λ = 532 nm - au travers d’un objectif de microscopie de grandissement x50 et d’ouverture
numérique 0.75, ce qui permet d’atteindre une résolution spatiale de l’ordre de 300 nm. Ce faisceau a été balayé par pas
de 250 nm selon les deux zones rouges de la figure 1(a) pour un champ magnétique de 50 mT, appliqué dans le plan et
transversalement à la longueur de la piste. Dans cette géométrie, la direction longitudinale est a priori réciproque pour les
ondes de spin dans un système anti-ferromagnétique synthétique infini. Un exemple de profil est présenté en Figure 1-(d).
Le profil spatial fait ressortir des canaux de propagation mais avec une directionnalité qui n’est pas selon la longueur de la
piste comme on pourrait s’y attendre pour une propagation réciproque.

Des profils ont été acquis à différentes fréquences d’excitation sur une large gamme entre 3.5 GHz zt 10 GHz pour un
champ de 50 mT. Ils sont présentés dans la figure 2. Aux basses fréquences par rapport à la fréquence des ondes de spin
acoustiques à k⃗ = 0, fac(0), l’intensité BLS est concentrée proche de l’antenne avec un faible caractère propagatif et fait
apparaitre des noeuds dans la direction transverse. Lorsque la fréquence d’excitation augmente, la distance internodale
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Figure 2: Profils d’ondes de spin obtenus par µBLS pour un champ appliqué µ0Hx=50 mT. Les profils sont présentés par
ordre croissant de la fex : (a) basses fréquences, (b) fréquence proche de fac(0), (c) fréquences légèrement au-dessus de
fac(0), (d) fréquences sensiblement au-dessus de fac(0) et (e) hautes fréquences.

augmente et le maximum d’intensité BLS se déplace vers le centre de la piste depuis l’extrêmité gauche. Il apparait progres-
sivement un caractère propagatif qui tend vers la direction x⃗ + y⃗ . Lorsque la fréquence d’excitation atteint fac(0), les ondes
de spin se propagent de façon unidirectionnelle selon la direction x⃗ + y⃗ . Pour des fréquences d’excitation au-delà de fac(0),
la propagation se fait selon la direction longitudinale de la piste y⃗ . En continuant à augmenter la fréquence d’excitation,
une figure d’interférence bidimensionnelle apparait. Plus la fréquence est élevée et plus la distance internodale diminue.
Aux plus hautes fréquences, les ondes de spin ne se propagent plus selon la direction x⃗ , confinées à proximité de l’antenne.

Pour comprendre ce comportement fondamentalement différent de celui observé pour un materiau réciproque, nous
avons étudié l’évolution des relations de dispersion pour une direction arbitraire du vecteur d’onde dans le plan. Nous avons
pour cela adapté la méthode de la matrice dynamique [4] en incluant le terme du champ d’échange intercouche. En étudiant
les contours isofréquentiels, nous pouvons expliquer qualitativement les comportements expérimentalement observés dans
les differentes gammes de fréquence identifiées. Même dans cette géométrie étudiée a priori réciproque, la non-réciprocité
intrinsèque des systèmes antiferromagnétiques synthétique induit une coposante à la direction de propagation des ondes
de spin selon la direction x⃗ . Cette contribution peut être nulle, unique ou multiple selon la fréquence considérée en accord
avec les figures d’interférences observées expérimentalement. Des simulations micromagnétiques réalisées avec Mumax3
confortent cette modélisation et permettent de reproduire quantitativement les résultats expérimentaux.
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Spin waves offer several attractive properties such as scalability owing to their short wavelength in the microwave range,
frequency tunability, and potential non-reciprocal and non-linear behaviours, notably for the development of innovative mi-
crowave devices [1]. However, a number of challenges remain to be tackled for their potential integration in any microwave
devices.

In this context, we present our works towards the development of magnonic analog microwave devices. We will first
present our strategy to optimize their microwave properties, taking the example of magnonic delay lines. Via a combination
of analytical models [2], numerical models and measurements (see an example in Fig. 1), we can successfully optimize their
frequency operation, bandwidth and insertion losses. To characterize magnonic devices, electrical spin wave spectroscopy
using Vector Network Analyzers (VNA) is a technique of choice. However, accessing the rich physics of magnonic excitations
requires not only their frequency but also their time domain properties as different spin wave modes can co-exist in the
same frequency interval whilst having different group velocities. In this context, we show that time of flight spin wave
spectroscopy [3] can be a useful tool to optimize spin wave devices [4].

In a second part, we present a strategy to achieve reconfigurable on-chip delay lines based on MEMS (Micro-Electro-
Mechanical Systems) technology [5]. For this purpose, we developed a process allowing the monolithic integration of
magnetic MEMS on a YIG delay line, as can be seen in Fig. 2 a). The magnetic MEMS membrane is suspended above the
magnonic delay line in the form of a "bridge". By applying a voltage between the MEMS membrane and an electrode placed
onto the surface of the magnonic delay line (see Fig. 2 b)), one can move the magnetic MEMS closer to the magnonic
medium, as shown in Fig. 2 c). The stray field experienced by the YIG is hence locally modified by a few mT, thus chang-
ing the spin wave wavevector. First characterization of such effect was performed by propagative spin wave spectroscopy
(PSWS) using a Vector Network Analyzer [6], effectively demonstrating propagation delay tunability with virtually zero
stand-alone power. Such approaches hold promising opportunities for the optimized development of reconfigurable, inte-
grated and low-power magnonic devices.

Figure 1: Characterization of a YIG magnonic delay line: plots of the insertion losses (red) and return losses (blue) measured
by VNA (straight line) and calculated analytically (dashed line), where one can see the good agreement between our
measurements and model.
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Figure 2: a) 3D optical profilometer image of a YIG magnonic delay line combined with a magnetic MEMS membrane placed
above the magnonic medium (in-between the spin wave antennas) at a certain height of about 4.7µm. b) Top view image
of YIG magnonic delay line combined with the magnetic MEMS membrane. c) Vertical cross-section (along the y axis in a))
measured by optical profilometer showing the displacement of the magnetic MEMS membrane towards the surface of the
magnonic medium via the application of voltage between the MEMS and an electrode placed beneath the MEMS. An almost
linear displacement of down to 1 µm can be seen with an applied voltage of 60 V.
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In the aim of developing non reciprocal photonic device, we need to couple magnetooptic material to control the prop-
agation modes of light in the waveguide. Lithium Niobate exhibits several properties, such as ferroelectric properties, it is
regularly used as acoustooptic modulator (AOM) [1], or is regularly used as photonic crystals [2]. Coupling isolation and
modulation in the same device is a challenging concept. In order to perform this coupling, we grew Bi doped Yttrium Iron
garnet by RF sputtering on top of Lithium Niobate On Insulator (LNOI), which is constituted of a layer of LiNbO3 (600µm)
deposited on SiO/Si(100), elaborated at the CSEM [3]. The growth process is constituted of two phases: the deposition,
performed by RF sputtering at a power of 150W, then the annealing, performed in a oven with a more or less important flux
of gas, during which we control the duration, the annealing temperature, and the rump up temperature.

A preliminary study allowed us to understand that the LNOI was more sensitive to the annealing temperature than
massive LiNbO3: we observed the recrystallization of a parasitic phase of LiNbO2 at the surface of the LNOI, which leads to
lose some of the LiNbO3 properties. This phenomena was not observed when annealing massive (500 µm thick) LiNbO3.
In order to determinate the optimum material to get a compatible growth and a strong Faraday rotation to perform a
magnetooptic isolator, we performed a preliminary study as a function of the Bi doping [4] Y3Fe5O12 (YIG), Bi1.5Y1.5Fe5O12
(Bi:YIG) and Bi3Fe5O12 (BiIG).

We chose to focus on the Bi:YIG composition because of the results from this study regarding the expected parameters:
temperature of annealing needed that can lead to a surface modification of the LNOI. As the Si is exhibits strong absorption
properties in the visible area, and regarding that the domain of application is at the telecommunication wavelength, it was
compulsory to perform the measurements at 1550 nm wavelength. The variation of the annealing temperature lead to an
optimization of the Faraday rotation measured, as shown in Fig. 1.

We observed no Faraday rotation for the 120 nm and 300 nm thick films. This may be explained by the strong Verdet
constant exhibited by the LNOI substrate (mainly coming from the 500 µm thick Si). Regarding the 700 nm thick layers,
the low temperature annealed (600 C) exhibits no Faraday rotation, whereas we measure an optimum at 700 C annealing
(1500 o/cm at 1550 nm), then it decrease back at higher annealing temperature. From this study as a function of the
annealing temperature, we tried to understand the influence of the rump up (named slope in the figure 2) temperature
used in the annealing process at the optimized temperature of 700 C.

Like in the temperature study, we did not observe Faraday rotation for the 120 nm and 300 nm thick samples, probably
still hidden by the strong Verdet constant of the LNOI. in the case of the 700 nm, we observed an optimized Faraday rotation
for the slope 10 K/mn. After systematic further XRD investigations on all different thicknesses as a function of the slope,
we were finally able to determinate the link between the crystallization of the layers and the Faraday rotation for the 700

Figure 1: Influence of the annealing temperature on the Faraday rotation of Bi:YIG samples on LNOI measured at 1550 nm
for three different thicknesses (120 nm, 300 nm and 700 nm). Faraday rotation cycle measured on the 700 nm thick layer
annealed at 700 C.
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Figure 2: Influence of the rump up temperature on the Faraday rotation of the Bi:YIG on LNOI measured at 1550 nm for
three different thicknesses (120 nm, 300 nm and 700 nm). XRD measurement on the 700 nm layers annealed at 700 C,
with the different slopes studied (1 K/mn, 3 K/mn, 10 K/mn, and 20 K/mn).

nm thick layers and the different temperature rump up used during the annealing. The slope 10 K/mn leads to a better
crystallization of the Bi:YIG, leading to a higher Faraday rotation as mentioned in the Fig. 2.
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In condensed matter systems, the investigation of low energy magnetic excitations has been usually carried out using
resonance methods [1]. With the development of low dimension electronics and quantum computing, one challenge in
condensed matter physics is to develop resonance experiments capable of detecting low energy electronic, magnetic and
vibronic excitations down to the single atom / molecule limit. Scanning tunneling microscopy (STM) can be used to
investigate these excitations of single molecules or atoms on surfaces in the sub-meV range [2]. Indeed, such excitation
spectrum can be probed using conventional STM if the energy separation between the states is larger than 3.2kbT. To go
beyond the thermally limited energy resolution, one possibility is to combine resonance techniques and STM . In this way,
the excitation spectra of single atoms and molecules can be investigated with a neV energy resolution. Accessing this region
of the energy spectrum with a STM has been a long-standing problem because of its natural inability to detect high frequency
signals. Only recently, some extensions of STM have been developed to detect low energy magnetic excitations down to the
sub-µeV range, allowing to perform resonance measurements such as electron spin resonance [3] or feromagnetic resonance
[4]. We are currently building a RF-STM setup at the Institut des NanoSciences de Paris (INSP). In this communication, I
will present our current progress in the realization of this project, introducing at first the home-built experimental setup
and its working principles.
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Van der Waals materials are emerging as extremely versatile building blocks for many fields of research, both at the
fundamental and applied level. They offer tremendous possibilities for fine tuning spintronics, superconducting, nanoelec-
tronics, optical devices. They appear extremely attractive for exploring new exotic physics due to their ability to be staked
with an infinite number of combinations that leads to unexpected physical properties. The toolbox of van der Waals het-
erostructures is continuously growing with for instance the recent discovery of ferromagnetic order down to the monolayer
limit in the family of chromium trihalide, CrCl3, CrBr3 and CrI3 (CrX3, X= I, Br, Cl) [1]. Several works have related some
observations of moiré structure due to the mismatch between the CrX3 monolayers and their substrate which lead to a
wealth of new exotic effects [2, 3]. Combining a chromium trihalide layer with a superconductor might lead for instance
to topological superconductivity as recently reported in CrBr3/NbSe2 heterostructures [4]. In this hybrid structure, it was
proposed that the mechanisms leading to a topological order in this hybrid structures was intimately related to the presence
of a moiré pattern [2]. Another fascinating observation is about the influence of a moiré on the magnetic properties. In the
CrX3 family, till now, the magnetization was shown to be essentially colinear, however, in CrI3 double bilayer some hint of
non-colinear magnetism was found and was related to the moiré pattern which leads to a non- negligible spatial modulation
of the magnetic interaction [3]. In this communication I will present our scanning tunneling microscopy investigation of a
CrCl3 monolayer deposited on Au(111) which exhibit a second order moiré pattern. We report the presence of edge disloca-
tions in this moiré pattern (see figure). Based on a comprehensive analytical model, I will show that these well know edge
dislocations can be reexamined in the framework of topological concepts where they are described as topological defects
analogous to vortices carrying a Berry phase characterized by a Chern winding number. They might therefore be use as a
pinning center to host topological spin texture and / or Majorana bound states in CrX3/superconductor heterostructures.

Figure 1: Edge dislocation in the moiré pattern formed between CrCl3 monolayer and Au(111). It exhibits a Burger vector
2 times larger that the moiré unit cell.

References

[1] David Soriano, Mikhail I Katsnelson, and Joaquín Fernández-Rossier. Magnetic two-dimensional chromium trihalides:
a theoretical perspective. Nano Letters 20, 6225–6234 (2020).

[2] Shawulienu Kezilebieke, Viliam Vano, Md N Huda, et al. Moiré-enabled topological superconductivity. Nano Letters
22, 328–333 (2022).

[3] Hongchao Xie, Xiangpeng Luo, Zhipeng Ye, et al. Evidence of non-collinear spin texture in magnetic moiré superlat-
tices. Nature Physics 19, 1150–1155 (2023).

Page 307 sur 330

mailto:marie.herve@insp.upmc.fr


C.L.N. 2025 Jeudi 19 10h50-13h00 S2P58
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Exceptional points (EPs), branch singularities parameter space of non-Hermitian eigenvalue manifolds, display unique
topological phenomena linked to eigenvalue and eigenvector switching: the parameter space states are highly sensitive to
the system’s parameter changes [1]. Therefore, we suggest investigating the parameter space in the presence of an EP by
experimentally accessing and exploiting the topological nature of the coupled system around an EP.

After having recently depicted the impact of an EP on the microwave properties coupled vortex spin-transfer torque
oscillators [2], we demonstrate in this study the control over exceptional points in a similar spintronic coupled systems by
adjusting the system’s damping through the spin-transfer torque effect and their relative phase. The experimental setup
used in this study is illustrated in Fig.1(a). This configuration allowed us to devise a strategy for controlling the presence
of EPs in coupled STVOs driven by their self-generated radiofrequency (rf) currents. The gain and loss mechanisms for
each oscillator are governed both by the natural magnetization damping and the spin-transfer torques (STT). To achieve
the critical condition required for reaching an EP, we vary the injected DC current in one oscillator while keeping it fixed in
the other. The strength and phase of the coupling between the two spintronic oscillators can be regulated using a variable
gain amplifier and variable phase inserted in the RF current lines (see Fig. 1(a)).

Figure 1: (a) Schematic of the coupled oscillators. Each STVO auto-oscillates under the application of a DC current IDC .
One STVO is supplied with constant current while the other is swept across an increasing current range. The RF signal
IRF from each STVO is conveyed into the other’s field line to produce an RF field h. The coupled signal is measured with
a spectrum analyzer. A variable amplifier, set at +10 dBm, controls the coupling amplitude g; a phase shifter ΦPS tunes
the dephasing Φ. (b) Typical experimental spectra (blue) of level repulsion at varying DC currents: a gap separates the
hybridized modes (orange and blue), which bend away. The intrinsic phase of the coupled system is equal to Φg = −10°;
(c) to (h) : Experimental maps of frequencies vs injected DC current from level repulsion at ΦPS = 20° (c), to the transition
marked by two EPs at ΦPS = 110° (d) and level attraction at ΦPS = 200° (e). Corresponding theoretical real (top) and
imaginary (bottom) parts of the eigenvalues Λ±(IB,Φ) evolving with the DC current (f-h), representing the frequencies and
stability from Φ = 0° to Φ = 180°, with Φ = ΦPS + 2Φg . Φg = −10° encompasses the contributions of electrical length and
spin-transfer torques. Solid lines indicate the coupled modes; dashed lines are the uncoupled modes. Two EPs bound the
region indicated by arrows, where the imaginary and real parts of the eigenvalues coalesce. The gain is set at +10 dBm.

This approach allows for precise manipulation of the coupling behavior in the vicinity of an exceptional point. We report
successful experimental demonstration rely on the control of level repulsion and attraction between STVOs, respectively,
associated with conservative and dissipative coupling as shown in Fig.1 (c)-(h).
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An essential result of this study is the successful completion of a full parametric closed loop in the parameters’ space
around an EP, leading to an exchange of eigenstates. To this end, we establish a closed loop by adjusting two parameters: one
for coupling, Φ and one for gain/loss, IB. The five-step closed loop in the parameter space, depicted in Fig. 2(a) by projected
arrows, starts from an initial point (I i

B,Φi) in Cartesian coordinates. The process begins by increasing the DC current to
(I i

B +δI/2,Φi), then tuning the phase shift to (I i
B +δI/2,Φi −δΦ). The loop continues by adjusting to (I i

B −δI/2,Φi −δΦ),
tuning the phase back to (I i

B − δI/2,Φi), and finally restoring the DC current to compare the final state to the initial one
at (I i

B,Φi). In Fig. 2(b), we present the experimental spectra, recorded independently using one spectrum analyzer for
respectively STVO A and B (bottom and top panels). The measurements correspond to the initial (square) and final (circle)
steps of the parametric closed loop during one turn around one of the two EPs. For STVO B, we observe a lower frequency
for the final state (circle) than the initial state (square) after a complete loop. These two states are separated by δω =
0.4 MHz, evidencing a frequency shift (see dashed lines). The Riemann sheet structure can explain this frequency shift, as
performing one closed loop around an EP means crossing the branch cut (black line) and essentially changing the sheet.
In the experiment presented in Fig. 2(b), STVO B starts from the upper state (square) and ends on the lower state (circle)
on the bottom sheet with a lower frequency. The inverse is observed for STVO A, demonstrating the state exchange after
one encirclement protocol. We then repeat this encircling procedure a second time and observe that the oscillator (STVO
B in Fig. 2(c)) returns as expected to its initial state. The detailed steps of the closed loop for one and two turns of the
encirclement process, which correspond to the states associated with the trajectories on the Riemann sheets are shown in
Fig. 2(c).

In conclusion, we showcase at room temperature the encirclement of an EP in spintronic systems, where navigating
around an EP leads to state switching—a promising mechanism for non-reciprocal transport applications, We believe that
our study introduces a new method for exploring non-Hermitian physics in spintronic systems at room temperature [3]

Figure 2: Illustration of the eigenstate exchange after encircling an EP in the parameter space. Riemann sheet structure
of the eigenvalues real part in the parameter space (IB,Φ), trajectories (blue and red lines) to encircle an EP (star) (a).
Encircling an EP once results in an eigenstate switch from a higher frequency (square) to a lower frequency (circle) state
separated by a frequency shift δω for STVO B and vice-versa for STVO A, evidenced by independent spectra at initial and
final steps of encirclement protocol (b). Corresponding experimental independent spectra at each step of the closed loop
(projected arrows in (a)) for encircling an EP twice (c). The initial state is retrieved if the EP is encircled twice. Dashed
lines are eye guides.
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Besides circular polarization, which encodes a Spin Angular Momentum (SAM), Laguerre-Gaussian light beams also
carry Orbital Angular Momentum (OAM), amounting to ℓħh per photon [Fig.1(a)], due to an azimuthal dependence in
the electric-field phase of the form exp (iℓϕ) [1]. As the OAM index ℓ defines a set of orthogonal modes, OAM beams
found application in high-bandwidth optical data transfer [2]; moreover, their ability to exert mechanical torque has been
employed in optical spanners for the manipulation of micro-particles [3], and their radial intensity dependence led to
improved resolution and contrast in microscopy [4], phase-contrast imaging [5] and ptychography [6]. Overall, 35 years
of development of OAM-beam technology have resulted in a rich set of novel experimental tools.

Analogous to Magnetic Circular Dichroism, the intrinsic handedness of OAM beams also found spectroscopic appli-
cations, e.g. with chiral molecules [7] and magnetic materials [8], significantly benefiting from extension into extreme
ultra-violet (EUV) and soft x-ray range. This is due to core-level electronic resonances, sharper focusing capabilities, and
the availability of intense and ultra-short OAM pulses at large-scale facilities [9] and lab-based sources [10].

I will present recent experimental results from our group on the employment of EUV OAM light beams in resonant
magnetic scattering [panel (b)]. A form of Magnetic Helicoidal Dichroism (MHD) is demonstrated in the reflection of Fe M-
edge resonant EUV light from Permalloy micrometric magnetic vortices [11–13], see panel (c). Extension of the experimental
approach to a pump-probe scheme with sub-picosecond time resolution reveals ultrafast inversion of the magnetic vortex
curling direction [panel (d)]. Our results unlock the potential of OAM beams as a novel tool for investigating magnetization
dynamics in inhomogeneous spin textures.
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Figure 1: (a) SAM relates to circular polarization of light, while in OAM beams the handedness is provided by screw-like
phase dependence. (b) Sketch of the experimental arrangement for time-resolved MHD. (c) Scanning electron micrographs
of the investigated Permalloy microdots and superimposed micromagnetic results showing the magnetization vortex ground
state. (d) The MHD dichroism maps (top) display a distinct time-dependence after the pump pulse.
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Scanning nitrogen-vacancy microscopy (SNVM) has emerged as a unique tool for investigating nanoscale magnetism
with high sensitivity and sub-50-nm spatial resolution. Although mostly applied at room temperature, the SNVM can be
extended to the cryogenic regime down to millikelvin (mK) temperatures [1], allowing for the study of superconducting
systems. Using mK-SNVM, we spatially image the Gate-Controlled Superconductivity (GCS) effect in gated Nb islands using
the Meissner screening. We demonstrate micrometer-scale suppression of superconductivity in the Nb island in proximity
to the gate contact and correlate the size of the quenched area with experimental parameters such as the power dissipated
at the gate and the sample temperature. This yields insights into the potential microscopic mechanisms causing the GCS
effect. Unlike in previous demonstrations of the GCS effect in nanowires[2, 3], the GCS effect is observed for the first time
without relying on transport measurements.
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Liquid-phase epitaxy (LPE) was used to grow ultra-thin films of undoped Gadolinium Iron Garnet (GdIG) and Bismuth-
doped GdIG with different nanometer-scale thicknesses on sGGG (110) substrates. In this study, we specifically focused
on the (110) substrate orientation instead of the commonly used (111) substrate. This choice was motivated by the (110)
substrate’s lower growth rate, which facilitates thickness control, as well as its ability to support higher domain-wall ve-
locities [1]. The reduced magnetization of these materials, caused by the presence of the Gd element [2], compared to
Yttrium Iron Garnet (YIG), makes them ideal candidates for investigating the antisymmetric exchange interaction, known
as the Dzyaloshinskii-Moriya interaction (DMI). This interaction is equivalent to a chiral effective field applied normal to
domain walls in a perpendicularly magnetized film, expressed by HDM I =

2D
Ms∆
[3], where ∆ is the domain wall width, D

is the DMI strength and Ms is the saturation magnetization. Notably, a lower Ms value enhances the effective HDM I field,
making these materials particularly suitable for such studies. We have conducted a study of the DM-interaction using Bril-
louin Light Scattering (BLS), and a systematic investigation of its behavior as a function of the film thickness is currently
underway. Additionally, it induces strong perpendicular magnetic anisotropy, which is an important characteristic for cer-
tain applications. A range of advanced characterization techniques was employed to gain a detailed understanding of these
films. Atomic Force Microscopy (AFM) provided insights into surface morphology and Roughness, revealing stepped surface
periodicity. Magneto-optical Kerr effect (MOKE) microscopy was employed to visualize and determine the orientation of
magnetic domains.

To determine the different contributions to the anisotropy constants (cubic term k1 and orthorhombic term Ku and
Kp), FerroMagnetic Resonance (FMR) measurements were carried out in two distinct rotations planes, starting from the
film normal. In this analysis, we aim to study the dependence of these constants on the thickness of the films (13-130 nm).
Subsequently, the variation in the linewidth (∆H) as a function of frequency was measured. For the undoped GdIG, no FMR
signal could be detected, likely due to its low magnetization, as its compensation temperature is close to room temperature.
In contrast, for the Bi-doped GdIG films with thicknesses the magnetic damping coefficient (α) was found around 10−3 which
is two orders of magnitude lower than that of undoped GdIG (α = 0.21)[4]. In addition, the variation of the resonance
field (Hres) as a function of β , the angle between the applied magnetic field and the sample surface, was determined.
From these analyses, the easy [001] and the hard [11̄0] in plane axes of these samples were identified. Calculations,
based on the Makino equations[5], were performed to evaluate the magnetic anisotropy constants. The obtained results
for the anisotropy constants are K1=-2400 er g/cm3, Ku=1684.5 er g/cm3, Kp= 17135 er g/cm3 which reveal a dominant
orthorhombic anisotropy corresponding to an in plane field of approximately 2284 Oe.

These results highlight the potential of these materials to generate pronounced DMI effects, demonstrating their impor-
tance in both fundamental research and technological applications.
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Figure 1: Ferromagnetic resonance results ((FMR at f=8 GHz, 56 nm sample thickness): polar rotation; film normal at β=0
and 180o

Figure 2: Atomic force microscopy images (size 5 µm) in two different zones of the 230 nm film
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In axisymmetric systems, the angular momentum of a wave vector field, such as light, elastic waves, or spin waves (SW),
is a conserved quantity that can be decomposed into two components: spin angular momentum (SAM) and orbital angular
momentum (OAM). Recently, our group have developed a formalism to classify SWs in confined axisymmetric systems, in
which the SAM is defined as the sense of rotation of the dynamic magnetization and the OAM as the number of windings
of the dynamic magnetization per turn of the system.

Figure 1: Iso-field measurement of NV cen-
ter microscopy on a bismuth-doped YIG
film.

Although SAM of SWs has been extensively studied, the OAM of SWs re-
mains experimentally unexplored, despite its significant potential for applica-
tions such as multiplexed communications [1]. This lack of experimental study
can mainly be attributed to the experimental difficulties it requires to observe
OAM in SWs, including high spatial resolution, non-perturbative techniques,
and phase-sensitive measurements.

To address these challenges, we propose to utilize recent advances in
nitrogen-vacancy (NV) center magnetometry to map the dynamical phase pro-
files of SWs [2] in microsized YIG disks. The quantum sensing method allows
for direct detection of both static and dynamic fields, as well as the stray field
created by the magnetization distribution [3, 4]. This technique achieves these
capabilities by providing precise information about the local field strength
and its orientation relative to the NV axis. We recently developed a home-
made room-temperature NV center microscope that employs a single NV cen-
ter probe to achieve the required high spatial resolution and non-perturbative
measurement.

As an initial test of our microscope, we have performed iso-field measurements on YIG-doped bismuth samples, allowing
us to gain experience with YIG systems and refine our methodology for scanning NV magnetometry.
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The non-linear dynamical properties of spin torque nano oscillators (STNO) allow efficient injection locking to an ex-
ternal microwave signal and through this to modulate or to binarize the oscillator phase[1]. Phase binarization has been
demonstrated experimentally recently as a novel approach to generate true and unbiased random numbers [2] and is also
key for the development of an STNO based Ising Machine. A detailed understanding of injection locking is hence essential.
It occurs when the frequency of the oscillator follows the frequency of the external control signal within a locking range
∆Ω, around fr f = nfosc with n the integer harmonic order. The phase difference ψ between the oscillator and the control
signal phases obeys the Adler equation (22), and is generally considered to be a single continuous arcsine function.

ψ= φosc −
φr f

n
=

1
n

arcsin
�

δ

∆Ω

�

+ψ0 +
2kπ

n
, k ∈ Z (22)

where δ is the detuning δ = fr f − nfosc , ∆Ω is half the size of the locking range and ψ0 is the phase difference at zero
detuning. For n= 1, the equation (22) has only one 2π periodic solution, while for n= 2, it has two, π periodic solutions.
These are common results, that are considered to be valid for any type of oscillator and that have been verified in experiment
and simulation for STNOs. Here we report numerical results on the injection locking which do not comply with eq. (22).
We show that for the case n= 1, the 1 f injection locking admits two π-periodic phase solutions.

Figure 1: (a) Schematic of an MTJ-based STNO with uniform magnetization.(b) Trajectories of the magnetization m for
in-plane precession and (c) their complex transformation at different values of the DC voltage.

The STNO schematic is presented in Fig. 1 (a). A dc spin polarized current (along p direction) combined with an
in-plane dc field Happ induces a free-running oscillation of the free layer magnetization (m) at a frequency fosc . These
oscillatory state is known as in-plane-precession (IPP) for which the magnetization m describes a clam-shell like trajectory,
see Fig. 1 (b). The dynamics of vector m can be mapped onto a complex oscillator variable c(t) [3], as shown in Fig. 1 (c).
Upon increasing the voltage Vdc the trajectory becomes less circular because of strong non-linear effects. In the following,
we discuss simulation results for injection locking via a microwave field Hr f that is produced via a field line, see Fig. 1
(a). The orientation of the Hr f field, and of the spin polarization p were varied, while the dc field Happ was kept along the
x-direction. One expects injection-locking at 1 f when Hr f is parallel to ŷ or ẑ, and injection-locking at 2 f when Hr f // x̂ ,
since my , mz oscillate at fosc , while the component mx oscillates at two times fosc [4]. Respectively the phase difference ψ
is expected to have one solution for Hr f // ŷ , ẑ and two π periodic solutions for Hr f // x̂ .
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Figure 2: Frequency fosc , power posc , and phase difference ψ dependence of the Hr f frequency for three cases: (a) p and
Hr f along x̂ . (b) p at 165◦ and Hr f along x̂ . (c) p along x̂ and Hr f at 165◦. Simulations were done at operation point :
Vdc = 2V , µ0Happ = 0.04T , with an rf field amplitude of 4 mT.

The results for 1 f -locking and for three configurations of Hr f and p are shown in Fig. 2, where the frequency, the power
and the phase difference are plotted versus the control signal frequency fr f . The major result, Fig. 2(a), is the possibility of
1 f injection-locking with a field and polarizer aligned along the x̂ direction, which one would expect only for 2 f -locking.
In addition there are two solutions for the phase difference ψ, a scenario expected for a 2 f injection-locking. To break
the symmetry we also investigated 1 f - locking when either the polarizer p or the rf field Hr f are tilted away from the
x-direction. When tilting the polarizer, Fig. 2(b), injection locking is found with two phase solutions, that follow an arcsine
behaviour. However the two solutions exist over different frequency ranges. Finally, when tilting, the rf field Hr f , see Fig.
2(c), the two phase solutions no longer overlap, each one having its own ’locking’ range. This is also reflected in the power,
where a change in the slope is seen at 3.4GHz. The origin of these different results are not yet fully elucidated. A possible
mechanism is the twist in the clam-shell trajectory along the y- or z- axis, when the polarizer is not along the x-direction.
Other effects include fractional synchronisation, parametric excitation or higher order non-linear processes. These results
have a strong bearing on all applications of STNOs that involve injection locking of one or synchronisation of several STNOs.
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Magnetic skyrmions are topologically protected spin textures exhibiting particle-like properties. Due to their particular-
ity, they are promising candidates for applications in neuromorphic computing, where their stability and nanometric size
enable efficient information processing and storage [1].

The goal of this work is to demonstrate the potential of meander domain walls and, more specifically, skyrmions to
build a physical reservoir for Reservoir Computing (RC) classifications. Reservoir Computing offers a simplified alternative
to common Recurrent Neural Networks (RNNs) by exploiting the non-linear dynamics of RNNs without the need to train
recurrent connections.

Here we use a Ta/FeCoB/TaOx structure where skyrmions and meander domains can be easily stabilized. We evaluated
and measured the dynamic properties of the system in order to ensure that it meets the necessary requirements for RC, such
as stability, nonlinearity, and short-term memory [2], by observing the response of the magnetic texture to electrical stimuli
under a MOKE microscope.

Once the required properties are satisfied, the ability of the system to perform basic recognition tasks is tested using sine,
square and triangular input waves. By segmenting the device into multiple regions (Fig.1), each representing a neuron with
a distinct response, we were able to train the system to classify between the applied sine and square wave. The accuracy
ranged from 60% to 70%, potentially limited by measurement noise and spatial correlation of the responses.

Figure 1: Meander DWs Physical Reservoir System : a) Device layout for controlled current injection. b) MOKE image of
meander domain wall texture employed as a physical reservoir. c) The device is divided into multiple subsections and the
displacement is tracked frame-by-frame, as shown in (d), and used to train the final layer Wout (e).

To improve accuracy and study more complex responses, skyrmions are used (Fig.2). The skyrmion tracking is per-
formed using a self-trained neural network used for tumor tracking, which is able to identify each skyrmion individually.
Training our system for the same input patterns as for DWs, we achieve an accuracy of 91% for sine-square classification.
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Figure 2: Skyrmion Physical Reservoir System : a) Schematics of the layout and skyrmion phase present in the magnetic
tracks. b) Displacement of the skyrmion as a function of time under a sinusoidal applied electric current of 108 A/m2. c)
Classification test of a square/sinusoidal series.
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