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Coma-ruga 2025 3rd International Workshop on Microwave Research and Applications

Ferromagnetic Resonance Studies of Magnetic Thin Films and Multilayers

Dario A. Arena,? Ayomipo Ojo,? Vimukthi Deshan Ganepola Arachichige,?

aDepartment of Physics, University of South Florida, Tampa, FL. U.S.A.

Ferromagnetic resonance (FMR) is a versatile tool for investigating fundamental properties of
materials with long-range spin order. In this talk, | will present the use of FMR in investigating
three distinct phenomena in magnetic thin films. First, we will examine the enhancement of
indirect exchange coupling (IEC) at reduced temperatures in epitaxial Fe / MgO / Fe bilayers.
The FMR spectra reveal two distinct eigenmodes: a low-field acoustic mode and a high-field optic
mode. The resonance field difference between these modes indicates that the IEC is
antiferromagnetic with a coupling field of ~ -4 mT at 300 K| increasing to ~ =15 mT at 180 K
while probing the Fe [100] direction. Additionally, the amplitude ratio of the acoustic to optic
modes increases with decreasing temperature, signifying an enhancement of the coupling
strength [1].

Second, we will use FMR to measure the exchange stiffness in the topological Weyl semimetal
Co2MnGa (CMG) as a function of temperature and film thickness. In the CMG films, the applied
magnetic field is perpendicular to the plane of the sample permitting excitation of perpendicular
standing spin wave (PSSW) modes, and the difference in effective magnetization between the
PSSW and uniform modes is used to quantify the exchange stiffness. Thin CMG films (20 nm)
show low exchange stiffness (~ 1 pJ/m) which is independent of temperature. Thicker CMG films
(> 50 nm) exhibit much larger exchange stiffness ( > 10 pJ/m), which increases as the
temperature is lowered, indicating a competition between exchange interactions and thermal
agitation [2].

Lastly, we will show how comparing FMR spectroscopy with x-ray magnetic circular dichroism
(XMCD) can be used to quantify spin mixing in ferro- and ferrimagnetic thin films. In the solid
state, some degree of mixing of the free space S; eigenstates is unavoidable, but experimental
confirmation of the spin mixing parameter <b?> is challenging, particularly for polycrystalline and
amorphous materials as well as buried magnetic layers. We present studies which compare the
orbit to spin moment ratio (u/ us) extracted from XMCD spectra to the u./ us calculated from
the spectroscopic g-factor determined from FMR. The difference between the two
measurements can be related to <b2>. We will present FMR / XMCD studies of <b?> in Ni-based
multilayers [3], Cop-xFex thin films [4], and amorphous FeGd ferrimagnetic films [5].

[1] Ayomipo Ojo, Anna Ravensburg, V. Kapaklis, D.A. Arena, et al., in preparation.

[2] Ayomipo Ojo, A. Markou, C. Felser, D.A. Arena, et al., in preparation.

[3] .M. Shaw, R. Knut, A. Armstrong, D.A. Arena, et al., Phys. Rev. Lett., 127 207201 (2021).

[4] J.M. Shaw, H. Nembach, D.A. Arena, et al., in preparation.

[5] Vimukthi Deshan Ganepola Arachichige, J.M. Shaw, H. Nembach, D.A. Arena, et al., in preparation.
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Ultrafast Edge Photocurrent on WTe, by On-chip THz Spectroscopy

Subhashri Chatterjee,!” Katsumasa Yoshioka, ' Taro Wakamura, ' Norio Kumada'
NTT Basic Research Laboratories, NTT Corporation, Atsugi, Japan

Layered 2D materials, such as van der Waals (vdW) materials and transition metal
dichalcogenides (TMDs), have attracted significant attention for next-generation THz
optoelectronic devices due to their potential for ultrafast photocurrent generation.! In
homogeneous 2D materials, such photocurrent generation can be realized by breaking crystal
symmetry inherently along certain edges. Recently, WTe, has been studied under continuous
wave (CW) laser illumination at room temperature, where nonlinear photocurrents are generated
along lower-symmetry directions, while they are absent along higher-symmetry directions due to
symmetry constraints.2 However, another study attributes the observed photocurrent to the
photothermoelectric effect (PTE).3 To resolve this controversy, a temperature-dependent time-
domain study of carrier dynamics is essential to disentangle the underlying mechanisms of
photocurrent generation.

In this study, we investigate edge photocurrent generation in WTe, using on-chip THz
spectroscopy.* A low temperature grown GaAs photoconductive (PC) switch is connected to a
mechanically exfoliated WTe: flake through a Goubau-line waveguide with a distance of 440 um.
A femtosecond laser with 517 nm wavelength light was used to illuminate the WTe, sample,
while the generated photocurrent is extracted by probing with a time delay t from PC switch. (Fig.
1 (a)) shows the canning photocurrent microscopy (SPCM) image. When the laser is directed
onto the edges along the <110> symmetry direction, an ultrafast time-domain photocurrent is
observed, whereas no such photocurrent is detected along higher-symmetry directions Figure
1(a). Figure 1(b) represents the temperature-dependent edge photocurrent, revealing a transition
in waveform shape from cosine-like to sine-like. Additionally, below 100 K, the photocurrent
behavior indicates contributions from both electron and hole pockets. We conclude that the
change in photocurrent shape results from a shift in the chemical potential of the material at
different temperatures. Furthermore, our results suggest that photocurrent generation is primarily
driven by the PTE.
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Figure 1. (a) SPCM image of WTe; at 4K, (b) TD ultrafast photocurrent extracted from WTe, edge at Point *.

1. Nature Reviews Physics 3, 178-192 (2021), 2. Nat Commun 10, (2019), 3. Nat Phys 19,
507-514 (2023), 4. Nat Photonics 16, 718-723 (2022)

[Oral 1.2]
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Novel terahertz bolometric detection using MEMS beam resoantors

Ya Zhang,? Kazuhiko Hirakawa,*® Kazusuke Maenakac

a Tokyo University of Agriculture and Technology
b University of Tokyo
¢ University of Hyogo

Terahertz (THz) electromagnetic spectrum draws wide attention for nondestructive and/or
biocompatible sensing. In order to be widely applicable to the THz sensing, it is of prime
importance to develop THz sensors that can be operated at room temperature and have high
sensitivity and fast operation speed. However, conventional room-temperature THz thermal
sensors fall short of expectations in these characteristics.

Here we report uncooled, sensitive, and fast THz bolometric detectors using
microelectromechanical system (MEMS) resonators [1-2]. Doubly clamped MEMS beam
resonators are fabricated using lll-V (GaAs) semiconductors and silicon materials. The MEMS
resonator absorbs THz radiation and induces a temperature rise, leading to a shift in its
resonance frequency. This frequency shift, proportional to the amount of THz radiation
absorbed by the resonator, allows the THz radiation to be measured. The MEMS bolometer
can achieve a NEP of ~ 20 pW/Hz%5 and an operation frequency of ~10 kHz, significantly faster
than conventional thermal-type THz sensors such as pyroelectric sensors and Golay cells. The
performance of the MEMS bolometer can be further enhanced by using the nonlinear dynamics
of the MEMS resonators [3-4], as well as by integrating the MEMS beam with THz
metamaterial absorbers [5]. The proposed MEMS bolometer is promising for realizing fast THz
spectroscopy and imaging applications.

[1] Ya Zhang, Yasuyuki Watanabe, Suguru Hosono, Naomi Nagai, and Kazuhiko Hirakawa, Appl. Phys.
Lett. 108 (16), 163503 (2016).

[2] Ya Zhang, Suguru Hosono, Naomi Nagai, Sang-Hun Song, and Kazuhiko Hirakawa, J. Appl. Phys.
125 (15), 151602 (2019).

[3] Ya Zhang, Ryoka Kondo, Bogi Qiu, Xin Liu, and Kazuhiko Hirakawa, Phys. Rev. Appl. 14, 014019
(2020).

[4] Ya Zhang, Yuri Yoshioka, Mirai limori, Bogi Qiu, Xin Liu, and Kazuhiko Hirakawa, Appl. Phys. Lett.
119 (16), 163503 (2021).

[5] Zihao Zhao, Kazuho Harada, Chao Li, Isao Morohashi, and Ya Zhang, Proceeding of 2024 IEEE
SENSORS (2024).
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Microwave driving a trapped ion to simulate the Riemann zeta function

Charles Creffield,? German Sierra,> Ran He,c, Ming-Zhong Ai,¢ Jin-Ming Cui,¢ Yun-Feng
Huang,¢ Yong-Jiang Han,c Chuan-Feng Li,c and Guang-Cao Guo¢
aDpto de Fisica de Materiales, Universidad Complutense de Madrid, Spain
binstituto de Fisica Tedrica, UAM-CSIC, Madrid, Spain
cUniversity of Science and Technology of China, Hefei, China

The non-trivial zeros of the Riemann zeta function are central objects in number theory,
governing, for example, the distribution of the prime numbers, and are also of great interest in
the physics of random matrix theory and quantum chaos. In this talk | will describe how the
position of the zeros can be measured by driving an ion held in a Paul trap with a precisely
specified microwave signal [1]. The waveform of the signal is selected so that the spin-
dynamics of the ion is frozen when the driving parameters coincide with a zero of the zeta
function, using a technique known as "Floquet engineering" [2]. Scanning over the driving
amplitude thus allows the locations of the Riemann zeros to be experimentally measured to a
high degree of accuracy, providing a quantum simulation of these fascinating mathematical
objects.

[1]1R. He et al. npj Quantum Information 7, 109 (2021).
[2] C.E. Creffield and G. Sierra, Physical Review A 91, 063608 (2015).
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Spin transport in antiferromagnetic materials

S. Chena, LI. Balcells?, B. Bozzo?, C. Frontera?, Z. Konstantinovic®, C. Magén¢, N.
Mestres?, A. Pomar2 and B. Martinez?

a Instituto de Ciencia de Materiales de Barcelona. ICMAB-CSIC. Bellaterra. Spain
b Center for Solid State Physics and New Materials, Institute of Physics Belgrade, Serbia
¢ Instituto de Nanociencia y Materiales de Aragon (INMA), CSIC-Universidad de Zaragoza;
Laboratorio de Microscopias Avanzadas (LMA), universidad de Zaragoza, Zaragoza, Spain

Traditionally, spintronics research has focused on ferromagnetic (FM) materials, but recent
discoveries highlight the versatility of antiferromagnetic (AFM) materials. AFM insulators,
particularly complex oxides, enable efficient spin current transmission while blocking charge
flow, with some cases even showing spin current enhancement. [1,2] Additionally, electrical
switching has been demonstrated in both metallic and insulating AFMs via spin torque
mechanisms.[3] These properties have sparked interest in AFMs as active spintronic
components, particularly as insertion barriers in FM/non-magnetic (NM) bilayers. This study
investigates how microstructure and crystallographic growth direction affect spin current
transmission through epitaxial NiO layers in Laz3SrisMnOs (LSMO)/NIO/Pt heterostructures.
Spin currents are generated via ferromagnetic resonance (FMR) in LSMO, transmitted through
NiO, and detected in Pt using the inverse spin Hall effect (ISHE). The influence of interfacial
effects and structural symmetry in the transport of spin currents through the heterostructure as
a function of temperature and NiO barrier thickness will be discussed.

. 0 . s
50 200 250 300 350 150 200 300 350

T(K) 2%{J(K}
Figure 1. Temperature dependence of the Visue voltage signal as a function of the NiO layer
thickness for (001) (a) and (111) (b) oriented samples. The VisHe voltage signal corresponding
to a LSMO(15 nm)/Pt(5 nm) reference sample is also included for comparison.

References

[1] H. Wang et al. Antiferromagnonic spin transport from Y3Fe5012 into NiO, Phys. Rev. Lett.
113 (2014) 097202.

[2] W. Lin et al. Enhancement of Thermally Injected Spin Current through an Antiferromagnetic
Insulator, Phys. Rev. Lett. 116 (2016) 186601.

[3] P. Wadley et al. Current Polarity-Dependent Manipulation of Antiferromagnetic Domains. Nat.

Nanotechnol. 13, 362 (2018).
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On the complexity of materials engineering for high-frequency circulators
with hard magnetic ferrites

Ana Vila Costa,? Xavier Mir Pérez,> Naureen Khanam,? Vinod V K Thalakkatukalathil,?
Nico Dix,? Pedro de Paco Sanchez,? and Marti Gich Garcia,?

a Institut de Ciencia de Materials de Barcelona (ICMAB-CSIC), Campus UAB, Bellaterra 08193,
Spain
b Department of Telecommunications and Systems Engineering, Universitat Autonoma de
Barcelona, Bellaterra 08193, Spain

Magnetic ferrites are widely implemented in telecommunication and radar systems. Among the
passive electronic elements, the well-established isolators and circulators must be adapted to
the 95-300 GHz range, desired for the next generation of wireless transmission applications 6G
and beyond [1],[2]. However, several challenges [3] must be overcome to allow the higher
operation frequency and fabrication cost. On the materials side, suitable hard magnetic ferrite
oxides have a limited saturation magnetization due to the substitution of Fe sites with non-
magnetic elements and, thus, a reduced permeability at high frequency. The need to implement
dense and magnetically oriented ceramics of controlled shapes with sizes below the mm scale
pose fabrication challenges.

Here, we report on the fabrication and functional characterization of ferrite circulators in the 90-
140 GHz range. The base materials used were Al substituted [Sr,Ca] M-type hexaferrite
nanoparticles (fres = 120 GHz), the powders present strong magnetic anisotropy evidenced by
a coercive field strength above 1.5 T. MUTs were prepared by sintering ceramic disks and
cutting them in suitably sized shapes, which were supported with polystyrene foam and centred
inside a machined waveguide circulator. We compare as-prepared and magnetized MUTs
(under external field of 7 T) with measurements with applied small external magnetic fields up
to 0.3 T. Although a non-reciprocal response is observed for the S12/S21 scattering parameters,
the observed difference is 4 dB in remanent state, till far from the desired 25 dB difference for
application. A commercial high density and magnetically oriented hexaferrite from TDK with fres
=~ 80 GHz [4] was also characterized for comparison. Also, we will present preliminary data in
the 140-220 GHz range using epsilon iron oxide as MUT. The results are discussed together
with simulations, assisting and predicting the potential for application as passive devices.

[1]1D.T. S. Rappaport et al., IEEE Access, vol. 7, 78729-78757 (2019).

[2] I. F. Akyildiz et al., IEEE Access, vol. 8, 133995-134030 (2020).

[3] V. G. Harris & A. S. Sokolov, Journal of Superconductivity and Novel Magnetism, 32:97-108 (2019).
[4] D. H. Martin & R. J. Wylde, IEEE Transaction on Microwave Theory and Techniques,vol. 57, 99-108
(2009).
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Helical acoustic fields open the way for several advanced functionalities including the
generation of optical beams with orbital angular momentum (OAM), the polarization control of
magnetic excitations as well as the exploitation of non-reciprocal and topological phenomena
[1]. The generation of helical acoustic fields has so far only been achieved at relatively low (i.e.,
sub-GHz) frequencies. In this contribution, we demonstrate a novel concept for the electrical
excitation of laterally confined GHz helical acoustic modes in the form of Lamb waves (plate
modes) on a chip [2,3]. The lateral confinement relies on the strong dependence of the
frequency spectrum of the Lamb acoustic modes on the thickness of the propagating medium.
As a result, Lamb modes generated by a piezoelectric resonator in a thicker (or thinner) region
of the substrate remain confined in this region via reflections at the lateral boundaries with
thinner (thicker) substrate regions. If the generation region is disk-shaped, the lateral reflections
form drum-like modes, which are like the low-frequency (sub-GHz) modes of a thin membrane
but now oscillating at GHz frequencies. We experimentally confirm the lateral confinement by
radio-frequency spectroscopy as well as by maps of the surface displacements of the surface
using optical interferometry with high spatial resolution. Finally, we demonstrate the generation
of helical drum modes with tunable helicity by using an array of sector-shaped piezoelectric
transducers powered with appropriate radio-frequency phases. The interferometric maps show
that the OAM of the acoustic field can be transferred to an optical beam, thus providing a way
to produce light with OAM modulated at GHz frequencies. Our finite-element and analytical
models confirm that the confined Lamb modes with tunable helicity arise from the intrinsic
elastic response of the structured sample and provide useful insights into the acousto-elastic
coupling, thus guiding adaptation to other material systems. The acoustic drum modes thus
provide a flexible platform for acousto-optical chiral functionalities in the GHz frequency range.
Applications for spin chiral control as well as for the efficient generation of optical beams with
OAM are discussed.

[1] X. Zhang et al., Comm. Phys. 1, https://doi.org/10.1038/s42005-018-0094-4 (2018)

[2] A. Pitanti et al., https://doi.org/10.48550/arXiv.2410.17877
[3] N. Ashuberkov et al., https://doi.org/10.48550/arXiv.2502.20899
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Magnonic crystals are magnetic metamaterials designed to control and manipulate spin waves
(magnons). Magnons, collective excitations of electron spins, offer promising avenues for data
transmission and processing [1] due to their low power requirements and compatibility with
standard CMOS technology. Their propagation can be controlled by engineering artificial
periodic structures at the micro-nanoscale in magnetic materials, and are generally fabricated
through complex lithographic processes.

In certain systems, periodic structures can emerge naturally when using flexible substrates:
these spontaneous surface modulations (wrinkles) appear under deformation in order to
accommodate compressive strain. Such wrinkles on thin films may be purposely engineered
during the deposition of the thin film on an elastomer substrate under tension [2] (for example
to protect the film during future mechanical stress) and in magnetic thin films, they can induce a
change in the magnetic properties due to the strain [3]. Notably, the spacing of these wrinkles—
ranging from several tens of nanometers to micrometers—aligns well with the typical
wavelengths of spin waves in ferromagnetic media.

In our work, we investigate the wrinkles of magnetic thin films grown on flexible polymer
substrates, considering them as an ideal platform for magnonic systems — and eliminating the
need for costly lithographic fabrication. We demonstrate how these wrinkles impact the
magnetic anisotropy, as measured through magneto-optical Kerr microscopy and ferromagnetic
resonance techniques. Additionally, we investigate how the wrinkles respond to applied stress,
revealing a mechanically bistable behavior in their orientation. This bistability could enable
unique forms of tunability in magnonic devices. Finally, micromagnetic simulations allow us to
characterize the spin-wave dispersion in these wrinkled films, underscoring their potential for
scalable and tunable magnonic applications.

[1] P. Pirro, Nature Reviews Materials, 6, 1114-113 (2021).
[2] D. Faurie, J. Appl. Phys, 130, 150901 (2021).
[3] F. Zighem, J. Phys.: Condens. Matter, 33, 233002 (2021).
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Spin waves play a crucial role in spintronics as they enable low-power information transport
without charge currents. Their controlled excitation and propagation are essential for
applications in non-volatile memory, magnetic logic, and wave-based computing. However,
existing imaging techniques, such as microfocus Brillouin light scattering and scanning
transmission X-ray microscopy, face limitations in temporal resolution or require synchrotron
radiation. Time-resolved wide-field MOKE microscopy offers a powerful alternative [1],
providing direct, real-time visualization of magnetoacoustic interactions with high spatial and
temporal resolution. Surface acoustic waves (SAWSs) efficiently couple with magnetostrictive
ferromagnetic materials, inducing large-angle magnetization precession [2]. This interaction
enables the excitation of spin waves, which can be imaged using magneto-optical Kerr effect
(MOKE) microscopy.

In this work, we employ a stroboscopic Kerr imaging technique to visualize magnetoacoustic
waves in thin ferromagnetic layers with micrometer spatial resolution. The results of our
experiments provide time-resolved images of magnetoacoustic waves, allowing the study of
their behavior as a function of the applied magnetic field and propagation angle. These waves
are generated by SAWSs, excited via interdigital transducers (IDTs) on a piezoelectric substrate,
and interact with thin ferromagnetic layers such as nickel and cobalt, inducing magnetization
oscillations. A picosecond-pulsed laser illuminates the sample, and the reflected signal is
captured using a MOKE microscope.

Figure. Set-up showing the generation and propagation of surface acoustic waves (SAWs), the resulting
magnetoacoustic wave, and the detection via stroboscopic light. Stroboscopic images of magnetoacoustic waves
at (a) 124 MHz and (b) 248 MHz.

References
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[2] B. Casals, Phys. Rev. Lett., 124, 137202 (2020)
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Surface acoustic waves (SAWs) can be coupled efficiently to magnetostrictive ferromagnetic
materials (FM) and are known to drive large angle magnetization precession [1,2]. The resulting
magnetization oscillation may pump spin and orbital currents into adjacent nonmagnetic (NM)
materials, which eventually can be converted into detectable charge currents from inverse spin and
orbit Hall effects. However, pumping mechanisms can have diverse origins such as spin or orbital
pumping, magnetorotation, and phonon angular momentum transfer—all of them with different
symmetries with respect to the angle between SAW and magnetization. Typically, the detection of
spin currents is done through inverse spin Hall effect (ISHE) in large spin orbit coupling (SOC)
materials such as Pt, Ta and W. Nevertheless, these materials can be toxic, hard to find and are
associated with environmentally harmful techniques. More recently, the orbital angular momentum
has taken protagonism as it is predicted to have a comparable or even larger effect than its spin
counterpart and may occur in cleaner and less expensive materials.

Here, we explore different pumping mechanisms in bilayer systems made of FM/NM through
acoustically driven magnetization waves. The studied hybrid devices consist of a piezoelectric
substrate where Interdigital Transducers (IDTs) are placed facing each other to generate and detect
SAWs transmission. The FM/NM bilayers are deposited in different structures in the acoustic path
in between facing IDTs (Figure 1 (d)) and both transversal or longitudinal voltages can be detected
in presence of SAW. We compare nickel and cobalt as FM and chromium and aluminium as NM.
We demonstrate that SAW may induce orbital currents that are detected in the NM layer. Figure
below shows a large inverse orbital Hall effect in the chromium compared with a tiny effect in
aluminium. We study further amplitude asymmetries as a function of the angle between SAW and
magnetization to quantify both the orbital pumping from FM and the orbital Hall conductivity in the
NM metals.

a) Ve (uV) b) VA (uV)
Y xy
0 i 90 Figure 1. Measures of the
5 Ny 3 @l“ _ 45_"_ s !1 angular dependence of the
o0 "- L& 0 =0 " o antisymmetric part of the
g 02 45N n il transversal voltage (¥4, for
r CoAl ' NiC . NiAl i-‘ Y

-90 @ oo 2 D a) Cobalt/Chromium,
-0.02 0 0.02 002 0 0.02 -002 0 0.02 -002 0 0.02 Cobalt/ Aluminium and b)

poH (T) proH (T) ; : "
c) 0 d) _ o Nickel/Chromium,  Nickel/
Aluminium bilayers in the
presence of 1.3 GHz SAWs.
c) Measures of the field
dependence of the V5. for
the Cobalt bilayers at 8=15°
and the Nickel bilayers at
&=30°. d) Experimental set-
up for longitudinal (¥,..) and
transversal (V.. ) voltage

detection.

xy

==NiCr
~NiAl (x10)

VA (1V)

e

f1gH (T)

[1] B. Casals et al., Phys. Rev. Lett. 124, 137202, (2020)
[2] M. Rovirola et al., Phys. Rev. Research 6, 023285 (2024)

[Oral 1.10]



Coma-ruga 2025 3rd International Workshop on Microwave Research and Applications

Rayleigh-Jeans Condensation of Magnons in an Optomagnomechanical
System

Dario Gonzalez Diez?, Pablo Cerrato Serrano?, Antoni Garcia-Santiago2®, Joan Manel
Hernandeza? , Daniel Navarro Urridsab, Marius V. Costacheab

aDepartment de Fisica de la Materia Condensada, Universitat de Barcelona
binstitut de Nanociéncia | Nanotecnologia (IN2UB)
(Corresponding author: dgonzadi18@alumnes.ub.edu)

Over the past two decades, the dynamics of parametrically pumped magnons in thin Yttrium-
Iron-Garnet (YIG) films have been extensively explored at room temperature [1-3]. Since the
discovery of a singularity in the population of the lowest-energy state in 2006 [1], significant
efforts have been made to understand the fundamental properties of this unintuitive system.
This led to the development of a stochastic Landau-Lifshitz-Gilbert (LLG) equation with non-
Markovian damping [4], classifying this effect as a classical phenomenon, Rayleigh-Jeans
Condensation (RJC), analogous to the quantum Bose-Einstein Condensation (BEC).

In this study, we investigate RJC within an optomagnomechanical system, characterized by
strong couplings between specific magnon, phonon, and photon modes [5]. Initially, we
simulate magnon dynamics using the LLG equation within MuMax3 [6], confirming the onset of
RJC above a critical oscillating magnetic field. Subsequently, we introduce an additional
coupling term to model the strong interaction with a particular mechanical mode, analyzing the
dynamics of its population and revealing a rich phase diagram.

Furthermore, we explore the potential applications of this condensate in optomagnomechanical
systems for quantum information processing.

Financial support from Beca Col-laboracié 2024.7.FFIS.2 (P1)- Beca Master + Departament de
Fisica Quantica i Astrofisica and MCIN/AEI/10.13039/501100011033 under Grants No.
PID2023-1507210B-I00/AEl and CNS2022-135821 (European Union Next Generation
EU/PRTR).
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Surface acoustic waves (SAWs) provide a dynamic and energy-efficient means to control magnetization
in ferromagnetic thin films through the magnetoelastic effect. By inducing periodic and time varying
strain, SAWs can modulate magnetic properties in materials without the need for external magnetic
fields. Recent studies have demonstrated SAW-driven magnetization effects in magnetostrictive
materials including precessional magnetization switching [1], SAW-activated magnetic domain motion
[2] and large angle magnetoacoustic waves [3]. However, a comprehensive understanding of their
impact on coercive field reduction remains incomplete.

Here, we explore the influence of SAWs on the switching process of different ferromagnetic systems
(Nickel and Cobalt), revealing a significant reduction in the coercive field, reaching up to 75% for certain
conditions. This effect was attributed to the strain-induced modulation of magnetic anisotropy, which
causes both precessional switching of the magnetic moment and variations in domain wall propagation.
To disentangle these effects, we performed experiments on ferromagnetic samples deposited on the
acoustic path of a SAW channel (see Figure (a)) and measured simultaneously the magnetoresistance,
as a measure of the overall magnetic moment, and the MOKE as an indicator of the magnetic domain
configuration. We repeated experiments in samples with different geometries to determine the
contribution of both domain wall propagation and magnetic oscillations. In this contribution we present
results obtained in Nickel and Cobalt thin films by varying both frequency, angle and amplitude of the
applied SAWs. Our findings highlight the potential of SAW-assisted magnetization control for low-power
spintronic applications and tunable magnetic devices.
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(@) Microscopic image of IDTs, FM material and Au contacts for longitudinal resistance (top) and
transversal resistance (bottom) of the sample with respect to the applied SAW. The transversal
configuration is made with a FM path smaller than the used SAW wavelength. (b) Angular dependence
of the magnetoresistance (MR) signal. Comparison between MR signal when 221MHz-16dBm SAW is
applied (top) and without SAW (bottom). (c) MR signal obtained with and without SAW for different

amplitudes and same frequency at & = 43 Arrows indicate the direction of the signal over time.
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Hybrid systems came up as a way to combine the best aspects of different quantum systems.
Spin systems in magnetic materials are a promising way to store and process information as
well as a good environment to study magnon quantum states. Photons are known for being
good transmitters of quantum information. Therefore, a hybrid system of photons and magnons
(collective spin excitations) is of high desirability for applications such as the study of quantum
states of matter and information processing and storing.

Optomagnonic systems have been studied in the past with direct coupling between magnons
and photons [1]. However, the coupling strength fell short compared to other hybrid systems
such as optomechanical (photon and phonon) crystals [2] and magnomechanical (magnon and
phonon) systems [3].

We present a design of an optomagnomechanical crystal that takes profit of the large magnon-
phonon coupling and the optimized crystal design of optomechanical crystals to achieve a high
coupling.

We achieve a high-quality optical cavity, in the range of 105, with high optomechanical coupling
of 2m x 108 kHz and high magnomechanical coupling of 2.8 MHz. Moreover, due to the
coupling mechanism between magnon-phonon and phonon-photon, our cavity is highly tunable
and allows for precise measurement of magnon mode by changing the external magnetic field.

[1]J. Graf et al., Physical Review Research, 3, 013277 (2021).
[2] Y. Pennec et al., AIP Advances, 1, 041901 (2011).
[3] M. Asano et al., Physical Review B, 108, 064415 (2023).
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In this work we demonstrate the operability of new devices for matter routing, similar to
photonic routers, in our case for guiding polariton condensates: microcavity couplers. These
devices consist of closely spaced parallel optical waveguides, so that energy can be
exchanged between them. The coupled power, limited by the overlap of the modes in the
coupler arms, is determined by the separation between the waveguides, the wavelength of the
polariton condensates, the evanescence of the modes and the interaction length in the

couplers [1].
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Figure 1 — PL Intensity map obtained after
excitation at the top left terminal (not shown).
The intensity is coded in a logarithmic false
color scale and the dashed lines outline the
left and right arms of the coupler.

We investigate the nature of the propagation of
the condensates along the coupler arms using
a combination of time-resolved (picosecond)
microtomography  measurements and a
theoretical model based on a mean-field
approach for the descripton of the
condensates. We pay special attention to the
coupling between the two arms for different
coupler parameters, excited at the input
terminals of the devices, at different power
densities, measuring the light emission in the
coupling region by blocking the emission from
the input and output terminals using spatial
filters. The evanescent coupling of the
macroscopic wave functions between the
waveguides is revealed in real-space
oscillations in the condensate. These
Josephson-like oscillations had only been
observed in coupled polariton traps. We obtain
a similar coupling in a controllable waveguide-
based design. By making use of these
oscillations, controlling the spacing between
the coupled waveguides, the length of the
coupling zone or the propagation energy, the

output port of the polariton fluid can be chosen [2, 3]. Our results are corroborated by numerical
simulations using the generalized Gross-Pitaevskii equation, which models coherent polariton
dynamics in spatially non-uniform systems.This polariton codirectional device is a scalable,
passive coupling element that can serve next-generation compact logic architectures.

[1] J. Bierlein et al., Phys. Rev. Lett. 126, 075302 (2021).

[2] E. Rozas et al., ACS Photonics 8, 2489 (2021).

[3] E. Rozas et al., Adv. Opt. Mat.12, 2400420 (2024).
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We propose a phenomenological theory of photogalvanic effects in superconducting materials
and structures exhibiting the diode effect. Using a generalized London model that incorporates
quadratic nonlinearity in the relationship between supercurrent and superfluid velocity, we
demonstrate that an incident electromagnetic wave can induce a nontrivial superconducting
phase difference across the sample [1]. When enclosed within a superconducting loop, this
phase battery is expected to generate a circulating dc supercurrent. By increasing the intensity
of the electromagnetic wave, one can trigger transitions between loop states with different
vorticities. It is important to note that this rectification effect differs from both the inverse
Faraday effect in superconductors, which requires circularly polarized radiation, and the photon
drag effect in superconducting condensates, recently explored in [2].

[1] S. V. Mironov, A.S. Melnikov, and A.l. Buzdin, Phys. Rev. B., 109, L220503 (2024
[2] S. V. Mironov, A.S. Melnikov, and A.l. Buzdin, Phys. Rev. Lett., 132, 096001 (2024).
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In recent years, the orbital Hall effect (OHE) and the interfacial orbital Rashba—Edelstein effect
(OREE) have been theoretically proposed as orbital analogues to the spin Hall effect (SHE)
and Rashba-Edelstein effect (REE) [1,2,3]. These orbital phenomena enable the generation of
orbital currents from charge currents and offer higher orbital Hall conductivities over their spin
counterparts. Moreover, OHE and OREE do not require materials with strong spin-orbit
coupling, thus expanding the range of suitable materials for energy efficient spintronics
applications [4].

Here, we investigate orbital torques in nonmagnetic metal (NM)/ferromagnet (FM) bilayers,
where NMs include Pt, Ir, and V, and FMs include Ni, CoFeB, and (Co/Ni) multilayers. Using
spin-torque ferromagnetic resonance (ST-FMR) in GHZ frequency regime and THz emission
spectroscopy, we confirm the presence of current-induced torques originating from OHE in
these systems. To enhance orbital-to-spin conversion, we introduce a Pt interlayer in samples
with perpendicular magnetic anisotropy (PMA), which is essential for device applications. Low
frequency (kHz) harmonic Hall measurements further verify the generation of sizable orbital
torques in these heterostructures.

We also examine thulium orthoferrite (TmFeQ3), a rare-earth orthoferrite exhibiting a spin
reorientation transition (SRT) between 84 K and 92 K. We observe complex resonance
behavior under microwave excitation (70-90 GHz) near the SRT, highlighting its potential for
dynamic spintronic applications. Lastly, non-reciprocal orbital transport is observed in Ru-based
non-local devices, indicating the presence of orbital and interfacial orbital Hall effects [9].

[1]1D. Go et al., Phys. Rev. Lett., 121, 086602 (2018).
[2] S. Ding et al., Phys. Rev. Lett., 125, 177201 (2020).
[3] S. Krishnia et al., Nano Lett., 23, 6785 (2023).
[4]D. Goetal., EPL, 135, 37001 (2021).

[5] O. Ledesma et al., Nano Lett., 25, 3247 (2025).
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With the current advancements in additive manufacturing and 3D printing, magnetodielectric
(MD) composites have become increasingly interesting for developing applications in the
microwave range. To characterize these materials, approaches that combine the use of
machine learning (ML) models with well-established microwave characterization techniques,
such as split ring resonators (SRRs), are increasingly employed for the electromagnetic
determination of complex permittivity (¢) and permeability (u) [1]. In this regard, this study
evaluates several well-known ML models and determines their applicability to the simultaneous
determination of both permittivity (€) and permeability (u). Particularly, this work delves into the
methodological considerations affecting the reliability of ML models evaluation, systematically
assessing several relevant models for regression problems in the field of microwave
characterization [2]: linear regression, support vector machines, random forest, and artificial
neural networks. Based on the analysis of performance metrics such as mean squared error
(MSE) and the coefficient of determination (R?), the model with the greatest generalization
capability is determined. Furthermore, SHAP (SHapley Additive exPlanations) [3] is applied as
an explainability technique to quantify the influence of each input feature on the simultaneous
prediction of € and p. The results show that the model with the best generalization capability
and robustness was the linear regression with second-degree polynomial features. The model
explains over 99% of the variance in € and y as a function of the frequency response, with an
error of 0.0014. SHAP values have indicated that the magnitude of the reflection coefficient and
dielectric losses are decisive in predicting € and p. These results support the application of the
ML-guided approach for characterization of magnetodielectric composites.
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This work explores novel configurations of sensing array platforms composed of Co-based
amorphous ferromagnetic microwires (MWs), aiming to enhance the modulation of microwave
scattering effects through the application of low-strength DC or AC magnetic fields [1].
Amorphous MWs are ultrasoft ferromagnetic materials (coercivity ~0.2 Oe) characterized by
circumferential magnetic anisotropy, which enables high surface sensitivity when exposed to
external magnetic fields [2].

Microwave scattering experiments were first conducted by varying the length and number of
MWs arranged in parallel to form linear arrays. Based on these results, several array
configurations were developed, achieving significant S21 scattering coefficients, with values
reaching approximately =50 dB. The influence of DC and AC magnetic fields on the S21
parameter was analyzed in the frequency and time domains, respectively.

Moreover, the sensing capability of the MW arrays to detect mechanical strain was

experimentally demonstrated, confirming their potential for multifunctional sensing applications.

[1] D. Archilla, J. Ldpez-Sanchez, A. Hernando, E. Navarro, P. Marin, Nanomaterials 2021, 11(4), 920
[2] C. Herrero- Gomez, A.M. Aragon, M. Hernando-Rydings, P. Marin, A. Hernando, Appl. Phys. Lett.
105, 092405 (2014)
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Progress in radar absorbing materials (RAMs) hinges on solving complex design challenges that
involve numerous variables and lie at the intersection of multiple scientific and technological
disciplines. This presentation aims to provide a comprehensive overview of the current state of
the art in the field, emphasizing the key factors that play a critical role in optimizing radar stealth
coatings.

The focus will be on multilayered systems composed of magnetodielectric composites—
materials that combine a dielectric matrix with magnetic fillers [1]. Alongside a critical review of
recent developments, the presentation will introduce the most relevant theoretical models and
frameworks that underpin the design and performance of these materials [2].

We will also present experimental evidence demonstrating the effectiveness of high-absorption
and broadband-absorption materials developed by our team according to these design principles
[3]. Notably, the magnetic multilayer systems exhibit a high degree of tunability, allowing their
absorption characteristics to be tailored through strategic design [4].

Overall, the presentation will examine a wide range of existing designs, elucidate their design
criteria, and explore new approaches and future research directions aimed at maximizing
microwave absorption capabilities.

This research is supported by the U.S. Air Force Office of Scientific Research (AFOSR) through
grant No. FA8655- 22-1-7049

(1

2]

(3]

(4]

Calvo-de la Rosa J, Garcia-Santiago A, Hernandez JM, Vazquez-Aige M, Lopez-Villegas JM, Tejada J.
Microwave absorption in barium hexaferrite nanocomposites with random anisotropy. ArXiv 2024.
https://doi.org/10.48550/arXiv.2402.14324.

Calvo-de la Rosa J, Bou-Comas A, Manel Hernandez J, Marin P, Lopez-Villegas JM, Tejada J, et al. New
Approach to Designing Functional Materials for Stealth Technology: Radar Experiment with Bilayer
Absorbers and Optimization of the Reflection Loss. Adv Funct Mater 2023;34:2308819.
https://doi.org/10.1002/adfm.202308819.

Calvo-de la Rosa J, Vazquez-Aige M, Pérez P, Medina L, Marin P, Lopez-Villegas JM, et al. Experimental
radar absorption in high-filling factor magnetic composites. Mater Today Commun 2025:111474.
https://doi.org/10.1016/j.mtcomm.2024.111474.

Calvo-de la Rosa J, Lépez-Sanchez J, Hernandez JM, Marin P, Tejada J. Radar shielding experiments by
composite  bilayer magnetic  systems. Oxford Open Materials Science  2024;4:1-8.
https://doi.org/10.1093/oxfmat/itae016.
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We study symmetry-breaking in spontaneous Floquet states, focusing on atomic condensates.
First, we quantize the Nambu-Goldstone (NG) modes for stationary states spontaneously
breaking several symmetries by invoking the generalized Gibbs ensemble. We extend the
formalism to Floquet states, where Floquet-NG (FNG) modes emerge with zero quasi-energy.
For spontaneous Floquet states [1], there is a genuine temporal FNG mode associated with the
broken time-translation symmetry and whose quantum amplitude provides a unique example of
time operator in quantum mechanics. Those states conserve energy and a novel charge, the
Floquet charge, whose conjugate is the frequency, while driven systems conserve the Floquet
enthalpy. This establishes a new thermodynamic paradigm for both spontaneous and externally
driven time-periodic systems. We apply our formalism to a flowing quantum gas emitting a
continuous train of solitons [1,2] due to the presence of a local attractive potential and thus
embodying a time supersolid. We numerically compute its density-density correlations,
predicted to be dominated by the temporal FNG mode at long times, and observe a remarkable
agreement between simulation and theory [3]. The possible generalization to solid-state
systems is discussed.

[1] J. R. Mufioz de Nova, F. Sols. Continuous-time crystal from a spontaneous many-body
Floquet state. Phys. Rev. A 105, 043302 (2022)

[2] J. R. Mufioz de Nova, P. Fernandez-Palacios, |. Carusotto, F. Sols. Long time universality of
black-hole lasers. New J. Phys. 23, 023040 (2021).

[3] J. R. Mufioz de Nova, Fernando Sols, https://arxiv.org/abs/2402.10784 (2024).
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Traditionally, the output of an ideal heat engine is constrained by the Carnot efficiency, a
fundamental consequence of the second law of thermodynamics. A key unresolved issue is
whether this restriction persists for microscopic engines operating far from equilibrium. In this
study, we reveal that a quantum chiral conductor subjected to an alternating current (AC)
voltage can achieve efficiencies that significantly exceed the Carnot limit. Remarkably, this
system is also capable of extracting work from thermal reservoirs at equal temperatures,
thereby contravening the Kelvin-Planck formulation. However, when entropy production is
accurately defined, it remains strictly positive, ensuring that the second law is not violated. The
essential factors enabling these enhanced efficiencies are: (i) the irreversible generation of
entropy via photoassisted excitation processes induced by the AC field, and (i) the lack of
power input due to the system’s chiral properties. These findings are particularly relevant in
light of recent advances employing nanoscale conductors to explore the ultimate boundaries of
thermodynamic engine performance.

[1] Ryu, S., Lopez, R., Serra, L. et al. Beating Carnot efficiency with periodically driven chiral
conductors. Nat Commun 13, 2512 (2022). https://doi.org/10.1038/s41467-022-30039-7
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High Frequency Magnetic Resonance using Terahertz Generalized
Spectroscopic Ellipsometry
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bDepartment of Electrical and Computer Engineering, University of Nebraska-Lincoln, Lincoln,
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Department of Physics, Chemistry, and Biology (IFM), Linkdping University, Link6ping,
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We present a groundbreaking advancement of magnetic-resonance spectroscopy into the
terahertz range using polarization-resolved ellipsometry at high magnetic fields. This method
enables precise testing of existing models and uncovers new phenomena, such as the magnetic
Lyddane-Sachs-Teller relationship. Furthermore, our approach provides detailed insights into the
quantum properties and interaction with the local environment of defects and dopants in
semiconductors like SiC,[1] GaN,[2] and Ga203,[3] and is applicable to paramagnetic and
ferromagnetic resonances. This advancement addresses the limitations of current methods,
which often ignore polarization properties and are restricted to fixed frequencies.

Using this method, we discovered a magnetic counterpart to the dielectric Lyddane-Sachs—Teller
relation, derived from Bloch’s nuclear induction model.[4] The magnetic LST relation links the
static magnetic permeability to the product of the longitudinal and transverse optical modes of
magnetic excitations, in contrast to the dielectric version, which depends on the squares of
resonance frequencies. We experimentally verify this relationship using terahertz electron
magnetic resonance spectroscopic ellipsometry on an iron-doped gallium nitride crystal under an
external magnetic field, thereby establishing the existence of a magnetic analogue to the LST
relation.

Moreover, we used our method to investigate Cr** impurities in B-gallium oxide.[3] The technique
enabled precise mapping of spin-resonance features across magnetic field and frequency,
revealing both zero-field and Zeeman splitting. By fitting spin-Hamiltonian parameters, which
predict the resonance freugencies, we determined the magnitudes and signs of the zero-field
splitting terms, resolving ambiguities of previously reported values. Spectral analysis confirmed
that Cr** substitutes exclusively only one of the two inequivalent gallium sites.

[1] M. Schubert, S. Knight, S. Richter, P. Kiihne, V. Stanishev, A. Ruder, M. Stokey, R. Korlacki, K. Irmscher,
P. Neugebauer, and V. Darakchieva, Appl. Phys. Lett., 120, 102101 (2022).

[2] V. Rindert, S. Richter, P. Kiihne, A. Ruder, V. Darakchieva, and M. Schubert, Phys. Rev. B, 110, 054413
(2024).

[3] V. Rindert, Z. Galazka, M. Schubert, and V. Darakchieva, Applied Physics Letters, 126, 082105 (2025).
[4] V. Rindert, V. Darakchieva, T. Sarkar, and M. Schubert, Phys. Rev. Lett., 134, 086703 (2025).
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| will present our recent experimental demonstration of electrically induced
antiferromagnetic resonance in the topological antiferromagnetic insulator MnPS5, providing the
first direct validation of a revolutionary theoretical framework in spintronics [1,2]. This theory,
rooted in the concept of adiabatic spintronics, proposes that the dynamics of magnetic order in
certain topological materials can be driven by a pure voltage—completely bypassing the need
for electrical currents and, with them, the ubiquitous problem of Joule heating. Such a mechanism
has profound implications for the future of information technology, particularly as data
manipulation is projected to become the dominant source of global energy consumption. Our
results confirm that the Neel spin-orbit torques can be generated electrically within a single
insulating magnetic structure, eliminating the need for external spin sources or engineered
heterostructures. The experiments were performed at frequencies in the 100 GHz range using a
home-made, quasi-optical sub-THz microwave spectrometer. By continuously varying the
polarization of the microwave excitation from linear to circular in both the Faraday and Voigh
geometries, we were able to controllably switch the driving mechanism of the resonance from
magnetic (Zeeman-type) to purely electrical (via the Neel spin-orbit torque). This polarization-
tuning approach allowed us to isolate and unambiguously identify the electrically induced
component of the resonance—offering direct evidence of adiabatic pumping effects predicted by
the theory. This work, supported by the W. M. Keck Foundation, not only confirms the existence
of a dissipation less voltage-driven control of magnetism, but also establishes topological
magnetic insulators as a promising material platform for next-generation lossless spintronic
devices. The implications extend to a wide range of technologies, including Al computation,
where power efficiency is rapidly becoming the central challenge. | will conclude by discussing
how these results open new directions for materials research, device engineering, and large-
scale funding opportunities aimed at solving the energy crisis in modern computing.

[1]J. Tang and R. Cheng, Lossless spin-orbit torque in antiferromagnetic topological insulator MnBi2Te4,
Phys. Rev. Lett. 132, 136701 (2024).

[2]J. Tang, H. Zhang, and R., Néel Spin-Orbit Torque in Antiferromagnetic Quantum Spin and Anomalous
Hall Insulatorshttps://arxiv.org/abs/2410.21751 (2025)
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Skyrmion Crystal in a Microwave Field
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Temperature and field dependences of the frequencies of uniform modes of the skyrmion lattice
(SkL) in a 2D ferromagnetic film with Dzyaloshinskii-Moriya interaction, as well as their
damping, are computed within the model of classical spins with no phenomenological damping
added [1]. The low-frequency (LF), or quasi-bulk, mode, as well as the high-frequency (HF)
mode respond to the microwave field (MF) in the xy plane, whereas the breathing mode
responds to the MF field along z. MW-absorption peaks due to all three modes obtained by
computing the free evolution of the system at the temperature T and using the fluctuation-
dissipation theorem are shown in the figure. Resonance MF irradiation of the LF mode is the
most interesting as it leads to the SkL destruction. The HF mode is typically weak, while
exciting the breathing mode leads to the skyrmion collapse. We show that at the initial stage of
the resonance excitation of the LF mode with MW, the magnetization of the film exhibits Rabi-
like oscillations with the energy being absorbed and then released. Then the absorbed energy
starts to migrate to non-uniform modes and the process becomes chaotic. This finally leads to
SkL melting which is investigated in terms of the time dependence of the orientational and
translational order parameters. A distinct single-stage melting transition has been observed.
The system’s spin temperature Ts increases in this process but remains much lower that then
the equilibrium SkL-melting temperature [2], so that the SkL destruction we observe is non-
thermal. Similar results were obtained with a fixed spin temperature.
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[1]1 D.A. Garanin and E. M. Chudnovsky, arXiv:2502.16340.
[2] D.A. Garanin and E. M. Chudnovsky, J. Phys. Condensed Matter 36 (47), 475802 (2024).
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This work highlights the potential of graphene-based composites embedded in resin
metastructures for the study and development of architectures with tunable electromagnetic
attenuation properties. Magnetic graphene-based composites with the general composition
GO/Fe304/PPy were synthesized and integrated into 3D-printed, three level metastructures
varying compositions and filler charges to evaluate their electromagnetic attenuation capabilities.
Structural, chemical, morphological, magnetic, and electromagnetic characterizations were
performed. The formation of spherical nanoparticles distributed over graphene oxide sheets and
polypyrrole nanotubes, which in a 3D printed polymeric resin led to the development of a
nanostructured metastructure was demonstrated. The Gated Reflected Line (GRL) free-space
electromagnetic characterization which measured the reflection loss response of the
metastructures showed several electromagnetic attenuation peaks in the X-band (8-12 GHz).
The electromagnetic response was modelled based on the superposition theorem to generate
an equivalent electrical circuit of the nanostructured metastructures. The optimum relation of
conductive and magnetic material for composites, as well as filler material incorporated into the
resin was determined. The results demonstrated the capacity of the structures to attenuate at
least 90% of the incident wave in “real life” conditions. The nanostructured metastructures exhibit
enhanced broadband attenuation response in the X-band frequency range (8-12 GHz),
demonstrating its potential application in electromagnetic protection and detection systems.
Financed by CONACYT 2019-40798.
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Analysis of the Impact of Shaped Metasurfaces on the RCS Reduction

Maria Guijarro Maortua,? José Manuel Fernandez Gonzalez,? Jesus Grajal,?

aGrupo de Radiacion, Information Processing and Telecommunications Center, Universidad
Politécnica de Madrid. Madrid, Espafia
b Grupo de Microondas y Radar, Information Processing and Telecommunications Center,
Universidad Politécnica de Madrid. Madrid, Esparia

Low observability technologies are under constant development as they allow a target to be
hidden from a detection system, which translates into a reduction of its radar cross section
(RCS). The are several ways to reduce the RCS, that are mainly classified as absorption,
scattering and polarization conversion. Specifically, there are designs that manage to scatter

the electromagnetic waves impinging on them, so that the reflection is not received by the radar.

The works that can be found in the literature analyze flat surfaces, considering them as the
worst case. However, the applicability of these solutions to real targets needs to be studied.

In this contribution, the shaping of a dispersive chessboard metasurface on a real target is
studied. For this purpose, a model of an Unmanned Aerial Vehicle is used to analyze the critical
areas that generate a larger radar cross section. Although the areas that cause the most RCS
are the flat areas, the edges between them can also be problematic and that is part of this

study, In this aspect, it is verified that their presence is not a problem in terms of RCS reduction.

On the other hand, the fuselage of the target under study is curved, so it is also necessary to
analyze curved shaped structures. In this line, the original flat metasurface has been adapted
to different cylindrical curvatures, achieving for all cases similar results to those obtained with
the flat design.

[11J.M.F. G.P.S. 0. A. T. D. Maria Guijarro Maortua, Francisco Luna Valero, “Metasurface design for
monostatic and bistatic rcs reduction in x-band,” in XXXIX Simposio Nacional de la Union Cientifica
Internacional de Radio, 2024.

[2] K. Zikidis, A. Skondras, and C. Tokas, ‘Low observable principles, stealth aircraft and anti-stealth
technologies”, Journal of Computations Modelling, vol.4, pp 129-165, 042013.

[3] P. Ufimtsev, “Comments on diffraction principles and limitations of rcs reduction techniques”,
Proceedings of the IEEE, vol. 84, no. 12, pp.1830-1851,1996.
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We study the superradiant decay of a chain of atoms coupled to a chiral waveguide, focusing
on the regime of non-negligible photon propagation time. Using an exact master equation
description which accounts for delay effects, we obtain evidence to suggest that competition
between collective decay and retardation leads to the emergence of an effective maximum
number of atoms able to contribute to the superradiant dynamics, resulting in a plateau of the
peak emission rate. To develop this analysis further, we investigate the inter-atomic correlations
to find features consistent with the formation of individual superradiant domains. Moreover, we
find that retardation can also result in persistent oscillatory atomic dynamics accompanied by a
periodic sequence of emission bursts.

[1] Bennet Windt, Miguel Bello, Daniel Malz, J. Ignacio Cirac, arXiv:2408.03390 [quant-ph] (2024)
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Free-space methods for electromagnetic characterization can be beneficial when developing
materials for electromagnetic shielding. We focus on magnetic composites optimized for their
wide-band absorption capabilities [1, 2]. Furthermore, these measurements are non-destructive
and highly versatile. These advantages are beneficial to many scientific fields, as it allows to
characterize the samples under the same environmental conditions as their potential
applications [3]. Considering the potential of free-space antenna setups, we developed a
methodology aimed at adding further improvements and versatility for our area of study. The
setup is meant for electromagnetic characterization of thin films in the X and Ku frequency
bands (8-18 GHz) and is implemented inside a compact anechoic chamber (80 MHz-18 GHz).
We use different sets of horn antennas to study reflection and transmission in two
configurations. In one configuration, the sample is placed on a conductive support to study
reflection as a function of the angle of incidence. In the other configuration, both antennas are
pointing at the sample, which is positioned between them in a linear arrangement. Moreover,
the experimental setup has a laser system for antenna and sample alignment to ensure
maximum precision. The design’s versatility was accomplished by using 3D-printing
personalized supports, anchors, and other accessories. This way, we can study the effect of
further variables such as the angle of incidence or temperature. The system was optimized via
electromagnetic finite element and ray-tracing simulations for the near field and far field cases
respectively. Preliminary results show potential for future usage of the proposed setup when
developing absorptive materials. The combination of reflection-loss measurements,
characterization using the Nicolson-Ross-Weir method [9, 10], and an alternative confirmation
of the dielectric constant via a resonant chamber, makes for a strong case in the
characterization of thin materials. This work was made possible thanks to the support of the
U.S. Air Force Office of Scientific Research (AFOSR) under grant FA8655-22-1-7049.

[1] J. Calvo-de la Rosa, A. Garcia-Santiago, J. M. Hernandez, M. Vazquez-Aige, J. M. Lopez-Villegas, and J.

Tejada, “Microwave absorption in barium hexaferrite nanocomposites with random anisotropy,”  2024.
Online].

{2] J. C]alvo-de la Rosa, M. Vazquez-Aige, P. Perez, L. Medina,P. Marin, J. M. Lopez-Villegas, and J. Tejada,
“ Experimental radar absorption in high-filing factor magnetic composites, ”  Materials Today

Communications, vol. 42, p. 111474, 2025. [Online].

[3] G. Roqueta, L. Jofre, and M. Feng, “Microwave non-destructive evaluation of corrosion in reinforced

concrete structures,” in Proceedings of the 5th European Conference on Antennas and Propagation

(EUCAP), 2011, pp. 787-791.

[4] A. M. Nicolson and G. F. Ross, “Measurement of the intrinsic properties of materials by time-domain

techniques,” IEEE Transactions on Instrumentation and Measurement, vol. 19, no. 4, pp. 377 382, 1970.

[5] W. Weir, “Automatic measurement of complex dielectric constant and permeability at microwave

frequencies,” Proceedings of the IEEE, vol. 62, no. 1, pp. 33-36, 1974.
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Recent Advances in multipactor physics and mitigation
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Multipactor is a nonlinear phenomenon that occurs when electrons driven by a radio frequency
(rf) electric field in a high vacuum environment create an avalanche by impacting one or more
metallic or dielectric surfaces. The electron avalanche sustains itself by a rapid charge growth
through secondary electron emission from the surfaces and can cause a multitude of problems
in space-based rf and microwave systems, such as satellite communication payloads and
spacecraft components, travelling wave tubes (TWTs), high power microwave sources [1], and
particle accelerators. Mitigation of multipactor has been one of the major challenges for the rf
community over the past few decades [2].

In this talk, | will first provide a brief overview of basic concepts of multipactor discharge
including secondary electron emission, electron kinetics, multipactor susceptibility, and
saturation mechanisms. | will then present recent advances in multipactor mitigation strategies,
focusing on engineered device surfaces and engineered non-sinusoidal rf fields [3-5]. In
addition to vacuum electron multipaction, recent advances in multipactor-induced ionization
breakdown in microwave devices are also highlighted [6].

[1] J. Benford, E. Schamiloglu, J. Stephens, J. Swegle, and P. Zhang, High Power Microwaves,
4th Edition (CRC Press, Abingdon, Oxon; Boca Raton, FL, 2025).

[2] A. Igbal, D. Wen, J. Verboncoeur, and P. Zhang, High Voltage. 8, 1095 (2023).

[3] A. Igbal, et al., J. Vac. Sci. Technol. B 38, 013801 (2020).

[4] A. Igbal, et al, J. Appl. Phys. 134, 153304 (2023).

[5] A. Igbal, et al, Phys. Rev. E 102, 043201 (2020).

[6] D. Wen, et al., Phys. Rev. Lett., 129, 045001 (2022).

This work was supported by AFOSR MURI Grants No. FA9550-18-1-0062 and FA9550-21-1-
0367, and by AFOSR Grant No. FA955020-1-0409.
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Broadband spin pumping characterization of YIG/W bilayer thin films

Soraya Sangiao,2? José Ignacio Morales-Aragonés,? Inge Groen,¢ Félix Casanova,© Luis
E. Hueso,cd José Maria De Teresa?

alnstituto de Nanociencia y Materiales de Aragon (INMA), CSIC-Universidad de Zaragoza,
50009, Zaragoza, Spain
bLaboratorio de Microscopias Avanzadas (LMA), Universidad de Zaragoza, 50018, Zaragoza,
Spain
¢CIC nanoGUNE BRTA, 20018 Donostia-San Sebastian, Basque Country, Spain
IIKERBASQUE, Basque Foundation for Science, 48009 Bilbao, Basque Country, Spain

Efficient conversion between spin and charge currents is the key ingredient for reducing power
consumption in spintronic devices, therefore, identifying materials with high efficiency in spin-
to-charge conversion is a relevant and timely technological challenge today. The standard
mechanism to produce such conversion is the Inverse Spin Hall Effect (ISHE) [1], in which a
spin current is converted into a transverse charge current in a material having a high spin-orbit
coupling. The efficiency of this conversion in a material is quantitatively characterized by the
spin Hall angle.

Because the highly resistive f-phase of W has the highest spin Hall angle reported for a simple
element, while the low-resistive a-phase of W has a small spin Hall angle, we have studied the
efficiency of spin-to-charge conversion in W. To this end, broadband spin pumping experiments
have been performed, utilizing the phenomenon of ferromagnetic resonance to generate pure
spin currents and inject them into the material under study from an adjacent ferromagnetic
insulator. Specifically, the ISHE signal has been studied in spin pumping experiments at
frequencies up to 20 GHz in YIG/W(t) bilayers in which the W layer thickness has been varied
between 2 and 12 nm. The structural properties of the different layers forming the bilayer have
also been studied in detail using high-resolution transmission electron microscopy.

Our findings highlight the link between structural and transport properties and the spin Hall
angle, paving the way for designing next-generation spintronic devices with precise control over
spin current generation and detection [3].

[1] S. O. Valenzuela et al., Nature, 442, 176 (2006).
[2] Q. Hao and G. Xiao, Physical Review Applied, 3, 034009 (2015).
[3] J. |. Morales-Aragonés et al., manuscript in preparation.
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Degeneracies, Conical Intersections, and Dissipation in Floquet Systems
Sigmund Kohler 2

alnstituto de Ciencia de Materiales de Madrid, CSIC, 28049 Madrid, Spain

A frequent approach towards understanding ac-driven quantum systems is based on an
approximate mapping to a static system via a series expansion in the inverse of the driving
frequency. Such Flogquet approaches may work even for intermediate frequencies, and often
the analysis can be performed analytically. Quantum dissipation brings in an additional
challenge, because one has to find a suitable approximation not only for the central driven
system, but also for the system-bath coupling. For some limits, it is known that the final
population of the Floquet states is determined by the quasienergies. In other cases the time-
averaged energy expectation value seems crucial [1].

In this context, conical intersections of quasienergies represent interesting points in parameter
space at which the stationary state of the driven dissipative system may change qualitatively.
Such intersections typically emerge when the system for a determined value of one parameter
exhibits a symmetry, while variation of this parameter breaks the symmetry. Then many
properties of the steady state can be deduced already from a symmetry analysis. | will present
such analysis which reveals the impact of the mean energies. The findings are confirmed by
numerical results for the two-level system in the presence of a heat bath [1] and an electron
reservoir [2]. The symmetry that allows the degeneracy may not be obvious, but be hidden in a
time-dependent invariant [3]. Moreover, | will introduce a strategy to find such hidden invariants
and discuss their properties for the example of the driven two-level system.

[1] S. Kohler, Quantum dissipation at conical intersections of quasienergies, Phys. Rev. A 110, 052218
(2024).

[2] S. Kohler, The open driven two-level system at conical intersections of quasienergies, J. Chem.
Phys. (in press); arXiv:2405.12093.

[3] S. Kohler and J. Casado-Pascual, Time-nonlocal Lewis-Riesenfeld invariants, in preparation.
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Photon-resolved Floquet theory and its application to microwave sensing

Georg Engelhardt
Shenzhen International Quantum Academy, Shenzhen, China

he experimental development of radio- and microwave-sensing devices based on spectroscopy
of Rydberg atoms has continuously improved in recent years, reaching an astonishing
sensitivity. However, a theoretical framework predicting the sensitivity of such spectroscopic
quantum sensing devices for arbitrary parameter regimes is still lacking, in particular, because
of the difficulties in predicting the measurement noise beyond the photon-shot noise.

In this talk, | will introduce a theoretical framework of light-matter interaction, dubbed photon-
resolved Floquet theory (PRFT), which is capable to track the photon exchange of a driven
quantum system with its driving field in the semiclassical regime [1]. Noteworthy, in closed
quantum systems, the PRFT predicts a macroscopic light-matter entanglement effect [2]. In
open quantum systems, it predicts diverging photonic fluctuations in the weak dissipation
regime [3]. The application of the PRFT to spectroscopy demonstrates how the framework can
assist in improving spectroscopic quantum sensing methods [4]. For radio-frequency and
microwave frequency sensing with Rydberg atoms, the PRFT is a flexible tool to find
experimental parameters optimizing the measurement precision.

[1] Georg Engelhardt, Sayan Choudhury, and W. Vincent Liu, Phys. Rev. Research 6, 013116
(2024)

[2] G. Engelhardt, J. Luo, V. M. Bastidas, G. Platero , Phys. Rev. A 110, 063707 (2024)

[3] G. Engelhardt, J. Luo, V. M. Bastidas, G. Platero , Phys. Rev. A 110, 063708 (2024)

[4] G. Engelhardt et al., in preparation.
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Quantum information transfer mediated by topological edge states
J. Zurita?? ,C.E. Creffield®, G. Platero2

aInstituto de Ciencia de Materiales de Madrid, ICMM, CSIC
b Departamento de Fisica de Materiales, Universidad Complutense de Madrid

The recent fabrication and control of semiconductor quantum dot arrays open the possibility of
using these systems as quantum links for transferring quantum information between distant
sites, an indispensable part of large-scale quantum information processing. Recently, it has
been shown how to imprint nontrivial topology in a quantum dot array using Floquet
engineering[1].

In this talk, | will first review the different protocols to directly transfer particles and quantum
states in quantum dot arrays between distant sites. Then | will discuss an alternative way to
transfer information with high fidelity using protected topological edge states in systems with
non-trivial topology [2,3] and the role of topological domain walls in speeding up the particle
transfer [6]. | will consider the simplest topological insulator, the SSH chain, and also the
Creutz-Ladder model [4,5], where the domain walls can hold two topological states. It allows
the use of one as a quantum memory while the other transfers information through the wall,
allowing for complex transfer operations between topological states. It opens efficient avenues
for quantum state transfer protocols in low-dimensional topological lattices.

[1] B.Pérez-Gonzalez et al., Phys. Rev. Lett. 123, 126401 (2019)

[2]N. Lang et al., npj, Ql., 3,47 (2017); F. Mei et al., Phys Rev A, 98, 012331 (2018)
[3] J. Zurita et al., Quantum, 5, 591 (2021).

[4] J. Zurita et al., Quantum,7, 1043 (2023); J. Zurita et al., Quantum, 9, 1625 (2025)
[5] J. Zurita et al., submitted, arXiv:2410.14512v1
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AC current driving of superconductor-semiconductor-based
Josephson junctions

J. Danon,2 M. Valentini,> D. Scheer, M. Tjotta,2 O. Sagi,’ L. Baghumyan,® T. de Gijsel,t
J. Jung,¢ S. Calcaterra,? A. Ballabio,? J. Aguilera Servin,? K. Aggarwal, M. Janik,b
T. Adletzberger, R. Seoane Souto,”9 M. Leijnse," C. Schrade,’ E. Bakkers,c D. Chrastina,?
G. Isella,? G. Katsaros,? F. Hassler

aNorwegian Universtity of Science and Technology
binstitute of Science and Technology Austria
¢Eindhoven University of Technology

dPolitecnico di Milano
eUniversity of Oxford

fNiels Bohr Institute, University of Copenhagen

dlnstituto de Ciencia de Materiales de Madrid

hNanoLund and Solid State Physics, Lund University
IRWTH Aachen

| will first briefly review a few experimental results on SQUIDs realized in proximitized two-
dimensional hole gases in germanium [1]. The current-phase relationship (CPR) of the SQUIDs
turned out to be highly tunable, both through the magnetic flux and through gates that control
the transparency of the Josephson junctions, which allowed tuning the SQUID to a regime
where the second harmonic of its CPR dominates. Adding an AC current drive to the junction
yielded additional tunability of the cricitcal currents in the two directions, which could be used to
reach a regime where a net supercurrent can only flow in one direction through the SQUID.
Motivated by these results, we theoretically explored the dependence of the critical currents of
such a junction on the amplitude and frequency of an AC current drive, using a simple RSJ
model [2,3]. Both in the slow- and fast-driving limits and for harmonic and biharmonic drives
we found simple analytic results, which can help connecting the experimentally measured
response to current driving to the underlying CPR of a junction [4].

[1] M. Valentini, O. Sagi, L. Baghumyan, T. de Gijsel, J. Jung, S. Calcaterra, A. Ballabio, J. Aguilera
Servin, K. Aggarwal, M. Janik, T. Adletzberger, R. Seoane Souto, M. Leijnse, J. Danon, C. Schrade, E.
Bakkers, D. Chrastina, G. Isella, and G. Katsaros, Nat. Commun. 15, 169 (2024)

[2] R. Seoane Souto, M. Leijnse, C. Schrade, M. Valentini, G. Katsaros, and J. Danon, Phys. Rev.
Research 6, L022002 (2024)

[3] D. Scheer, R. Seoane Souto, F. Hassler, and J. Danon, New J. Phys. 27, 033013 (2025)

[4] M. Tjgtta and J. Danon, in preparation (2025)
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A proposal for charge basis tomography of superconducting qubits

E. Lupo,?» D. Long,c D. Dahan,? K. Yavilberg,? T. Shnaider,d M. R. Connolly, E. Grosfeld,?
E. Ginossar,?

aSchool of Mathematics and Physics, University of Surrey, Guildford, United Kingdom
bQuantum Computing Analytics (PGI-12), Forschungszentrum Jiilich, 52425 Jiilich, Germany
cBlackett Laboratory, Imperial College London, South Kensington Campus, London SW7 2AZ,
United Kingdom
dDepartment of Physics, Ben-Gurion University of the Negev, Beer-Sheva 84109, Israel

We introduce a general protocol for obtaining the charge basis density matrix of a
superconducting quantum circuit, based coherent microwave pulses for control and
measurement [1]. Inspired by cavity state tomography, our protocol combines Josephson-
energy pulse sequences and projective charge-basis readout to access the off-diagonal
elements of the density matrix, a scheme we thus dub charge basis tomography. We simulate
the reconstruction of the ground state of a target transmon using the Aharonov-Casher effect in
a probe qubit to realise projective readout and show the Hilbert-Schmidt distance can detect
deviations from the correct model Hamiltonian. Unlocking this ability to validate models using
the ground state sets the stage for using transmons to detect interacting and topological
phases [2], particularly in materials where time-domain and spectroscopic probes can be
limited by intrinsic noise.

[11 E. Lupo, D. Long, D. Dahan, K. Yavilberg, M. R. Connolly, E. Grosfeld, E. Ginossar,
arXiv:2502.07748 (2025)
[2] D. Dahan, K. Yavilberg, T. Shnaider, E. Lupo, M. R. Connolly, E. Ginossar, E. Grosfeld,
arXiv:2502.07684 (2025)
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High Performance Terahertz Quantum Cascade Lasers for Spectroscopic
Applications

Sara Ghayeb Zamharir,2 Valentino Pistore,2 Klaus Biermann,? Xiang Lii 2

aPaul-Drude-Institut fiir FestkGrperelektronik, Leibniz-Institut im Forschungsverbund Berlin e. V.
Hausvogteiplatz 57, 10117 Berlin, Germany

Quantum Cascade Lasers (QCLs), first introduced in 1994 in the mid-infrared spectral region
[1], are unipolar semiconductor lasers that rely on the intersubband transitions within the
conduction band of a planar periodic quantum well/quantum barrier heterostructure.

Terahertz (THz) QCLs, operating in the 1.2-6 THz frequency range, are promising radiation
sources in the so-called terahertz gap of the electromagnetic spectrum. Following the first
demonstration of THz QCLs in 2002 [2], these devices have opened new avenues in high-
resolution spectroscopy of atoms, molecules, and ions. Specifically, the rotational transition of
OH at 3.5 THz and the fine structure transition of neutral atomic oxygen (Ol) at 4.7 THz are of
particular interest in atmospheric science due to their role in Earth's energy balance [3].
Beyond spectroscopy, these devices find applications in non-destructive imaging, biomedical
diagnostics, security screening, and ultra-high-speed wireless communications, making them
invaluable tools in both scientific research and practical technologies.
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Fig.1 a) Photo of SOFIA during operation. b) Photo of the opened local oscillator box of the
UpGREAT heterodyne array receivers on the SOFIA [4].

In this contribution, we report on the development of high performance THz QCLs with target
frequencies of 3.5 and 4.7 THz, based on GaAs/AlxGa1xAs heterostructures. Our QCLs have
already been implemented as local oscillators onboard the Stratospheric Observatory for
Infrared Astronomy (SOFIA) (Fig. 1) [4] to detect interstellar atomic oxygen via heterodyne
spectroscopy, as well as to perform absorption spectroscopy of ions in plasma.

[1] Jerome Faist et. al., Science, 264, 553-556 (1994).

[2] Riideger Kohler et. al., Nature, 417, 156-159 (2002).

[3] Xiang LU et. al., IEEE Transactions on Terahertz Science and Technology, 14, 579-591 (2024).
[4] Christophe Risacher et. al., Journal of Astronomical Instrumentation, 7, 1840014-1-16 (2018).
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High-quality Poor Man’s Majorana bound states from cavity embedding

Alvaro Gémez Lednz, Marco Schiro and Olesia Dmytrucke
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bJEIP, UAR 3573 CNRS, Collége de France, PSL Research University, 11, place Marcelin
Berthelot, 75231 Paris Cedex 05, France
¢ CPHT, CNRS, Ecole polytechnique, Institut Polytechnique de Paris, 91120 Palaiseau, France

Poor man’s Majorana Bound States (MBS) arise in minimal Kitaev chains when the parameters
are fine-tuned to a sweet spot [1]. We consider an interacting two-site Kitaev chain coupled to a
single-mode cavity and show that the sweet spot condition can be controlled with the cavity
frequency and the hopping between sites. Furthermore, we demonstrate that photon-mediated
effective interactions can be used to screen intrinsic particle interactions, improving the quality
of the original MBS. Finally, we describe the experimental signatures in the cavity transmission
to detect their presence and quality. Our work proposes a new way to tune poor man’s MBS in
a quantum dot array coupled to a cavity [2].

[1] Jay D. Sau and S. Das Sarma. Nature Communications 3, 964 (2012).
[2] A. Gdmez-Ledn, M. Schiro and Olesia Dmytruck. arXiv: 2407.12088.
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Topological Quantum Synchronization
Christopher W. Wachtler
Instituto de Ciencias de Materiales de Madrid, CSIC, Madrid 28049, Spain

Synchronization is a particular example of driven-dissipative dynamics, where individual systems
adjust their dynamics upon interactions to achieve a unified rhythm. With the recent
developments in quantum technology which allow one to exquisitely tailor both the system and
environmental properties, synchronization has emerged in the quantum domain with
considerable current interest from both basic and applied perspectives. Since the underlying
description of the world is quantum, it is natural to ask how synchronization phenomena are
modified when the degrees of freedom are quantum, and how the principles of synchronization
can be stated in a way compatible with quantum mechanics. In this talk, | will give an overview
of different attempts to define and explore quantum aspects of synchronization; in particular,
synchronization of quantum limit-cycle oscillators and within the framework of strong dynamical
symmetries. Additionally, | will discuss the new frontier of topological quantum synchronization
— an interdisciplinary topic which combines topological concepts with synchronization —
focusing on two particular examples: First, edge state synchronization in a topological lattice of
quantum van der Pol oscillators and second, synchronization of emerging, fractionalized spins
in the gapped symmetric phase of the spin-1 Haldane chain. Compared to previous examples of
many-body synchronization, this synchronized dynamics does not require any fine tuning and is
thus inherently more robust. These examples demonstrate that the strategic use of dissipation
can be a powerful tool to generate nontrivial nonequilibrium many-body dynamics.]

46

[Oral 4.6]



Coma-ruga 2025 3rd International Workshop on Microwave Research and Applications

Harnessing Large Spin-Orbit Interactions for Next-Gen Hole Spin Qubits

Stefano Bosco

QuTech, Delft University of Technology, Delft, The Netherlands

Hole nanostructures are leading candidates for large-scale quantum computers due to their
pronounced spin-orbit interactions (SOIs) and remarkable tunability. In this presentation, | will
discuss various strategies for harnessing this tunability to enhance the performance of current
hole spin qubits, with a focus on both silicon and germanium qubits.

Charge noise presents a significant obstacle for shuttling spins?, a critical requirement to
establish long-range connectivity between distant qubits. Here, | will explore how SOls can
induce intricate spin dynamics that effectively filter out low-frequency noise, thereby improving
the efficiency of spin shuttling processes.

Furthermore, the influence of SOls extends to two-qubit gates, where exchange anisotropies2s3,
induced by these interactions, offer avenues for accelerating the execution of two-qubit gates
without compromising fidelity. This implies that by leveraging the unique properties of SOls,
novel methods can be devised to expedite gate operations, and to encode more reliably
quantum information4, thus paving the way towards large-scale spin based quantum
information processing.

[1] Bosco S. Zou, J. & Loss D (2024) PRX Quantum 5.2 020353.

[2] Geyer S., Hetényi B., Bosco S. et al. (2024) Nat. Phys. 20, 1152-1157
[3] Spethmann M., Bosco S. et al. (2024) Phys. Rev. B 109.8 085303.

[4] Bosco and Rimbach-Russ (2024) arXiv 2410.05461
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Experiments with Milimeter-Wave Photons at Milli-Kelvin Temperatures

Hannes Rotzingerab, Jakob Lenschena, Jiirgen Lisenfelda, and Alexey V. Ustinova
a Physikalisches Institut (PHI), b Institut fir Quantenmaterialien and Technologie (IQMT),
Karlisruher Institut fiir Technologie, 76131 Karlsruhe, Germany

Superconducting quantum circuits and many other cryogenic qubit types typically operate at
microwave frequencies. Here, the tool set of microwave components is extensive, well-tested
and low-noise. Quantum applications in the millimeter regime are still rare, mainly because the
components are bulky, costly, and place high demands on the cryogenic system. However, the
ten to twenty times higher photon energy at e.g. 100 GHz offers many interesting new
possibilities, such as very compact qubits, increased resilience to temperature fluctuations or a
faster qubit manipulation.

We have developed a cryogenic setup for single mm-wave photons consisting of dielectric
waveguides and tested it with a superconducting Fabry-Perot cavity at 10 milli-Kelvin[1]. We
show that the quality of the mm-wave signals is sufficient to measure cavity quality factors of
over 10 million at 110 GHz in the few photon limit. The results show no evidence of the
influence of atomic two-level systems in the cavity.

[1] J. Lenschen, et al. arXiv:2411.15058
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Circuit QED with Molecular Spin Qudits

Fernando Luis,?

alnstituto de Nanociencia y Materiales de Aragén, CSIC-Universidad de Zaragoza, 50009,
Zaragoza (Spain)

Molecular complexes combine perfect reproducibility with the ability to encode multiple qubits
or, in general, d-dimensional qudits in their electronic and nuclear spin states. A molecule can
then act as a small-scale quantum processor or even correct errors [1-4]. Exploiting these
advantages calls for a solid-state platform able to initialize, control and read-out the molecular
spins, and of establishing links between remote spins [5]. I'll discuss recent experiments aimed
at achieving this goal by coupling molecular spin ensembles to chips hosting multiple
superconducting microwave resonators and transmission lines [6-8]. The results provide proof-
of-concept implementations of basic quantum operations. Also, we find that the circuit can
mediate effective interactions between distinct spin ensembles located on remote resonators.
In the case of spin qudits, high cooperativity coupling to electronic and nuclear spins has been
achieved [6], which provide the basis for a full control and detection of the multiple spin states.
Finally, I'll discuss different strategies, based on the optimization of either the circuit [9] or the
molecular integration [10], for extending this approach to address individual molecular spins.
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Figure 1. A single crystal of a ""3Ybtrensal electronuclear spin qudit is coupled to a superconducting
resonator. Microwave transmission experiments show that the spin-photon coupling reaches high
cooperativity, which allows reading out the qudit states.

[1] G. Aromi, D. Aguila, P. Gamez, F. Luis, and O. Roubeau, Chem. Soc. Rev. 41, 537 (2012).

[2] A. Gaita-Arifio, F. Luis, S. Hill, and E. Coronado, Nature Chem. 11, 301 (2019).

[3] S. Carretta, D. Zueco, A. Chiesa, A. Gémez-Ledn, and F. Luis, Appl. Phys. Lett. 118, 240501 (2021).
[4] A Chiesa, P Santini, E Garlatti, F Luis, S Carretta, Reports Prog. Phys. 87, 034501 (2024).

[5] A. Chiesa, S. Roca, S. Chicco, M.C. de Ory, A. Gémez-Ledn, A. Gomez, D. Zueco, F. Luis, and S.
Carretta, Phys. Rev. Applied 19, 064060 (2023).

[6] V. Rollano et al, Commun. Phys. 5, 246 (2022).

[7]1 M. Rubin-Osanz, et al, Low Temp. Phys. 50, 520 (2024); M. Rubin et al, 2025, in preparation.

[8] I. Gimeno et al, Phys. Rev. Appl. 20, 044070 (2024).

[9] N. Gimeno et al, ACS Nano 14, 8707 (2020).

[10] A. Urtizberea et al, Mater. Horiz. 7, 885-897 (2020).
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Ferrites for non-reciprocal devices above 100 GHz

Naureen Khanam,? Nico Dix,2 Ana Vila,? Vinod V K Thalakkatukalathil,2 Marti Gich2
a Institut de Ciéncia de Materials de Barcelona-CSIC

There are very few magnetic materials suitable to implement non-reciprocal devices such as
circulators in the millimeter wave range. This is because a good functional response requires a
large magnetization and a large anisotropy field anisotropy field Ha, to have a ferromagnetic
resonance FMR at high frequency. However, H, is proportional to the magnetic anisotropy K
and inversely proportional to the saturation magnetization Ms. Since magnetic insulators do not
reach magnetic anisotropies in the order of 106 J/m3, it is difficult that a material can
simultaneously display a large Msand a large Ha.

In this contribution, we will illustrate these challenges by presenting the changes in the
magnetic properties and the FMR induced by Fe3* substitution by Cr3* and Sc3* in e-Fe203 and
by AB* in Srix12Cax12AlkFe12x019. In particular, the Cr3+ substitution increases the magnetic
anisotropy field, and the FMR from 178 GHz to about 200 GHz. In contrast, the Sc3*
substitution which has an opposite response, lowering the FMR. Regarding the Sr hexaferrite,
the incorporation of Al®*, significantly increases Ha. We will discuss the prospects of using these
materials in passive non-reciprocal devices operating above 100 GHz.
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Low surface impedance REBCO coatings for microwave applications under
high magnetic fields
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Sergio Calatronic, Teresa Puig2

a Institut de Ciencia de Materials de Barcelona - CSIC, Bellaterra (Spain)
b ALBA Synchrotron Light source, Cerdanyola del Vallés (Spain)
¢ Universitat Politécnica de Catalunya, Barcelona (Spain)
9 CERN - The European Organization for Nuclear Research, Geneva (Switzerland)

Emerging high-energy physics technologies require excellent RF response under high-
magnetic fields or under high-electric field gradients; like CERN’s FCC-hh next generation high-
energy accelerator, which operates at 16T and at 50K; Dark Matter axion detection haloscope
cavities, where the detection sensitivity scales as the square of the external magnetic field; or
high-power linear colliders with an accelerating gradient above 100 MV/m. Therefore, at the
operating conditions of these technologies, penetration of magnetic field lines into the
superconductor is unavoidable and thus, its RF response is governed by vortex pinning. Under
those conditions, NbTi and NbSns superconductors offer a very poor, lower-than Cu, RF
response and the high-energy physics community turned its attention back to Cu. However, we
demonstrated that under the conditions required for such applications, REBa2CuzO7x (RE =Y,
Gd, Eu) (REBCO) offers outstanding, better than-Cu RF response [1, 2]. The reason for this is
its higher critical temperature Tc > 90K, larger upper critical field Heo (4K) > 100T and larger
pinning forces F, (4K) = 1000 GN/m3. Unfortunately, its usage in RF applications is impeded by
complicated material growth that requires meticulous stoichiometry control and biaxially
textured templates, making it virtually impossible to grow REBCO directly on the geometrically
complex surfaces required for many applications.

In this talk, we present our recent studies, where we have worked towards understanding the
high-field microwave response of REBCO coated conductors (CCs) up to 16T, in a wide
cryogenic temperature range, at several RF-frequencies and under different RF-power levels.
We will also present our developments on a coating technique using CCs to cover flat and
curved surfaces (such as those needed for cavities). Our findings have placed CC’s technology
as a solid candidate to replace Cu as the low surface-impedance coating in high-energy
physics applications, such as accelerators and dark mater detectors.

[1] T. Puig et al, Supercond. Sci. Technol. 32 (2019)
[2] A. Romanov, et al. Scientific reports 10 (2020)
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We show experimentally that copper-modified barium-base nanocomposites behave as random
anisotropy magnets and prove good as microwave (MW) absorbers in the GHz range. We
prepared several ceramic samples by adding divalent copper cations to common barium
hexaferrites. We analyzed the variables involved in forming these nanocomposites following a
design of experiments (DoE) procedure, which allowed us to quantify the effect of each variable
and can, therefore, be an interesting tool for optimizing their properties. We conducted a
structural characterization and found that the modified samples consisted of micron-sized
clusters of agglomerated nanoparticles. These particles were a random mixture of
nanocrystallites derived from the original barium hexaferrite and divalent copper ferrite. After
performing magnetic measurements, we verified that the magnetization approaching saturation
of the modified materials fits well to random anisotropy magnets in the so-called strong limit,
when the samples are formed by independent, non-interacting crystallites [1], in contrast to the
original hexaferrite, which did not show any of the characteristics of such state

Recent theoretical models postulated random magnets as broadband MW absorbers [2]. To
test these ideas in our samples, we measured the two-port S parameters in the GHz range
using a vector network analyzer (VNA) with coaxial connectors. Then we deduced the complex
dielectric permittivity and magnetic permeability using the Nicolson-Ross-Weir model. We
therefore calculated the reflection loss coefficient (R.), according to the principle of equivalent
transmission line, and found a remarkable enhancement of the power absorption in millimeter-
thick samples. These findings strongly support the application of our ceramic nanocomposites
as MW-absorbing materials [3].

The Air Force Office of Scientific Research supported this work.

[1] E. M. Chudnovsky, W. M. Saslow, and R. A. Serota, Phys. Rev. B 33, 251 (1986); E. M. Chudnovsky,
J. Appl. Phys. 64, 5770 (1988).

[2] D. A. Garanin and E. M. Chudnovsky, Phys. Rev. B 103, 214414 (2021); Phys. Rev. B 105, 064402
(2022); E. M. Chudnovsky and D. A. Garanin, Phys. Rev. B 107, 224413 (2023); Phys. Rev. B 109,
054429 (2024).

[3] S. Bao et. al., Nano Research 16, 11054 (2023); L. Jin et al., Appl. Surf. Sci. Adv. 19, 100575 (2024).
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We show that moving dislocations generate giant effective local magnetic fields in a crystal
lattice that can flip spins. Since massive creation of fast-moving dislocations is associated with
a powerful elastic stress, this suggests a new mechanism of the magnetization reversal
generated by laser or microwave beams or by electrically induced shear deformation.
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The study of microwave absorbing materials constitutes a fundamental line of research in the
field of applied electromagnetics, where the need to suppress electromagnetic interference
(EMI) and to reduce radar cross-section (RCS) drives the continuous development of novel
materials and structures with enhanced absorption capabilities. Accordingly, it becomes crucial
to fully understand their behavior through a combination of theoretical modeling and
experimental validation. This work presents an in-depth experimental investigation on the
integration of metallic and ferromagnetic microwires as functional additives in multilayer paint-
based microwave absorbing systems. The study focuses on how the microwire properties,
specifically their composition, length, concentration and thermal treatments, affect the
electromagnetic absorption performance within the 2-18 GHz range. Layer thicknesses have
also been carefully controlled to ensure consistency of experimental results and reliability in the
extraction of electromagnetic parameters. The ultimate goal of this study is the preparation and
design of paint-based multilayer samples to achieve microwave attenuation by destructive
interference mechanisms.
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Deep Learning for magnetization Dynamics

J. Buch-Palasi2, J. M. Hernandez'2, M. V. Constache'2

a Departament de Fisica de la Matéria Condensada, Universitat de Barcelona
b Institut de Nanociéncia i Nanotecnologia (IN2UB)

Building block of magnetic memories and sensors are magnetic thin films materials. In order
to calculate the magnetization dynamics of thin magnetic film, the Landau-Lifshitz-Gilbert (LLG)
equation is solved numerically. The typical way for solving LLG equations is to first discretize it
in space by finite elements or finite differences and than to solve numerically the resulting
system in time, and requires a considerable computational effort. To ease this process, by
reducing the computational load or assisting in characterizing field measurements, machine
learning can be of utility also in the field of magnetism [1-3].

In this work, a deep neural network is used to model the ferromagnetic resonance in magnetic
thin films. The data for training the model was obtained by time integration of the LLG equation.
To obtain an optimal compression ration a convolutional autoencoder was used. Consequently,
the magnetic dynamics to an external field can be computed quickly.

[1]A. Kovacs et al., J. Magn. Magn. Mater. 491, 165548 (2019)
[2] S. Pollok et al., “Magnetic Field Prediction Using Generative Adversarial Networks” (2022).
[3] S. Pollok, and R. Bjark, Europhysics News (2022).
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The field of microwave absorption has seen a rise in interest due to its vast applications, ranging
from telecommunications and aerospace to electronic devices and defense, particularly in stealth
technology. It is no surprise, then, that many publications are dedicated to this topic, ranging from
magnetic characterization to novel materials, yet few focus on the manufacturing and
characterization of materials ready to use in such applications [1].

In this poster, composite materials with a polymeric matrix and a variety of fillers are studied for
broadband microwave absorption. These composite materials have filling factors optimized for
broadband absorption and adequate rheological properties, so they can be applied as a sprayed
coating. This allows for easy application on a variety of substrates while achieving maximum
homogeneity and thickness control. The fillers used include soft magnetic iron particles and
ceramic random anisotropy magnets in the form of doped barium hexaferrites [2,3]. Also, this
poster is not limited to single-layer systems, but bi-layer and trilayered systems that expand on
the previous works [4,5].

Thus, the objective is to prepare and optimize these composite materials and to characterize and
assess their performance as wave absorbers in settings that closely resemble the requirements
for their applications.

This research is supported by the U.S. Air Force Office of Scientific Research through grant No.
FA8655- 22-1-7049

[1]  Calvo-de la Rosa J, Tejada J, Lousa A. Structural and impedance spectroscopy
characterization of Soft Magnetic Materials. J Magn Magn Mater 2019;475:570-8.
https://doi.org/10.1016/J.JMMM.2018.11.085.

[2]  Calvo-de la Rosa J, Hernandez JM, Garcia-Santiago A, Lopez-Villegas JM, Tejada J.
Barium Hexaferrite-based nanocomposites as random field magnets for microwave
absorption 2024. https://doi.org/10.48550/ARXIV.2402.14324.

[3] Calvo-de la Rosa J, Vazquez-Aige M, Pérez P, Medina L, Marin P, Lopez-Villegas JM, et
al. Experimental radar absorption in high-filling factor magnetic composites. Mater Today
Commun 2024;42:111474. https://doi.org/10.1016/j.mtcomm.2024.111474.

[4] Calvo-de la Rosa J, Bou-Comas A, Manel Hernandez J, Marin P, Lopez-Villegas JM,
Tejada J, et al. New Approach to Designing Functional Materials for Stealth Technology:
Radar Experiment with Bilayer Absorbers and Optimization of the Reflection Loss. Adv
Funct Mater 2024;34. https://doi.org/10.1002/ADFM.202308819.

[5]  Calvo-de la Rosa J, Ldpez-Sanchez J, Hernandez JM, Marin P, Tejada J. Radar shielding
experiments by composite bilayer magnetic systems. Oxford Open Materials Science
2024:4. https://doi.org/10.1093/oxfmat/itae016.
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Magnons and phonons are collective excitations of the spin system and the atomic lattice of a
material, respectively, interacting via magnetostrictive forces. In high-quality magnets such as
Y3Fe5012 (YIG), strong coupling of these quasiparticles has been observed, revealing
phenomena like Magnomechanical Induced Transparency (MMIT). Recently, these effects have
garnered significant scientific interest due to their potential applications in low-power information
processing and quantum communication technologies.

MMIT is a quantum coherent phenomenon that arises when magnons hybridize with mechanical
vibrations (phonons). This interaction leads to destructive interference between excitation
pathways, creating a transparency window around the magnon resonant frequency [1].

In this work, we investigate magnon-phonon coupling in a magnetic YIG film grown on a non-
magnetic Gd3Ga5012 (GGG) substrate. Through phonon pumping, magnetization dynamics
generate phonon currents that leak into the substrate, which acts as a phonon cavity, carrying
away energy and angular momentum from the ferromagnet [2, 3]. Specifically, we report
ferromagnetic resonance (FMR) spectra of these bilayers over various power and magnetic field
ranges and analyze their associated parameters (phonon and magnon linewidths,
magnetoelastic coupling strength, cooperativity, etc.) to detect and characterize magnetic
transparency.

[1] X. Zhang et al., Science Advances, 2, €1501286 (2016).
[2] S. Streib et al., Phys. Rev. B., 121, 027202 (2018).
[3] R. Schlitz et al., Phys. Rev. B., 106, 014407 (2022).

Financial support from Beca de col-laboracié amb el departament de Fisica Quantica i Astrofisica
(FFIS2025.4.FFIS) and MCIN/AEI/10.13039/501100011033 under Grants No. PID2023-1507210B-
|00/AEI and CNS2022-135821 (European Union Next Generation EU/PRTR).
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Non-thermal microwave effects on nanoscale structure of bulk water
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Non-thermal effects of microwaves (MWs) have been proposed to play a role in neurostimulation [1] and
the enhancement of chemical reactions [2]. However, they remain a topic of continuous debate,
primarily due to the scarcity of experimental evidence on a molecular level. Second-harmonic scattering
(SHS) [3] (Fig. 1) detects, in bulk liquids, a subset of the sample that presents structural or electronic
anisotropy, which makes it a suitable candidate to probe molecular level perturbations due to the MW
field. Here, we apply SHS to investigate the effect of continuous 2.4 GHz MW exposure on the
nanoscale structuring of liquid water. We observe instantaneous changes to the SHS intensity upon
microwave exposure, which cannot be attributed to the induced temperature variations, and hint
towards changes in the water intermolecular network. To enhance the interaction between the MW field
and the liquid, we design and characterize a cylindrical resonator that supports the TMo1o mode at 2.4
GHz and is compatible with optical scattering measurements.

Photon-multiplier
tube

Laser Polarization

Polarization stage analyzer
state generator | spia filter

.
5
Motorized "=
rotation stage \\
.

Figure 1: Method: A: schematic of femtosecond elastic second-harmonié!éuééytféfzing with variable detection angle
8, with k-vector interaction geometry.

[1] Marar, C., et al., Wireless neuromodulation at submillimeter precision via a microwave split-ring
resonator. Science Advances, 10, 55-60, (2024).

[2] Dudley, G. B., et al., On the existence of and mechanism for microwave-specific reaction rate
enhancement. Chemical Science, 6, 2144-2152 (2015).

[3] Schonfeldova, T., et al, Charge Gradients around Dendritic Voids Cause Nanoscale
Inhomogeneities in Liquid Water. J Phys Chem Lett, 13, 7462-7468 (2022).
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