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Future perspective of magnetic position sensors for pneumatic actuators
in industrial applications
K. Kliche, F. Welker
Festo SE & Co. KG, Development Position Sensors, Esslingen, Germany.
Festo, the world’s leading supplier of automation technology and technical education, is deploying its products
and services to meet the challenge of smart production for the future in the course of digitalization [1]. One important
product range for Festo are pneumatic actuators such as linear piston rod actuators and grippers. To be able to
interact with pneumatic actuators, they are equipped with appropriate sensors. Mostly inside the pneumatic actuator
a magnet is moved, and the magnetic field is detected by a sensor outside the housing. This leads to a very robust
measurement system that can withstand rough environmental conditions inside the piston chamber.

The basic challenges in develop position sensors are the variety of different drives and thus magnetic fields to
be equipped with the same sensor and the small housing size of the sensors. Because of the rotating piston rod
and thus magnet, ideas for alternative measurement concepts such as magnetic measurement scales often have
to be discarded. Typical sensing requirements for the industrial applications are a repeatability of +/- 0.1 mm and a
measurement rate of more than 1 kHz over several millions of moving cycles within many years of use.
Having I4.0 or IIoT in mind, future products will come with more intelligence. Besides having better linearity and
speed for controlled applications they will output information over the state of the actuator it is mounted on and
collect data that can be used to investigate the whole application. That spends time for the customer in mounting/
using the products, reduce operation costs and energy consumption by improved failure detection and predictive
maintenance. Therefore, on the one hand microcontroller capabilities is always of interest. On the other hand,
better magnetic sensor elements will improve sensor products to get faster with higher precision at lower power
consumption and price.
Another direction of investigation are alternative measurement methods or positions of sensors that lead to an
economical linear position measurement over the complete moving range of the pneumatic actuators.
References:
[1] Festo SE & Co. KG, company website, “https://www.festo.com”

Contact person/presenting author:
Festo SE & Co. KG, Kurt Kliche, Ruiter Straße 82, 73734 Esslingen, Germany.
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The position sensors developed by Festo can roughly be divided in two groups: 1) Cylinder switches that
detect the presence of the magnet in the end position and output a switch signal. Nowadays in these sensors,
former knows as REED switches, electronic sensor elements using xMR (AMR, GMR, TMR) with integrated switch
thresholds are used. 2) Position transmitters that outputs a linear analog or digital (IO-Link) signal according to the
magnet position out of the magnetic flux densities detected with an apposition of hall sensor elements.
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Multiferroic Small-Scale Robots
Salvador Pané
Multi-Scale Robotics Lab, Institute of Robotics and Intelligent Systems, ETH Zurich, Zurich, Switzerland.
We live in a world increasingly surrounded by robots such as robotic surgical systems, flying drones,
autonomous planetary rovers, and robotic appliances. An emerging family of robotic systems are untethered
micro- and nanorobots. These tiny vehicles can move either by harvesting chemical fuels present in their swimming
environments or by means of external energy sources. One of the ultimate goals of small-scale robotics is to
develop machines that can deliver drugs, or realize other medical missions in confined spaces of the human body.
Other applications include water remediation or “on-the-fly” chemistry. The recent rapid developments in smallscale robotics are undeniably related to advances in material science and manufacturing. However, while many
applications have been demonstrated, aspects such as complex locomotion, multifunctionality, biocompatibility and
biodegradability need to be further investigated for the successful translation of these devices to real applications.
To this end, new material-based concepts and novel fabrication schemes are urgently required.

INVITED SPEAKERS

In this talk, we present highly integrated magnetoelectric microrobots featuring remote electrical stimulation for
biomedical and on-the-fly chemistry applications. The micromachines consist of multiferroic composite materials,
which have the ability to generate an electric field under the application of an external magnetic field. The
magnetoelectric small-scale swimmers comprise a magnetostrictive component that allows for both the magnetic
locomotion of the device, and also for the activation of the piezoelectric component. This wireless polarization can
then be used for cell electrostimulation, drug delivery or triggering redox processes.

Contact person/presenting author:
Prof. Dr. Salvador Pané i Vidal.
Institute of Robotics and Intelligent Systems (IRIS).
Swiss Federal Institute of Technology (ETH) Zurich.
CLA H9, ETH-Zentrum, Tannenstrasse 3 CH-8092 Zurich, Switzerland.
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Giant magnetoimpedance sensors based on soft magnetic amorphous alloys
C. Gómez-Polo1,2, J. J. Beato-López1,2
1

Departamento de Ciencias, Universidad Pública de Navarra, 31006 Pamplona, Spain.
2
Institute for Advanced Materials and Mathematics (INAMAT2),
Universidad Pública de Navarra, 31006 Pamplona, Spain.

In this talk, the development of magnetic sensors based on the Giant Magnetoimpedance effect (GMI) will
be presented. Different application sectors will be addressed: agricultural sector for irrigation plant schedule [1],
position sensors for automotive and mechatronics applications [2, 3], magnetic nanoparticle detectors for biomedical
applications [4], environmental monitoring [5] and non-destructive testing in ferromagnetic elements. The sensing
principle (GMI) is based on the change of the high frequency electric impedance of a soft magnetic element under
the action of an external stimulus (e.g. stress, temperature or magnetic field), as a consequence of the variations
of the magnetic permeability leading to changes in the characteristic skin depth of the electric current. The employ
of low-cost amorphous alloys obtained from rapid quenching fabrication techniques (both ribbons and wires) will
be specifically addressed. Depending on the particular application, the optimization of the sensor response will be
accomplished by different strategies (composition, sensor shape and configuration, electronic signal conditioning).
Specifically, the use of non-linear terms of the GMI voltage (mainly second harmonic components) will be shown
as an effective tool to enhance the sensor sensitivity and optimize the detection response of the sensing element.

[1] J. J. Beato-López, J. M. Algueta-Miguel, C. A. de la Cruz Blas, L. G. Santesteban, J. I. Pérez-Landazábal,
C. Gómez-Polo, GMI Magnetoelastic Sensor for Measuring Trunk Diameter Variations in Plants, IEEE
Trans. Magn. 53 (2017) 1-5.
[2] J.J. Beato-López, I. Royo-Silvestre, C. Gómez-Polo, Micrometric non-contact position magnetoimpedance
sensor, J. Magn. Magn. Mater. 465 (2018) 489-494.
[3] J.J. Beato-López, I. Royo-Silvestre, J.M. Algueta-Miguel, C. Gómez-Polo, A combination of a vibrational
electromagnetic energy harvester and a Giant Magnetoimpedance (GMI) sensor, Sensors 20(7) (2020)
1873.
[4] J.J. Beato-López, J.M. Algueta-Miguel, C. Gómez-Polo, Contactless magnetic nanoparticle detection
platform based on non-linear GMI effect, Measurement 180 (2021)109602.
[5] C. Gómez-Polo, J. Soto-Armañanzas, J. Olivera, J. I. Pérez-Landazábal, S. Larumbe, M. A. Miranda, C.
A. de la Cruz, I. Mendizábal, S. A. Korili, A. Gil, Multifunctional sensor based on a hybrid ferromagnetic/
sol–gel TiO2 coating nanostructure, Ind. Eng. Chem. Res. 52, 10 (2013) 3787–3793.

Contact person/presenting author:
Cristina Gómez Polo.
Universidad Pública de Navarra.
Campus de Arrosadía. 31006 Pamplona Spain.
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Delivering a commercially viable graphene Hall effect sensor
GLASS Hugh1, Biddulph. P1, Baines. R1, Kainth. J1.
1

Paragraf Limited, 7-8 West Newlands, Somersham, Cambridgeshire, England, PE28 3EB,UK.

The excellent mechanical and electrical properties of graphene, which make it highly suitable for use in Hall
sensors have been theorised and realised in academic literature. [1] Paragraf have developed a commercially
scalable graphene growth method [2] that has led to high quality graphene grown directly on the device substrate,
producing robust, highly sensitive Hall sensors.
The first products were specifically designed for cryogenic and high field applications, where accurate
measurements in extremely high fields (30 T) and at cryogenic temperatures are possible simultaneously. These
applications make use of graphene’s high sensitivity, robustness and low power consumption.
As well as use in extreme environments graphene Hall sensors offer simple, accurate calibration over a wide
temperature range, due to high linearity, absence of planar hall effect and a repeatable temperature coefficient
that is fractions of one percent. This makes them ideal for use in superconductors, quantum computing, and nextgeneration fusion reactors.

INVITED SPEAKERS

Other high performance Hall sensors such as Silicon with integrated electronics and 2DEGs show significant
non-linearities and fail above a few Tesla and at cryogenic temperatures [3].
The next stage of development is to address larger Hall sensor markets, such as automotive, aerospace and
industrials. A key requirement for all these is continuous use at high temperatures, typically 125 ℃ and above.

Graphene alone can certainly survive at these temperatures however, when built into a full devices side reactions
occur that limit the Hall sensor performance and stability. Several paths to high temperature stability have been
investigated and these are now being developed into full commercial devices.

This talk will introduce the graphene Hall sensor, the production methods for commercial scalability, its
performance in extreme environments, and our research into high temperature stability.
References:
[1] Song, G. et al. "Operation of graphene magnetic field sensors near the charge neutrality point."
Communications Physics 2.1 (2019): 1-8.
[2] Thomas, S. “A method of producing a two-dimensional material”, WO2017029470
[3] Popović, R. S. et al. "Nonlinearity in Hall devices and its compensation." Solid-state electronics 31.12
(1988): 1681-1688

Contact person/presenting author:
Hugh Glass.
Paragraf Limited, 7-8 West Newlands, Somersham, Cambridgeshire, England, PE28 3EB,UK.
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Magnetoresistive sensors as a tool for quality control in agrifood
Cardoso Susana1,2, Lorenzo Jamone, Pedro Ribeiro1,2
1

INESC Microsistemas e Nanotecnologias, Lisboa, Portugal.
2
Instituto Superior Tecnico, Univ. Lisboa, Lisboa, Portugal.

The exceptional characteristics of magnetoresistive (MR) sensors makes them ideal candidates for applications
where low price, small size and electronic compatibility are a request.
In this presentation, we will describe how MR sensors have been exploited for object texture evaluation,
integrated in a robotic finger [1]. We will describe an elegant method to fabricate a tunnel magnetoresistance
(TMR) sensor capable of measuring magnetic fields in X and Y directions, both assembled in a Wheatstone bridge
architecture. The selection of the MR materials and options regarding the thermal treatment for the reference layer
orientation will be discussed [1]. In addition, the selection of the MR technology is crucial for the success of the
monolithic integration, with AlOx tunnel barriers offering superior integrability over MgO-based structures.

Finally, we demonstrate their performance while evaluating fruit skin texture. The sensor is capable of
differentiating smooth and rough skin, in a blind test (i.e. without support of visual methods). Further methodologies
for data classification are provided, to consolidate the potential of MR sensors as tools for quality control in agrifood.
References:
[1] P. Ribeiro et al., “Bioinspired Ciliary Force Sensor for Robotic Platforms,” IEEE Robot. Autom. Lett., vol.
2, no. 2, pp. 971–976, 2017
[2] A. Alfadhel and J. Kosel, “Magnetic Nanocomposite Cilia Tactile Sensor,” Adv. Mater., vol. 27, no. 47, pp.
7888–7892, 2015
[3] Knudde, S., D. C. Leitao, S. Cardoso, and P. P. Freitas. “Annealing free magnetic tunnel junction sensors.”
Journal of Physics D: Applied Physics (IOP Publishing) 50 (3 2017): 165001.

Contact person/presenting author:
Susana Cardoso de Freitas, INESC-MN, Rua Alves Redol, 9, 1000-029 Lisboa.
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The surface texture assessment will combine tactile functions inspired in biomimetic materials, through the
integration of magnetic artificial cilia [2]. The operating principle of the device is based on detecting changes of
the magnetic stray field created by a magnetic cilia array (typically 150μm diameter and at least 1mm long) when
deflected according to the surface texture, which affects the sensor output voltage [3]. We will show results in
controlled environment, upon scanning over calibrated surfaces, and perform a study of the elastomer performance
upon bending, and the impact on the readout magnetic signal at the sensor position.
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Fabrication, micro-patterning and use of high performance
NdFeB micro-magnets
Nora M. DEMPSEY
Institut Néel, CNRS, Grenoble, France.

INVITED SPEAKERS

The emergence of rare earth transition metal (RE-TM) magnets almost 50 years ago revolutionised the design
and fabrication of macroscopic machines such as motors and generators. These magnets are now used in diverse
applications and are key components of today’s green energy landscape (electric bikes, hybrid electric vehicles,
wind turbines). Downscaling the size of high performance RE-TM magnets to the micro-meter scale offers enormous
potential for the development of magnetic micro-devices (sensors, motors, actuators…) with potential applications
in areas as diverse as telecommunications, consumer electronics, energy management and bio-technology. In this
presentation I will review our activities concerning the fabrication, micro-patterning and charcterisation of NdFeB
micro-magnets. I will show how triode sputtering can be used to fabricate NdFeB films as thick as 50 µm having
excellent extrinsic properties [1]. The high deposition rates achievable with this technique, together with the fact that
homogeneous properties can be achieved over a large surface area, make it particularly well suited to the batch
fabrication of micro-magnets destined for integration into micro-scaled devices. I will finish up by showing examples
of the use of NdFeB micro-magnets in bio-medical applications and will discuss their on-going integration into
prototype Micro-Electro-Mechanical-Systems (MEMS).

Figure 1. Plane-view optical images of a 50 µm thick NdFeB deposited on a pre-patterned 100 mm Si substrate
together with a cross-sectional scanning electron microscope image of a few micro-magnets and a MagnetoOptical image of the stray magnetic field produced by a part of the film
References:
[1] Frederico O. Keller, Richard Haettel, Thibaut Devillers and Nora M. Dempsey, Batch fabrication of 50 µm
thick anisotropic Nd-Fe-B micromagnets, IEEE Transactions on Magnetics 58 (2022) 2101005

Contact person/presenting author:
Nora Dempsey, Institut Néel CNRS/UGA, 25 rue des Martyrs, 38042 Grenoble, France.

15

Magnetic Nanowires for Biomedical Applications including Nanowarming
of Cryopreserved Organs
BETHANIE J H STADLER1,2, Yicong Chen1, Allison Harpel1, Roman Kolisnyk2
Electrical and Computer Engineering, University of Minnesota, Minneapolis, MN, USA.
Chemical Engineering & Materials Science, University of Minnesota, Minneapolis, USA.

A new application of magnetic nanoparticles
to biomedicine is the rewarming of cryopreserved
organs [1] which will enable viable storage and
use. This new field has extended to knowledge
gained by many groups who studied magnetic
nanoheating for applications such as hyperthermia
treatment for cancer [2]. Two somewhat opposing
requirements are uniform heating to avoid cracks
and very fast heating to mitigate crystallization of
cryopreservation agents (CPA). Compared to other
forms of heating, magnetic nanoparticles have the
potential to meet both of these requirements as they
are introduced to the organ during cooling as an
additive to the CPA [3] for uniform distribution. The
key to optimization of nanowarming is the magnetic
design of nanoparticles, and here we explain the
substantial benefits of magnetic nanowires (MNWs).
Figure 1: The area of a hysteresis loop (Magnetization x
Applied Field) is equal Joules/gram, which when multiplied First, MNWs have high anisotropy, which can
lead to very square loops (similar to the light gray
by the frequency of an alternating magnetic field is Watts/
gram. Therefore, optimizing a hysteresis loop for magnetic loop of Fig.1). It has been shown that nanowirelike chaining of superparamagnetic iron oxide
nanoheaters is critical to heating.
nanoparticles (SPIONS) can lead to a multiplying
effect for heating[2], and MNWs are like SPION chains on steroids. Why? In addition to being inherently chained,
MNWs can be composed of materials with 400x the saturation magnetization of SPIONs which is their second
substantial benefit. Third, with careful design of the shape and size the theoretical maximum heating for any
alternating magnetic field (AMF) [4]. For example, if 12 kA/m were the desired AMF field strength, the light gray
curve would produce much more heat than the dark gray curve. This example was shown for Ni MNWs with 200nm
diameters with either flat ends (dark) or pointed ends (light), and many sizes and shapes and materials will be
presented in this talk, including the theoretical maximum heating possible in commercial AMF systems: 16,700 W/g
which can heat the CPA VS55 at 1000°C/min with only 3mg/ml MNWs.
References:
[1] Sharma, A., Rao, J. S., Han, Z., Gangwar, L., Namsrai, B., Gao, Z., ... & Bischof, J. C. (2021). Vitrification
and Nanowarming of Kidneys. Advanced Science, 8(19), 2101691.
[2] Serantes, David, Konstantinos Simeonidis, Makis Angelakeris, Oksana Chubykalo-Fesenko, Marzia
Marciello, Maria Del Puerto Morales, Daniel Baldomir, and Carlos Martinez-Boubeta. "Multiplying
magnetic hyperthermia response by nanoparticle assembling." The Journal of Physical Chemistry C 118,
no. 11 (2014): 5927-5934.
[3] Shore, Daniel, Adrian Ghemes, Oana Dragos-Pinzaru, Zhe Gao, Qi Shao, Anirudh Sharma, Joseph Um,
Ibro Tabakovic, John C. Bischof, and Bethanie JH Stadler. "Nanowarming using Au-tipped Co 35 Fe 65
ferromagnetic nanowires." Nanoscale 11, no. 31 (2019): 14607-14615.
[4] Chen, Yicong, Allison Harpel, and Bethanie J. Hills Stadler. "Optimizing magnetic heating of isolated
magnetic nanowires (MNWs) by simulation." AIP Advances 12, no. 3 (2022): 035007.

Contact person/presenting author:
Bethanie JH Stadler, 4-174 Keller Hall, 200 Union St SE, Minneapolis, MN 55455 USA.
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Nuclear Magnetic Resonance: from laboratory equipment
to integrated sensors
Leonid Grunin
Resonance Systems GmbH, Kirchheim u. Teck, Germany.
Nuclear Magnetic Resonance (NMR) is the most powerful tool for chemical analysis up to now. Absolute majority
of top-cited researches dealing with material analysis in physics, chemistry, medicine, pharmacy, forensics. ecology
and food areas are somehow using NMR-based methods.
Progress in rear earth magnets development in last two decades has brought new horizons for classic NMR
machines to evolve from room-size bulky laboratory equipment to table-top and even hand-held or pocket analyzers.
The talk presents descriptions of modern trends in miniaturizing of NMR hardware including review of magnets
arrangement approaches starting from evident U-shape up to multi element Halbach arrays. The most challenging
issues that are still open are maximizing of magnetic field value, stability and homogeneity as well as minimizing
of instruments dimensions and stray filed effects. The presentation also contains the ways of permanent magnets
temperature stabilizing including updates to PID algorithms.
Applications that already close to be realized with tiny NMR sensors are targeted to quality control of vaccines
manufacturing (monitoring of peptides aggregation), measuring of hydrogen content in fuels, surface area of
nanoparticles used for ink/capacitors/adsorbents production, humidity of woods/cellulose/paper.

INVITED SPEAKERS

Creation of integrated NMR sensors in very near future will require further miniaturizing of electronics along with
development of model-data software solutions.

Contact person/presenting author:
Leonid Grunin, Seestrasse 28, D-73230, Kirchheim/Teck, Germany.

17

Advances of bistable microwires for sensing applications
M. Hennel1, S. Nalevanko1, L. Galdun1,2, K. Richter1,2, P. Hajdova1, A. Spegarova1, J.Gamcova1,
D. Kozejova2, R. Sabol1, T. Ryba1, L. Hvizdos1, R. Varga1,2
RVmagnetics, Kosice, Slovakia.
Centre of Progressive Materials, TIP, P.J. Safarik University, Kosice, Slovakia.
1

2

Glass-covered microwires are composite materials that consist of metallic nucleus (diameter 1–50 μm) and
glass coating (thickness 2–20 μm) [1]. Their size and easy productionof large amount (kilometers) in a short time (10
min) leads to their utilization as a miniaturized sensor that can be embedded inside of studied materials or objects
[2].
Apart from easy production and size, glass-coated microwires shows unique magnetic properties that allow their
utilization in noisy environment symmetry, while their magnetic nature allows for contactless sensing. Additionally,
glass coating provides insulation from chemically aggressive environment and provides biocompatibility.

Additionally, magnetic bistability allows for separation of magnetic field and temperature/stress contribution
which results in magnetic sensor of temperature/stress, which is not sensitive to magnetic fields.
Within this contribution we will describe all advantages and disadvantages of applications based on magnetically
bistable microwire.
Different applications of contactless sensors for temperature, stress, magnetic field, electrical current, position,
humidity, etc. will be presented.
Simple cheap electronics will be introduced that allows for construction of unique passive contactless sensors
in medicine, engineering, IT, automotive, and many other areas.
References:
[1] M. Vazquez, Advanced magnetic microwires, in: H. Kronmuller, S.S.P. Parkin (Eds.), Handbook of
Magnetism and Advanced Magnetic Materials, Wiley, Chichester, England, (2007), 2193–2226.
[2] A. Zhukov, V. Zhukova, Magnetic Properties and Applications of Ferromagnetic Microwires With
Amorphous and Nanocrystalline Structure, Nova Science Publishers, NewYork, (2009).
[3] R. Jurc, L. Frolova, D. Kozejova, L. Fecova, M. Hennel, L. Galdun, K. Richter, J. Gamcova, P. Ibarra, R.
Hudak, I. Sulla, D. Mudronova, J. Galik, R. Sabol, T. Ryba, L. Hvizdos, P. Klein, Z. Vargova, R. Varga.,
Sensoric application of glass-coated magnetic microwires, (2020) Magnetic Nano- and Microwires:
Design, Synthesis, Properties and Applications, 569.

Contact person/presenting author:
Rastislav Varga, RVmagnetics, Nemcovej 30 04001Kosice, Slovakia.
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As a result of complex stress distribution induced during production, microwires with positive magnetostrictions
show peculiar magnetization state that shows magnetic bistability. The magnetic state of such microwires is
characterized by two saturated states with positive ornegative saturation magnetization. Change of magnetic state
runs through the depinning and subsequent propagation of single domain wall along the entire microwire in a single
Barkhausenjump at the so-called switching field Hsw. The switching field depends on magnetic field, temperature,
mechanical stress, or radiation. Therefore, bistable microwires can be employed for production of contactless
passive sensing elements [3].
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Autonomous Residual Stress Sensor Based on Magnetic Permeability
Chronis Pattakos1, Angelos Katsoulas1, Spyridon Angelopoulos1,
Aphrodite Ktena2 Panagiotis Priftis1, Panagiotis Priftis1 and Evangelos Hristoforou1
1

School of Electrical and Computer Engineering, National Technical University of Athens, Athens, Greece.
2
National & Kapodistrian University of Athens, Athens, Greece.

This paper focuses on the measurement of the magnetic permeability of ferromagnetic steels and alloys as a
nondestructive method of correlating magnetic properties with the residual stresses based on the use of a yokeshaped sensor. The sensor is designed and manufactured using simple and commercially available components. Its
functionality is then tested through measurements, conducted on metal components that are subjected to external
forces. It is then reproduced, calibrated and finally tested on whether its results can be duplicated.
Most importantly, an electromagnetic energy harvesting system has been designed and tested, based on the
exploitation of mechanical vibrations. The combination of the sensor and the energy harvesting system can lead
to an energy autonomous device, which can be placed in inaccessible locations for remote nondestructive testing.
Using a Metglas core, a decent measurement can be made by applying a current of only 100mA with a 5V voltage.
With an energy harvesting rate of 2mW and accounting for some extra energy consumption for transmission reasons
it is easily clear that measurements can be taken autonomously every 10 minutes. Said transmission is realized by
a network of yoke sensors in multiplex configuration and sent to a central sensor.

Contact person:
Evangelos Hristoforou, Laboratory of Electronic Sensors, School of Electrical and Computer Engineering,
National TU of Athens, Iroon Polytechniou 9, 15780 Zografou, Attiki, Greece.

ABSTRACTS · MAGNETIC ACTUATORS

In our days, there is an undeniable need for control over the quality of metals in machines, metal components,
tools and construction materials during production and maintenance. Nondestructive testing sensors have been
proven to be the most effective way of determining the quality of the composition of materials, since they can
detect flaws, not only during their construction, but also during maintenance, without interfering with, or obstructing,
their use. This can provide a significant advantage when testing the condition of a component which may be
part of a greater structure that is not easily disassembled or altogether brought to a halt due to the conditions
of its functionality. However, the need of predicting the generation of cracks, flaws and defects is of paramount
importance.
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Fabrication and properties of Heusler-based nanowires
with sensor/actuator application possibilities
VARGA Michal1, 2, GALDUN Ladislav1, SAKSL Karel3, VARGA Rastislav1
2

1
Center for Progressive Materials, UPJS-TIP, Tr. SNP 1, 04011, Kosice, Slovakia.
Dept. of Cond. Matter Physics, Inst. of Physics, Park Angelinum 9, 04001, Kosice, Slovakia.
3
Institute of Materials Research, SAS, Watsonova 47, 04001, Kosice, Slovakia.

ABSTRACTS · MAGNETIC ACTUATORS

Heusler alloys are promising sensing and actuator materials due to their tunability, low-cost production and
selectivity to distinct physical properties. These include external stress within elastocaloric or magnetostrictive
Heusler materials and temperature and magnetic field for ferromagnetic shape memory or shape memory and
magnetocaloric Heusler alloys [1–4]. Some of the Heusler alloys, which include materials with composition of NiFe-Z or Ni-Mn-Z (Z = Ga, and others) also exhibit multifunctional behavior, where a combination of the individual
behavior mechanisms can be observed.
One of the fastest growing research disciplines is the utilization of the unique Heusler alloy properties in the
nanoscale [5,6]. Despite the low dimensions of nanomaterials, their application potential is actively studied in the
past two decades and the properties of down-sized Heusler alloys make them appropriate for sensing and actuation
within several research and application areas. Typical applications regard biomedicine or downsized electronics
and actuation of processes at the cellular level or within lab-on-a-chip applications.
Within this contribution, fabrication and characterization of structural and magnetic properties of Heusler-based
nanowires is presented. Ni-Fe-Z (Z = Ga, In, Tl) nanowires have been fabricated using electrodeposition into
anodized aluminum oxide membrane, that ensures a scalable and cheap production of uniform and homogeneous
nanowires. The functional behavior of the fabricated nanowires depends on temperature or magnetic field. Ni-Fe-Z
nanowires show ferromagnetic shape memory or shape memory behavior at the temperatures of 200 K – 400 K,
depending on the composition of the individual samples. Employing the shape memory effect of the presented
Heusler-based nanowires makes them appropriate for sensing or actuation in the nanoscale, which is already being
tested at the cellular level.
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Magnetostrictive materials possess the potential to be used in wide variety applications such as sensing,
straintronic, spintronic devices etc. due to the coupling between the strain and the magnetization. In this context,
FeGa which has a very high magnetostrictive constant, high tensile strength and low coercivity proves to be
an efficient material for current research. Fe100-xGax thin films with x = 20% & 30% has high magnetostriction
constant with a value of around 3/2λ100 180 ppm [1]. In our report, we have investigated the structural and magnetic
properties of as-deposited and stress-induced states of Fe70Ga30 (28 nm)/Kapton films. The effect of stress brings
up a significant change in the magnetic properties of magnetostrictive thin films due to mechanical magneto-elastic
coupling [2]. The schematic of the deformation in samples is shown in figure 1(a)-(c). The flat state, the concave
state and the convex state corresponds to no strain, compressive strain and tensile strain, respectively. Figure
1(d) shows the in-plane hysteresis loops measure with SQUID-VSM at room temperature for flat (red), concave
(green) and convex (blue) configurations. It is observed that the value of remanent magnetization Mr increases with
decrease in strain i.e., ϵ (concave state) due to compressive strain and decreases with increase in ϵ, the strain
percentage due to tensile strain (convex state). Further, angular 360o plot of Mr/Ms values show uniaxial anisotropy
in the system (figure 1 (e)). Magnetization reversal via domain wall motion was observed along the easy axis using
MOKE microscopy.

Figure 1: (a) Schematic of FeGa (28 nm)/Kapton for flat (no stress), concave (compressive stress) and convex
states (tensile stress) by bending of samples; (b) Magnetic hysteresis curves at room temperature (300 K).
(e) Mr/Ms radial plot for the flat state.
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In a ferromagnetic material exposed to a strong magnetic field, the spin wave describes the propagation of
the phase shift of precessing spins at the same frequency over the time. Here, we describe the development of
a magnetic sensor, using the variations in the propagation of the spin wave induce by the external magnetic field
variation.
In recent years, the subject of magnonics, which describes the phenomenon of spin waves propagation in
magnetic materials, has been of great interest in the field of instrumentation and data transmission. Although,
several studies have shown a strong potential of magnonics for the design of a magnetic field sensor, few studies
have been interested in the realization of such sensors and are limited to the measurement of scattering parameters.

ABSTRACTS · GMI

Here, we present a detailed study of the full implementation of a magnetic field sensor, based on magnonics
devices along with its associated electronic. On the basis of theoretical models, the understanding of the phenomenon
has allowed to optimize the sensitive element and conditioning parameters. The proposed implementation is mainly
based on a quadrature I/Q demodulation to produce an output signal whose variations reflect the variations of the
external applied magnetic field. The sensing element is designed from a YIG film deposited on GGG substrate. It is
placed on optimized microstrip antenna transducer made of two copper lines, respectively to excite and measure
the spin waves. With the help of characterization measurements (S-parameters) carried out with a VNA, field
sensitivities, expressed in V/T could be estimated from S-parameters and cross-checked with the measured one
obtain with the developed sensor. This allows to validate the proposed measurement chain as well as to identify
actual limiting factors. Two kinds of magnonic devices have been implemented: one using spin wave reflections
and other one using spacial filtering by YIG material microstructuration. Their performances regarding the magnetic
sensitivity are compared. Finally, this first implementation of such a sensor, based on YIG magnonic material,
exhibit a magnetic noise level of about 50 pT/√Hz at 10 kHz and a usable band-pass of 100 kHz, as illustrated on
Fig. 1. This is quite promising for a new sensor technology, leaving room for further development.

Figure 1: Sensitivity and equivalent magnetic noise level of the developped sensor.
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Figure 1: Equivalent magnetic noise spectral density at low frequency a) double excitation GMI magnetometer
having low noise and low temperature drift, b) classical low noise GMI magnetometer setup with optimal bias and
c) fluxgate magnetometer, respectively, green, black and blue curves.
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In our previous works [1, 2], we have investigated the off-diagonal Giant MagnetoImpedance (GMI) magnetometer
offset drift regarding its sensitivity, its equivalent magnetic noise and its long-term stability. Based on the theoretical
GMI equation, we have shown that we are able to predict the equivalent magnetic noise and the temperature stability
of this kind of sensor. Until now, we haven’t been able to combine both performances in the same setup. In this
work, we present our last development based on an improved electronic circuitry design with which we obtain both
long-term stability and very low magnetic noise level as predicted by the modeling. The results have been compared
to the classical sensor implementation and a reference sensor. We show that very interesting performances were
achieved. It yields intrinsic GMI 1/f magnetic noise level of the sensor and very low temperature drift. In a very large
frequency dynamic range, the Figure 1 compares the obtained results in terms of spectral density. We will detail
some theoretical aspects of the modeling and give a view of the electronic setup. These last developments open
doors to open world environment measurement [3].
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Magnetic micro- and nano-particles are widely used as biomarkers for proteins, drug carriers, and hyperthermia,
to name some applications [1]. In most of the cases, the particles must be integrated into simple inexpensive
systems for accurate, sensitive detection. Depending on the application, the magnetic fields that must be detected
can be as low as few picoTesla [2]. It is well known that the giant magnetoimpedance (GMI) in wires can measure
such low fields with proper signal conditioning [3]. However, there are some challenges that must be solved such
as miniaturization and integration, the need of biasing with a low field, and high frequency excitation with complex
electronics for conditioning the electrical signal. GMI in thin films is greatly enhanced in core-shell sandwiched
structures in which a non-magnetic conductor is surrounded by a high permeability material [4]. As a consequence,
very large changes of the impedance can be obtained at moderate frequencies, since the impedance of the sample
increases greatly once the magnitude of the imaginary part equals the magnitude of the real part. Additionally,
the sensitivity of magnetic sensors based on GMI can be enhanced using high permeability materials with a welldefined but small transverse anisotropy that can be tailored with the shape anisotropy [5]. Sensitivity for field
detection deteriorates at the end/edge of the element because of demagnetizing field. Using ellipsoids instead
of rectangles minimizes the decrease of sensitivity [6]. So far, in thin films, the lowest magnetic noise reported is
120 pT/√Hz [7] without optimizing the above-mentioned aspects. Therefore, it is reasonable to estimate that values
close to those obtained with GMI wires can be achieved by combining every improvement mentioned above.
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Digital electronic conditioning (Fig. 1) of Giant Magneto-Impedance sensors was shown to be a promising
approach for improving the noise performance in the white noise region thanks to the reduction of noise from the
electronics [1]. An equivalent magnetic noise level of about 1.4 pT/
was obtained. The currently available
as predicted by the modelling [1]. However, the digital
digital technology may allow a level of less than 400 fT/
processing introduces a time delay between the sensor output and its input as shown in Fig. 2. This delay is mainly
due to the digital filtering and decimation. Consequently, when the sensor is used in closed-loop, the time-delay may
give rise to instability of the magnetometer.
The underlying idea of the present paper is to understand the influence of this delay and to derive the
implementation rules that guarantee the stability of the digital magnetometer. For doing so, a model was developed
to obtain the criteria of stability. It was based on the analysis of the open-loop transfer function of the digital sensor
using the Black-Nickols diagram.
The obtained modeling results showed that both the open-loop gain and the time delay influenced the stability.
These two parameters have to be adjusted with some trade-off. In other words, for a given gain, there is a maximum
authorized time delay.
Inversely, for a given delay, there is a maximum authorized gain that guarantees the stability.
The results of experimental evaluation of the stability,
using the digital magnetometer of Fig. 1, were in good
agreement with the model. For example, for a delay time
of about 2.7 µs, the maximum allowed open-loop gain is
about 74.4 kV/T, while this allowed gain is no more than
57 kV/T for a delay of 4 µs.

Fig. 1: architecture of a digital GMI magnetometer

Fig. 2: Time-delay, due to the digital processing, between the input and the output of the digital sensor.
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Further work is still however necessary to predict
the best allowed performances of a well-stable digital
magnetometer, including noise level, bandwidth and
dynamic.
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The Giant Magneto-Impedance (GMI) effect in amorphous wire is defined as a large variation of a magnetic
conductor impedance, driven by a high-frequency excitation current and submitted to an external magnetic field
variation. As a result, GMI materials appears to be a good candidate for designing high sensitivity magnetometers.
Currently, only limited applications have been devoted to GMI sensors due to their temperature dependence, not
allowing the sensor to operate in a real environment. In this paper, the comparison of the off-diagonal digital GMI
sensor temperature drift measurement versus the theoretical modeling is investigated. The suggested measurement
setup is based on a newly developed electronic conditioning approach based on a Digital Down Converter (DDC)
[1]. In this concept, the voltage across the GMI element is, firstly, amplified and digitized before being transmitted
to the DDC for a quadrature digital demodulation. Then, the output demodulated signal is digitized by a 16-bit
data acquisition system in order to follow the dependence of the sensor regarding the temperature variation.
Measurements are realized in a non-shielded environment. The GMI element in off-diagonal configuration as well
as a temperature sensor needed to know the ambient temperature, are placed in a box covered with aluminum foil
into which hot air is blown. As an example, Fig. 1 compares experimental and theoretical temperature sensitivity, ST,
according to our previous work [2], for different values of DC bias magnetic field. The shape of both are very similar.

Figure 1: GMI Temperature sensitivity in mΩ/°C versus DC bias magnetic field in
(a) theoretical behavior (red dots) (b) experimental measurement (blue dots)

,

The results show the dependence of the sensor offset with the temperature for different values of DC bias
magnetic field. We notice a quasi-linear behavior versus temperature around the zero magnetic field. As anticipated,
it yields to an optimal DC bias field (around the null field) having a null temperature drift. It yields to the highest
sensitivity, SV/T, theoretically, too. This behavior offers an alternative to the double modulation technique [2] to
reduce sensor temperature dependence. Taking account of the excellent intrinsic magnetic noise level of GMI
sensors and this result, it could open, simply, the doors to the use of GMI sensors for a wide range of applications
when the sensor is well DC magnetic field bias and working, imperatively, in magnetic feedback loop.
References:
[1] P. S. Traoré, et al., IEEE Sensors Journal, 17(19), 6175-6184(2017)
[2] A. Esper, et al, IEEE Sensors Journal, 20(16), 9046-9055(2020).

Contact person/presenting author:
Papa Silly Traoré.

29

O-09

Computing magnetic noise with micro-magneto-mechanical simulations
Christian Dorn1, Stephan Wulfinghoff1
1

Institute for Materials Science – Computational Materials Science, Kiel University, Kiel, Germany.

Detecting bio-magnetic signals of heart and brain typically requires high-performance magnetic sensors such as
SQUID magnetometers. To make these diagnostics accessible in clinical daily routine it is desirable to develop easyto-handle and cost-effective alternatives [1]. One such alternative is represented by composite magnetoelectric thin
film sensors that employ a route from magnetic signals via mechanics to electric signals [2].

We investigate the interaction of domain walls with imperfections using finite element simulations. Our
computational approach is based on a micro-magneto-mechanically coupled material model. The model includes
magnetization, scalar magnetic potential and displacement degrees of freedom. We formulate the material model in
the framework of generalized standard materials which yields thermodynamic consistency. The model encompasses
a multitude of energy contributions including but not limited to exchange energy, anisotropy energy, demagnetizing
energy and elastic energy. The restriction of magnetization to the unit sphere is treated with the exponential map
algorithm [4]. We solve the coupled problem using a finite element approach similar to the approach by Miehe
and Ethiraj [5]. The computation of magnetic noise is based on ensemble averaging and time averaging. We
demonstrate our approach with numerical examples.
References:
[1] Röbisch, Volker, et al. "Pushing the detection limit of thin film magnetoelectric heterostructures." Journal
of Materials Research 32.6 (2017): 1009-1019.
[2] Hayes, Patrick, et al. "Electrically modulated magnetoelectric AlN/FeCoSiB film composites for DC
magnetic field sensing." Journal of Physics D: Applied Physics 51.35 (2018): 354002.
[3] Smith, Neil, and Patrick Arnett. "White-noise magnetization fluctuations in magnetoresistive heads." Applied
Physics Letters 78.10 (2001): 1448-1450.
[4] Lewis, Debra, and Nilima Nigam. "Geometric integration on spheres and some interesting
applications." Journal of Computational and Applied Mathematics 151.1 (2003): 141-170.
[5] Miehe, Christian, and Gautam Ethiraj. "A geometrically consistent incremental variational formulation for
phase field models in micromagnetics." Computer methods in applied mechanics and engineering 245
(2012): 331-347.

Contact person/presenting author:
Christian Dorn, Institute for Materials Science, Computational Materials Science, Kaiserstr. 2, 24143 Kiel,
Germany.

ABSTRACTS · MODELING AND SIMULATION

Magnetic noise plays an important role for the performance of magnetic sensors. In the past, magnetic noise
e.g. in the form of thermal magnetization fluctuations was shown to be a crucial factor for the signal to noise ratio of
magnetoresistive sensors [3]. For composite magnetoelectric sensors, magnetic noise caused by the interaction of
domain walls with defects evokes particular interest.
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The miniaturization of NMR (Nuclear Magnetic Resonance) spectrometers is of great interest in different
industrial areas e.g., medicine, chemistry and biology. This comes however with a set of technical challenges to
be solved [1]. One of the most limitative design characteristics is the homogeneity of the magnetic static field
under which the sample is analyzed. A perfectly homogeneous
would suit an NMR spectrometer at its best.
However such a field cannot be attained in the practice, and for many applications one can deal with a partially
inhomogeneity on the NMR spectrum [2].
inhomogeneous field. The question then is to assess the impact of

Fig.1: Framework of the simulator.
Here FEM stands for Finite Element Method

Fig.2: Simulated distorted spectrum of ethanol under
horseshoe-shaped magnet

The very efficient and unique simulator (Fig. 1) we present in this paper addresses this issue. Combining (i) the
inhomogeneity, that may be obtained from magnetic map measurement on a real magnet or from a FEM simulation
of a magnet under development, and (ii) the ideal spectrum of the sample that may be imported from a database
such as NMRDB [3], the degraded spectrum is computed thanks to a specific function called ICF (Inhomogeneity
Convolution Function). The simulator can also take the sensitivity map of the NMR antenna into account when
available, or such a map can also be obtained from a FEM simulation. Fig. 2 shows the distorted spectrum of
molecular
ethanol we computed in a highly inhomogeneous horseshoe-shaped dipole magnet where the
group triplet becomes undistinguishable. The simulator has been validated by comparing the spectrum deformation
it provides with the one obtained from an intensive numerical simulation using a high-density discretization of the
sample volume. Finally, in the paper, the simulator is applied on a real spectrum and its applicability as well as some
improvements are discussed.
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Electromagnetic Field Modelling of Conductive traces
for a High-precision Non-Contacting GMR Current Sensor
Cristian Mușuroi, Marius Volmer, Elena Helerea

There are several characteristics to a high performing non-contacting current sensor: high accuracy and sensitivity,
linear response, DC/AC operation, low thermal drift, immunity to interferences, IC integration, low cost and power
consumption [1]. The working principle for non-contact current measurement techniques is based on Ampère's law:
to measure and analyze the magnetic field that is created in a specific part of a circuit as a consequence of the
current flow. This can be useful, for example, for non-destructive testing (NDT) of electronic circuits when current
in different regions of the PCB must be measured and compared with the expected values. We proved [2] that both
DC and AC currents through linear stripes can be measured down to μA using GMR sensors. For achieving lower
detection limits, this study aims to consider some possible sources of electromagnetic interferences and trace
current dimensional effects that can have adverse effects on the response of the GMR sensor.
An analytical method was developed [2] for single and multiple traces field estimation in the sensor area,
optimized for printed circuit board traces. The accuracy of the model, up to a certain point is dependent on the
number of dimensional parameters the analytical method takes into account when modelling the magnetic field in
the sensor area. This is can be especially important for low currents which are producing magnetic fields that have
to be measured. For example, a trace with a width of 0.1 mm located directly beneath a GMR sensor, through which
a 0.01 A current passes, produces a field of about 0.125 Oe, for which, if we consider a 0.8 mm distance between
the sensor active element and the trace and a sensor sensitivity of around 2.6 mV/V-Oe, we get an estimated output
voltage of 1.63 mV [2].
This method was proven to be accurate when compared with experimental measurements for a giant
magnetoresistive (GMR)-based current sensor. However, this method did not take into account the length or
thickness of the trace or specific trace geometries. This work aims to improve on the analytical method from [2], to
include trace length and thickness as dimensional parameters. Furthermore, a dimensional analysis for different
geometric trace configurations is performed using COMSOL Multiphysics to study the influence of trace geometry
and sensor placement on the magnetic field in the sensor area. This is useful to optimize sensor placement and
trace configuration for various non-contacting current sensor designs. These results were used for designing and
testing a current sensor chip based on exchange biased AMR elements.
Acknowledgements: This is research was funded for by a grant of the Romanian Ministry of Research and
Innovation, CCDI-UEFISCDI project number PED 315/2020.
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NMR (Nuclear Magnetic Resonance) spectroscopy is a widely employed technique in the determination of
chemical compounds, and the development of miniaturized NMR spectrometers is a high topic. Due to the design
restrictions imposed by intrinsic physical limitations, the size and therefore the strength of the permanent magnets
are severely limited, limiting the NMR signal amplitude and worsening the SNR (Signal-to-Noise Ratio). Therefore,
the signal must be of the best possible resolution. Since there is a straight relationship between the homogeneity of
and the degradation of the NMR spectrum resolution, the real bottleneck is the design
the static magnetic field
of a suitable static magnetic system.
We have previously developed an NMR simulator that can predict the deterioration of the NMR spectrum taking
into account. It uses a specific function called ICF
the strength and inhomogeneity of the static magnetic field
(Inhomogeneity Convolution Function) for efficient convolution calculations (submitted paper). It is used as an
early evaluation method for the assessment of the quality of permanent magnets generated field, allowing magnet
improvement either by a redesign or by the addition of a shimming system. The simulator required inputs are (i)
in form of a magnetic mapping as the one presented hereunder or from a FEM (Finite Element Method) simulation
and (ii) an ideal NMR spectrum from, for instance, a database.

Fig.1: Magnetic mapping of the permanent magnet (i)

Fig.2: Ethanol ideal NMR spectrum from NMRDB (ii)

In this work, we employed our first-of-its-kind NMR simulator in the inhomogeneity assessment of a Pure Devices
Benchtop NMR (Pure Devices GmbH, Germany) permanent magnet without activating its shimming system, which
. The
presents in these conditions an average static magnetic field nominal intensity of approximately
charting was done by measuring the static magnetic field with a Metrolab Hall effect sensor (Metrolab Technology
SA, Switzerland) with a shape of a 32x2 probe matrix, which is a 2D plan configuration of 2 columns of 32 sensors
. We thus obtained a discrete magnetic mapping with an interpoints
with a fixed distance between sensors of
in all three Cartesian directions (Fig. 1). An NMR spectrum of the ethanol from the NMRDB
distance of
database was selected as ideal spectrum (Fig. 2). These both inputs were used in our assessment simulation.
Our NMR simulator demonstrates that the intrinsic homogeneity of this permanent magnet is not good enough
for measuring an NMR spectrum for the ethanol molecule. These results are experimentally confirmed. Therefore,
the employment of a shimming systems is necessary, otherwise the equipment is not exploitable. These results
validate our NMR simulator as a crucial support tool in the design of permanent magnets for NMR applications,
avoiding the development of, on one hand, not exploitable magnets due to a too high inhomogeneity and, in the
other hand, a too complex, expansive outperforming permanent magnets.
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Validation of semi-analytical method to design and optimize
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In this work, an algorithm based on analytical equations [3] has been implemented for automatic optimization
purposes, where the levitating characteristics of systems composed of block magnets can be easily and quickly
calculated. To validate the procedure, the results were compared with experimental measurements, where
commercial rectangular NdFeB magnets with a parallelepiped shape of different geometric dimensions were
fixed as shown in Figure 1(a), using a rectangular methacrylate guide to correctly guide the levitating magnets.
Corner cases (e.g, non-monotonic force-distance curves) are specifically analyzed and differences between the
theoretical system and the experimental devices are evaluated. As Figure 1(b) shows, the simulations agree with
the experimental measurements, but the magnets levitate at a slightly shorter distance than predicted, which is
mainly due to the tendency of the magnet to rotate through a small angle.

Figure 1: (a) experimental setup, (b) comparison (h is the levitating magnet height).
References:
[1] Beato-López, J.J.; Royo-Silvestre, I.; Algueta-Miguel, J.M.; Gómez-Polo, C., A Combination of a
Vibrational Electromagnetic Energy Harvester and a Giant Magnetoimpedance (GMI) Sensor, Sensors,
20 (2020) 1873.
[2] D.F. Berdy, D.J. Valentino, D. Peroulis, Design and optimization of a magnetically sprung block magnet
vibration energy harvester, Sens. Actuators, A, 218 (2014) 69-79.
[3] G. Akoun, J.-P. Yonnet, 3D analytical calculation of the forces exerted between two cuboidal magnets,
IEEE Trans. Magn. 20 (1984) 1962–1964.
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Levitating magnets are used in different applications, such as magnetic spring-based vibration harvesters
and sensors [1]. The device design is usually performed through a manual iterative process, using finite element
or analytic calculations, followed by a detailed simulation of the final design [2]. For the design process to be
feasible, most parameters must be set to suitable constant values; however, that approach remains cumbersome,
denies possible optimized combinations of parameters, and the characteristics of the final device often differ from
theoretical calculations.
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Advantages of nanomagnetism for detecting bio-markers in biological fluids
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Biological markers are measurable indicators of biological or physiological states. The precise identification
of bio-markers and their assignment to specific diseases or cancer have boosted research for predicting clinical
outcomes. The main handicap of current detection technologies relies on the requirement of exhausting sample
preparation or complex biochemical methodologies. Such drawback could be overcome by taking advantages of
recent progress in nanomaterials. Among them, nanoparticles have been widely employed in different diagnosis,
therapeutic, and sensing applications. In particular, magnetic nanoparticles (MNPs) have been proven to modulate
their magnetic response after specific interactions between target biomarkers and MNPs decorated with recognition
ligands. Indeed, the potential of MNPs as transducer on detection methodologies relies on: i) the variation of their
magnetic properties after specific interaction with analyte, ii) the display of the variation of the magnetic properties
through distinct physical measurements (i.e. AC susceptibility, magneto-optics, giant magneto-resistance, magnetic
resonance imaging). The latest displayers generally take long acquisition times, require relatively high-cost and/or
complex instrumentation, or need exhaustive sample preparation.
Here, we present a novel, quick, low cost and versatile methodology for magnetic detection of biomarkers in
biological fluids (i.e. buffer saline, urine, blood...), based on the variation of the AC hysteresis loops of MNPs after
interacting with an analyte (see Figure). Such detectable variations can be measured after short MNP- analyte
incubation times (< 15 min), and are associated with the increase of hydrodynamic volume and magnetic dipolar
interactions. The displayer is an semi-automate AC magnetometer taking few seconds (< 5s) for measurement.
Among all these suitable features, the most important aspect of our novel method is that the sensitivity of biomarker
detection is modulated down to 1 nM not only by the analyte-ligand interaction affinity, but by different parameters of
employed magnetic display system. We have succeeded to perform the proof of concept of this novel and versatile
magnetic detection methodology, whose potential relies on exploiting distinct strategies to alter magnetic relaxation
processes (i.e. Néel and Brownian) of MNPs dispersed in fluids. Nanomagnetism offers valuable advantages to
precisely modulate detection sensitivity for biomarker detection.

General scheme of the proposed biomarker detection method and parameters that modulate its sensitivity.
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Low-field electromagnetic tracking using 3D magnetometer
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Electromagnetic tracking systems raise interest for surgical procedures and diagnostic techniques as a solution
to overcome the limitations of current imaging techniques [1]. New systems based on integrated magnetic sensors,
rather than micro-coils, are now investigated. The study of Sharma et al. [2] demonstrates the possibility to achieve
sub-millimeter tracking precision using 3D Hall effect sensors in combination with 3D field gradients of at least
30 mT/m. However, this setup requires a bulky magnetic field generator with a large power consumption. To reduce
size and power consumption, we propose here a miniaturized system that can operate at low-field intensity for
better integrability to surgical theatre.
The magnetic generator consists of three air-core coils (3B Scientific GmbH, Germany) providing a tracking
volume of 10 cm x 10 cm x 25 cm. A dc current of 1 A leading to only 6 W power consumption is applied sequentially.
We developed two in-house magnetic cameras (4 x 4 sensors array). The first camera implements an array of 3D
anisotropic magneto-resistive sensors (MMC5603NJ, MEMSIC Inc. USA) with a resolution of 6.25 nT/LSB and an
RMS noise of 200 nT. The second camera implements 3D Hall effect sensors (TMAG5273, Texas Instruments,
USA) with a resolution of 1.2 µT/LSB and 22 µT RMS noise level. These cameras were used to measure 60 different
sensors positions at near-field which corresponds to horizontal planes located from 7 to 9 cm from the generator.
The 60 measurements were repeated at far-field which is defined here between 21 and 23 cm from the generator.
The localization was solved using an error minimization between the measured magnetic norm and the theoretical
norm which was obtained from FEM simulation (Wolfram Mathematica, Radia).
The mean absolute error (MAE) between the known sensors positions and the tracked positions is evaluated
(see figure). The magneto-resistive sensor provides steady performance with a MAE < 2 mm. A higher MAE can be
observed near-field due to the tolerance on the sensors’ sensitivity. In contrast, the Hall effect sensor shows similar
performances (2 mm MAE) only in near-field. The localization is greatly deteriorated in far-field (8 mm MAE) due to
the RMS noise and limited sensitivity.

After an averaging of 100 sensors values, the MAE is not reduced significantly for both technologies. A low-field
electromagnetic system combined with high sensitivity magneto-resistive sensors widens the path to the tracking
of surgical tools by providing a better integrability thanks to smaller field generators. Future developments including
calibration of sensors’ sensitivity will further improve the precision of the tracking.
References:
[1] Franz et al. Electromagnetic tracking in medicine -A review of technology, validation, and applications.
IEEE T-MI, 33 (2014), 1702–1725.
[2] Sharma et al. Wireless 3D Surgical Navigation and Tracking System with 100μm Accuracy Using
Magnetic-Field Gradient-Based Localization. IEEE T-MI, 40 (2021), 2066–2079.
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Magnetic Soft Tactile Sensing Surface for Palpation
in Minimally Invasive Surgery
Syrine Mansour, Gael Close
Melexis Technologies, Chemin de Buchaux 38, CH-2022 Bevaix, Switzerland
Whether performed manually with handheld instruments or as a part of a robotic system, Minimally Invasive
Surgery (MIS) is a category of surgical procedures where instruments are exclusively inserted through small
incisions or body orifices. This significantly reduces post-operative trauma, tissue damage and complications. The
downside is that the surgeon loses, at least partially, the sense of touch thereby hampering the accuracy of a
common surgical procedure. Hence, for a same procedure, open surgery may still be preferred as it permits the
surgeon to acquire a haptic feedback through performing palpation.
Allowing more dexterity in MIS is challenging. Widely used solutions are ultrasound and embedded cameras to
deliver visualisation. However, these are not providing tactile feedback. There remains a need for the surgeon to
assess tissue stiffness in order to reliably localise malignant tumours via embedded tactile sensors [1]. To address
this concern, the current work proposes a soft tactile sensing surface that is mountable on surgical instruments.
When the sensor is pressed against the area of investigation, it provides a contrast mapping of the contact surface.
The tactile sensor consists of an array of up to 24 taxels of millimeter-scale spatial resolution depending on
the application specifications, and is safe, accurate, compliant and biocompatible. The proposed sensor detects
mechanical load as its soft elastomer top layer compresses when under external force. During palpation, the
surgical instrument is pressed normally on a soft tissue which generates the movement of a number of encapsulated
neodymium magnets inside the elastomer layer. The resulting magnetic field variations are transduced via the Hall
effect and converted to digital data by the on-chip electronics. Each encapsulated magnet resides over an array
of magnetic transducers, combined differentially [2]. The parasitic sensitivities to magnetic stray fields and nearby
magnetic objects (like stainless steel instruments) are hence largely reduced. A force calibration trains a machine
learning model to extract the applied 3D force from the magnetic signals. An additional interpolation algorithm is
performed to further enhance the spatial resolution.

Fig (a) Internal palpation application.

Fig (b) 24-taxel tactile sensing surface.

Fig (c) Illustrative
contrast map.
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Magnetotactic bacteria (MTB) are aqueous microorganisms that synthesize a chain of magnetic nanoparticles
to guide themselves using the Earth magnetic field. Due to their ability to self-propel, sense the environment and
transport cytotoxic molecules [1], they are promising candidates for various biomedical applications, such as using
the bacterium as a living micro-robot guided magnetically to the desired point of actuation.
In order to develop these applications, experiments must be performed in which the bacteria swim in microfluidic
channels that mimic blood vessels, while their motion is being reliably tracked. Directly detecting the bacteria
through their stray field, using magnetic microsensors, would allow o potentially automatize the control of the
bacteria trajectories.
In this work we investigate the stray magnetic fields created by groups of MTBs, and analyze the possibility
of detecting those fields by conventional magnetic microsensors. Their magnetic footprint is studied in terms
of all relevant experimental parameters: characteristics of the solution (number of bacteria and their volumetric
concentration), geometrical parameters (size of the microchannel, positions and orientations of the bacteria) and
magnetic sensor characteristics (permeability of the material and magnetic sensitivity).
We have written a Matlab based code that automatically creates, meshes and solves a Comsol Multiphysics
model of a group of MTBs inside a microfluidic channel, as well as a sheet of magnetic material representing a
thin film based magnetic sensor (fig. 1a). The geometrical parameters of the model (e.g. positions and orientations
of the MTBs) can be either manually defined by the researcher, or automatically generated by a computer vision
algorythm that analyzes a video of the bacteria acquired through an optical microscope.
These programs allow us to simulate the magnetic field that the bacteria create in the interior of the sensor
(fig. 1b), and to investigate its dependence on several conditions, such as the degree of alignment of the bacteria
with an externally applied magnetic field.
The results are analyzed in terms of the integral of the H field over the volume of the sensor, which allows us to
discuss the contitions for the detectability of a group of MTBs using conventional thin film based magnetic sensors.

Fig. 1: (left) Comsol model (meshed) depicting a group of MTBs above a thin film magnetic sensor. (right) 3D
view of the magnetic field (Hx) created inside the sensor by the bacteria shown on the left.
References:
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Measurement of magnetic and electric pulses
of a commercial Transcranial Magnetic Stimulator (TMS)
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Transcranial magnetic stimulation (TMS) is a powerful non-invasive brain stimulation technique [1]. In TMS, a
short and intense current pulse driven through a coil is used to generate a pulsed magnetic field which induces
an electric field to stimulate the brain cortex [2]. Properties of the induced electric field (E-field) together with the
physiological parameters of the tissue determine the outcome of the stimulation and thus the efficacy of treatment
[3, 4]. However, fundamental questions still remain about how TMS parameters affect to neural response due to
brain´s inhomogeneity and shape [5]. A clear understanding of the temporal and spatial resolution of TMS coils
on the human brain would inform the optimal use of TMS for research and clinical applications [6]. Since the
experimental measurement of the induced E-field is complex, most studies are based on numerical models. Also,
E-field shape and intensity are interfered by the inhomogeneous and anisotropic conductivity distribution in the
brain [7].
We have implemented an experimental set-up consisting of an automatized positioner, a handmade probe,
and a grounded poor-conducting shield that resembles the effect of the skin in removing the conservative electric
fields. We will describe the procedure of determining experimentally the magnetic-and electric-fields generated by
a commercial TMS with both spatial and temporal resolution. Finally, we will discuss and compare the theoretical
simulations and experimental results of measurements.
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The increasing electromagnetic pollution in the last few decades has given rise to multiple studies about shielding
materials in the radiofrequency domain of microwaves due to the coexistence of a large number of operating
electronic devices [1]. In this work, we compare the shielding effectiveness of four different micro-nanosized
composite materials. The first two are micro-flake-powders consist of Fe-carbides and FeCo-alloys nanoparticles
embedded in a carbon matrix obtained by a sol-gel based-method [2]. The third one, a few-layered mesoporous
graphene powder obtained by a high energy ball milling using pure graphite flakes as precursor. The fourth one,
a mixture composite of amorphous alloy microwires of FeSiBCuNb with the previously mentioned. The scattering
matrix, S, is obtained for each paraffin-dispersed-composite prepared sample by a vector network analyzer using
a wave guide (WR90) in the X-band (8.2-12.4 GHz) both for transmission-reflection and reflection backing-metalplate measurements. A transmission reflection line calibration standard is subsequently applied to the waveguide
for decoupling coefficient errors of flanges adapters and sample holder. The intrinsic complex parameters, magnetic
permeability, and electric permittivity, as a function of frequency of the thin microwave absorbent samples are
intensively studied applying the Nicolson Ross Weir conversion procedure [3]. A variety of paraffin-dispersedcomposite slabbed samples are studied varying concentrations, thickness, and combinations of composite
materials to determine the optimal conditions to obtain an efficient microwave absorbing property, coming mainly
from dielectric losses, comparing the four interesting systems.
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High-current transducer with large bandwidth
Pavel Ripka, Noby George
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Yokeless current transducers using arrays of magnetic sensors around the rectangular busbar are linear and
lightweight, but they suffer of large frequency dependence [1]. This dependence can be compensated by digital
filters, but the residual amplitude error is still 0.7% at 1 kHz, and new problems with phase errors arise [2]. Several
circular array-based current transducers are described in literature, but their frequency characteristics was never
studied in detail. We will show analytical proof that magnetic field surrounding a long circular busbar is frequency
independent, regardless the surface effect.

ABSTRACTS · OTHER APPLICATIONS

This feature can be used to develop an accurate circular array-based coreless Hall-Effect current transducer, for
a wide range of frequencies. We propose a novel sensor shown in Fig. 1a which has a 200 mm long circular section
in the current sensing part of the busbar and which is compatible with standard 10x60 mm rectangular busbar. A
circular current sensor array is mounted in the midplane, around the circular conductor. A Finite Element Method
(FEM) based 3-D analysis of the proposed busbar part is performed with the help of eddy current solver in the Ansys
Maxwell tool. A 1000 A current excitation was used in the FEM study and the frequency was varied from 50 Hz to
1 kHz. The obtained results showed that frequency dependence is reduced from 7.5% (for rectangular busbar) to
0.045% (for novel transducer). The residual frequency dependence is caused by the finite length of the circular part
of the transducer. In the full paper we will show the results measured on prototype transducer equipped with Halleffect array of 8 MLX91209 sensors by Melexis.

Fig.1. (a) The proposed busbar transducer for the frequency independent current sensing.
The frequency dependence of external field for 1000 A current was calculated
by 3D FEM for the proposed transducer (a) and for the rectangular busbar (b).
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A Fluxgate Based Busbar Current Transducer with Frequency Invariant Point
Noby George, Pavel Ripka, and Vaclav Grim

Abstract: A fluxgate magnetic sensor-based yokeless busbar current transducer with frequency invariant points
is presented, for the first time, in this paper. The existing busbar current transducers [1], [2] suffer from the frequency
dependency issue due to the eddy currents in the massive busbar. The proposed transducer, as shown in Fig. 1a,
has a novel C-shape structure for the sensing area of the busbar. It is observed for the first time that this structure
provides two frequency invariant points on both sides (vide Fig.1b) of the C- shaped busbar. Two integrated fluxgate
sensors, in differential form, can be used to measure the magnetic flux densities at those invariant points. A Finite
Element Method (FEM) based 3-D analysis performed using the Ansys Maxwell eddy current solver provided the
exact locations of the frequency invariant points, shown in Fig.1b. A current excitation of 500 A was used in the
analysis and its frequency was varied from 50 Hz to 1000 Hz. A prototype has been made and the functionality tests
of the C-shape busbar transducer has been done in the laboratory using the integrated fluxgate sensors DRV-425
from Texas Instruments. The DRV-425 has a sensing range of ±2 mT, a bandwidth of 47 kHz, and a linearity error of
±0.1 %. In the experiment the fluxgate sensors were placed at the frequency invariant points and the flux densities
were measured at multiple frequencies varying from 50 Hz to 1000 Hz. The results obtained from the tests showed
that the error due to frequency dependency has been reduced from 16 % to 0.85 % using the proposed C-shape
busbar. This is significant improvement compared to 16 % for uncompensated and ±3 % for compensated sensor
of previous design [2].

Fig.1. The C-shape busbar is shown in (a), and (b) shows flux density characteristics and frequency invariant
point. This is a new observation, confirmed through FEM and experimental studies. The prototype C-shaped
busbar part (c) and test results (d) are shown.
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In the different techniques of near-field microscopy, the tip that acts as the microscope probe limits the
resolution and sensitivity of the system. Atomic Force Microscopy (AFM) is a powerful technique in biophysics
and nanomedicine since it allows imaging and manipulating nanostructures in physiological conditions on a single
molecule level [1]. Magnetic Force Microscopy (MFM) is an AFM-based technique where a nanometric magnetic
probe is scanned in close proximity to a surface detecting the local magnetic fields gradients near it. MFM has been
applied to the study of a variety of magnetic systems, including magnetic nanoparticles. Despite the importance of
studying magnetic nanostructures with biological applications in physiological conditions, the applicability of MFM to
these systems was limited up to now because of the difficulty in developing MFM for detecting magnetic interactions
in liquids [2]. This is a consequence of the higher damping forces acting on the cantilever when working in liquid
environment, as compared to air, which results in a significant loss of sensitivity of the MFM signal.
Focused Electron Beam Induced Deposition (FEBID) is one of the most versatile technologies for the fabrication
of nanostructures. The use of this technology for the growth of nanomagnets on different types of scanning probes
opens new paths in magnetic sensing, becoming a benchmark for magnetic functionalization [3].
The type of probes developed in this work [4] allows to optimize the MFM measurements in different environments
and facilitates the modeling of the tip-sample system by using probes of basic geometries. This optimization is
achieved on the one hand, by adapting the mechanical properties of the lever on which the magnetic element is
deposited depending on the medium, and on the other hand, by choosing the geometry and composition of the
nanomagnet to regulate the sensitivity, the lateral resolution and stray field created by the tip.
It has been shown that MFM tips grown in this way on different cantilevers allow images of optimal quality in
different environmental conditions, in vacuum and in liquid media.
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Lateral flow immunoassays (LFIA) are a tool for detect specific bio-molecules in a fast and low cost manner. The
LFIA require nanotags that specifically label the bio-marker of interest, making it detectable. Well known examples
of LFIA are the rapid COVID19 and pregnancy tests that uses latex or gold nanotags that give visual colour. The use
of magnetic nanoparticles as nanotags allows LFIA quantification and increases its robustness [1].
Until now these magnetic lateral flow immunoassays (MLFIA) require expensive laboratory equipment to
measure so small magnetic signal. We propose a new generation of portable radio-frequency refractometers that
have been succesfuly used to quantify magnetic nanotags.

This approach allows the quantification of multiple types of nanotags no matter its nature, the comparison
between a wider range of inductive sensor designs, an important increase in sensitivity, and surfaces the importance
of magnetic nanoparticles as labels.
The equivalent impedance calculation [2] and the use of Lichtenecker’s mixing formulas [3] have allow to adjust
simulated and experimental data supporting the validity of the adjustment, as well as the SRF of a planar inductor
as a measurement tool.

Figure 1. Simulations and experimental setups, data, and model adjustment results.
Acknowledgments: This work was partially founded by the University Technological Institute of Asturias
(IUTA) under grant SV-21-GIJON-03, and the Government of the Principality of Asturias under projects FICYT/
IDI/2021/000100 and FICYT/IDI/2021/000273.
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The radio-frequency refractometers developed use the self resonant frequency (SRF) of a planar inductor as
signal. The SRF of the planar inductor is affected by both the electric permittivity and magnetic permeability of the
test sample.
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Magnetic source detection is the key application for numerous high sensitivity magnetic magnetometers. In
that way, the measurement methods implement gradiometric technic as spatial filtering. However, this spatial
sampling by using software gradiometer has intrinsically some drawbacks. To reduce its associated limitations [1],
we have implemented minimization function to enlarge the capability of the system in terms of magnetic source
localization. We will explain the theoretical approach to justify the spatial transfer function improvement [2] in order
to reduce the source localization error. The analysis yields to fix the detection limit of a magnetic source by taking
account of all parameters of the measurement. We can call this approach “systemic”. Notice that we have compared
both implementations and have shown, as expected, that we enlarge the detection capability. The latter appears
more adapted for software gradiometer and reduce notably some errors of localization. Based on the classical
gradiometer relative response, the Figure 1 compares method performances in terms of 1D spatial filtering. Finally,
by using a well-qualified setup based on an IoT system [2], some detections of magnetic sources in 2D, like cars or
trucks, were given to exemplify and to enlighten the detection capability in the real world. The approach could be
generalized to all software gradiometers.

Figure 1: Ideal 1D gradiometer relative response (blue curve) compared to the classical formulation without noise
(green curve), the classical formulation with noise (dashed red curve) and a global optimization algorithm method
(black dot) versus d/h. h and d are, the gradiometer baseline and the distance between the dipole and the axis
origin, respectively. The dashed gray lines give the main intrinsic software gradiometer limitations.
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Applications, Editors: H. Weinstock (1996).
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10.1109/JSEN.2022.3156858.
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The high-frequency permeability measurement of thick magnetic material may give measurement error
because of the demagnetization effect. We have already developed a microstrip line type probe and demonstrated
permeability measurement up to 67 GHz [1]. However, the measurement error of permeability was around 50% in
1 GHz–8 GHz. The ferromagnetic frequency shifted from 1GHz to 4GHz because of the demagnetization effect of
the microstrip line type probe [1]. Our probe consists of a wide microstrip conductor (2.8 mm wide) on a dielectric
substrate (FR4), a ground plane, lead lines, and two SMA coaxial connectors. The microstrip conductor has slits to
make high-frequency current flow the microstrip conductor uniformly. The offset between the microstrip conductor
and sample was almost 50 mm via PET film. The system consists of the probe, a Helmholtz coil, a network analyzer
(Agilent Technologies N5227A), a DC power supply, and a personal computer. The experimental procedures are
similar to the previous paper [1]. Fig. 1 shows the relative permeability of the NiZn ferrite sheet (3 mm x 1 mm x
100 mm) evaluated by this method, which was compared with the Nicolson-Ross-Weir method (1-18 GHz) [2]. This
sample comprises NiZn ferrite (JFE Steel Corp., KNI-106) mixed at 52 vol% and hardened with epoxy. The reference
sample for the Nicolson-Ross-Weir method had a ring shape (7 mm in outer diameter, 3 mm in inner diameter, and
0.432 mm in thickness). Both measured values accurately corresponded, demonstrating the validity of this method.
The wide microstrip line type probe with slits can evaluate thick magnetic material accurately because the uniform
current inside the microstrip conductor prevents the error of demagnetizing effect.

Fig. 1 Measured permeability of NiZn ferrite sheet.
References:
[1] S. Yabukami, et al, IEEE Transactions on Magnetics, Vol. 58, No. 2, p. 1-5 (2022). [2] A. M. Nicolson
and G. F. Ross, IEEE Trans. Instrum. Meas., Vol. 19, 377–382 (1970).
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Due to the dependence between magnetic and mechanical properties in magnetostrictive materials, vibrations
matching the resonance frequency can be induced through alternating magnetic fields. Considering that this
resonance frequency can be affected by changes in a mass deposited over the device (Δf/f0 = -Δm/2m0), these
materials can be used to create sensors that operate remotely with little power requirements.

ABSTRACTS · MAGNETOELASTIC

Several devices have been reported demonstrating that the advantages of magnetoelastic sensors can be
used for chemical reactions monitoring [1], nanoparticle detection [2], or biomedical applications [3] among many
others. However, these devices typically rely on frequency sweep sequences to obtain spectrums from which the
resonance frequency is extracted. Each sweep can take several minutes to be acquired, making this methodology
unsuitable for fast events monitoring.
The experimental setup proposed here consists of an oscillator circuit based on the resonance frequency of the
magnetostrictive sensor (amorphous metallic micro ribbon), which is introduced into the feedback loop of a solidstate amplifier and a filter that determines resonant mode (fundamental frequency, f0). A third coil was used to sample
the frequency from the oscillator without interrupting the main power flow. In essence, with this configuration, realtime measurement of the magnetoelastic resonance can be achieved. We aim to use this system on gas sensing
applications for human health diagnosis, where fast responsiveness and remote operation are key features.

Figure 1 Three-dimensional representation of the setup (a) and the gas chamber hosting the micro ribbon (b)
and circuit schematics (c).
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[2] S. Atalay et al., Magnetoelastic sensor for magnetic nanoparticle detection, Journal of Magnetism and
Magnetic Materials, 465 (2018) 151-155.
[3] K. Yu et al, Wireless Magnetoelasticity-Based Sensor for Monitoring the Degradation Behavior of
Polylactic Acid Artificial Bone In Vitro, Appl. Sci., 9 (2019) 739.

Contact person/presenting author:
Álvaro Peña.

47

O-27

Influence of Magnetic Relaxation on Magnetoelastic
Resonance-Based Sensors
Beatriz Sisniega1, Jon Gutiérrez1, 2, José Manuel Barandiaran1, Alfredo García-Arribas1, 2
1

Departamento de Electricidad y Electrónica, Universidad del País Vasco (UPV/EHU), Leioa, Spain
2
BC Materials, Applications and Nanostructures, UPV/EHU Science Park, Leioa, Spain.

Although these soft magnetic materials present excellent
mechanical and magnetic properties, they suffer the phenomenon
of magnetic relaxation [2, 3]. This time-dependence of the
magnetization affects the resonance signal of the sensor and
can mask the changes produced by the element to be detected,
an important drawback of using these amorphous alloys as
sensors (where stable properties are crucial). Nevertheless,
this issue is not usually addressed in the literature concerning
the application of such materials as sensors. In the present
work, the influence of such a relaxing behavior is studied, at
room temperature, for an amorphous ferromagnetic ribbon of
. The effect of this relaxation on the
composition
sensor performance and possible approaches to overcome this
problem are evaluated. The magnetic relaxation was observed
by monitoring the evolution, under constant bias field, of the
magnetoelastic resonance signal (Fig. 1a), and in particular,
(Fig. 1b), which is the
the value of the resonance frequency
parameter commonly used in the magnetoelastic detection. The
relaxation was examined under different bias field values (
4, 7.8 and 10 Oe) and different amplitudes of the excitation field
20, 42, 100 and 180 mOe).
(
The study has revealed that relaxation has a considerable
effect on the sensor signal, but is very sensitive to the conditions
of the experiment. For instance, the amplitude of the excitation
field is a key factor that influences this process. Larger excitation

Figure 1: (a) Example of the changes produced
in the resonance signal of the sensor due to
magnetic relaxation during the measurement
time under a constant bias field. (b) Temporal
evolution of the resonance frequency of the
sensor under constant bias field of
Oe and different excitation amplitudes , and
numerical fittings of the relaxation curves.

mOe) resulted in a considerable decrease of relaxation times (
and in a reduction
field amplitudes (
(
). Besides, measurements of magnetic relaxation through the monitoring of
of the variation in
magnetoelastic sensors signal turned out to be a novel, simple and accurate method for the study of magnetic
relaxation processes of these materials.
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Magnetoelastic resonance sensors are usually made of
amorphous ribbon-shaped ferromagnetic alloys. In these
materials, the magnetic and mechanical properties are strongly
coupled, so that an elastic wave can be excited in them by the
application of an alternating magnetic field and detected by
the magnetic changes induced in it. Magnetoelastic sensors
can enter in longitudinal resonance at specific frequencies of
excitation. This resonant behavior is highly sensitive to different
external parameters, and can be used to design a number of
different sensing systems [1].
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We built an innovative sensor based on the interaction between nanostructures and gases using spin waves
to detect the induced magnetic changes (Fig. 1). The device is sensitive to low gas concentration of acetone,
ammonia, carbon monoxide and benzene. The presence of these substances in human breath is related to different
metabolic mechanisms, so they could be used to diagnose complex diseases like cancer [1]. When traces of these
gases diluted in air pass through magnetic nanoparticles, which are contained in a 2 mm diameter teflon tube, the
magnetic properties of the nanostructures are modified. This variation is detected by means of spin waves: due to
the known dependence of their propagation on the external field [2], their frequency will shift as the nanoparticles’
properties change. These excitations propagate along the surface of a 2 μm thick epitaxial film made of YIG (Yttrium
Iron Garnet), a ferrimagnetic insulator with a quite narrow magnetic resonance line. The frequency of the spin
waves is detected by means of an oscillator circuit connected to a frequency counter.
The device was exposed to the target gas for one minute, then purged with pure air for nine minutes. The
active material consists in 30 nm diameter magnetite (Fe3O4) nanoparticles. The sensitivity of the equipment is
under 50 ppm of the reducing gases acetone, ammonia, carbon monoxide and benzene. An important feature is
the selectivity of nanoparticles: different gases show high differenced affinities (adsorption and desorption rates),
particularly in benzene case (Fig. 2). This fact implies that a sensor array with many different nanostructures could
be built to analyze complex gas mixes. Besides, the magnetic nanoparticles are reusable few minutes after each
measurement, although in few cases the purge time should be longer to bring the nanoparticles back to their initial
state. The results show the possibility of developing new inexpensive, reusable, contactless magnetic sensors
employing spin waves as mechanism of transduction. Considering the low concentrations of the target gases, the
outcome of this novel experiment is rather promising.

Figure 1: Scheme of the device.

Figure 2: Response of the device to different
target gases.
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In this work, we focus on interconnected Ni nanowires forming a controlled 3D magnetic nanonetworks2,3. This type
of system exhibits striking anisotropic magnetic responses3 and interaction between nanowires. To understand their
collective magnetic behavior, we studied the magnetization reversal processes in the 3D-nanonetworks composed
of 55/65 nm diameter/distance nickel nanowires with a single interconnection between all the nanowires at 480
nm from the top surface (Fig. 1 a). We have characterized the system at different angles using first magnetization
curves, hysteresis loops, and First Order Reversal Curves techniques (Fig. 1 b), which provided information about
the key features that enable macroscopic tuning of the properties of the 3D magnetic nanonetwork. In addition,
micromagnetic simulations (Fig. 1 c) provided and accurate modeling of the magnetic response of the system.
The results revealed important and intense anisotropic magnetic interactions. These interactions arise as capital
for controlling the collective response of the system. The results pave the way for the design and realization of 3D
novel metamaterials and sensors based on the nucleation and propagation of ferromagnetic domain walls. We
acknowledge PID2020-118430GB-100, PID2019-108075RB-C31, PID2020-115325GB-C31 and RYC-2017-22820
funded by MCIN/AEI/ 10.13039/501100011033 and Intramural 2D-MESES 201950E057 founded by CSIC.

Fig.1. a) SEM image of 3D-Ni magnetic nanonetwork. b) Out-of-plane and In-plane FORC diagrams c).
Magnetization reversal simulations.
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Understanding the interactions between magnetic nanostructures is one of the most important factors in predicting
and controlling the advanced functionalities of Three-Dimensional (3D) integrated magnetic nanostructures1.
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The development of high speed magnetic memories and logic devices requires from the deep study and control
of the domain wall (DW) dynamics along magnetic nanostructures. Regarding this, permalloy litographied nanostrips
have been typically studied as well as more recently electrochemically grown cylindrical nanowires. A group of
materials especially suitable for the fundamental study of the dynamics of single DW motion are the glass coated
amorphous microwires with positive magnetostriction. These materials, with diameter ranging between 0.1 and 90
µm, exhibit special bistable behavior due to the combination of the high stress induced during its fabrication process
and the presence of the glass cover, with a magnetization process carried out by the depinning and propagation of
a single DW. So far, the study of the alternating motion of the DW in these materials has been based on the voltage
induced in several pickup coils wounded around the wire during the propagation of the DW (Sixtus-Tonks technique)
[1], but information about the instantaneous processes undergoing is still lacking. In this work we have studied the
oscillating motion of a single DW in a magnetic microwire with time resolution by means of the measurement of the
Matteucci effect [2] when a sinusoidal axial magnetic field is applied. This has revealed the existence of a threshold
frequency above which the DW oscillates without stopping, showing the importance of DW inertia. Theoretically,
this threshold frequency would be sensible to changes in the DW mass and damping coefficient, thus opening the
possibility to develop novel stress and temperature sensors based on this effect.

(a) Time-resolved DW Velocity for different frequencies of the applied field.
(b) Theoretical dependence of the threshold frequency on the DW mass
References:
[1] A. Jimenez, M. Vazquez, Alternating Motion of Single-Domain Walls in Uniaxial Magnetic Wire, IEEE
Magn. Lett. 5 (2014) 5000204.
[2] E. Calle, A. Jiménez, M. Vázquez, R.P. del Real, Time-resolved velocity of a domain wall in a magnetic
microwire, J. Alloys Compd. 767 (2018) 106–111.
Contact person/presenting author:
Esther Calle, Institute of Applied Magnetism, UCM- Adif.

51

O-31

Fe3O4 Nanoparticles combined with MIL100Fe(III) for water remediation
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Today, water arsenic pollution is a global concern, since many geographical areas present a persistent arsenic
contamination derived from natural weathering or anthropogenic activities. Among the current technologies to face
this problem, those based in a coupled photocatalytic oxidation of As(III) to As(V) and its posterior adsorption
stand out in terms of the overall water detoxification efficiency. In that respect, the application of Metal Organic
Frameworks (MOF) has gained attention due to their efficiency to adsorb and degrade pollutants. Nevertheless,
their potentials to face arsenic pollution are unexplored [1]. In parallel, the recovery of MOFs after operation is
complicated, a drawback that can be solved by combining them with magnetic nanoparticles. In this work we
present the adsorption and photocatalytic oxidation of As(III) and As(V) by using a core-shell structured magnetic
material based on surfactant coated Fe3O4 nanoparticles (Fe3O4 CPS) cores and MIL-100 based shells. Fe3O4
nanoparticles were prepared from coprecipitation of Fe(II) and Fe(III) salts in ammonia in the presence of the
surfactant. Afterwards, the MOF shell was directly growth at the surface of the magnetic NPs immersing them in a
sequential mode on an ethanolic solutions of FeCl3.6H2O and trimesic acid at 70ºC. After 5 cycles, the MOF-100(Fe)
shell was formed around Fe3O4 nanoparticles. The Fe3O4CPS@MIL-100 composite, was dried, magnetically
separated and fully characterized. TEM measurements corroborate the coexistence of magnetite NPs in the 5-20
nm range embedded in a MOF matrix, giving rise to nanometric agglomerates of 200-300 nm. Thermogravimetric
measurements show that Fe3O4CPS@MIL-100 is formed by 57 % of magnetite, 4% of CPS surfactant and 39 %
MOF-100(Fe). The N2 absorption-desorption isotherms confirm that Fe3O4CPS@MIL100 composite is porous, with
a surface area of 669 m2 g-1.
The materials were analysed as dual sorbents and photocatalysts for As(III) oxidation and capture. Initially,
the adsorption kinetics of MIL-100, Fe3O4CPS, and Fe3O4@CPS@MIL100 over 15ppm were measured, and the
experimental data fitted to the Bangham model (Fig. 1). In that respect, the Fe3O4 nanoparticles have been revealed
as active As(III) sorbent with an interesting capacity of 7 mg·g-1 in a 25 ppm solution. In parallel, MIL-100 exhibits a
good affinity to capture As(V) (15 mg·g-1 ). Therefore, our core-shell system exhibits both functionalities. In parallel,
the photocatalysis experiments (Fig. 1b) confirmed that our core-shell material is able to oxidize most of the As(III) –
1 ppm solution in 4 h, retaining almost all the photo-transformed As(V) species.

Fig. 1. (a) Adsorption kinetics over As(V) (pH=7, Sorbent loading= 50 mg L−1, T = 25 °C). (b) Photocatalysis
oxidation of As(III). Catalyst loading= 0.75g·L-1, UVA illumination, 250 mL of solution.
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Glancing Angle Deposition with Magnetron Sputtering (GLAD-MS) is an easy and versatile route to fabricate
arrays of nanostructures in large areas (cm2 and above) in a single processing step. In a recent work, magnetic
nanopillars have been fabricated with vertical or tilted orientation depending on whether the substrate is kept
rotating azimuthally during deposition or not, respectively [1]. Although the sputtering target was made of pure
iron, the nanopillars were partially oxidized when they were exposed to ambient conditions, therefore the final
composition was a mixture of polycrystalline a-Fe and Fe2O3 and the saturation magnetization was reduced. The
magnetic response was determined mainly by the interplay between the shape anisotropy of individual nanopillars
and an extra growth-induced uniaxial anisotropy (associated with an anisotropic surface morphology produced
by the glancing angle deposition in the direction perpendicular to the atomic flux) rather than by strong magnetic
interactions. In this new work, two improvements have been introduced having in mind future applications. On the
one hand, a buffer layer of Ti, 5 nm thick, has been used to enhance the adhesion. On the other hand, a capping
layer of Pt, 10 nm thick, prevents the oxidation, as it has been confirmed by grazing incidence X-ray diffraction.
These results pave the way for the future use of these nanopillar arrays in several applications, especially in liquid
medium.
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Poly-ether-ether-ketone (PEEK) composites present outstanding physical and chemical properties, including
radiation tolerance and compatibility with vacuum and additive manufacturing processing. Applications of PEEK
ranges from biomedical to aerospace1. Controlled 3 dimensional (3D) nanostructuring arises as a powerful approach
to generate new phenomena suitable for technological applications2. In this sense, we target to synthesize robust
and shapeable magnetic nanocomposites (NC), for sensing and electromagnetic shielding applications. For this
aim, we synthesized and characterized Permalloy (Py) nanostructured surfaces on PEEK/TiO2. These NC were
synthesized by scalable and high throughput compatible fabrication approaches: Anodization (TiO2 nanotubes)3
and hot embossing (thermal nanoimprint)4. The resulting NC are shapeable, stable below 300 ºC and vacuum
compatible. Their surfaces composes of TiO2 nanodomes filled by PEEK. Py layers (15 nm) were sputtered on NC
and flat PEEK films. The characterization included SEM, AFM, ISO-2409 Adhesion Tests, hysteresis loops and First
Order Reversal Curves. The results (see Fig.1), revealed that both type of films keep stable characteristics after
bending cycles, and noticeable modifications of the magnetic global response and local interactions generates due
to the 3D nanostructure.
This work was supported by: the Karlsruhe Nano Micro Facility (KNMF) a Helmholtz Research Infrastructure
at Karlsruhe Institute of Technology, FP7 Project WATER (G.A. 316082) and Grants PID2020-117024GB-C42 and
PID2020-115325GB-C31 funded by MCIN/AEI/ 10.13039/501100011033.

Fig.1. a) SEM image of TiO2 nanodomes surface on NC. b) AFM of the Py nanodome structure
c) In-plane and Out-of-plane FORC diagrams of nanostructured Py.
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Magnetocaloric effect in arrays of magnetite nanotubes
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Hematite (Fe2O3) nanotube arrays have been performed by atomic layer deposition technique into the
hexagonally ordered nanopores of anodic alumina membranes. Morphological characterization of the magnetic
nanotubes carried out by scanning electron microscopy points out a good filling factor exhibiting hexagonally selfordered porous structures, by replicating the former alumina template geometry. Subsequently, the hematite to
magnetite phase transition has been obtained after 180-minutes thermal annealing at 350 ºC under H2 (5%) and
Ar (95%) atmosphere [1,2]. The magnetic behavior has been studied by means of the isofield thermomagnetic
curves in the temperature range from 50 K up to 400 K (see Figure), together with the isothermal magnetization
measurements, by applying an external magnetic field up to 3 T and in the same temperature range, paying special
attention to the Verwey phase transition (120 K). In both cases the magnetic field has been applied perpendicular
and parallel to the longitudinal axis of nanotubes. Additionally, First Order Reversal Curve (FORC) analysis has
been carried out in order to characterize the overall magnetic behavior at the aforementioned temperatures and
determining the nanotubes demagnetizing factor as a consequence of the different orientations of the applied
magnetic field to the nanotubes axis. Finally, the influence of the shape anisotropy on the magnetocaloric effect in
the magnetite nanotubes arrays has been studied in the temperature range around the magnetostructural Verwey
transition.

Figure 1: Zero-field cooling (ZFC), field-cooling (FC) and field-heating (FH) protocols with the applied magnetic
field (500 K) perpendicular to the magnetic nanotubes long axis
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Electrodeposition of magnetoelastic thin films
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The use of growth methods compatible with lithographic procedures makes of electrodeposition one of the
most interesting techniques for the fabrication of magnetic sensors and actuators. Therefore, in this work we will
present our last results regarding the possibility of using electrodeposition to obtain controllable and reproducible
magnetoelastic thin films. First, we will present our work about Ni90Fe10 layers with interest because of their small
coercivity, relatively high magnetoelastic constant of 2.5 MPa, and magnetostriction constant (λ) of around – 20 ppm
[1]. We have managed to successfully grow Ni90Fe10 films with different thicknesses in which the presence of stripe
domains has been confirmed by magnetometry and magnetic force microscopy. We have also studied the influence
that stirring or the application of an external magnetic field during growth have on the stripes formation (fig. 1). On
the other hand, Fe-Ga alloys are nowadays widely investigated because of their large λ that can reach 440 ppm in
bulk, small coercivity and rare earth free composition. Although the increase of λ in the Ga-rich regime is due to the
softening of the elastic constants, we have experimentally obtained an effective B (Beff ) of -12.5 MP in sputtered
Ga-rich layers with a small thickness [2], which is pretty close to bulk B1 values in theGa-poor regime [3]. Here, we
have explored the growth conditions to achieve high quality Ga-rich FeGa by electrodeposition.

Fig. 1. Room temperature hysteresis loops of 300 nm-thick Ni90Fe10 films electrodeposited under different growth
conditions: (○) stirring and H = 0 Oe, (●) no stirring and H = 0 Oe, (■) no stirring and H = 100 Oe.
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Design of a portable susceptometer based on magnets
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Portability in magnetometers is difficult to achieve mainly due to the use of electromagnets. Some magnet
configurations, like Halbach[1], have been proved as an alternative although portability remains difficult due to the
volume of the magnets. Using soft iron together with magnets can reduce the volume required while keeping or
even improving the properties of the applied field [2]. In this work we report a portable susceptometer for the in-situ
characterization of magnetic minerals by using a new design of a magnetic circuit based on soft iron and Nd-Fe-B
magnets for the generation of the magnetic field.

ABSTRACTS · INDUCTION

Requirements for a susceptometer are both a variable magnetic field and uniformity of the field in the sample.
Our design makes use of a magnetic circuit with two gaps where the sample is measured. The intensity of the
magnetic flux in the gaps is controlled by changing the magnets position in the magnetic circuit. Uniformity is
achieved shaping the pole ends in a particular geometry. The maximum sample size is a cylinder with a diameter
of 20mm and 20mm length, dimensioned according to the size of small cores drilled in geology field campaigns.
The available magnetic fields range from 30 to 130 mT. The field is analyzed by BEM simulations which show a
magnetic field uniformity within 6%. Samples are measured with an induction system connected to an electronics
integrator. The equipment operates with different gains to adapt sensitivity to the magnetic moment of the sample. A
microcontroller based electronics carries out several tasks: controlling a set of stepper motors to move the magnets,
driving a mechanical device that holds the sample and reading magnetic field from a Hall sensor. All the system is
powered by a 12V battery and operated with a PC-based inteface. We report measurements on samples taken from
geological prospections (Pali-Aike volcano area) and compare with similar measurements from Vibrating Sample
Magnetometry (VSM). Results demonstrates the applicability of the design in the range of magnetic field achieved.

Figure 1: (Left) Design of the magnetic field generation system and uniformity of the field. (Right) Device
prototype.
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complex magnetic susceptibility in space exploration
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In this work, it is presented the calibration of a magnetic susceptometer for in-situ determination of the magnetic
susceptibility of rocks and regoliths. The susceptometer design is based on inductive methods, and its operation
does not require of sample preparation or manipulation. The current state of the susceptometer prototype consist
of a portable device with demonstrated capabilities for the determination of the complex magnetic susceptibility, i.e.
real and imaginary component of the susceptibility [1, 2].
The calibration comprises a comparative methodology with representative patterns for the real and for the
imaginary components of the complex magnetic susceptibility. However, due to the design of the instrument and
the nature of the magnetic susceptibility patterns, there are not available susceptibility calibration samples traceable
to primary patterns with characteristics compatible with this device. Under these circumstances, a set of calibration
samples were manufactured and characterized by means of reference equipment to serve as calibration samples
and calibration patterns of the real and imaginary parts separately for the NEWTON susceptometer. The calibration
procedure consisted in two steps: the manufacture of susceptibility patterns and the comparison of the results from
the prototype with those from reference equipment.

The imaginary susceptibility calibration samples were constructed using different techniques and comparing the
results with other reference equipment. The sample used for calibration is made of 2.5mm diameter steel spheres
(rolling bearing balls) distributed in a cubic lattice in a resin matrix providing both isotropic real and imaginary
magnetic susceptibility values.
The most critical parts of the instrument have been submitted to qualification tests: vibration, thermal-vacuum
and outgassing tests, applying the same requirements and test levels of those for the landing Mars mission, Exomars
2022, to demonstrate the capability of the instrument to withstand the interplanetary missions and space conditions.
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The calibration samples for the calibration of the real component of the magnetic susceptibility were made of
ferrite powder diluted in a non-magnetic epoxy resin. Four samples of different mass content in ferrite powder were
manufactured, with the following distribution: a sample with 10% (weight %), a sample with 1%, a sample with 0,1%
and a sample with 0,03% in ferrite powder. The homogeneity of the distribution of the ferrite powder within the
samples was verified with X-ray images.
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Spin-orbit torque enabled magnetic sensors and applications
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Magnetoresistance sensors, including anisotropic, giant, and tunnel monoresistance sensors are widely uses in
various applications due to their high sensitivity, compactness, semiconductor-compatible manufacturing processes,
and wide field range. However, one of the common shortcomings shared by the magnetoresistance sensors is their
complex device structure due to the requirement of delicate magnetic bias for sensor linearization and domain
stabilization, leading to significantly higher cost compared to Hall sensors. Recently we have demonstrated a spin
Hall magnetoresistance (SMR) sensor using spin orbit torque (SOT) induced field-like effective field as the built-in
linearization mechanism [1,2]. The use of SOT biasing greatly simplifies the sensor design, which consists of only
a NiFe/Pt or NiFe/AuxPt1-x bilayer. Unlike conventional magnetoresistance sensors which are typically driven by a
dc current, the SMR sensor is excited by an ac current, but the output is a dc signal due to the rectification effect
brought about by the SOT. The combination of all these features has led to a SMR sensor with nearly zero dc offset
at 1 Hz. The performance is remarkable considering its
and negligible hysteresis, and a detectivity of 0.7 nT/
extremely simple structure. We have already developed several proof-of-concept applications including current
sensing, angular position detection, vibration, finger motion detection, vehicle detection, etc.
In this presentation, we will first introduce the generic concept of sensor linearization using the SOT, including
the recently developed spin orbit torque gate sensor [3], followed by applications of SMR sensors in eddy current
testing (ECT) and self-magnetic leakage field of stainless steel sheets. The ac driving capability makes the SMR
sensor uniquely suited for ECT applications as it does not require a dedicated circuitry to detect the signal. We show
that, due to the increased output signal amplitude and frequency selectivity, the SMR sensor can resolve small and
shallow surface defects with dimensions down to 0.2 mm, without any sophisticated detection circuitry. In addition to
ECT, we show that the SMR sensor is able to map the leakage field from steel sheets directly without any external
field nor complicated signal processing. Other newly developed applications will also be discussed.
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Magnetic sensors based on the anisotropic magnetoresistance effect (AMR) are of great interest in numerous
applications. One possible application is the detection of magnetic nanoparticles [1], since these sensors present
a high sensitivity to small magnetic field changes. However, one of the challenges posed by magnetoresistancebased sensors is the difficulty to obtain accurate numerical results when predicting their magnetic response.
A theoretical evaluation of the AMR response is possible through micromagnetic simulations, because the
resistivity depends on the angle between the current and the local magnetic moment. In order to, obtain a more
realistic description, multiscale simulations are necessary [2] to fully describe the coupled effect between the
magnetization of the material and the current that flows through it. Therefore, we propose an iterative method based
on the following methodology: i) Compute the magnetization configuration in the sensor, using micromagnetic theory,
which allows us to obtain information of the magnetization at any point in the material, ii) Solve the macroscopic
current transport problem based on the resistivity resulting from the magnetic state, this is performed using a
finite element method and iii) Solve the micromagnetic problem again using the obtained current distribution from
the previous point, and then the new macroscopic transport problem. This procedure is repeated until an autoconsistent solution is found to the coupled, multiscale problem.
We present evidence of how the electric current passing through an AMR sensor is not uniform (as it is usually
considered in classical approaches). This is a consequence of the resistivity varying over the sensor volume,
depending on the magnetization state of each region. Additionally, we consider the own magnetic field generated
by the electric current flowing through the sensor. New codes have recently appeared that can incorporate this
effect [3]. The field created by the current can generate changes in the magnetization distribution of the sensor. This
produces asymmetries in the magnetoresistance curve, resulting in operating regions with increased sensitivity.
This effect is heavily influenced by the sensor geometry, especially near the electrical contacts, where the highest
current accumulation takes place. In a test sample consisting of a 10 nm thick Permalloy thin film with an elliptical
shape (320 ´ 160 nm), operating at an optimum bias field, the sensitivity of the sensor experiments a 30% increase
(from 25 mW per kA/m to 39 mW per kA/m) when the effect produced by the current is considered.
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Study of Magnetoresistance in superconducting
YBa2Cu3O7- δ quasi-one-dimensional microwires
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Vortex dynamics is a fundamental issue both, concerning superconducting applications at the macroscopic
level (wires, magnets, …) and at the small scale (superconducting microelectronics). Generally speaking, the
basic conceptual scheme where the theory of vortex interactions is established, has been mainly associated to the
configuration with the electric current density locally oriented perpendicular to the magnetic field. Thus, the physical
framework that quantifies the appearance of resistive states builds upon the concept of a ``Lorentz-like’’ drag force
on the vortex lines [1].
In this work, thin nanometric layers of YBa2Cu3O7- [2] deposited by pulsed laser deposition (PLD) have
been microstructured by means of optical lithography as microwires of 4um width, 1mm length and from 60 to
100nm thick. Isothermal magnetoresistance curves have been measured at low magnetic fields from 0 to 0.8
T for different configurations depending on the orientation between applied magnetic field, current density and
). According to our observations, in these
sample dimensions at temperatures close to the critical value (
conditions, dissipation may be related to the flux dynamics through the interplay of: (i) conventional drag forces, (ii)
thermoelectric effects, (iii) pinning by structural defects, and (iv) dimensional effects induced by flux quantization
and the size of the sample. The enhancement of one phenomenon or another may be tuned through the relative
orientation of field, current density, and sample. In particular, the experimental magnetoresistance curves show
oscillations which can be related to the entrance of individual vortex arrays, as shown by their periodicity in terms of
characteristic fields. This shows that microstructuration acquires a fundamental role for the investigation of vortex
physics.
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Fe/Al/Fe thin films: The interlayer coupling effect
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Since the antiferromagnetic coupling [1] and the giant magnetoresistance effect in Fe/Cr superlattices [2] were
observed, researchers have worked on engineering the magnetic behaviour of magnetic/non-magnetic thin layer
stacks for various sensoring applications. Recently, several synthetic antiferromagnet-based spintronic [3] and
skyrmions [4] devices have been suggested. In this work, the static and dynamic responses of symmetric systems,
consisting of two ferromagnetic Fe thin films separated by a nonmagnetic spacer layer (Al), have been analyzed
as a function of the Al thickness by performing in-plane angular dependent hysteresis loops and ferromagnetic
resonance measurements. Polycrystalline Al/Fe (3 to 20 nm)/Al and Al/Fe (10 nm)/Al (0.4 to 2.0) nm)/Fe (10
nm)/Al multilayers were grown by DC sputtering technique. The reversal behavior, shown in the hysteresis loops
(Figure 1), is accompanied by a complex magnetic response which confirms the presence of different competing
anisotropy terms. In particular, the coupling between the Fe layers has been studied by considering several energy
contributions such as the magnetic dipolar, bilinear, and biquadratic exchange interactions, together with an inplane induced uniaxial and cubic crystal anisotropies. The values of these different terms have been estimated by
fitting our experimental results through minimizing the total free energy of the system.

Figure 1: (a) Hysteresis loops of the Al(5 nm)/Fe (10 nm)/Al/Fe (10 nm)/Al(5 nm) trilayers for 0.4 (●), 0.9 (■) and
1.8 nm (▲) Al spacer thicknesses and along a hard magnetization axis (-60º). (b) In-plane angular dependence of
the coercivity field for 0.4 (●), 0.9 (■) and 1.8 nm (▲) Al spacer thicknesses.
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Rapidly quenched amorphous nanowires are suitable for micro and nanosensing devices for medical and
engineering applications [1]. Here we report on the domain wall propagation in highly magnetostrictive Fe77.5Si7.5B15
and nearly zero magnetostrictive (Co0.94Fe0.06)72.5Si12.5B15 amorphous glass-coated nanowires. All nanowires were
below 500 nm in diameter. Hysteresis loops were measured using a technique adapted for small diameters,
whilst domain wall velocity was measured through an enhanced Sixtus-Tonks-based method using multiple pickup coil systems. The samples exhibit rectangular loops, indicating a magnetization reversal through depinning
and subsequent propagation of a single domain wall when the applied field reaches the threshold value called
switching field. All samples exhibit monotonic field dependence of the wall velocity, as shown in Fig. 1 below for the
(Co0.94Fe0.06)72.5Si12.5B15 ones.

Fig. 1. Wall velocity vs. applied field
for low magnetostrictive nanowires.

Fig. 2. Wall velocity vs. nanowire diameter
for highly magnetostrictive nanowires.

Wall velocity reaches large values, as illustrated in Fig. 2 above for the Fe77.5Si7.5B15 highly magnetostrictive
samples. Nonlinear dependencies of both domain wall velocity and switching field vs. nanowire dimensions have
been found in samples with both compositions. These are specific for each composition and there are correlations
between the switching field vs. nanowire diameter and the domain wall velocity vs. nanowire diameter. Results are
explained considering the magnetoelastic and shape anisotropies, both crucial at small diameters. The results allow
an accurate control over domain wall propagation for future sensing applications.
Work supported by the Romanian Executive Unit for Financing Higher Education, Research, Development and
Innovation (UEFISCDI) through project PN-III-P4-ID-PCE-2020-1856 MaDWallS (contract PCE1/2021).
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Magnetic field actuation of magnetic particles causes the destruction of cancer cells by magneto-mechanical
effect [1]. In this paper we present a new type of Fe-Co nanowires (NWs), with large anisotropy (K) and high
saturation magnetization (Ms) [2] that can induce cancer cell death by magneto-mechanical effect. We prepared FeCo NWs with lengths of 2, 4 and 30 μm and Ms of 146 A·m/kg, by electrolytic deposition in alumina membranes, with
pores diameter of 200 nm. We studied the effect of magnetic actuation in rotating magnetic field, with frequency of
10 Hz and intensity of 800 A/m, on the viability of human osteosarcoma cells (HOS). We used NWs concentrations of
0.1 and 0.2 mg/ml and time periods for the magnetic actuation of 20 and 40 min., applied 24 h after the introduction
of the NWs into cell culture media. We found that Fe-Co NWs are biocompatible in vitro. From SEM images, we
found that NWs are on and inside the cell membranes. MTT assay shows that cell viability decreases after magnetic
actuation down to 4% for the Fe-Co NWs with lengths of 2 and 4 μm. This strong effect is due to the destruction of
cells by the actuation of NWs inside the cells and the destruction of the membrane by action from the outside. The
destruction of cancer cells using this type of NWs is stronger than the one caused by magnetic particles or other
types of NWs [3], and it is due to their high magnetization and shape magnetic anisotropy.
Work supported by (UEFISCDI) Contract no. PCE20/2021 (PN-III-P4-ID-PCE-2020-2381).
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Throughout the last decades, new processing routes and materials for non-biocidal, antifouling coatings have
been pursued [1-4]. Magnetic nanoparticles with different surfactants and polymers can be used to enhance marine
antifouling performance of the coatings [5-6]. During this study, it was found that the addition of perpendicularly
oriented to the coating’s surface magnetic tubes and hydrodynamic drag reducing microstructures prevent the
settlement of a marine biofilm. This can lead to minimized protein adsorption and also long circulation times. Thus,
this work can contribute to the development of innovative environmentally friendly low drag antifouling coatings
able to protect the vessels’ hull against biofouling and corrosion and thus considerable reduce the costs for marine
transport and infrastructures maintenance.
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The development of a compact electrical model of specifically designed GMR sensors is described in this work.
The Verilog-A high-level description language has been considered in order to provide a useful model for being
used in conventional CMOS design tools, such as Cadence Virtuoso. Dynamic (alternate current and transient)
descriptions are provided, which are mandatory for the design of high-speed requirements related to neuromorphic
approaches of imaging sensors. Example tests are displayed in Fig. 1. These results are compatible with the
previously reported experimental data.

Fig. 1. (a) Electrical scheme; (b) Frequency behavior; (c) Transient response
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Giant Magnetoresistance (GMR) sensors are the preferred option when low magnetic fields must be measured
within small volumes [1]. This is due to their inherent characteristics regarding sensitivity and flexible design, but
also to their compatibility with standard CMOS technologies, among others [2]. In this regard, GMR sensors have
recently be proposed as basic detectors in neuromorphicaly approached magnetic field imaging. The optimal design
of such complex systems require the use of compact electrical models which are compatible with conventional
microelectronics design tools [3]. Some attempts have been made in this sense, providing static or even thermal
models for such sensors, mainly for discrete components applications in electrical current sensing.
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Bioanalyses based on the detection of magnetic particles have been widely used in the recent decades due to
their many advantages [1]. Moreover, the combination of such approach with the novel achievements in the field
of additive manufacturing (3D printing) [2] for the development of microfluidic apparatus have carried out point-ofcare testing (POCT) systems to a new state. Designing such systems involves the proper selection of the magnetic
particles and sensors and the optimization of the geometry.
A finite element method (FEM) model for the analysis of microfluidics systems for the tracking of magnetic
micro-particles is described. As a test-bench, a 3D printed microchannel attached to a linear array of giant
magnetoresistance (GMR) [3] sensors is specifically considered. Simulated results (see Fig. 1) displaying the
magnetic field as well as the output of the sensors as a function of the position (two different orientations are shown)
of the particles in the microchannel will be used for optimizing the design.

Fig. 1. (a) Magnetic field; (b) Resistance vs. particle position (Mx); (c) Resistance vs. particle position (Mz)
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The cable used for shielding purposes is a medium voltage single-core cable, 20 kV and 240 mm2, allowing
for at least 1 kA current transmission. Three different types of shielding means have been designed, developed,
evaluated and presented in this paper. The first type of shielding is a relatively high permeability Fe88B12 amorphous
ribbon, wound around the power cable. The second one is the same amorphous ribbon after nano-crystallization,
used in powder form, embedded in epoxy matrix around the cable. The third type was a 10 mm thick permalloy
(Ni3Fe) film, electrodeposited on a 100 mm thick Cu ribbon, wound around the power cable.
The magnetic shielding properties have been modelled, using ANSYS finite element analysis, illustrating a better
performance concerning the permalloy-copper bilayer ribbon, attributed to the high permeability of the permalloy
and the high conductivity of the copper layer for the magnetic field and electric field shielding, respectively. However,
experimental results illustrated a mechanically robust behavior of the epoxy matrix embedded nano-crystalline
powder, as well as a relatively better shielding effect. This effect has been attributed due to the internal stresses
induced in the permalloy due to the winding process of packaging. Winding effect was less significant for the case
of the amorphous ribbon. Technical work is finally presented to provide packaging methods able to improve the
performance of the copper – permalloy bilayer, which seems more promising, provided absence of residual stresses
in the permalloy layer.
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Electric cars need high current transmission cables. The range of currents may well be in the order of several
hundred Amps, with a relatively low voltage. Both magnetic field due to the transmitted current and electric field due
to the supplying voltage, may exceed the acceptable limits for commuting passengers. For this reason, shielding
means offering attenuation of both magnetic and electric fields from these power cables are important for the proper
use of the electric car.
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1. Summary
Robotic applications require high accuracy angular encoders (<0.1° error budget) for joint position and motor
control. In this paper we present a novel design for an off-axis encoder composed of a dual-track multipole magnet
and a magnetic sensor with Silicon Hall plates [Fig.1]. The two tracks have a different number of pole pairs which
provide the magnet with the asymmetry required for the absolute position measurement. A first novel element of
this concept is the sensing method of the magnetic field. Using the patented Triaxis technology of Melexis, the
magnetic sensor can measure in the same spot both of axial and tangential field. This allows for the use of a
single two-component sensing spot for each magnetized track, increasing the compactness of the design. Such
configuration requires a special geometry for the magnet’s magnetization pattern to reduce the magnetic crosstalk
between the two tracks. After optimizing the magnet’s shape with the support of FEM simulations, a prototype has
been manufactured and characterized. Then the algorithm for the angle retrieval has been established and its
effectiveness has been validated over a large range of temperatures and assembly conditions.
2. Motivations and results

POSTER · HALL EFFECT

The novel concept bears two key advantages that are normally not addressed in the state of the art [1]. Firstly,
due to the single sensing spot per track, the sine and cosine signals describing the angular position are intrinsically
in quadrature independently from their radial position making the encoder virtually pole pitch independent. Direct
benefits are relaxed initial assembly tolerances and robustness against radial misalignments during nominal working
conditions, reducing the need for frequent recalibration. Secondly, the single sensing spot allows the reduction of
the number of pole pairs, resulting either in increased pole size and field strength and/or in the possibility of further
reduction of the magnet dimensions. Preliminary results of the concept with an 8 pole-pair magnet demonstrate a
position accuracy of ±0.022° at room temperature [Fig.2]. Measurements over temperature demonstrate a position
accuracy of ±0.044°, corresponding to 12-bit accuracy (±0.5 LSB12), for a temperature range from -20°C to +80°C.
A resolution (RMS value) of 0.0055° has been measured at 80°C.

Figure 1: Concept diagram with magnetic
sensor and the 2 sensing spots positions.

Figure 2: Plot of measured angular error at room
temperature and after calibration.
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Since several years, many studies have been interested in the development of new high-sensitivity magnetic
sensors in order to improve measurement performance. Recently, many authors propose to use magnonic
devices for the realization of such sensors. Few studies have produced and characterized such devices, but the
performances already achieved seem promising.
These devices use the dependence of spin wave propagation on external magnetic fields. Generally, a YIG
material is used as magnetic material. The realization of the system requires the application of a permanent
magnetic field saturating the material, an exciting antenna creating the spin wave by locally forcing the precession
of the magnetic moments, and a receiving antenna which measure the spin wave after propagation. The electronics
associated with this sensitive element (antennas + YIG) contains two main functions: the generation of the excitation
signal and the demodulation of the signal received. The last permits the output signal to be the image of the external
magnetic field to be sensed.

Figure 1: YIG material and associated antennas, as
a four-port network (ae and be represent incident and
reflected power electric wave, am and bm magnetic wave).

Figure 2: Amplitude of non-reciprocal transmission
parameter vs. frequency.
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To optimize the system, it is necessary to develop a global model. However, existing physical models are mainly
interested in the propagation and generation of spin waves. We propose here a global systemic approach which
treats the sensitive element as a four-port coupler. This model emphasizes the intrinsic symmetries of the sensing
element and the non-reciprocity of spin waves propagation. This work has the advantage of proposing a model
which treats in a unified way the SW propagation in a microstructured YIG as well as the reflections of the spin
waves on the edges of the YIG. Thus, it allows the evaluation of the effect of each parameter on the global response.
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The very convenient soft magnetic properties of the amorphous magnetic wires recommends them for a large
number of applications, mainly as sensors and actuators [1-3].
In this paper we report about the development of a novel magneto-impedance sensor for low power application
which require a single short excitation pulse to measure the magnetic field strength.
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The sensor consists from a 1 cm long Co68.18Fe4.32Si12.5B15 amorphous wire, having 120 um in dimeter, around
which is wounded a coil having 800 turns. A short pulse current is applied between the ends of the amorphous
wire. As a response a damped signal is induced in the surrounding coil. The amplitude of this signal is dependent
on the external longitudinal magnetic field strength. A microcontroller generates the excitation pulse, measure the
amplitude of the first oscillation and transmit the magnetic field value via UART interface. The tests were performed
using excitation pulses having duration of 1 µs. The average current requirement was calculated to around 0.8
microamperes for a sample rate of 1000 measurements/ seconds. The calibration curve of the sensor is presented
in Fig. 1. The calibration curve is stored in microcontroller memory and the microcontroller calculate the field value
in A/m unit. The measured sensitivity of the sensor is 5 mV/(A/m). The magnetic field resolution around 0.06 A/m,
being limited by the analog to digital converter of the microcontroller which for the presented results was 12 bits.

Financial support by the NUCLEU Program (PN 19 28 01 01) is gratefully acknowledged.
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This abstract reports the two designs [1] of a MEMS resonant magnetometer exploiting the torque induced by
the external magnetic field on a ferromagnetic thin film (Figure 1). Their purpose is to measure the variations of the
surrounding magnetic field over a 100μT range for magneto-inertial navigation applications [2] or to correct the bias
of the gyroscopes used in inertial measurement units.

For the two designs, a mechanical coupling was observed between the two DETFs (Double Ended Tuning
Forks). Each DETF has a noise as low as a few µHz , however, when they are both exited at their resonance, they
make the other DETF quake. An investigation undertaken thanks to a finite element software showed that the wet
HF/NH4F etching process is responsible for this. Indeed, this process leads to the apparition of etching facets on the
sidewalls, which makes a DETF no more perfectly symmetrical and therefore the resonance off balance. If a DETF
was symmetrical, the elastic strain waves produced by each beam within the DETF will cancel out in the DETF’s
anchor, which would lead to the mechanical isolation of the two DETFs [1].
Moreover, the temperature sensitivity measurements appears to be higher than expected. The curvature
magnetic materials deposited on the plates were measured thanks to a phase shifting interferometry technique. It
seems that the magnetic materials (30 µm) on their thin quartz substrate (30 µm) deformed under the influence of
the temperature and induced stress within the DETFs which change their resonance frequencies.
The understanding of those two limitations, as well as the comparison of the magnetic and acceleration
sensitivities of the two designs will give the clues to create a new geometry.

Figure 1. The two designs of the quartz MEMS magnetometer.
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As shown in Figure 3, we can identify the five parts of the magnetometer made out of a Z-cut α-quartz wafer.
First, there are the plates over which the antiferromagnetic/ferromagnetic (AFM/FM) materials stack (in red) is
deposited on, next is the pivot, then the two quartz crystal double-ended tuning forks (DETFs) (in grey) vibrating
in flexure mode used as a differential force sensor, and finally the frame of the magnetometer and the electrodes
linked to two independent frequency counters. The geometries are symmetrically designed along the X axis and/or
the Y axis in order to reduce as much as possible the sensitivities to acceleration and rotation.
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The evaluation of the magnetostriction in amorphous alloy materials, particularly in the shape of microwires,
has been performed typically making use of indirect methods through the inverse magnetoelastic effects (e.g.,
the Small Angle Magnetization Reversal, SAMR) that in some cases is not fully reliable (e.g., samples with
positive magnetostriction) [1]. Here, we report first direct magnetostriction measurement by direct detection of the
magnetostrictive elongation produced by the magnetization rotation under applied axial magnetic field, H. For that,
we use a home-made equipment with suitable induction and pickup coils, mechanical system to apply tensile stress
and a high-accuracy Linear Variable Differential Transformer, LVDT, to evaluate the microwire elongation, dl/l [2].
Measurements were performed on three different types of amorphous microwires: a) Highly magnetostrictive: i)
Two in-water-quenched Fe75Si10B15 microwire (diameters, D= 145 μm and 85 μm, respectively), and ii) Pyrex-coated
Fe79Si8B9C4 microwire (D= 16 mm), and b) Vanishing magnetostriction: iii) Co-based microwires, (Co94Fe6)15Si15B10,
and (Co95Fe5)15Si15B10, with D= 155 mm. The results are studied together with magnetization, M, measurements
under the same mechanical stress, s. The figures show representative data where the high-sensitivity of the
equipment to quantify direct magnetostrictive elongation is observed (down to dl/l=10-8). Data are analysed
considering the stress dependence of the fractional volume of transversely magnetized domains, the only truly
involved in the magnetostrictive elongation which is particularly relevant in the case of highly-magnetostrictive
bistable microwires. This method to properly quantify the magnetostriction of amorphous microwires is of particular
relevance as required in sensing elements of various mechanical sensor devices.

Figure.- Magnetostrictive elongation (dl/l) under applied tensile stress as a function of magnetization, M, or
applied field, H, on in-water and glass-coated microwires.
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Significant research effort has been made to incorporate multifunctionality into polymers to generate smart
materials that may mimic complex biological systems. Shape-memory polymers (SMP) are within this class of
materials as they allow reversible deformations under external stimuli, such as heat, electric current or a magnetic
field. Magnetic responsive SMP (m-SMP) can be designed with low magnetic particle content, allowing a remote
actuation and a thermoregulatory limit. Inductive heating or magnetorheological effects are the basic mechanisms
for a shape deformation of a polymeric matrix to occur. [1,2]

Figure 1. Magnetic hysteresis loops of the TPU+YIG composites with different wt.% of YIG nanopowder. Inset:
photograph of the experimental measurement set-up.
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UIDB/05256/2020 and UIDP/05256/2020 and the European Union and European Social Fund (FSE) and FCT
for the PhD Grant 2020.05311.BD and Spanish Ministerio de Ciencia e Innovación under the project PID2020117024GB-C42.
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In the present work, composites of thermoplastic polyurethane (TPU) with Yttrium-Iron Garnet, Y3Fe5O12 (YIG)
nanopowder, at different weight percentages, were produced through hot-pressing. A study of magnetic properties of
such composites was performed to evaluate the influence of YIG wt.% in the magnetic response. In-plane magnetic
hysteresis loops were measured in a vibrating sample magnetometer at room temperature. The results show a
clear increase in the total magnetization of the sample when increasing the YIG wt.% of the composites (Figure 1).
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It is necessary to control the composition and structure of materials to develop new technological applications.
These characteristics are important in the development of intermetallic phases, particularly, when these phases
are restricted to a narrow composition range and stable in a certain temperature range. In such cases the use
of high temperature thermal treatments for a long time is necessary. However, mechanical alloying produces
thermodynamically disfavored reactions and destabilizes equilibrium systems, which allows us to obtain nanometric
size precursor systems whose homogeneity can reduce both time and treatment temperature. In this work, different
precursors, MnCo(Fe)Ge(Si)Bx, have been obtained by mechanical alloying, which, after annealing, developed an
intermetallic austenite phase P63 / mmc (space group). Microstructure is studied by X-ray diffraction. Thermomagnetic
measurements allow us to analyze the magnetocaloric effect through the magnetic entropy change, ΔSm. Despite
the absence of martensitic transformation, the magnetocaloric response is significant. In some composition of the
studied series, this response is ascribed to a magnetoelastic transition, which is verified by detecting a variation
in the unit cell volume. This magnetoelastic transition could be described in the frame of the Bean-Rodbell model.
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The measurements of conductive and semi-conductive materials at low temperature (@2,4 K) under intense
magnetic field (up to 30 T) gives access to quantum phenomenon manifestation such has « Hall plateau » used as
resistance metrology standard (longitudinal resistance vanishes while transverse one becomes quantized [1, 2]).
To highlight these phenomenons, electrical measurments are usually performed on « Hall bar » devices designed
by means of microelectronics fabrication facilities by combining Van Der Pauw and Hall effect [2,3]. Nevertheless,
some interesting materials (graphite, HgCdTe), available in volumic samples, are not suited for this kind of
characterizations. Moreover the use of electrical contacts owns inherent experimental biases (parasitic contact
resistance, Schottky barrier or thermoelectric effect) making difficult (or impossible) the quantum phenomenon
observation.
We present a type of planar susceptometer device dedicated to contactless resistivity measurement. This
device is based on a magnetic excitation coil coupled to an inductive gradiometric coil (cf. Figure 1). The sample
to characterize is put at the center of one of the half gradiometric coil. The excitation coil will induce currents in the
sample which will expel the magnetic field. It will unbalanced the flux crossing the two gradiometric coils, inducing
a voltage across it.
We derive a simple analytical modelling assuming a cylinder shape of the sample. It is based on the superposition
of the exact solution of the magnetodynamic problem for an infinite cylinder and the modelling of the « sample
response » by a dipolar magnetic moment. This analytical model allows to take roughly into account the contribution
of the sample shape and to estimate the resistivity of the material.

Figure 1: planar susceptometer on PCB
(1:sample, 2: excitating coil, 3: gradiometric coils)
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Escoffier, and B. Jouault, Magnetic field driven ambipolar quantum Hall effect in epitaxial graphene close to
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Shape, Philips Technical Review, 20 (1958), 220-224.
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We present preliminary measurements obtained on a graphite sample into a cryostat (@2.4 K) under intense
magnetic field (10 T). The results seem demonstrate the ability of such devices to observe quantum phenomenon
such as Shubnikov de Haas resistivity oscillations.
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3D Printed Inductive Displacement/force Sensor
Kalman Babkovic, Milica Kisic, Mirjana Damnjanovic
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This paper presents a flexible inductive sensor fabricated using additive 3D printing technology. The sensor
has been produced by printing conductive material [1] using a Wanhao printer Duplicator i3. The printing process is
modified in such a way, which allow the embedding of a metal wire. The structure is thin enough to be elastic, and
therefore suitable for displacement or force measurement.
A double-spiral structure of the sensor is presented in Fig. 1. The outer dimensions are 5 cm. If the structure is
extended, the coupling between the spiral traces will decrease, while the self-inductance increases, which serves
as a measure of displacement. Different states of the sensor during extension are shown in Figs 1a and 1b. The
conductive structure’s self-inductance changes with displacement as illustrated in Fig. 1c. The sensor was tested
using the HP4277A LCZ Meter.
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The size of the sensor presented here is selected in order to compare it with previously reported flexible
sensor printed on a polyimide foil [2]. 3D technology makes a large variety of sizes and configurations possible,
which provides easy measurement range tuning. The presented sensor can enable simple, robust, and reliable
measurements.

Fig.1. a) Photograph of inductive sensor and measurement setup, b) different states of the sensor during
extension, c) measured inductance of the sensor vs. displacement.
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Setup for susceptibility measurement of rock samples
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We present a development of a novel setup for fast in-field measurement of cylindrical core samples magnetic
susceptibility with emphasis on providing high spatial resolution in core axis. In comparison to traditional field
instruments that typically measure average magnetic properties of a relatively high volume, the presented method
aims to minimize the volume and thus provide very good resolution in drilled core vertical axis and thus a resolution
in “time” for sediment samples.
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Susceptibility measurement instruments are often based on differential transformer topology to improve its
time-temperature stability [1]. The presented sensor uses the same principle but incorporates a thin magnetic core.
The purpose is to concentrate the magnetic flux into two circular areas, one is used for sample the other allows
compensation of temperature dependences of the materials. The core shape was optimized using finite element
modeling in Flux3D (see Fig.1), the main criteria being the homogeneity of sample magnetization. Both static and
AC simulations were conducted. The proposed sensor is intended for drilled rock core samples or sediment sample
acquired in cylindrical tubes, with a diameter of 50-60mm. That leads to a relatively big dimensions of the magnetic
core - 170x150mm, which limits the selection of suitable magnetic materials. We used Ultraperm 80 as it was
conveniently available and its properties should be favorable (magnetic permeability >100 000, saturation induction
of 0.74T, low coercivity, sheet thickness of 0.1mm). The material was laser cut into its final shape and covered with
a 3D-printed protection to accommodate primary excitation winding and two secondary sense windings connected
in anti-series (Fig.2). Signal generator and lock-in amplifier were used to evaluate the results. First measurements
indicate that the sensor works but with a very limited sensitivity. We plan to further optimize the primary and
secondary coil parameters, operation conditions (operation frequency and excitation amplitude), as well as provide
detailed 3D field mapping of the excitation field in the sample area.

Figure 1. FEM simulation of the core (Flux3D).

Figure 2. Final sensor prototype.
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Micromagnetic Simulations and Experimental Results on Magnetic
Nanoparticles Detection with Exchange Biased Structures
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This contribution demonstrates, by micromagnetic simulations and through experimental results, that largearea exchange biased Planar Hall Effect (PHE) sensors can successfully detect low magnetic moments generated
by magnetic nanoparticles (MNPs) placed above their surface. The choice of this sensing setup is motivated by
the relatively large detection area, large Signal to Noise Ratio and the very good thermal stability typical for PHE
sensors [1]. In this study we used a detection method based on localized reversal nucleation of magnetization
in the sensing layer induced by MNPs [2]. This mechanism is studied by micromagnetic simulations for different
sensors geometries and we found that (i) an interesting detection setup is when the magnetic field is applied in the
film plane, along the easy axis of magnetization defined by the anisotropy field HK and the exchange biasing field,
HEB, and (ii) the maximum amplitude of the output signal is found at low fields, around HEB. Also, we noticed that the
output signal is sensitive to the position of the MNPs on the sensor surface. Usually, in PHE setup, the external field
is applied perpendicular on HK and HEB in order to minimize the hysteretic effects. It is studied, also, the influence of
a biasing field, Hbias, applied perpendicular to the sensor surface. This field is used to magnetize the MNPs in order
to increase the detection sensitivity.
To find the structures suitable for MNPs detection, we studied exchange biased multilayers of the type Permalloy/
Cu(x)/IrMn deposited onto 5x5 mm2 Si substrates; x=0 – 0.8 nm. Values between 35 (for x=0 nm) to 5 Oe (for x=0.8
nm) were found for HEB, whereas values between 1.7 to 5 Oe were found for HC from AMR and PHE tests. A field
sensitivity of the PHE signal up to 15 µV/(Oe·mA) was found for x=0.5 nm when H is applied perpendicular on the
easy axis. The effect of MNPs placed above the structure’s surface was observed by analyzing the field dependence
of the PHE signal for different orientations of the applied field, H, and compared with micromagnetic simulations.
We found that, by using a simple square-shaped structure, can be detected a magnetic moment down to
2.075x10-5 emu. Further developments will be discussed.
This work was supported, for Romanian authors, by a grant of the Romanian Ministry of Education and Research,
CCCDI - UEFISCDI, project number PN-III-P2-2.1-PED-2019-3514, within PNCDI III.
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Detection of functionalized magnetic nanoparticles (MNPs) attached to biomolecules of interest has received
great attention both in theoretical and experimental works. Usually, these MNPs consist from Iron oxide nanoparticles
like maghemite or magnetite with diameters ranging from 5 to 25 nm and have superparamagnetic behaviour. This
property provides stability for magnetic nanoparticles in solutions and avoids agglomeration and false biodetection
signals. The MNPs can be magnetized by an external magnetic field and their presence (and hence the presence of
tagged biomolecules) can be detected by using specific magnetoresistive sensors through the interaction between
these MNPs and the sensing layer. Among these sensors, the giant magnetoresistance (GMR) sensors are
commonly used because of their high sensitivity, low cost and easy integration in lab-on-chip devices. In this study
we used a GMR magnetic field sensor, GF 708 from Sensitec, which can be adapted for MNPs detection. The field
sensitivity is about 13 mV/(V·Oe). The chip has a Wheatstone bridge configuration that contains four GMR sensors.
Two of these sensing elements are placed in the gap of a magnetic flux concentrator (FC) whereas the other two are
screened by the FC serving as compensating resistors. A thin protective layer was deposited over the MC and GMR
sensors. The main use of this chip is to sense external magnetic fields. When MNPs are placed over the sensor
surface, they will be distributed randomly over the sensing elements and the FC, acting like a “shunting layer” that
changes the field dependence of the output signal. We modelled this behaviour by micromagnetic simulations
considering a simple GMR structure placed in the gap of a FC without and with MNPs placed above the surface.
We found a slight displacement of the sensor output field dependence and a change of the coercive field when
MNPs are present over the sensor surface. This qualitative behaviour was confirmed through experimental tests by
pipetting aqueous solutions of maghemite MNPs (25 nm diameter, concentration of 1 mg/mL) from 0 to 1 μL, over
the sensor surface and sweeping full cycles of magnetic field between +15 to -15 Oe with a frequency of 0.01 Hz.
A small home-made Helmholtz coil, which allows application of both DC and AC magnetic fields parallel with the
sensor surface and directed along the axis of maximum sensitivity, was used. By recording the field dependence
of the output voltage, U, and representing dU/dH in function of H we found peaks that can be associated with the
coercive fields, HC, for different amounts of MNPs. The width of the hysteresis curves, ΔHC, shows a quite linear
dependence in function of the fluid volume with a slope of 0.55 Oe/μL. The dynamic behaviour was studied by
applying an AC magnetic field with frequency between 500 Hz to 15 kHz, and with an amplitude of 2 Oe; a constant
field of 3 Oe was used to bias the sensor and MNPs. By FFT analysis of the AC signal from sensor, we found the
MNPs clear signature in the first harmonic for frequencies larger than 5 kHz.
This work was supported by a grant of the Romanian Ministry of Education and Research, CCCDI - UEFISCDI,
project number PN-III-P2-2.1-PED-2019-3514, within PNCDI III.
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New magneto-electric composites with laminated structure
Ababei G., Tibu M., Lostun M., Grigoras M., Hlenschi C., Chiriac H., Lupu N.
National Institute of Research and Development for Technical Physics, Iasi, Romania.
Development of highly efficient integrated magnetostrictive sensors, actuators and transducers requires the
availability of magnetoelastic materials with high magnetostriction and low saturation fields.
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In this paper, new laminated magneto-electric composites obtained by superposing magnetostrictive melt-spun
ribbons on piezoelectric supports (PZT) were investigated. The main goal of our work was to obtain structures with
high magneto-electric coupling coefficients and high sensitivity to magnetic fields.
Fe-Ga and Fe-Si-B magnetostrictive melt-spun ribbons with thicknesses of about 27 μm and widths of 3 (narrow
ribbons-NR) to 5 mm (wide ribbons-WR) have been prepared by melt-spinning technique. The laminated composites
have been obtained as sandwich structures by gluing the ribbons on the PZT support in two configurations: on
the same side of PZT support and on both side of PZT support, respectively. The aspect ratio of 1:1, 3:3 or 6:6,
between Fe-Ga and Fe-Si-B ribbons have been used. The magnetic measurements indicate that the all ribbons are
magnetically soft, with preponderant in-plane long axis anisotropy. The saturation magnetostriction coefficients (λs)
of the ribbons, determined by the small angle magnetization rotation (SAMR) method [1], was 110 ppm for Fe-Ga
and 30 ppm for Fe-Si-B ribbons, respectively. The X-ray diffraction measurements reveal a polycrystalline structure
(consisting of a mixture of disordered bcc and DO3 phases) for Fe-Ga and an amorphous structure for Fe-Si-B
melt-spun ribbons, respectively. The sensing properties of the laminated magneto-electric composites have been
studied in dynamic mode by measuring the peak-to-peak electrical voltage (dVpp) on PZT output, when the system
is subjected to an HAC magnetic field (f= 80 Hz) and a HDC magnetic field, both being applied on direction of the long
axis of the composites [2]. The experimental measurements indicated that the magnetic field sensing properties
of laminated composites are dependent on the width and the number of used ribbons, and the configuration of
the sandwich structures as well. By increasing the number of ribbons, the dVpp increases for structures developed
with ribbons glued on the same side of PZT and decreases for structures developed with ribbons glued on both
side of PZT. The sandwich structures with NR 1:1 ribbons glued on both side of PZT presents highest sensitivity
to magnetic fields with a linear dependence of dVpp signal as function of Hac up to about 6kA/m indicating that this
configuration structure is suitable for magnetic field sensing applications.
Financial support by the NUCLEU Program (PN 19 28 01 01) and PFE Program (Contract # 5 PFE/2022) is
gratefully acknowledged.
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Fluxgate is a widely used vectorial magnetic field sensor. Its popularity is based on high sensitivity and low noise
levels compared to Hall sensors and magnetoresistors [1].
We report the first fluxgate sensor with an inkjet-printed core based on nanoparticles. Both excitation and pickup
coils were conventionally wound by copper wire; in the future, we plan to make these windings with 3D printing
technology. The target application of the printed fluxgate sensors is not a precise measurement of the magnetic
field, but electric current, position, and torque transducers, which will benefit from the sensors printed on non-planar
surfaces. Another possible application field is position sensing for wearable devices.
The ring-shaped printed core with 13 mm inner and 17 mm outer diameter has 100 layers of ink with a total
thickness of 10 µm. Details on the preparation and properties of the particles used in our homemade ink can be
found in [2]. Printing was carried out using a drop-on-demand piezoelectric Fujifilm Dimatix DMC-11610 printhead
and DMP-2831 inkjet printer with an ink printing resolution of 1016 dpi, and a 1 kHz jetting frequency.
The toroidal excitation coil has 110 turns of 0.28 mm diameter wire and the pickup coil had 1120 turns.
Our sensor is excited by the custom-made pulse generator with the power stage based on the H-bridge. The 2nd
harmonic component of the output voltage was measured by the SR865 DSP lock-in amplifier.
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The measured characteristics are shown in Fig. 1. The main advantage of the sensor is its very wide open-loop
linear range of 2 mT. The rather low sensitivity of 10 mV/mT will be increased by optimization of the core magnetic
properties.

Fig. 1 - Sensitivity of the sensor.
This study was supported by the Grant Agency of the Czech Republic within the Nanofluxgate project (GACR
GA20-27150S).
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on the orthogonal fluxgate sensors noise
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Here we examine the influence of the dimensional characteristics of the amorphous wires used to build the
magnetic core for the orthogonal fluxgate sensor on the noise performances and signal to noise ratio. The diameter
of the amorphous wire is a critical parameter when considering the design of a fluxgate magnetometer mainly
because the sensitivity of the fluxgate sensors strongly depends on the effective cross section area (figure 1) of the
magnetic wire core [1]. The sensitivity of the fluxgate sensor is important because it is involved in the calculation of
the equivalent magnetic noise. The results of these experiments suggests that apparently thicker wire perform better
in terms of noise. However we got to the conclusion that a better approach when comparing noise performances
of fluxgate sensors with different wires cores is to consider wires cores with the same diameters. Therefore in the
figure 2 a correct evaluation in term of the intrinsic noise can be done only comparing the red and blue traces that
corresponds to wires with the same diameters. The measurements were performed using an orthogonal fluxgate
magnetometer as described in [2].

Fig.1. Sensor response for 1nTpp applied magnetic field
(square waveform).

Fig.2. Noise spectra for different diameters
of the wire core.
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Fluxgate magnetometers are widely used, as they exhibit high sensitivity, while operating at room temperature.
However, their cost, as well as the need for often bulky external units (e.g. power supply and data acquisition units),
may act as negative factors.
In this paper, a new fluxgate magnetometer is presented, based on a pulsed excitation signal, offering low
power consumption and high sensitivity, while being low-cost and small in size. It can operate in open-loop or
closed-loop mode, depending on the application and the strength of the externally imposed magnetic fields. The
sensor’s racetrack topology, containing two excitation coils and one sensing coil, eliminates the effect of the sensor’s
excitation field, in order to detect only the effect of the externally imposed magnetic field. Moreover, an additional
coil is used to compensate the external magnetic field during the closed-loop operating mode.
The device is completed with the required electronics and a microcontroller to generate the sensor’s excitation
signal, receive its output, and compensate the external magnetic field through PID control. Measurements can
be transmitted in a wired or wireless manner, to the desired device (e.g. personal computer, smartphone, etc.).
The printed circuit board (PCB) of the sensor was designed and manufactured, including the electronics, as well
as a rechargeable lithium battery to demonstrate the portability of the sensor. The final device was mounted in a
3D-printed enclosure, enabling its use under a variety of conditions. Initial measurements show that the sensor is
sensitive enough to act as a magnetic anomaly detector. As a result, it can be used for geomagnetic, biomedical,
non-destructive testing, and other applications.

Evangelos Hristoforou, Laboratory of Electronic Sensors, School of Electrical and Computer Engineering,
National TU of Athens, Iroon Polytechniou 9, 15780 Zografou, Attiki, Greece.
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Orthogonal fluxgates have been traditionally based on amorphous microwires cores produced by rapid
solidification in water. While these wires allow to reach noise below 1 pT/√Hz at 1 Hz [1] for multiple wire cores
after annealing, they are difficult to produce and an many groups have been trying to use amorphous tapes as an
alternative option for the core of the fluxgates [2], since tapes are generally easier to be manufactured. The noise
levels achieved with orthogonal fluxgates based on tapes are however still larger than the noise obtained with
traditional cores based on microwires. In this contribution we study the origin of this noise using MOKE microscopy
to understand the different structures of the tapes at domain size level when used as core of fluxgates. We produced
16 orthogonal fluxgate sensors base on a single tape with 1.5 mm width and 50 mm length. The noise level of the
single sensors showed a large variation: some sensors achieved a noise as low as 10 pT/√Hz at 1 Hz (a similar
sensor based on non-annealed wire can reach a noise of 3 pT/√Hz). However, some other sensors have shown a
much larger noise, up to 80 pT/√Hz. This variation is not common in fluxgates based on wires. Thus, we investigated
the domain structures of the tapes to find the origin of this noise. Observing the domain structure of a tape with 10
pT/√Hz noise and of a worse tape providing 80 pT/√Hz noise we noticed that the former has a clear anisotropy in the
transverse direction, while the latter has mainly an axial domain structure. Additionally, we investigated the origin of
the noise in the better tapes and tried to understand why the noise is still larger than the noise obtained in wires. We
found out that the transverse domain structure is broken by axial defects in the topology of the tape which produce
axial domains to switch direction of magnetization at a random value of field.

Fig. 1. Domain structure of a tape for different excitation current and its topology.
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The fundamental mode orthogonal fluxgates based on microwires are well known for their large offset and its
temperature drift. However, an excess offset change and settling was observed when the fluxgate is operated in
open-loop and after the microwire is exposed to external magnetic field in longitudinal direction. The instantaneous
change of the fluxgate apparent offset can be explained by the magnetization reversal of the microwire inner
section [1], which is not fully saturated by the circumferential excitation field. Besides the immediate change, we
also observed slowly decaying offset change after the external longitudinal field is switched off. Similar behavior
was observed in microwire based giant magnetoimpedance sensors in the past [2]. Settling time, as the time
necessary for the offset to reach a stable condition, can reach several minutes or even hours, depending on the
applied field exposure time and amplitude. The effect is clearly observable for exposure to external fields as low
as units of µT, therefore it can compromise the operation of the fluxgate as a geomagnetic sensor and other lownoise and low-frequency applications. We previously showed that the offset change settling amplitude and duration
increases almost linearly with the external exposing field pulse length and amplitude [3]. We ruled out settling
temperature origin, excluded possible sources of settling in the fluxgate conditioning electronics and showed that
closed-loop can help to mitigate this issue. We decreased length of the microwire in order to asses effect of shorter
unsaturated inner portion of the wire. We are showing the result of offset settling time and amplitude measurements
and its dependence on different microwire lengths (20 – 80 mm) and excitation parameters. Longer wires exhibit
larger offset settling while, on the contrary, the immediate change of apparent offset seems to be the largest for the
shortest wire.
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Remote magnetic navigation (RMN) offers an ideal platform for
automating various surgical procedures. To accomplish this, the precise
localization of medical tools such as catheters is crucial for closed loop
control. However, most commercially available, dedicated mapping
systems are either not completely compatible with the magnetic fields
of an electromagnetic navigation system (eMNS) or have associated
health risks (e.g., fluoroscopy) that limits their prolonged usage during
procedures. A potential alternative is magnetic-based localization
techniques. Promising advances have been made in medical tool
localization with the use of Hall-effect sensors [1]. This work introduces a
localization method that uses the magnetic fields generated by the eMNS
that are primarily intended for tool navigation.
A gradiometer contains a PCB-mounted sensor array consisting of
three Hall-effect sensors. It is used to approximate the full magnetic
gradient tensor G. In the gradiometer configuration shown in Figure 1a),
the magnetic gradient along the sensors ys and zs axis can be directly
approximated. As the magnetic gradient tensor must be symmetric and
the magnetic field is divergence-free, the gradient values along xs are
determined as well. The rotation-invariant parameters of the magnetic
field and the magnetic gradient can be used to estimate the sensor’s
position in the workspace.
In a second step, the orientation can be approximated using the Figure 1: a) Visualization of gradiometer
eigenvectors Ei of the gradient tensor. The prototype gradiometer is based
and the magnetic gradient tensor
on three AK09970N (Asahi Kasei Microdevices Corporation, Tokyo,
ellipsoid with its eigenvectors Ei,
Japan) that have a resolution of 1.1 mT/LSB and 5 µT of RMS noise.
b) simulated localization accuracy
Unfiltered measurements show a peak error of up to 17 mT. This allows
depending on sensor spacing.
one to approximate low gradients with high accuracy. In simulation, the
influence of the distance between the sensors and the noise level on the
localization accuracy is then investigated. The simulated field model is
based on calibrated data of the eMNS CardioMag [2].
Figure 1b) shows the relationship between the sensor spacing and the localization performance. The results
show that a gradiometer with a sensor spacing d between 4 and 7 mm yields the best results.
A gradiometer with 5 mm spacing had a median position error of 3.78 mm (s = 4.69 mm) and a median orientation
error of 2.35° (s = 4.27 °) with a peak noise of 10 mT. In future tests, the simulated results will be compared to
measurements performed in an experimental eMNS.
References:
[1] S. Sharma et al., Wireless 3d surgical navigation and tracking system with 100um accuracy using
magnetic- field gradient-based localization, IEEE T-MI, 40 (2021), 2066–2079.
[2] S. L. Charreyron et al., Modeling electromagnetic navigation systems, IEEE T-RO, 37 (2021), 1009–
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Local Magnetisation Reversal in Fe-Ga Magnetic Nanostructures
Marco Coïsson1, Gajanan Pradhan1,2, Federica Celegato1, Gabriele Barrera1, Paola Tiberto1
Istituto Nazionale di Ricerca Metrologica, Torino, Italy.
Dipartimento di Chimica, Università di Torino, Torino, Italy.
1

2

The recent advances in nanofabrication techniques have given a boost to the study of artificially patterned
nanostructures for smart multifunctional systems. In case of magnetic nanostructures, the quest of the last two
decades was to gain advances in high density magnetic storage, sensor technology and magneto-logic devices
[1,2]. Large-area arrays of nanostructures are fabricated by several methods, either top-down or bottom-up.
Conventional top-down methods lead to highly ordered patterns, but their small area and the high equipment
costs limit widespread applications. Alternative bottom-up techniques generate large-area patterned structures
although less-ordered [3]. Among the important properties that need to be investigated, magnetisation processes
as a function of the applied magnetic field in patterned magnetic structures are of utmost importance for sensing
applications.
In this work, patterned Fe-Ga nanodots have been produced by exploiting either laser writing lithography (topdown, diameter between 1 and 2 μm) [4] (Fig. 1(a,b)) or self-assembling (bottom-up, diameter between 350 and
400 nm) nanospheres (Fig. 1(e,f)). The magnetic hysteresis behaviour changes significantly with the dot size (Fig.
1(c,g)). The magnetic states of Fe80Ga20 and Fe70Ga30 nanodots with different size were studied by magnetic force
microscopy (MFM) as a function of the magnetic field applied in plane. A vortex-type domain structure was obtained
for Fe80Ga20 nanodots (Fig. 1(d,h)). Changes in the amount of Ga in the alloy account for different crystal phases
and magnetostriction in the dots.
This work has been developed in the framework of the Project 861145 MagnetoElectrics Beyond 2020
(BeMAGIC).

Fig.1. Scheme, SEM images, magnetic hysteresis and MFM at demagnetized state of FeGa nanodots obtained
by laser writing (1-d) and nanospheres lithography (e-h).
References:
[1] S. Tehrani, E. Chen, M. Durlam, et al., J. Appl. Phys. 85 (1999) 5822.
[2] S.D. Bader, Rev. Mod. Phys. 78 (2006) 1.
[3] P. Tiberto, G. Barrera, L. Boarino, et al., J. Appl. Phys. 113 (2013) 17B516.
[4] Z.L. Wu, Y.N. Qi, X.J. Yin, et al., Polymers 11 (2019) 553.
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Excess ULF noise in HTS SQUID magnetometer caused by cryostat
temperature oscillations
Janošek Michal1, Dressler Michal1, Saunderson Elda2
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Dept. of Measurement, Czech Technical University in Prague, Prague, Czech Republic.
Dept. of Elec. & Electronic Engineering, Stellenbosch University, Stellenbosch, South Africa.

We report an investigation of origins of mHz-range excess noise in high-temperature-superconductor SQUID
magnetometer. The sensor (type HTM-8, Forschungszentrum Jülich, white noise <100 fT, [1]) is operated unshielded
for ultra-low-frequency, low-noise geomagnetic measurements at SANSA Space Science [2]. A 34-litre LN2 Dewar
cryostat is refilled every 3 weeks for continuous measurements. We have recently discovered a semi-stable ultralow frequency oscillation of the HTM-8 output, with a frequency about 5 mHz and an amplitude of 0.5-2 nTp-p. We
have investigated, with the help of a nearby low-noise fluxgate magnetometer, the origin of this excess noise.
We have excluded the effect of the flux-locked -loop electronic, SQUID operating point, A/D circuits, EMI, etc.
Synchronous low-noise temperature measurements of the LN2 bath revealed a clear correlation between mKlevel cryostat temperature oscillations and excess SQUID noise. The amplitude of about 6 mKp-p yielded in about
1.5 nTp-p SQUID response. These oscillations onset roughly a day after filling the Dewar, when 2/3 empty, amplitude
decreases and oscillation stop. We were not able to find such effect on SQUID output in the literature; however,
LN2 bath oscillations at higher amplitudes are known for smaller cryostats [3]. Due to operational constraints, we
cannot decrease cryostat temperature by evacuation. Therefore, we focus on mitigation of temperature oscillations.
To replicate the effect, we used similar 32-litre Dewar, with a tubular holder and variable input heat. We have found
that varying absorbed heat will start / tune the oscillations. We are reporting theoretical and practical mitigation
techniques to damp this effect.

References:
[1] Faley et al., Graphoepitaxial high-Tc squids, Journal of Physics: Conference Series (507), 2014, p.
042009.
[2] Janošek et al., Low frequency noise investigation of pT-level magnetic sensors by cross-spectral method,
2021 IEEE Sensors.
[3] D.J. Blundell and B.W. Ricketson, The temperature of liquid nitrogen in cryostat dewars, Cryogenics
(1979), pp 33-36.
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Effect of the magnetic-field on photoreduction of hexavalent chromium over
ZnFe2O4/Sm doped BiFeO3 nanocomposites
Radhalayam Dhanalakshmi, Juliano C Denardin
Magnetism Laboratory, Department of Physics, Universidad de Santiago de Chile, Chile.

The external magnetic field to the photocatalytic system, would offer the high degradation capabilities in removal
of heavy metals. In this work, for the first time, [ZnFe2O4 : Bi0.90Sm0.10FeO3; ZFO: BSFO] composite was applied for
the photoreduction of the Cr(VI) ion under magnetic field accelerated photocatalysis. The magnetic photocatalyst
ZFO:BSFO has been synthesized via hydrothermal method. Synthesized nanoparticles were characterized for
investigating the various properties using XRD, VSM, TEM, UV-DRS, and UV-Vis spectroscopy respectively. The
magnetic field accelerated photocatalytic removal of Cr(VI) were evaluated in aqueous solution under visible light
irradiation using 150W of mercury vapor lamp and the concentration of Cr was determined by measuring the
absorbance using a UV-Vis spectrophotometer. The enhanced photoreduction efficiency provided by the ZFO: BSFO
than single componenets, where the efficiency was improved in the magnetic fields over the nanocomposites. In
addition, the reusability studies of the photocatlysts have been evaluated at least for five cycles. It has been shown
that, after the photodegradation, the catalyst can be easily recovered by the application of an external magnetic
field due to its Ferromagnetic nature of catalyst. The practical implementation of this economically recycled process
effectively showed reproducible results.
References:
[1] Adriano. D. C, Trace elements in terrestrial environments, 2nd edn, Springer, (2001).
[2] Li. Z, Ma. Z, van der Kuijp. T. J, Yuan. Z, Huang. L, Sci. Total Environ., 468, 843–853 (2014).
[3] Zhao. C, Zhou. L, Zhang. Z, Gao. Z, Weng. H, Zhang. W, Li. L, Song. Y-Y, J. Phys. Chem. Lett. 11, 99319937, (2020).
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The aquatic environment and related issues have been a major concern of the public as most of our ecological
water systems are being continuously contaminated with harmful organic compounds such as toxic heavy metals
and metalloids [1-2]. The existence of these pollutants constitutes a threat to humans because of their toxicity and
the potential pollution to the food chain. These environmental problems have generated broad interest in the field
of photocatalytic reduction of heavy metals. The promotion of magnetic field on catalytic performance has attracted
extensive attention for a long time and substantial improvements have been achieved in some catalysis fields [3].
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