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José Carlos Mart́ınez-Garćıa
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Presentation

Before we begin, we would like to offer you our warmest welcome on behalf of the Organizing Com-
mittee of the 10th edition of the International Conference of Fine Particle Magnetism (ICFPM19)
to be held in Gijón (Spain) on 27–31 May 2019. This event belongs to a series of conferences
aimed at providing an international forum for discussion of the physics of these systems, their fun-
damental properties and underlying phenomena developments in methods for their preparation and
characterization, and their application.

The first Conference of this series was held in Rome in 1991. The successive conferences were in
Bangor (1996), Barcelona (1999), Pittsburg (2002), London (2004), Rome (2007), Uppsala (2010),
Perpignan (2013), and Gaithersburg (2016).

The beautiful city of Gijón in northern Spain is a magnificent, relaxed venue in which to discuss
the latest advances on Fine Particle magnetism. After an exciting program, participants will enjoy a
lively city and its fascinating environment. Gijón is in the Principality of Asturias, a region in which
the high mountains face the sea, creating an awesome landscape, just perfect for busy brains to relax.

Let’s make a wonderful conference together!
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Social programme

There will be a full programme of social events at ICFPM19, and delegates will be able to enjoy
more than a glass of wine and a bottle of cider while greeting old and new acquaintances.

These activities are included in ICFPM19 registration fee. To help us organize it, please, send us
an email to participate in case you did not check it when you registered: icfpm2019@azulcongresos.com

Sunday 26th May: Welcome reception

All delegates are invited to the Welcome Party on Sunday 26th of May from 19:30 to 21:30 at El
Tendayu.

Tendayu is the Asturian word for “stall.” In this case it refers to a wooden framework built after
models of the XV and XVI centuries. It belongs to the open-air part of the Museum of Asturias.
This is a nano-Asturias!

We will also be able to visit various traditional and antique constructions, like the hórreos, that
are little houses built on four pillars and were used to keep the grain and vegetables aways from the
animals.

A espicha is an informal buffet-style banquet held in a cider mill, usually organized to celebrate
a family event or friends gathering, or . . . ICFPM Welcome Party. Technically speaking, the word
espicha refers to the action of opening a barrel for the first time. Food is traditional and eaten up
while standing and moving from group to group. Asturian networking!

Cider, which the Romans discovered when they arrived here two thousand years ago, is more than
just a drink: it is a way of getting fun, of socialising, and of sharing. Because cider is never drunk
alone in Asturias.

Tuesday 28th May: Inspiring Women in Science Event

Conference Venue Main Entrance Hall at 18:45

The participation of young women in STEM careers is scarce. Why? We invite all ICFPM19
attendees to have a brainstorming about this together during the Inspiring Women in Science Event.

Event sponsored by:

and supported by:
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Thursday 30th May: Young Researchers Networking Event

Conference Site (Asturias Hall)
ICFPM19 will especially accommodate researchers who are early in their careers and encourage

them to become involved in multidisciplinary investigations.
A Young Researchers Networking Event will take place on Wednesday evening. PhD students,

postdoctoral fellows and young researchers are invited to share experiences and exchange contact
data in a relaxed ambience.

Senior researchers and companies representatives will be invited to publicize their collaboration
or job opportunities and to informally meet potential candidates.

Event co-sponsored by:

Thursday 30th May: 10th Edition Celebration Session

Happy anniversary ICFPM! Once upon a time a new conference named ICFPM was born in Rome
. . .
Special session on Thursday at 17:30 in the Lecture Hall (Sala Anfiteatro).

Thursday 30th May: Conference dinner

Starting at 20:30 at the Real Club Astur de Regatas (Royal Astur Yatch Club) This historical club
has the restaurant and terrace with the best views on Gijón East Bay and the beach of San Lorenzo.

Friday 31st May: Conference tour

A little history after all! Join us in the Conference Tour on Friday, starting after lunch: We will visit
the historical city of Oviedo, the capital of the Principality of Asturias.

Coffee Breaks

The coffee breaks at ICFPM19 are brought to you by:

Everyday in Asturias Hall (Exhibition area).

Lunch is on us!

Lunches will be provided every day to all attendees at Asturias Hall (Exhibition area). The lunch
price is included in the conference fee.

Please, if you have any dietary requirements, tell us at icfpm2019@azulcongresos.com.
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Venue

CONGRESS CENTRE LUIS ADARO
Paseo Dr. Fleming, 481, 33201 Gijón, Asturias

FIRST FLOOR

GROUND FLOOR

Lecture Hall

Column Room

Asturias Hall

Entrance

OUTSIDE VIEW

Entrance
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Tuning Magnetic Anisotropy in Nanostructures for Biomedical and 

Electromagnetic Applications 

Hari Srikanth* 

Physics Department, University of South Florida, Tampa, Florida, USA 

Magnetic nanoparticles have been building blocks in applications ranging from high density recording to 

spintronics and nanomedicine [1]. Magnetic anisotropies in nanoparticles arising from surfaces, shapes, and 

interfaces in hybrid structures are important in determining the functional response in various applications. In 

this talk I will first introduce the basic aspects of anisotropy and discuss resonant radio-frequency (RF) 

transverse susceptibility, which we have used extensively, as a powerful method to probe the effective 

anisotropy in magnetic materials. The tuning of anisotropy has a direct impact on the performance of functional 

magnetic nanoparticles in biomedical applications such as contrast enhancement in magnetic resonance 

imaging and magnetic hyperthermia for cancer therapy. I will focus on the role of tuning surface and interfacial 

anisotropy with a goal to enhance specific absorption rate or heating efficiency. Strategies going beyond simple 

spherical structures to include exchange coupled core-shell nanoparticles, nanowires, and nanotubes, can be 

exploited to increase heating efficiency in magnetic hyperthermia [2, 3]. In addition to biomedical applications, 

composites of anisotropic nanoparticles dispersed in polymers pave the way to a range of electrically and 

magnetically tunable materials for RF and microwave device applications [4]. This lecture will combine 

insights into fundamental physics of magnetic nanostructures along with recent research advances in their 

application to nanomedicine and electromagnetic devices. 

References 

[1] E. A. Périgo et al. Appl. Phys. Rev. 2 (2015) 041302. 

[2] Z. Nemati et al. RSC Advances. 6 (2016) 38697. 

[3] H. Khurshid et al. Appl. Phys. Lett. 104 (2014) 072407. 

[4] K. Stojak et al. Nanotechnology. 22 (2011) 135602. 

                                                      

*sharihar@usf.edu 
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Magnetoresistance as a Probe of Switching, Superparamagnetism and Exchange 

Bias in Individual Nanoparticles 
Sara A. Majetich1 

1Physics Department, Carnegie Mellon University, Pittsburgh, PA, USA 

Spintronics has transformed the field of magnetics, yet there have still been very few studies of 
magnetoresistance in nanoparticles. Early work in this area demonstrated the feasibility, but also the challenges 
of attaching single nanoparticles to electrodes and obtaining crystallographic orientation [1]. Because of their 
coatings, magnetic nanoparticles naturally form tunnel junctions, and in the proximity of a magnetic reference 
electrode they will show magnetoresistance. Here we describe three examples of how magnetoresistance 
measurements on single nanoparticles reveal new insights about superparamagnetism, exchange bias, and spin 
orbit torque switching. 

Superparamagnetism in nanomagnets is usually studied in ensembles of nanoparticles that are presumed 
to be identical and non-interacting. Models of the time-dependent magnetic relaxation are interpreted in terms 
of an energy barrier for thermally-induced reversal. Measurements on single particles provide a richer and 
more nuanced view of superparamagnetism. Here the time-dependent magnetoresistance fluctuations of 
circular (20-80 nm) and ellipsoidal (20 x 60 nm) CoFeB nanodots are measured [2]. These particles are 
magnetically stable at zero field and low bias, but can be driven into a superparamagnetic state for a range of 
magnetic fields or current densities. The different effects of magnetic field and spin transfer torque on the 
effective energy barrier are analyzed. 

When CoFeB nanodots are oxidized to form a core-shell structure, the switching and superparamagnetic 
dynamics change dramatically. With an ensemble of core-shell nanoparticles, cooling in a large magnetic field 
leads to a shift in the hysteresis loop, and the effect is interpreted in terms of exchange bias. It is possible to 
observe training effects in single core-shell nanoparticles at room temperature, with only modest applied fields 
(±500 Oe). With CoFeB particles, the surface oxide is cobalt ferrite-like, and has higher anisotropy. The 
superparamagnetic fluctuation rate is slower for small particles for a constant oxide thickness. Because the 
oxide shell is polycrystalline, oxidation can rotate the easy axis and cause reversal to occur through multiple 
step-wise rotations. The implications for superparamagnetism and exchange bias effects in chemically 
synthesized nanoparticles are discussed.  

A charge current passing through a heavy metal beneath a magnetic nanoparticle generates a spin orbit 
torque that can switch its orientation. Magnetic random access memory (MRAM) devices based on this 
switching mechanism would ideally be sub-100 nm and would have a high thermal stability factor (60-80). 
However, measurements of spin orbit torque switching have focused on larger structures with lower thermal 
stability. Here we show how conductive atomic force microscopy (CAFM) can detect reversal of a 20 nm 
nanomagnet with a thermal stability factor of 85. From our results, the charge current density needed for spin 
orbit torque switching is estimated to by only 15% of that needed for spin transfer torque reversal, and has an 
estimated write energy of 0.1 femtojoule. This approach is promising for low power MRAM. 

Acknowledgements  

S.A. M. acknowledges support from the US National Science Foundation grants DMR-1410680 and 
ECCS-1709845. 

References 
[1] S. K. Piotrowski, M. F. Matty, and S. A. Majetich, IEEE Trans. Mag. 50, (2014) 2303704. 
[2] M. Bapna, B. Parks, S. D. Oberdick, Sara A. Majetich, Hamid Almasi, and Weigang Wang, Phys. Rev. Applied 10, 

(2018) 024013. 
[3] M. Bapna and S. A. Majetich, Applied Physics Letters 111, (2017) 243107. 
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Mesoporous silica nanoparticles as drug carriers against bone diseases  

María Vallet-Regí* 

Department of Chemistry in Pharmaceutical Sciences, School of Pharmacy, Universidad Complutense de Madrid, 

Instituto de Investigación Sanitaria, Hospital 12 de Octubre i+12, Madrid 28040, Spain.  

Networking Research Center on Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN), Madrid, Spain 

Mesoporous silica nanoparticles have already proven to be adequate nanocarriers for various chemical 

and biological species. For instance, they are valuable tools when carrying antitumor agents selectively to a 

tumor tissue, and releasing them there thanks to the application of an external stimulus. We use the term smart 

because those nanocarriers are able to release the drugs when and where they are needed. The surface of our 

nanosystems can be decorated with molecules able to recognize specifically tumor cells and to trigger the 

penetration of nanocarriers into them. The main advantage of developing selective nanocarriers able to 

accumulate only in tumor tissues are: increased selectivity of the therapy, which allows reducing the cytotoxic 

dosage; higher control over the administered doses; and the reduction of side effects, because the drugs will 

not be distributed throughout the whole body. Taking into account that most anticancer drugs are cytotoxic, 

their release must take place only inside tumor cells. Moreover, a rationale design of mesoporous silica carriers 

could be also employed for the treatment of other bone diseases such as infection and osteoporosis. 

References 

[1] G. Villaverde et al. Angew. Chem. Int. Ed. 58 (2019) 3067. 

[2] N. Encinas et al. Acta Biomaterialia. 84 (2019) 317. 

[3] R. Castillo, D. Lozano, M. Vallet-Regí. Bioconjug. Chem. 11 (2018) 3677. 

[4] V. López et al. ACS Appl. Mater. Inter. 32 (2017) 26697. 

[5] M. Martínez-Carmona, Y. Gunko, M. Vallet-Regí. Pharmaceutics. 4 279. 

[6] B. González et al. Acta Biomaterialia. 68 (2018) 261. 

[7] M. Vallet-Regí, M. Colilla, I. Izquierdo-Barba. The Enzymes. 44 (2018) 35. 

[8] D. Pedraza, J. Díez, I. Izquierdo, M. Colilla, M. Vallet-Regí. Biomed. Glasses. 4 (2018) 1. 

[9] M. Vallet-Regí. Pure and Applied Chemistry. (2019) 
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Magnetic Nanoclusters and Nanoparticles 

G. C. Hadjipanayis1,*, F. M. Abel1, O. Tosun1, S. Pourmiri1, D. J. Sellmyer2, R. Skomski2,  

B. Balasubramanian2, V. Tzitzios3 

1Department of Physics and Astronomy, University of Delaware, Newark, DE 19711, USA 
2Department of Physics and Astronomy, University of Nebraska, Lincoln, NE 68588, USA 
3Chemical Engineering, Khalifa University of Science and Technology, Abu Dhabi, UAE 

 

In this presentation, I will review the research achievements in our collaboration program with the 

University of Nebraska on the synthesis and characterization of novel magnetic nanoparticles and clusters. Our 

particles program spans a wide range of interests from basic studies to technological applications that include 

permanent magnets, high density recording media and biomedicine. One of our major objectives is the control 

of nanometer-length-scale and crystal structure to synthesize novel materials with high magnetization, large 

magnetocrystalline anisotropy and high ordering temperatures using non-equilibrium fabrication techniques. 

In the past few years, our work has been focused on the following materials i) nanoparticles with properties 

drastically different from bulk made by cluster beam deposition (Co2Ge, MnSi, CoSi, Co3Si), ii) low 

temperature chemical synthesis of the high anisotropy L10 structures (FePt(Bi) and CoPt(Bi)) for magnetic 

recording media and most recently iii) Fe3O4-Au clusters for biomedical applications.  

Work supported by DE-FG02-04ER46152 and DE-FG02-90ER45413. 

                                                      

* hadji@udel.edu  
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The structure and dynamics of finite-size magnetic systems elucidated by 

neutron scattering 

Helmut Schober* 

Institut Laue-Langevin, Grenoble, France 

Magnetic systems of finite size, from molecules to nanoparticles, are fascinating objects of investigation 

both from a fundamental point of view and due to their broad range of applications. Neutron scattering is an 

ideal tool to investigate those systems both in what concerns their magnetic structure as well as their 

excitations. In my presentation I will first introduce the basic principles of these investigations. The exceptional 

depth and breadth of the method will then be illustrated by a selection of recent examples. These examples 

will include the magnetization distribution of finite spin chains, the characterization of the entanglement of 

magnetic states in coupled molecular magnets and its comparison with more classical spin relaxation, as well 

as the magnetization properties of magnetic nanoparticles. 

                                                      

*schober@ill.fr 
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Physical Structure and Magnetic Properties of Magnetic Nanocomposites 

C.L. Dennis1,*, J.A. Borchers1, A.J. Jackson1, J.W. Shih2, A Cresce2, R M Briber2, L.E. Woodard3, A. 

Attaluri3, E. Velarde3, C. Dawidczyk3, P.C. Searson3, M.G. Pomper3, R. Ivkov3, C. Grüttner4, and J. 

Cappello5 

1National Institute of Standards and Technology, Gaithersburg, MD USA 
2University of Maryland, College Park, MD USA 

3The Johns Hopkins University, Baltimore, MD USA 
4Micromod Partikeltechnologie, GmbH, 18119 Rostock-Warnemünde, Germany 

5Protein-Polymer Technologies, Inc., San Diego, CA USA 

Magnetic nanoparticles have extensive applications in biomedicine, environmental management, and data 

storage, to name just a few.  However, in recent years, applications have arisen for magnetic nanoparticles 

incorporated into a nanocomposite, where the matrix can be both soft (e.g., polymer) and hard (e.g., silica).  

This is typically to combine desired properties of the different materials (for example, optical/CT contrast with 

magnetic contrast for imaging for theranostics).  Furthermore, depending on the application, the total 

dimensions of the nanocomposite can range from the nanoscale to the macroscale.  Here, we will discuss the 

impact of the incorporation of magnetic nanoparticles into a nanocomposite on the magnetic behaviour and 

correlate this with the physical structure of the nanocomposite. 

We consider two systems.  The first is iron oxide nanoparticles incorporated into a silica matrix [1], and 

the second is iron oxide nanoparticles incorporated into a silk elastin-like polymer (SELP) matrix [2].  In the 

hard matrix case, the matrix material was found (using small angle neutron scattering) to actually intercalate 

into the magnetic nanoparticles themselves.  For thin (< 100 nm) coatings, this changed the magnetic behaviour 

of the iron oxide nanoparticles dramatically.  Specifically, a horizontal loop shift appeared, most likely due to 

the formation of a complex iron silicide at the surface.  For thicker coatings (> 100 nm), a significant increase 

in the coercivity and a reduction in the saturation magnetization were observed.  This coercivity change is due 

in part to the immobilization of the iron oxide nanoparticles, so that they cannot align relative to each other 

and the applied magnetic field.  In the soft case, the pore size in the polymer matrix and the coating on the 

surface of the nanoparticle played a significant role in determining the physical structure.  The structure of the 

SELP resembles a web-like network in which the nanoparticles ideally align along the SELP fibers. When 50 

nm diameter magnetic nanoparticles were incorporated, they were found (using small angle neutron scattering) 

to form the longest chains that mimic the SELP structure; in contrast, the 30 nm diameter magnetic 

nanoparticles fell out of the SELP structure completely and the 80 nm diameter magnetic nanoparticles 

aggregated into large clusters and smaller chains within the SELP. The 30 nm and 80 nm nanoparticles did not 

fit easily within the pores of the SELP network mesh, whereas the 50 nm particles integrate well with the SELP 

polymer matrix. The coercivity increased with increasing interparticle magnetic interactions, tracking the 

particle separation imposed by the SELP matrix.  The impact of these behaviors on the desired application will 

be discussed.  In conclusion, knowledge of both the nanocomposite structure and the interaction of the 

magnetic nanoparticles within it will help to tune the magnetic behaviour of the nanocomposite for the desired 

application. 

References 

[1] L. E.Woodard, C. L. Dennis, J.A. Borchers, A. Attaluri, E. Velarde, C. Dawidczyk, P.C. Searson, M.G. Pomper, and 

R. Ivkov, Scientific Reports, 8 (2018) 12706. 

[2] R. Dandu, A. Cresce, R. Briber, P. Dowell, J. Cappello, and H. Ghandehari, Polymer 50 (2009) 366-374. 
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New, low rare hearth, high coercivity nanostructured magnets 

J.M. Barandian1,2,*, A.M. Schönhöbel2, R. Madugundo 3, D. Salazar2, A. Martín-Cid2, A. Aubert2,  

G.C. Hadjipanayis3 

1University of the Basque Country (UPV/EHU). Bilbao, Spain 
2Basque Center for Materials, Applications and Nanostructures (BCMaterials). Bilbao, Spain 

3University of Delaware. Newark, DE, USA 

The scarceness and critical character of Rare Earth (RE) has promoted the search of Dy free NdFeB 

magnets and other phases containing less RE, as the RE-Fe with ThMn12 structure (1:12), which can substitute 

partially the current widespread RE magnets. The good properties of the high RE content magnets can be 

achieved in those RE lean compounds by tailoring the microstructure into the nanometer range. In this work 

we will discuss the coercivity enhancement in nanostructured Dy free NdFeB magnets [1] by grain boundary 

diffusion, and in NdFeMo 1:12 phases by melt spinning and nitrogenation. Grain boundary diffusion of a 

Pr3(Co,Cu) eutectic alloy in Nd-lean Nd10Fe84B6 nanocrystalline ribbons increases the coercivity from 0.5 T 

to 2.5 Tesla. High resolution electron microscopy show that the excess a-Fe present in the initial samples gives 

rise to a RE-Fe intergranular phase and a layer of (Nd,Pr)2Fe14B close to the surface of the grains. In NdFeMo 

1:12 alloys, coercivity can reach over 0.6 Tesla by nitrogenation of nanocrystalline melt spun ribbons having 

about 300nm grain size. Finally, we report the fabrication of laboratory scale 1:12, Sm-Fe-V based sintered 

magnets, which also show a finely grained nanostructure with average grain size of 13 nm, and coercivities 

over 1 Tesla after hot pressing and annealing [2]. 

References 

[1] D. Salazar et al. Appl. Phys. Lett. 113 (2018) 152402. 

[2] JALCOM (2019) Accepted. 

                                                     

*manu@bcmaterials.net 
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Exploring Magnetic Disorder at the Nanoscale 

D. Peddis1,2*, N. Yaacoub3, R. Mathieu4, K. N. Trohidou5, D. Fiorani1  

1Istituto di Struttura della Materia-CNR, 00015 Monterotondo Scalo (RM), Italy 
2DCCI, Università di Genova, Via Dodecaneso 31, I-16146 Genova, Italy 

3IMMM, UMR CNRS 6283, Le Mans Université, 72085 Le Mans Cedex 9, France 
4Department of Engineering Sciences, Uppsala University, Box 534, SE-751 21 Uppsala, Sweden 

5Institute of Nanoscience and Nanotechnology, NCSR “Demokritos,” 153 10 Aghia Paraskevi, Attiki, Greece  

 

Nanoscience became in the last two decades one of the most important research areas in modern science 

generating new knowledge frontiers. In particular, magnetic nanoparticles (MNPs) show many interesting 

phenomena due to their unusual physical properties strongly correlated with their size and morphology. Among 

the relevant features of the size reduction of MNPs, the occurrence of surface magnetic disorder deserves a 

special attention as it strongly modifies the magnetic properties of the materials. In the case of magnetic 

nanoparticles with surface to volume ratio (S/V) higher than 1 (i.e. for spherical nanoparticle with diameter 

below 5 nm) the fraction of spins lying at/or near the surface produces a great enhancement of surface 

anisotropy and magnetic frustration due to the spin disorder. In this frame, this communication will present 

two kinds of nanoparticle systems with very high S/V ratio, highlighting the effect molecular coating and 

peculiar  magnetic structure in  hollow nanoparticles with R > 1. 

Surface molecular coating can produce strong changes on the surface magnetism and then it provides a 

further tool to tailor the magnetic properties of nanoparticles. We investigated the effect of coating 5 nm 

CoFe2O4 particles by diethylene glycol (DEG) and oleic acid (OA). The results of DC susceptibility and 

Mössbauer spectroscopy measurements together with theoretical modelling, based on electronic structure 

calculations and Monte Carlo simulations, reveal the effect of different ionic distributions on the particle 

surface, due to the different surfactant layers, on the magnetic properties. An unexpected increase of the 

saturation magnetisation and the blocking temperature, and a decrease of the coercive field was observed DEG 

coated CoFe2O4 nanoparticles with respect to nanoparticles coated by OA, This can be  attributed to the larger 

atomic magnetic moments and to the lower magnetocrystalline anisotropy of the DEG sample as was 

demonstrated by DFT calculations[1].  Starting from these results and having in mind the exploration of “the 

no man’s land” [2] of system with very high value of R > 1 hollow iron oxide nanoparticles with external 

diameter ∼9.4 nm has been investigated. High-resolution transmission electron microscopy images confirmed 

the crystalline structure and the presence of an ultrathin shell thickness of ∼1.4 nm, implying, to the best of 

our knowledge, the highest value of R observed in the literature (R ≈ 1.5). These hollow nanoparticles have 

been investigated by AC/DC magnetization measurements and using zero-field/in-field 57Fe Mössbauer 

spectrometry. The zero-field hyperfine structure suggests some topological disorder, whereas the in-field one 

shows the presence of a complex magnetic structure that can be fairly described as due to two opposite pseudo 

speromagnetic sublattices attributed to octahedral and tetrahedral iron sites. Such an unusual feature, observed 

for the first time in crystalline materials, is consistent with the presence of non-collinear spin structure 

originated from the increased surface role due to the hollow morphology. Such a complex local spin structure 

evidenced from Mössbauer experiments was correlated with the exchange bias effect observed at low 

temperature by magnetization measurements. Monte Carlo simulations on a ferrimagnetic hollow 

nanoparticles unambiguously corroborate the critical role of the surface anisotropy on the non-collinearity of 

spin structure in our samples. Tuning of the magnetic properties trough the control of the degree of  the surface 

disorder represents an interesting perspective in developing magnetic nanoparticles based materials[3] 
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Magnetic Small-Angle Neutron Scattering as a Tool to Investigate Nanoscale 
Spin Inhomogeneity 

Andreas Michels* 
University of Luxembourg 

The technique of magnetic small-angle neutron scattering (SANS) allows the investigation of nanoscale spin 
inhomogeneity within the bulk of magnetic materials, for instance, type-II superconductors, permanent 
magnets, magnetic steels, perovskites, shape-memory alloys, or nanoparticles and ferrofluids [1]. The origin 
of magnetic SANS is due to spatial variations in the magnitude and/or direction of the magnetization vector 
field. In this talk we discuss the recent experimental and theoretical progress made in the understanding of 
magnetic SANS. This includes the study of the effect of the Dzyaloshinskii-Moriya interaction in 
microstructural-defect-rich materials [2], and the usage of micromagnetic simulations for understanding the 
spin structure of nanoparticles beyond the single-domain form-factor concept [3-5]. 

 

 
(a) Difference between spin-up and spin-down SANS cross sections of a nanocrytsalline Terbium sample. The 
asymmetry is due to the breaking of structural inversion symmetry at defect sites (grain boundaries). (b) 
Corresponding real-space magnetization distribution (taken from [2]). 
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From nanostructure to individual characterization of iron oxide based 
nanoparticles 
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Magnetic nanoparticles (NP) based on iron oxides, such as magnetite and Co-ferrite, are widely used in 
many applications since they are easy to synthesize and functionalize and they have high values of both the 
saturation magnetization and anisotropy. However, obtaining an optimum magnetic performance and enough 
reproducibility are still open issues due to their critical dependence on nanostructure, oxidation state, surface 
chemistry, and interparticle interactions. The complexity in disentangling all of these factors limits the ability 
to quantify their actual effects on the functional response of the NP. Meeting these challenges requires 
advanced synthesis methods and a precise and systematic characterization of the samples. Regarding the 
former, we apply chemical methods based on the high-temperature decomposition of organometallic 
precursors with accurate control of both the reaction temperature and the concentration of the reactants that 
have proven successful to synthesize monodisperse iron oxide NP with tunable crystalline quality, shapes, 
and sizes between a few nm and about 50 nm. The structural, magnetic and electronic properties of 
individual NP are addressed by combining High-Resolution Transmission Electron Microscopy (HRTEM), 
X-ray Photoemission Electron Microscopy (PEEM), X-ray Absorption Spectroscopy (XAS), X-ray Magnetic 
Circular Dichroism (XMCD) and Magnetic Force Microscopy (MFM). 

In this work, we study with single-particle sensitivity the electronic and chemical properties of size- and 
shape-selected Fe3-xO4 NP by means of PEEM. The local XAS data reveal that the oxidation states and cation 
distribution of the individual NP may show a striking local variability even when the average structural and 
magnetic parameters of monodisperse ensembles appear homogeneous and size-and sample-independent [1]. 
Our results show the key role of the oleic acid concentration during the synthesis reaction on the formation 
and distribution of the Fe phases within the individual NP.  

The importance of the NP crystalline quality is stressed by a set of four samples of stoichiometric, 
monodisperse 8 nm CoFe2O4, synthesized with a progressive degree of structural disorder, that exhibit 
phenomena ranging from bulk-like ferrimagnetic (FiM) order to glassy magnetic behaviour [2]. Note that 
such a strong magnetic degradation is not present in other FiM NP such as Fe3O4. Complementary HRTEM 
and element-specific XMCD hysteresis loops data show that all the cationic sites progressively lose collinear 
FiM order as the NP become more structurally defective. In particular, Co2+ Oh sites are significantly more 
affected by the breaking of superexchange paths, evidencing the cornerstone character of these sites on the 
destabilization of the collinear order in CoFe2O4 NP with tunable structural defects. 

Finally, we report on the MFM characterization of the magnetic domain configurations in cubic, 
individual Fe3-xO4 NP, with a lateral size of 25–30 nm. The orientations of these domains provide a direct 
observation of the magneto-crystalline easy axes in each individual NP [3]. Furthermore, the domain 
reorientation with an external magnetic field suggests magnetization reversal by a coherent rotation process 
that is also predicted by micromagnetic simulations. 

This work highlights the necessity of a deeper knowledge of the formation pathways, phase 
coexistence, crystalline nanostructure and surface chemistry of NP to improve the understanding over 
electronic and magnetic phenomena at the nanoscale. 
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Towards the Quantitative Mapping of 3D Spin Textures in Nanoscopic Objects 
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Besides their inherently small size, magnetic nanostructures exhibit to an increasing extend complex spin 

textures that vary at the atomic length scale. Accordingly, ultra-high resolution techniques are required in order 

to unveil and quantify these spin textures in three dimensions. The talk reviews in examples state-of-the-art 

magnetic characterization techniques as provided by modern transmission electron microscopy.  

Skyrmions [1] are topologically non-trivial vortex-like spin textures that are envisioned to be soon utilized 

for spintronic applications [2]. Knowledge about the full three-dimensional spin texture is of particular 

importance here. A combination of inline and off-axis electron holography (EH) is used to quantitatively 

reconstruct the projected in-plane magnetic field pertaining to both the helical and the skyrmion lattice phase 

of chiral magnet Fe0.95Co0.05Ge [3]. In combination with electron tomography and by magnetostatic simulations 

it is shown, that (i) the amplitude of the projected in-plane magnetic induction is too small to originate from 

homogeneous Bloch Skyrmions extending throughout the thickness of the magnetic layer and that (ii) the 

underlying spin textures are rather modulated in all three dimensions [4]. 

It is further highlighted that electron magnetic chiral dichroism (EMCD) – complementary to the above 

approaches – probes the out-of-plane component of the magnetic induction. EMCD measurements on 

individual FePt nanoparticles have allowed to quantitatively reveal the ratio of orbital to spin magnetic 

moments [5]. The technique in general suffers from low signal-to-noise ratios (SNRs). However, we have 

shown that upon optimizing, e.g., the structure facture by proper choice of the zone axis orientation, the SNR 

can be effectively improved [6]. Recent experiments further show that EMCD promises to allow for atomic 

resolution magnetic characterization upon combining it with local probe techniques such as, e.g., electron 

vortex beams [7]. 

Acknowledgements  

This research is supported by NSF Grant No. ECCS-1609585. M. J. S. also acknowledges support from the 

NSF Graduate Research Fellowship Program Grant No. DGE-1256259. A. L. and D.W. have received funding from 

the European Research Council (ERC) under the Horizon 2020 research and innovation program of the European 

Union (Grant Agreement No. 715620). A.L. and B.R. have received funding from the German research foundation 

(DFG) within the Priority Program SP 

References 

[1] A. N. Bogdanov and A. Hubert, J. Magn. Magn. Mater. 138 (1994) 255. 

[2] N. Nagaosa and Y. Tokura, Nature Nanotechnology 8 (2013) 899. 

[3] M.J. Stolt et al., Adv. Func. Mater. 2019 (2019) 1805418. 

[4] S. Schneider et al., Phys. Rev. Lett. 120 (2018) 217201. 

[5] S. Schneider et al., Ultramicroscopy 171 (2016) 186. 

[6] D. Schneider et al, Phys. Rev. Mater. 2 (2018) 113801. 

[7] D. Pohl et al., Sci. Rep. 7 (2017) 934. 

Invited Talk Page 27 of 206



ICFPM 2019 10th International Conference on Fine Particle Magnetism 
 

 

Blocking, remanence and exchange coupling properties of weakly and highly 
interactive cobalt ferrite based nanoparticles 
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Magnetic core/shell nanoparticles (NPs) combine different physical and chemical properties in a unique 
object and may contribute to the improvement of the whole of their performances in catalysis, biomedicine 
and environmental applications [1,2]. Here we compare remanence curves and both magnetic blocking and 
exchange coupling properties for dilute ferrofluid and powder samples of cobalt ferrite based nanoparticles. 
Low field DC magnetization, AC susceptibility, hysteresis loops, isothermal remanent magnetization and DC 
demagnetization techniques are employed to investigate the role of interparticle magnetic interactions on the 
superparamagnetic relaxation, the magnetic anisotropy, the exchange bias field and on the superspinglass state 
in closely packed particles. The samples used herein are 3 nm sized spinel type nanocrystals made of a cobalt 
ferrite core covered by a layer of maghemite on its outermost surface and can be obtained as aqueous colloidal 
dispersions thanks to this core/shell strategy [1,3]. They show large anisotropy attributed to an enhanced 
surface contribution and the blocking temperature is shifted towards higher values as interparticle distance 
decreases. For all investigated diluted liquids and powder samples the frequency dependency of the peak 
temperature is well accounted by a Vogel–Fulcher law, with the insertion of a phenomenological temperature 
associated to the magnitude of interparticle dipolar interactions. The fractional change of the peak temperature 
per decade of frequency enlightens the presence of interactions between particles in dilute liquids and of a 
spinglass-like state in powder samples. The remanence curves always show global demagnetizing behavior, 
attributed to the combination of both spin surface disorder and interparticle dipolar interactions, the former 
being predominant in isolated nanoparticles and the latter in powder samples. However, in the most compacted 
powder, exchange interaction between surface ions of different particles becomes more pronounced and 
promotes an additive magnetizing effect [4]. The shift of the hysteresis loops under field cooled condition is 
also measured for varying cooling fields. In dilute frozen dispersions, it is related to a purely intraparticle 
exchange bias because nanoparticles are noninteracting and well apart from each other.  In powder samples, 
the exchange bias effect arises then from an interparticle coupling through the “supershell matrix”, formed by 
the NPs shells at contact, inside which the cores are embedded [5]. The training behavior is well described by 
a model considering frozen (pinned) and rotatable components with different relaxation rates at the interface. 
The results point to interfaces between highly frustrated surface spins that rearrange up to one order of 
magnitude times more slowly than more inner reversible spins corresponding to better coordinated atoms. 
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Functionalized Magnetic Nanoparticles to Tackle Cancer 
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Along with surgery, chemotherapy is the main modality to treat tumors in clinics. There are several FDA 

approved chemotherapeutic agents, including doxorubicin, cisplatin, paclitaxel etc., however together with 

beneficial actions against tumor cells the drugs also have severe side effects due to their non-specific action 

against healthy cells. On the other hand, the use of heat to reduce tumor mass is very ancient. Nowadays, many 

techniques allow to precisely focalize the heat in very specific body regions resulting in treatments that are 

more efficient and minimize side effects. Magnetic nanoparticles can act as heat mediators under alternating 

magnetic fields in the so-called “magnetic hyperthermia”. With the advent of non-hydrolytic methods for the 

preparation of magnetic nanoparticles, better control in terms of size, size distribution and crystallinity has 

been achieved. All these parameters affect structural and magnetic properties of nanomaterials and thus their 

heat performance. Here, I will first focus on our recent progress on the use of cubic shaped iron oxide magnetic 

nanoparticles as delivery tool for heat-mediated drug delivery. In a second part, I will report about our in vitro 

study to target magnetic nanoparticles to ovarian cancer cells overexpressing folate receptors by means on 

antibody fragments and to combine platinum-based drug delivery and magnetic hyperthermia. I will cover all 

topics from the synthesis, to the functionalization and characterization, to the drug loading and in vitro 

characterization, to the in vivo efficacy study on xenograft tumor murine model. In addition, the bio-

distribution studies and the slow clearance of iron oxide nanocubes over a period of three months have 

indicated the absence of toxicity, suggesting the use of such nanoplatform as a multifunctional theranostic 

agent. 
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The integration of the spin degree of freedom in charge-based electronic devices has revolutionized both 

sensing and memory capability in microelectronics. Further development in spintronic devices requires 
electrical manipulation of spin current for logic operations.  

In this presentation I will show several examples of graphene-based devices that work along this direction. 
The mainstream approach followed so far, inspired by the seminal proposal of the Datta and Das spin 

modulator [1], has relied on the spin-orbit field as a medium for electrical control of the spin state [2]. However, 
the still standing challenge is to find a material whose spin-orbit coupling is weak enough to transport spins 
over long distances, while also being strong enough to allow their electrical manipulation. In our recent works 
[3, 4], we demonstrate a radically different approach by engineering a van der Waals heterostructure from 
atomically thin crystals [5], and which combines the superior spin transport properties of graphene with the 
strong spin-orbit coupling of MoS2, a transition metal dichalcogenide with semiconducting properties. The 
spin transport in the graphene channel is modulated between ON and OFF states by tuning the spin absorption 
into the MoS2 layer with a gate electrode [3]. Our demonstration of a spin field-effect switch using two-
dimensional materials identifies a new route towards spin logic operations for beyond CMOS technology. 
Furthermore, the van der Waals heterostructure at the core of our experiments opens the path for fundamental 
research of exotic transport properties predicted for transition metal dichalcogenides [4], in which electrical 
spin injection has so far been elusive. 

An alternative way to exploit spin currents for logic operations is the recent proposal of a spin-orbit logic 
[6] which takes advantage of the discovery of new spin-to-charge conversion effects (spin Hall effect, Rashba-
Edelstein effect, spin-momentum locking). Finding routes to maximize the conversion efficiency is thus 
crucial. We show how to achieve a very large spin-to-charge voltage output at room temperature by combining 
Pt with a graphene channel [7], opening up exciting opportunities towards the implementation of these spin-
orbit-based logic circuits. 
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Control of magneto-static and -dynamic properties  

by stress tuning in Fe-Si-B amorphous microwires 
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Ferromagnetic amorphous glass-covered microwires consist from metallic core and glass shell and have 

micro size (~10-30μm). These magnetically soft glass-coated microwires form a part of perspective magnetic 

materials suitable for prospective applications related to coding systems [1], magnetic field and stresses 

sensors [2], and biomedicine [3]. During the fabrication process, internal stresses arise inside the wire: 

solidification stress, stress arising due to the difference of thermal expansion coefficient for metal and glass, 

stress arising due to the drawing process. Co-existence of several types of internal stress leads to certain 

distribution of the stress components (radial, axial and cylindrical) along core radius. Radial stress 

distribution inside the microwire metallic core determines its micromagnetic structure and, as a results 

magnetic features. 

The factors, which influence the internal stresses in Fe-based glass coated amorphous microwires were 

discussed in this work in relation to the magnetization behaviour and domain wall propagation [4-7]. The 

approach taking into account the technological parameters of manufacturing by Ulitovsky-Taylor method is 

presented. These parameters affect both the crystalline structure and stress distribution in metal core of 

microwire. The magnetization process and domain wall dynamics in Fe-based microwires produced under 

different conditions and analysed on the basis of internal stress formation. This formation was controlled by 

achieving different microwire states: as prepared, after glass removal and after annealing. It is demonstrated 

that the residual stresses in wires of the same composition are not defined exclusively by their dimensions 

but depend on the technological regime. The stress modification due to relaxing treatments also proceeds 

differently in wires produced under different conditions. These conclusions are evidenced by comparing the 

domain wall mobilities which strongly depend on the internal stress. Competition between the magnetostatic 

and magnetoelastic coupling leads to possibility to vary the magnetization mechanisms and, as a results a 

number and value of the switching fields. This tuning can be widely use for applications (sensors, memories 

and coding systems). In additional, the size effect on the magnetization process is considered and analysed.  

TEM, SEM, XRD analysis were used to study the structural properties. Magnetic field dependence of 

the velocity of the domain wall propagation was measured by Sixtus-Tonks method, the hysteresis loops – by 

induction or vibrating sample magnetometry methods and both the local nucleation fields distribution and 

magnetostriction coefficient – using special custom devices. Micromagnetic structure was simulated via the 

three dimensional Landau-Lifshitz-Gilbert equation solving. 
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Ordered assemblies of magnetic nanoparticles often exhibit properties that do not exist once the particles 

are dispersed. Most characteristic examples of linear assemblies are found in nature, namely in magnetotactic 

bacteria (MTB). These bacteria biomineralize iron in a genetically-driven process to form magnetic iron-oxide 

(or -sulphide) nanoparticles organized in linear chains. The chain assembly bestows MTB with a strong 

magnetic dipole that couples to the Earth’s magnetic field and serves as a compass to navigate towards 

favourable habitats. Importantly, the linear assembly of magnetic nanoparticles has a distinct signature in 

ferromagnetic resonance (FMR) experiments, which provides us with the opportunity to develop methods to 

detect and characterize fossil remains, which are a proxy for geo-environmental conditions. At the same time, 

by studying such particle systems we explore deeper the limit of magnetism on the nano scale. 

In this talk, I will discuss the application of Ferromagnetic Resonance spectroscopy (FMR) in studying 

linear chains of magnetic nanoparticles in MTB [1,2] and show how we can use this method to perform both 

qualitative and quantitative studies of cultured and natural MTB and their fossil remains [2]. By means of 

forward modeling and fitting of FMR spectra, we can extract the anisotropy contributions in chain assemblies, 

i.e., magnetocrystalline and dipolar fields, in absolute units. Further, through detailed analysis we can associate 

FMR spectra with structural features and infer structural information of nanoparticle assemblies from FMR 

experiments. This method enables the quantification of nano-scale anisotropy phenomena in a single 

measurement and could be key for the further development of particle magnetism and the optimization of 

diverse nano-magnetic applications. 
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In an ideal magnetic system, all magnetic particles are identical in both their physical and magnetic 

properties.  In reality, no matter what method is chosen for the synthesis, there are distributions in their physical 

(size, composition, crystallinity, etc.) and magnetic (moment, coercivity, anisotropy, etc.) properties.  

Furthermore, when a collection of these particles is measured, the interactions between the particles (and the 

distribution in these interactions) can predominate.  The First Order Reversal Curve (FORC) analysis method 

has been shown to be a good qualitative tool for detecting differences in such collections of magnetic particles.  

However, since the technique relies upon determining the distribution function: 

𝜌(𝐻𝑅 , 𝐻) = −
1

2
𝜕2𝑀(𝐻) 𝜕𝐻𝑅𝜕𝐻⁄  

where 𝑀 is the magnetization, 𝐻 is the applied field, and 𝐻𝑅 is the reversal field, proper calculation of the 

numerical derivative when there is no analytic function expressing the 𝑀 versus 𝐻 relationship is necessary if 

the technique is to be made quantitative. 

In this study, we have measured the magnetization as a function of applied magnetic field for a large 

number of reversal fields on a system of 200 nm long Ni nanorods (20 nm diameter) randomly dispersed and 

embedded in a hydrogel.  We then performed FORC analyses on this data set using several of the different 

methods (running average, local regression, etc.) presently being used in the community, as well as a new 

method using cubic splines developed at NIST, to calculate the distribution function 𝜌.  Here, we develop 

metrics to assess the quality of each of these methods for FORC analysis. These metrics include the residuals 

in the magnetic moment and the standard error in the moment calculated from the predicted behaviour relative 

to the measured behaviour, as determined by each analysis method.  By presenting these metrics as a function 

of field for different reversal fields, we also highlight regions where each method becomes problematic, similar 

to the way we earlier showed the effect of experimental conditions on the noise in the results. 
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Peroxidase catalytic activity of iron oxide nanoparticles and its effect on 
biological systems 
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The potential applications of ferrite nanoparticles in biology and medicine have been widely studied 
in the last decade. Most research are been devoted in the use of these nanoparticles in oncologic treatments 
based in the magnetic fluid hyperthermia (MFH) and the drug delivery. Although MFH has been an 
interesting promise for tumor treatment, until now it has only been used in a complementary way with other 
traditional treatments such as radiotherapy and chemotherapy, since tumor reduction has not been achieved 
solely with the heating of the particles. Recently, as the nanoparticles can be multifunctional, the idea to 
combine different properties of these nanostructures has been generalized. In this area, theranostics 
nanomedicine is an emerging field where diagnosis and treatment are combined using the same material.  

The iron oxide nanoparticles have the ability to catalyze the peroxidase activity by Fenton's reaction. 
This reaction is known since the late nineteenth century, and consists in an oxidative reaction where Fe+2 and 
Fe+3 ions catalyze a peroxidase-like reaction with the production of free radicals (Reactive Oxygen Species - 
ROS). These radicals can cause cell death, and can be used in cancer treatments combined with the 
hyperthermia treatment. 

Here we identify and quantify, by Electron Paramagnetic Resonance (EPR), the formation of free 
radicals by the catalytic activity of different ferrite nanoparticles. EPR using the spin-trap DMPO allows 
analyze the concentration of OHo and OOHo produced by each nanoparticles system as function of time. In 
particular, we have analyzed the reaction produced by Fe3O4, its oxidized phase (γ-Fe2O3), and Mn and Ni 
ferrites nanoparticles. Our results clearly show that the catalytic activity depends on the nanoparticles 
composition, varying the specific radical formation as well as the total amount of radicals. We have also 
found that, as in all catalytic activity, the free radicals production depends on the nanoparticles 
surface/volume ratio. On the other hand, this activity also depends on the symmetry of the environment of 
the Fe+2 and Fe+3 ions. 

The EPR identification and quantification of free radical was contrasted with the results of ROS 
formation, measured by photoluminescence, in in-vitro experiments using BV2 cells. Finally, we will discuss 
the future perspectives of this multifunctional behavior of the nanoparticles in different applications in 
nanomedicine. 
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Colloidal synthesis of inorganic nanocrystals gives an attracting opportunity to create a wide range of 

multicomponent nanostructures that open up additional possibilities for manipulation of matter physical 

properties. It clearly enables the combination of different phases, providing a very powerful approach for the 

creation of smart materials with novel properties, not found in their own constituents [1]. Typically, by seed 

mediated growth under optimized operating conditions differently architected granular hetero-nanustructures 

can be designed, including core-shell nano-objects, nano-aggregates, raspberry-like particles, hetero-

coagulates or embedded multicores systems (Figure 1). All of these architectures have of course the 

advantage of exhibiting large interfacial surfaces but they have also the richness of responding differently to 

an external chemical and/or physical stimulus (magnetic, electric, optic…). 

 

 

 

 

 

 
Figure 1.  Schematic description of the main isotropic in shape granular hetero-nanostructures usually 

reported in the literature: a) core-shell, b) embedded, c) raspberry-like and d) nano-aggregates. 

In this context, we were interested by using colloidal chemistry in order to prepare one of the most 

important classes of magnetic granular nanomaterials, exchange-biased ones. This class consists of a proper 

combination of two different magnetically ordered materials, e.g. ferro- or ferrimagnetic (F) and 

antiferromagnetic (AF), through epitaxial interfaces. This combination gives rise to the exchange bias (EB) 

phenomenon, which is correlated to the magnetic coupling between the spins of the two phases at their 

interfaces, when they are cooled through the Néel temperature TN of the AF under an applied high magnetic 

field. EB feature usually leads to a shift along the magnetic field axis and an increase in coercivity of the 

hysteresis loop [2]. In most of the cases, the largest fraction of remanent magnetization is given by the F 

component and the role of the AF constituent is to keep the moment in a fixed direction. 

There are now thousands of reports on the production of E-biased core-shell or inversed core-shell [3], 

nano-aggregates [4] or multicores embedded [5] structures, but, for all of them, different material processing 

routes were used, making a simple comparison between their magnetic responses quite hazardous. So, by 

applying colloidal chemistry exclusively, we succeeded to prepare all these architectures working on a 

unique chemical system and we investigated how the morphology impacted their EB feature. We focused our 

study on oxide based granular composites, made up cobalt monoxide (CoO) and iron or cobalt ferrite oxide 

(Fe3O4 or CoFe2O4). All the obtained results are discussed, highlighting the complex interplay between the 

dipolar interactions, the exchange anisotropy and the F phase magnetocrystalline anisotropy. 
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Multiscale modelling of the structural characteristics and the magnetic behavior of nanomaterials, 

consisting of magnetic nanoparticles, is a powerful tool for the understanding of their magnetic properties. 

Multiple models at different length scales are used simultaneously to describe our systems: a) First-principle 

electronic structure calculations are employed for the evaluation of the nanoparticles anisotropy, magnetic 

moment and the exchange coupling constants. b) These parameters are input in an atomic scale model of 

single nanoparticles taking into account their size and morphology.  c) A mesoscopic model based on a 

Monte-Carlo approach is introduced to simulate assemblies of nanoparticles by rescaling the atomic scale 

modelling parameters of magnetic core/ surface nanoparticles by reducing the number of spins to be 

simulated to the minimum necessary to satisfactorily represent their magnetic structure [1]. Two examples 

will illustrate the new possibilities offered by our multiscale modelling in the field of magnetic nanoparticles 

and ferrofluids suitable for biomedical and energy applications.  

First, we study the magnetic behaviour of nanoclusters of ultra-small MnFe2O4 nanoparticles covered 

by albumin. The electronic structure calculations show that the albumin coating reduces the surface 

anisotropy and the saturation magnetisation in the nanoparticles leading to lower values of the coercive field 

in agreement with the experimental findings [3]. The albumin coated clusters, formed during the coating 

process, are composed of exchange coupled nanoparticles resulting to high irreversibility temperatures and 

the assembly of the clusters exhibits a super spin glass (SSG) behavior.  Remarkably the SSG freezing 

temperatures and the ΔΜ plots are very similar in the coated with albumin and the uncoated MnFe2O4 

nanoparticle systems providing evidence that the strength of the dipolar interactions is not affected by the 

presence of the albumin.  

Next, a diluted binary ferrofluid of MnFe2O4 and CoFe2O4 nanoparticles has been investigated. Monte-

Carlo simulations of the magnetic properties having input from cryogenic TEM images and the measurement 

of element-selective hysteresis curves, allowed quantifying the effect of inter-particle interactions on the 

magnetic properties for each of the two magnetic phases [4]. It is shown that even at a low particle 

concentration, MnFe2O4 and CoFe2O4 nanoparticles interact through short distance magnetic dipole 

interactions within small nanoparticle clusters, which results at the micro scale in the sizeable reduction of 

the magnetic coercivity for the CoFe2O4 component, and in the increase of magnetic coercivity for the 

MnFe2O4 one. 

In both examples our results are compared and they are in good agreement with the experimental 

findings.  
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Finding the Needle in a Haystack:  

Picogram Detection Enabled by Nonlinear Magnetization 
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Materials Science Division, Argonne National Laboratory, Lemont, IL 60439, USA 

Magnetic nanostructures engineered using top-down techniques have been extensively studied from the basic 

science point of view, as well as owing to their application in various fields, such as energy-efficient spintronic 

concepts, sensing, and life sciences [1]. One area of interest deals with non-linearity of magnetic response such 

as the irreversibility effects associated with magnetization reversal in confined geometry.  Thus, here we report 

on experimental studies of driven magnetization reversal of “on chip” and unbound patterned ferromagnets, 

focusing on the non-linearity that can be controlled by design of the geometric parameters of the samples, their 

saturation magnetization, the magnetocrystalline anisotropy or nanoscale interfacial and geometrical 

alterations serving as local pinning sites. We show that the non-linearity features allow one to effectively reject 

the background noise contribution when detecting these materials remotely. For a particular case of micron-

size FeNi elements the detection sensitivity as low as sub-100 individual particles in 5x5x5 mm3 volume was 

demonstrated [2]. This translates into ~40 pg of magnetic material or a magnetic moment of 3.5 x 10-12 A·m2, 

the sensitivity that surpasses the already impressive detection performance of commercial SQUID 

magnetometers designed for extended objects and room-temperature applications. Importantly, these labels, 

while being magnetically silent in the absence of external magnetic fields, possess unique and distinct size-, 

geometry- and material-dependent properties that can be remotely interrogated with high fidelity by means of 

low frequency circuitry [3].  
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The measurement of the temperature dependence of dc and ac magnetization provides an indispensable 
tool to study magnetic nanoparticle assemblies, allowing the identification of supermagnetic transitions and 
single-particle features. Here we highlight the importance of performing demagnetizing-field corrections on 
such curves, studying the case of dense, random assemblies of spherical Fe oxide particles. We show that 
demagnetizing-field effects can lead to shoulder peaks and other experimental artifacts in such magnetization 
curves, demonstrating how these (otherwise misleading) features can be successfully removed by the 
application of a straightforward correction method [1]. After correction, the cusp-like peak in χ′(T) curves 
from thin (~ 10 micron) cylindrical assemblies is narrower and more reminiscent of a spin-glass than the peak 
observed in thicker (~ 1 mm) assemblies of the same particles. We suggest that this is due to a difference in 
one or both of the following factors (currently not taken into account in the correction): (a) nanoparticle 
packing-fraction distribution and (b) the degree of non-uniformity in the demagnetizing field. The application 
of the demagnetizing field correction to a thin, ordered (i.e., self-) assembly of the same nanoparticles suggests 
the existence of an anisotropy contribution additional to the assembly’s shape anisotropy (demagnetizing 
fields). 
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Magnetic skyrmions [1] are nanometric spin textures of outstanding potential for applications in memory 

storage devices or spintronics [2,3] due to unique features governed by their non-trivial topology. Most of the 

works in the literature report on skyrmions in systems with broken inversion symmetry allowing the 

Dzyaloshinskii–Moriya exchange interaction (DMI) either in ultra-thin multilayers of transition metals and 

materials with strong spin-orbit coupling or in non-centrosymmetric compounds [2,4,5]. Both Néel (hedgehog) 

and Bloch skyrmions can be stabilized in the above-mentioned cases due to the interplay of DMI, uniaxial 

magnetic anisotropy and magnetostatic interaction. In this work, Néel skyrmions were detected by using 

magnetic force microscopy techniques in Py sub-100 nm diameter nanoparticles (NP). This is a non-expected 

magnetization configuration in NP (the minimum energy configuration for these Py NP is vortex state or single 

domain in plane magnetization) without DMI and more remarkably, in absence of any magnetic anisotropy 

[6]. We demonstrated theoretically (micromagnetic simulations and analytical calculations) and 

experimentally that the Néel skyrmions exist in permalloy circular nanodots as highly metastable states and 

that they can be stabilized by the local magnetic field coming from the MFM tip [7]. Under in-plane applied 

magnetic field, the Néel skyrmions behave as it is theoretically predicted, i.e. their core moves parallel or 

antiparallel to the field in agreement with its radial configuration (determined by the core polarization 

direction). The skyrmion stability is studied as a function of an out-of-plane local field. We believe that the 

existence of the Néel skyrmions in nanodots without magnetic anisotropy and negligible DMI opens new 

perspectives for the exploration of topologically non-trivial spin textures in systems that have not been yet 

considered. Moreover, the high saturation magnetization, low anisotropy and damping constant of the Py 

nanodots, together with well-defined magnetic resonance spectra, open a path to their applications in 

microwave devices based on the fast magnetization dynamics. 

  

 

Figure 1: (a) MFM image of Py nanoparticles, (b) mz 

component of the magnetic configuration calculated by OOMMF (c) 

my component of the same simulation and (d) simulated MFM image 

corresponding to the same simulation.  
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There is a strong need for analytical techniques allowing a detailed in-situ characterization of 

superparamagnetic iron oxide nanoparticles (SPION). We show that probing their magnetic and structural 

properties is possible in solution by means of spin polarized photon-in photon-out hard X-ray spectroscopy. 

Important aspect of the study is that the approach presented opens the possibility of investigating SPION 

electronic and atomic structure in-situ during synthesis, e.g. to determine the transition diameter for 

transformation from paramagnetic to superparamagnetic state. 

We have investigated iron oxide and cobalt ferrite nanoparticles obtained from thermal decomposition of 

iron(III) acetyloacetonate (Fe(acac)3) and cobalt(II) acetyloacteonate (Co(acac)2) in a non-aqueous stabilising 

environment of benzyl alcohol. SPION solutions were examined using vibrating sample magnetometry (VSM), 

transmission electron microscopy (TEM), Mössbauer spectroscopy (MS), and small-angle x-ray scattering 

(SAXS). TEM and SAXS measurements revealed size distribution of particles as a function of reaction time. 

Magnetic core size distribution was determined from VSM hysteresis loops analysed using MINORIM 

software, while Mössbauer spectra probed thermal relaxation of magnetic cores. Finally, evolution of 

magnetisation and local structure of iron and cobalt ions in spinel ferrite were examined site-selectively by 

means of resonant inelastic x-ray scattering combined with magnetic circular dichroism (RIXS-MCD).  

RIXS excited at the K pre edge range and probed at K emission, i.e. 1s2p RIXS, provide a way to 

simultaneously determine valence state and atomic environment of the transition metal ions. Weak self-

absorption and significant penetration depth of hard x-rays allow for volume sensitive study. The use of high 

resolution x-ray emission spectrometer results in well-defined spectral features. Position, intensity and shape 

of these features can be used to determine the distribution of metal ions in spinel crystal sites based on the 

comparison to measurements performed on reference samples and numerical calculations.  In addition, MCD 

signal allow to track the projection of iron magnetic moment along incident beam direction, which is 

proportional to DC magnetic susceptibility. In this way, changes to magnetic properties of SPION can be 

tracked in harsh environment during the reaction as a function of time (particle size).  

RIXS-MCD proves to be a good in-situ measure of susceptibility or saturation magnetization of SPION 

without contribution of containers and carrier liquid. Supported by ex-situ characterization it provides a 

comprehensive description of magnetic and structural properties of SPION in solution. 
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Broad-band magneto-optical measurement of AC magnetic susceptibility, 

towards the characterisation of magnetic nanoparticles at the microscale. 

Rémy Soucaille1,*, Maneea E. Sharifabad2, Neil D. Telling2, and Robert J. Hicken1 

1Department of Physics and Astronomy, University of Exeter, Stocker Road, Exeter, EX4 4QL, United Kingdom   

2Institute for Science and Technology in Medicine (ISTM), Keele University, Stoke-on-Trent ST4 7QB, United Kingdom 

Detailed characterization of magnetic nanoparticle (MNP) dynamics is needed to improve the efficiency 

of magnetic hyperthermia (MH) as a cancer therapy. In MH the area of the hysteresis loop provides a direct 

measure of the magnetic losses, while low-field AC susceptibility (ACS) quantifies the relaxation rate of the 

magnetization and can be performed either by an inductive method or optically. The inductive method 

provides a direct quantitative measurement of the susceptibility but cannot be performed at the microscale. 

On the other hand, a magneto-optical (MO) probe can measure the dynamics of a magnetic system, but the 

induced polarization rotation is typically less than 100 mdeg and other sources of polarization or intensity 

change can cloud the characterization of MNPs.  

MO measurements were first performed on magnetite nanoparticles dispersed in water. The polarization 

state is analyzed with an optical bridge detector and the differential output is analyzed with a lock-in 

amplifier [Figure 1]. The optical ACS shows an extra dip in the response compared to inductive ACS, with a 

frequency that depends upon the amplitude of the applied field. This extra dip is linked to intensity 

modulation of the transmitted light by the AC magnetic field. This modulation is due to a field dependent 

aggregation of MNPs which tend to form chain-like structures. The transmitted light has been measured 

separately at twice the frequency of the applied field to confirm that its frequency matches that of the 

additional feature within the ACS Faraday measurement. This demonstrates the power of MO measurements 

in providing information about other processes to which inductive ACS is insensitive.  

The MO measurement technique has been implemented within a scanning Faraday microscope to 

explore the dynamic of nanoparticles at the microscale. A compact electromagnet, with conical holes in its 

pole pieces, is used to apply a polar AC magnetic field relevant for magnetic hyperthermia while providing 

an optical path for the Faraday measurement. This beam scanning microscope provides a fast and versatile 

means of mapping the magnetization dynamics and other processes that can affect the optical polarization.  

 

Figure 1: Normalised magneto-optical ACS measurements of magnetite nanoparticles for a 2 mT 

applied AC field. The real (dashed lines) and the imaginary (solid lines) part of the susceptibility are plotted. 

The imaginary part is proportional to the loss. The arrow points to an additional dip in the susceptibility data 

that is not consistent with the expected response due to either pure Néel or Bloch relaxation. 
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Superparamagnetism, the Curie-Weiss Law, and Demagnetizing Factors 

Ron B. Goldfarb 

National Institute of Standards and Technology, Boulder, Colorado 80305, USA 

In 1955, Bean [1] first applied the term “super-paramagnetic” to ensembles of small, single-domain, 

ferromagnetic particles that reach equilibrium through thermal activation, noting that “the particles … act as 

paramagnetic particles of very large moment.” The following year, Bean and Jacobs [2] showed how the 

magnetization followed a Langevin function of magnetic field H and temperature T, and “that curves measured 

at different temperatures should be approximately superposable when plotted with respect to H/T.” This scaling 

is characteristic of superparamagnetism and distinguishes it from simple anhysteretic ferromagnetism.  

An exponential dependence of magnetization relaxation time on single-domain particle size and 

temperature and the concept of blocking were originally developed by Néel [3]. An Arrhenius or Vogel-

Fulcher relationship between f  and TB, where f  is the frequency in alternating-field susceptibility measurements 

and TB is the blocking temperature, is indicative of superparamagnetism [4].  

Like a ferromagnet above its Curie temperature TC and an antiferromagnet above its Néel temperature TN, 

the low-field susceptibility  of a superparamagnet follows a Curie-Weiss law,  = C / (T −  ), between TB and 

TC. This gives rise to the well-known linear dependence of reciprocal susceptibility, 1/, on temperature T. 

The slope of the linear fit gives the reciprocal of the Curie constant, 1/C, from which the average magnetic 

moment per particle can be calculated. The temperature-axis intercept of the linear extrapolation, the Weiss 

constant , is an indication of the interaction among superparamagnetic particles [5], spins in spin glasses [6], 

or superparamagnetic clusters in alloys [7]. Additionally,   may depend on packing fraction, particle diameter, 

applied field [8], and distribution of particle sizes and TB [9].  

Many articles hastily invoke superparamagnetism based on a single magnetization-vs.-field curve or one 

pair of zero-field-cooled and field-cooled magnetization-vs.-temperature curves, without verifying scaling of 

magnetization at different H and T, Néel relaxation, or Curie-Weiss behavior above TB. Virtually always 

ignored in Curie-Weiss plots is that the value of   depends on the demagnetizing factor of the specimen under 

test. The effect may be significant for samples of particles such as iron, magnetite, and maghemite that have 

large magnetization at low fields and, therefore, small reciprocal susceptibilities: i
−1 = e

−1 − N, where i is 

the internal volume susceptibility characteristic of the material, e is the external volume susceptibility 

characteristic of the sample, and 0  N  1 is the demagnetizing factor of the sample (in SI units). An 

impediment to demagnetizing factor correction is that most published data are of magnetic moment, mass or 

molar susceptibility, or susceptibility in arbitrary units⎯instead of volume susceptibility⎯as functions of T. 

Particles are often packed in capsules or dispersed in thin films. The effective demagnetizing factor Neff 

for specimens that consist of exchange-decoupled particles may be estimated with a simple interpolation 

formula [10]. For example, for spherical particles (Nsph = ⅓) packed into a cylindrical sample (Ncyl, a function 

of length-to-diameter ratio and susceptibility [11]): Neff = Nsph +  (Ncyl − Nsph), where 0 <   < 1 is the particle 

packing fraction. The demagnetizing factor correction will increase   and, if Neff is large enough, can even 

result in a change in sign of   from apparently negative (indicative of antiferromagnetic interparticle 

interactions) to positive (ferromagnetic interactions). This is illustrated by analysis of published susceptibility 

measurements of maghemite (-Fe2O3) [10].  
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The response of magnetic nanoparticles to applied static and dynamic magnetic fields is the subject of 

intense research in view of its fundamental technological importance, e.g. for medical applications such as 

imaging and magnetic hyperthermia [1], or sensor applications [2]. The field-assisted self-assembly of shape-

anisotropic nanoparticles in dispersions is particularly desired for liquid crystalline or optically anisotropic 

materials [3] and as a prerequisite for self-organization into long range ordered arrangements with anisotropic 

physical properties [4].  

Whereas magnetic nanorods commonly align with their long axis parallel to an applied magnetic field, 

weakly ferromagnetic hematite nanospindles bear a magnetic easy axis in their crystallographic basal plane 

and are thus known to orient with their principal axis perpendicular to an applied magnetic field [5,6]. We have 

recently determined the field-dependent magnetic and nematic order of the magnetic single-domain 

nanospindles in static magnetic field [7]. Whereas Small-Angle X-ray Scattering (SAXS) gives information 

on the morphological particle orientation in applied field, Wide-Angle X-ray Scattering (WAXS) texture 

analysis elucidates the atomic scale orientation of the magnetic easy direction in the hematite crystal structure. 

Our results strongly suggest the tendency for uniaxial anisotropy but indicate significant thermal fluctuations 

of the particle moments within the hematite basal plane. 

In addition to the particle orientation distribution obtained by static SAXS, we will highlight the dynamic 

reorientation behavior of hematite nanospindles in alternating and rotating magnetic fields using time-resolved 

SAXS. For frequencies between the characteristic rotational frequencies of the principal and equatorial axes, 

parallel alignment of the elongated magnetic nanoparticles with their principal axis perpendicular to the 

rotation plane is expected. The found dynamic reorientation behavior is further exploited towards self-

organization. Using a dynamic field-induced self-assembly process, we developed nanoparticle arrangements 

with parallel and perpendicular orientation towards the substrate that exhibit directionally anisotropic magnetic 

properties [8].  
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We will present a simple and desktop AC susceptometer to monitor in situ and in real time the magnetic 

response of the growing nanoparticles (NPs) during the aqueous coprecipitation synthesis [1]. The design 

incorporates one pair of identical pick-up sensing coils and one pair of Helmholtz coils. Our set-up monitors 

the co-precipitation reaction from the exact moment that the precursors are vigorously blended until the end 
of the reaction. The picked-up signal is detected by a lock-in amplifier that measures the in- and out-of-phase 

signals of the growing NPs. The apparatus also includes a hydrofoil impeller with 45◦-angle blades to promote 

the fast homogenization of the reaction mixture which is of key importance to avoid low pH zones in the 

reaction medium and minimizing possible side reactions.  

The recorded in-phase and out-of-phase curves allow us to identify three different regions that we ascribe 

to the nucleation, growth and diffusion of the growing NPs [2]. Moreover, our setup opens the possibility of 
predicting, in situ and in less than 15 min, the evolution of coprecipitation reactions because time dependent 

in-phase and out-of-phase curves are fingerprints of the polydispersity and magnetic properties of the NPs. 

This kind of real time techniques offer the advantage of reducing posterior physicochemical characterizations 
and, the risk of any post processing steps affecting the results. In that sense, our work opens future perspectives 

to optimize rapidly relevant conditions of the synthetic procedure such as: the type of chemical base, its 

concentration, the agitators’ angular velocity, etc. 
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In the last few decades, cobalt ferrite (CoFe2O4, CFO) has attracted extensive attention due to its 
applicability in data storage, catalysis, energy, environment, and in particular, biomedicine. To further extend 
applicability and improve understanding of fundamental processes, the present work investigates the influence 
of heteroatoms on physicochemical properties of CFO. We have examined the influence of Co2+ and Fe3+ ions 
substitution with Zn2+ and Ga3+, respectively, on the physicochemical properties of solvothermally derived 
nanoparticles (Co(1-x)ZnxFe2O4 and CoGaxFe(2-x)O4; x=0, 0.1, 0.3 and 0.5). In order to isolate the contribution 
of heteroatoms, the synthesis condition were optimized to allow preparation of non-agglomerated particles 
with the narrow particle size and shape distribution, including the constant amount of capping agent. The X-
ray diffraction (XRD) measurements confirmed the presence of pure cubic spinel phase in all samples. The 
transmission electron microscopy (TEM) micrographs showed sphere-like nanoparticles with a mean diameter 
of 6±1 nm. Thermogravimetric (TG) analysis revealed that amount of adsorbed oleic acid on the surface of the 
nanoparticles is 22-28 %, which indicates the formation of a complete monolayer of surfactant. The FT-IR 
analysis substantiated the presence of oleic acid on the surface of the nanoparticles and discovered its covalent 
bonding to the metal atoms. The Raman spectroscopy confirmed substitution of host-atoms as evidenced by 
the changes in a spinel structure. Magnetic measurements revealed the influence of heteroatoms on saturation 
magnetization and magnetic anisotropy, showing for all the samples superparamagnetic behavior at room 
temperature. The substitution of Co2+ and Fe3+ ions with Zn2+ and Ga3+, respectively, leads to the change in 
chemical composition and cationic distribution of CFO and consequently to variation of its magnetic properties 
that can be tuned for different applications. 
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Magnetic core-shell nanoparticles display interesting characteristics to be applied in different 
technological fields. Among them, biomedical applications stand out, where these nanostructures can be 
employed as magnetic imaging contrast agents, magnetic biosensors or drug delivery and hyperthermia 
theragnostics platforms. In particular, α-Fe nanoparticles with higher saturation magnetization and magnetic 
susceptibility, display improved magnetic response (i.e. increase on the maximum heating temperatures in 
magnetic hyperthermia and signal improvement in Magnetic Particle Imaging, MPI). However, in order to 
stabilize these nanostructures, it is necessary to coat the metal nanoparticles with air-stable materials as carbon 
[1]. Moreover, this shell weakens the interactions between the nanoparticles and improves the 
functionalization. 

In this work, the synthesis of metallic Fe nanoparticles was carried out by thermal decomposition of 
fructose as carbon source [2]. Briefly, an aqueous solution of FeCl3 · 6H2O was stirred and heated and the 
sugar was added slowly. Then, the solution was evaporated to form a dark paste which is annealed at 1000ºC 
under Ar atmosphere. The structure of the samples was analyzed by X-ray diffraction (Siemens Diffractometer 
D5000) and TEM (Tecnai Field Emission Gun). After this procedure, α-Fe nanoparticles with mean grain sizes 
around 30-50 nm and a graphitic coating are obtained dispersed in an amorphous carbon matrix. In order to 
eliminate the residual amorphous carbon matrix and to obtain stable α-Fe@C magnetic particles, a second 
treatment should be performed. For this purpose, samples were tested employing two procedures: gas phase 
oxidation under CO2 flow at different annealing temperatures (500 - 7000C) and liquid phase oxidation with 
H2O and H2O2 [3]. The evolution of the carbon coating was monitored employing Raman spectroscopy (Jasco 
NRS3100) and HRTEM. The occurrence of partial Fe oxidation was also evaluated through SQUID 
magnetometry (Quantum Design MPMS XL7). The results indicate that stable α-Fe/Fe3O4@C nanoparticles 
can be obtained through the described two-step procedures. 
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Zinc doped cobalt ferrite nanoparticles were synthesized using a one-step hydrothermal technique. The 

particles were then encapsulated with silica shell to obtain a highly stable and nontoxic aqueous suspension. 

The average diameter of the coated particles was 90 nm with a core–shell structure in which multiple 

particles constitute the core. We characterized the particles to check whether they can be used as both heat 

generators in magnetic hyperthermia and enhancers of the relaxation process in magnetic resonance imaging 

(MRI). The particles’ heat-generating capability was confirmed by measuring the saturation temperature of 

the dispersion of particles in an alternating magnetic field with a field intensity of 4.4 kA/m at 260 kHz. The 

saturation temperature for the dispersion with particle concentration as low as 6 mg/mL was larger than 42 
o
C, which is the therapeutic temperature of magnetic hyperthermia. Enhancement of the relaxation process of 

hydrogen protons in an aqueous solution of particles was observed using a 4.7 T MRI scanner. The T2 

relaxivity of the particles was found to be 126.86 mM
−1

·s
−1

, which is much higher than that reported for 

corresponding particles. From these measurements, we can conclude that our particles are suitable for 

application to both magnetic hyperthermia and MRI. 
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Fig. 1. TEM images at (a) 100 nm and (b) 50 nm scales. The inset in (a) represents the histogram of 100 

particles obtained from TEM images. 
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Magnetic hyperthermia is an interesting topic that has promising applications in cancer therapy [1] and 

more recently in heterogeneous catalysis.[2] The relevance of magnetic hyperthermia has increased during the 

last years thanks to the development of nanochemistry, which has allowed the well-controlled synthesis of 

magnetic nanoparticles (MNPs) displaying good heating powers. The heating power of MNPs is usually 

quantified by the specific absorption rate (SAR), which describes the amount of energy absorbed per unit of 

mass in the presence of an alternating magnetic field. 

Recently, we have published the synthesis of iron carbide nanoparticles (FeC NPs) displaying far larger 

heating properties than any previously described material.[3] The NPs were synthesized by reaction of 

carbidization of pre-formed monodisperse Fe(0) NPs with a mixture of syngas (CO/H2). We observed that their 

very high SAR was related to the presence of crystalline Fe2.2C. Nevertheless, although the particles presented 

similar structural and magnetic characteristics, different values of SAR could be obtained when repeating the 

reaction under similar conditions, and in some cases the FeC NPs were not displaying heating power at all.  

This observation led us to study in more detail the heating mechanism of the Fe2.2C NPs in the 

hyperthermia experiments, comparing two different samples with similar chemical compositions, structural 

and magnetic properties but very different SAR. Several observations showed that interactions between the 

particles in solution can dramatically affect to the heating power of FeC NPs that present very similar magnetic 

properties under static conditions. We decided to study the magnetic properties of these samples under high-

frequency magnetic fields, which is more representative to the actual situation under the hyperthermia 

experiments. The better comprehension of the heating mechanism led us to optimize the synthesis and to set 

up a reproducible method that allowed us to prepare FeC NPs having control over their heating power by 

variation of the reaction conditions. 
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In its most general clinical sense, hyperthermia is a therapeutic procedure in which tissues are heated 
above normal physiological ranges. It is most often considered as an alternative therapy for illness treatment, 
especially when it is coupled to the use of magnetic nanoparticles (MNPs) [1]. In this respect, this class of 
nanomaterials attract lot of interest for life sciences, and particularly, biomedical applications. Some papers 
have demonstrated how magnetic hyperthermia can be used to selectively target sick cells, in addition to the 
most used therapies [2]. 

In our work, aiming at exploiting the characteristics of MNPs in a synergistic way with the antibacterial 
action provided by copper nanoparticles (CuNPs), we have investigated the possible electro-decoration of 
iron oxide MNPs by CuNPs [3]. Three different MNPs were previously synthesised by a co-precipitation 
technique, either naked or capped in-situ by polyacrylic acid (PAA) or polyethylenimine (PEI) [4], The 
Sacrificial Anode Electrolysis (SAE) method [5] has been used to electrodecorate these MNPs in the 
electrochemical cell.  

Surface spectroscopy and morphological analyses demonstrated that the interactions between the 
different nanophases involves lipophilic shells rather than the inorganic cores when both the nanoparticles 
have an inorganic core/organic shell structure. Furthermore, the resulting nanomaterials retain the magnetic 
properties of the iron oxide MNPs. Work is in progress to quantify the antibacterial effects of the 
nanocomposite materials and to outline how their ionic release (and, consequently, their antibacterial effect) 
can be influenced by magnetic fields [2]. 
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Magnetic nanoparticles (MNPs) are currently the subject of intense research because of their fundamental 

properties and potential applications especially in medicine. Submitted to a high frequency magnetic field, 

MNPs release heat—the so-called magnetic hyperthermia which can be used to destroy cancer cells [1]. One 

major drawback of this approach is the use of high-frequency magnetic fields, which is technically difficult 

and uncomfortable for the patient. Recently, results of cell death using MNPs and low-frequency magnetic 

fields has been obtained by a few groups [2], which lifts one major disadvantage of magnetic hyperthermia. 

When placed in a homogeneous magnetic field, MNPs experience a torque. Calculating the torque undergone 

by MNPs submitted to a magnetic field is useful to interpret quantitatively such experiments but should also 

permit prediction of the parameters maximizing the torque, which is especially useful when the final objective 

is to destroy cancer cells. 

At first, we will focus on theoretical aspects related to the torque generated by magnetic nanoparticles 

submitted to a rotating magnetic field (RMF). The results have been obtained using kinetic Monte Carlo 

simulations, in which thermal activation is taken into account, so the torque undergone by ferromagnetic and 

superparamagnetic nanoparticles could both be simulated [3]. The way to maximize the torque and the 

influence of the various parameters (temperature, size, anisotropy …) will be presented. In particular, it will 

be shown that, under certain conditions, the torque can be dramatically enhanced when using a rotating 

magnetic field compared to an alternating one. 

On a second hand, we present an electromagnet which fits under a confocal microscope and permits to 

perform real-time observations of cells submitted to a RMF. In order to focus magnetic field on cell epithelium, 

the ferromagnetic core is immersed in the cell medium. Magnetic field generation is based on phase shifted 

electrical currents operating at frequencies ranging from 1 Hz to 100 Hz and generating magnetic field 

amplitude in the range 0-100 mT. As a proof of concept, iron oxide MNPs targeting gastrin receptor (CCK2R) 

are internalized by tumoral cells through a CCK2R-dependent physiological process, accumulated into their 

lysosomes and observed upon RMF application under confocal microscope. RMF induces the lysosomal 

membrane permeabilization and the shrinking of tumoral cells. This setup will then be used to probe further in 

real-time the intra-cellular mechanisms at the origin of cell death and their dynamics. 

a)  b)    c)    

Figure 1: a) Influence of the magnetic field on the torque undergone by an assembly of N = 10 000 interacting 

superparamagnetic particles at several volume concentrations; b) Experimental setup for the generation of 

RMF under confocal microscope; c) Surface area of a tumoral cell at t=0, t=10 min with no field and t=30 

min, after a 20 min application of an RMF of 40 mT. 
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Magnetotactic bacteria (MTB) have been widely found in lake sediments and have been used to infer 

climate changes in a geological time frame [1]. Little is known about their occurrence in marine environments. 

MTB are unique because they can synthesize intracellular ferrimagnetic nanoparticles of magnetite (Fe3O4), 

with well-defined grain sizes (generally < 60 nm) and narrow shape distributions. These single domain 

magnetic particles are arranged in chains along a cytoskeletal filament that stabilizes the structure and prevents 

them from clumping [2]. The linear arrangement generates a strong uniaxial anisotropy, i.e. a dipole that can 

be used by MTB as a compass to navigate along Earth’s magnetic field (i.e. magnetotaxis) towards their 

favoured habitat, the oxic-anoxic transition zone in aquatic systems [3][4]. Because of their habitat, MTB are 

an invaluable proxy to infer redox-changes in environmental systems.  

Intact MTB can be magnetically detected by anisotropy traits of their chains. In geological systems the 

detection is, however, quite tricky, because the relatively fast decomposition of cellular matter during 

diagenetic processes breaks up the chain configuration. The MTB remains known as magnetofossils can be 

chain fragments or single particles with less characteristic uniaxial anisotropy properties. 

In a lab study, we used cultured Magnetospirillum gryphiswaldense, a model MTB species, to simulate 

the decomposition and simultaneously record the change of the magnetic anisotropy using ferromagnetic 

resonance spectroscopy (FMR). The spectra of a series from intact to fully disintegrated chains were simulated 

by the model of Charilaou et al. [5] in order to determine quantitatively the change in the uniaxial resonance 

fields (Huni). These results were taken as a reference in the search for MTB and their fossil remains in marine 

sediments along the Namibian coast in southwestern Africa. 

There, the Atlantic Ocean system contains areas with spatially confined upwelling cells characterized by 

dynamic redox conditions. FMR spectroscopy of sediment samples from these cells show a variation of the 

single domain magnetite concentrations, and the Huni are indicative of chain fragments or isolated particles. 

The magnetic concentration outside the cells are lower and no indication for chain fragments was found. This 

finding provides evidence that upwelling cells can be preferential habitats for MTB, but the oxic-anoxic 

conditions critically affects the preservation of intact chains. 

In summary, magnetic nanoparticles and their anisotropic properties are key to find MTB in marine 

systems. The interplay between growth of MTB and their preservation has to be taken into account using 

magnetic nanobiominerals for environmental studies.  
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The treatment of leachates as pollutant concentrated wastewaters, is still an open issue, and although 

several different methods are applied for this goal, we are still far way from obtaining low-cost and at the same 

time efficient processes. Even for wastewater and water, removal of specific contaminants is far from being 

economical. 

Magnetic particles (nano or micron-sized), namely those based on iron oxides, have shown good sorption 

capabilities, which may be useful for removal/concentration of pollutants/nutrients. Joining this sorption 

capabilities with their magnetic properties, and with potential functionalization, makes the application of these 

particles for wastewater or leachate treatment very interesting, specially as we may use magnetic separation 

methods to further remove, recover and reuse these particles.  

In this work we have tested three different kind of magnetic particles, in order to remove/concentrate 

organic matter (DQO reduction), Nitrogen (Total Nitrogen) and Phosporous (Total Phosporous), during several 

time periods, being successful in removing between 4 and 65 % of them, depending on the controlled 

parameter, sorption time and type of particle.  

We have applied the same particles in three different water streams with different degrees of pollution, 

so we would be able to analyze the pollutant concentration influence: these being water, wastewater and 

leachate. In Figure 1 we present as example the case of removal for wastewater resultant from sludge 

centrifugation, by one of the three different magnetic particle systems we have used. 

 

 

Figure 1 – Treatment results 
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Magnetic particles both naturally present in the soil as well those of anthropogenic origin (deposited from 

atmosphere), contribute to the topsoil magnetic properties.  These can be easily measured by a low-field room 

temperature magnetic susceptibility. A 57Fe Mossbauer spectroscopy on the other hand gives detailed 

information on the oxidation state of Iron in the compound as well as on the local ordering of the material. In 

that sense hyperfine interactions parameters are a kind of fingerprint allowing a precise determination of the 

sample composition. Anthropogenic magnetic particles can be distinguished from the natural ones not only by 

their specific morphology but also by the very distinct magnetic properties. They often occur as the 

ferrimagnetic phases of Fe oxides, i.e., magnetite and maghemite, with Fe ions very often substituted by other 

cations. Here is where 57Fe Mossbauer spectroscopy can give additional details of the local environment of the 

iron ions. Combining magnetization data with that obtained from spectroscopic measurements gives a perfect 

opportunity to clearly distinguish particles coming from different anthropogenic sources.  

Soil samples from 10 sites in the Lesser Poland were 

studied. Samples from industrial plant have also been 

collected in order to determinate the origin of particles 

found in the soils. Mineral and chemical composition were 

determined. Magnetic particles were extracted form soils 

and analysed using SEM-EDS method. Spherical particles 

are common in magnetic fraction (figure 1). Particles with 

complex internal structures composed of Fe, slightly 

oxidised Fe, Fe oxides or containing aluminosilicate glass 

are abundant in magnetic fraction. Massive metallic 

spherules devoid of any internal structures also occur. 

Small slag fragments containing Fe compounds were also 

noticed. The magnetic fractions also contain elongated, 

irregular isometric, or tabular particles. Magnetization vs. 

applied magnetic field curves and Mössbauer spectroscopy 

indicate a correlation between the magnetic properties of 

the soil and the vicinity of possible atmospheric 

contamination sources, as can be seen in the figure 2. 

Moreover a strong dependence of the magnetization of the 

samples on the depth of collecting point is visible. 
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Figure 1. Examples of the iron reach particles found in the samples denominated as 2PRI (left), LI2 (centre) 

and SK2 (right) showing their complex microstructure.  

 

Figure 2. Mossbauer spectra and the room 

temperature magnetization curves (inset) of 

the samples collected near the industrial site 

(red), far from pollution source (green) and 

directly in the industrial power plant (blue). 
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Magnetic nanoparticle-mediated hyperthermia is a very promising therapy for cancer treatment. In this 

field, superparamagnetic iron oxide nanoparticles have been commonly employed because of their intrinsic 
biocompatibility, but they present some limitations that restrict their heating efficiency (specific absorption 
rate, SAR) [1]. Therefore, we have investigated how tuning the size and shape of these iron oxide nanoparticles 
can be useful to enhance their hyperthermia responses.  

Monodisperse and crystalline iron oxide nanoparticles have been synthesized by thermal 
decomposition in two different shapes (spheres and cubes) in a wide range of sizes, ∼10−100 nm. We have 
thoroughly characterized them both structurally (X-ray diffraction and transmission electron microscopy) and 
magnetically (physical property measurement system), and then we have analyzed their heating efficiency 
using a combination of calorimetric and AC magnetometry measurements (0−800 Oe, 300 kHz). This 
combination of hyperthermia techniques has allowed us not only to analyze which particles heat better 
(calorimetric method) but also to understand why they heat better (AC magnetometry) [2]. We have been able 
to delimit a range of optimum sizes to maximize the heating efficiency of these nanoparticles depending on 
their shape. We find that the nanospheres exhibit the highest heating efficiency for sizes around 30−50 nm, 
while the nanocubes show a sharp increase in the heating efficiency around 30−35 nm (see Figure 1). The SAR 
variation has been related to the magnetic anisotropy of the nanoparticles that depends on their size, shape, 
arrangement, and dipolar interactions. 
 

 
Figure 1. SAR vs size for iron oxide nano-spheres and nano-cubes SAR measured in water (1 mg/ml). 
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The medical technology industry is subject to compliance with the relevant standards and regulations to 

deliver the best healthcare options to the end user, both in terms of safety and performance. Thus, advancing 

measurement science is essential to construct reliable procedures and methodologies to test new products, and 

to provide regulatory bodies with better decision-making tools. It has been noted that the development of 

magnetic nanoparticles for biomedicine has been moving forward with relatively little by way of specialised 

standardisation guidelines, and ways to improve the situation have been proposed [1]. In addition, work is 

ongoing towards the first ISO standard about magnetic nanosuspensions (ISO/DTS 19807-1), with the help of 

several European parties through the EMPIR project MagNaStand [2]. The ‘RADIOMAG’ TD1402 COST 

action [2], focused on magnetic hyperthermia, has also contributed to this milestone, not only by participating 

in the negotiations of the ISO committee, but also by directly transferring knowledge during the process. Part 

of this transfer comes from a purposely devised interlaboratory double-blind test to determine the most 

characteristic parameter of magnetic nanosuspensions for hyperthermia: the specific loss power (SLP). 

Following a precise measurement protocol during three rounds, 20 European laboratories have determined the 

SLP in 5 sample materials (involving 90 independent measurements in total). In this work, we summarise the 

data analysis made on the SLP results, and the corresponding interpretation, as well as the main implications 

of the outcomes in the future development of medical technologies based on magnetic nanoparticles. 
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The aim of this work was to study the surface chemical composition of uncapped and polymer-capped 
magnetic iron oxide nanoparticles (MNPs), and relevant nanocomposites implementing MNPs, by means of 
X-ray Photoelectron Spectroscopy (XPS) and other spectroscopic techniques.  

Magnetite nanoparticles Fe3O4 are a mixture of ferric and ferrous anions in a 2:1 ratio. However, due to 
its low stability in air, they usually oxidise to maghemite (γ-Fe2O3), ending up with a Fe3O4-Fe2O3 core−shell 
structure. This means that both Fe2+ and Fe3+ features should be present in the XPS peaks. Since the main XP 
photoelectron Fe2p peak is well known to be a very complex system, a combined study of both secondary 
peaks (Fe3p) and valence band region (VB) was performed. In particular, the VB shape is considered a kind 
of “fingerprint” of magnetite composition. Moreover, in many studies the peak position of Fe2p3/2 with 
respect to the satellite peak [1] along with the shape of valence band [2] are accounted for differentiating Fe 
oxidation state, that is ferrous and ferric oxide. 

In this study, all the magnetic nanoparticles were synthetized via co-precipitation of Fe2+ and Fe3+ salts 
in aqueous media, with different coatings [3,4]. One batch of the particles were synthesised nude, while the 
other two were capped in-situ by polyacrylic acid (PAA) and polyethylenimine (PEI), respectively. The 
MNPs were systematically characterized and correlations between the surface composition and the 
preparation method were drawn. In particular, surface spectroscopy and morphological analyses 
demonstrated that interactions between the different nanophases occurred in composite materials, since the 
resulting nanomaterials retain the MNP magnetic properties.  
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One of the main trends in the magnetism roadmap is the study of the magnetic configuration and 
magnetization dynamics of magnetic nanoelements. Size reduction means new magnetic phenomena linked 

to the nanoscale. Different microscopy techniques like magnetic force microscopy can be used to explore the 

magnetic configuration of these nanoobjects. However, these techniques normally do not provide us with 

information about the 3D configuration of the magnetic moments, which could be crucial in many cases. In 
this work we combine the use of XMCD-PEEM and micromagnetic simulation to obtain 3D information of 

the magnetic configuration of in-situ grown single crystal nanometer-thick magnetite islands [1] and of 

magnetic nanowires [2].  

The experiments have been performed at the CIRCE beamline of the Alba synchrotron. This beamline 

is equipped with a photoemission microscope in which, by taking XMCD images, is possible to acquire 

nanometer resolution maps of the magnetization of nanosystems. Combining measurements at different 
azimuthal angles, the full magnetization vector can be determined (figure 1). Combining the experimental 

magnetization maps with micromagnetic simulations, the magnetic configuration of the systems can be 

completely determined. We will show how the combination of XMCD-PEEM with imaging and data 

analysis is a very powerful tool for the study of magnetic configurations of nanometer sized objects. 

 

Figure 1. XMCD-PEEM images collected after rotating the sample 0 (a), 60 (b) and 120 (c) degrees. (d) 3D 

magnetic configuration. 
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Small angle scattering (SAS) is a very powerful for characterising the shape, size and interactions in 

systems such as like nanoparticles, precipitates, micelles or proteins [1]. Using neutrons (SANS) as the probe 

gives insight into the magnetic properties of the sample within a length scale of tens to hundreds of 

nanometers [2]. Additional information, such as the orientation of the moments inside the nanoparticles, or 

the magnetic correlations between the nanoparticle can be gained) if the incoming beam is polarised and/or 

the scattered beam analysed [3]. 

The Isis TS2 phase two project called for the construction of an additional small-angle instrument, to 

compliment SANS2d, Loq, and Larmor, and enable new areas of science for the user community. The first 

operational phase of Zoom offers a flexible, high count rate instrument with 4m and 8m detector and 

collimation positions, which will allow access to Q-ranges between 0.003 and 0.8 Å-1 together with beam 

polarisation. The polarisation of the incoming beam is produced by a supermirror cavity, with a Drabkin spin 

flipper to select incident polarisation. The Zoom instrument will also have the ability to accommodate 

outsize sample environments, being ideal for fitting a 3He cell for allow polarization analysis of the scattered 

beam. The use of the time of flight technique will allow a broader Q-range than in monochromatic sources, 

since the use of short wavelength neutrons will help to counterbalance the reduced exit angle of the 3He 

analyser. 

The second phase of the ZOOM instrument has been designed to enable access to the VSANS q-range, 

within an instrument of similar physical length to SANS2d (around 30 m). This will be achieved through the 

use of focussing devices. It is envisaged that this will take the form of refractive lenses[4], which will be 

cryo-cooled for increased transmission [5] allowing wavelengths >10Å to be focussed onto a high resolution 

detector bank at focal spot sizes of 1-2mm. This design will offer substantial gains over pinhole collimation 

and avoids the frame overlap issues that would plague a longer instrument on a pulsed source. 

In this talk we will present the current status of Zoom as it is moving into the science program. It will 

be discussed as well the scheduled upgrades to the instrument. 
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The ability of magnetic nanoparticles (MNPs) to dissipate heat in their immediate environment in 

response to an external high-frequency alternating magnetic field (AMF) has become very useful for various 

applications including cancer therapy and magnetic catalysis [1, 2, 3]. Several experiments performed by 

different groups have provided evidence of surprising nanoscale thermal phenomena [4]. In particular, a strong 

temperature gradient, much larger than the one expected from standard theoretical predictions, has been shown 

to build up between the surface of the MNPs and the surrounding medium. So far, there was no way to probe 

directly the internal temperature of MNPs submitted to a high-frequency magnetic field. We present here a 

method which, for the first time, permit it. 

Our group uses the magnetic heating of MNPs to activate Sabatier reaction (conversion of CO2 into 

methane) in continuous flow gas reactor [2]. In this context, we measured the internal temperature of Fe3O4 

MNPs supported on a silica-alumina substrate. The measurement of the internal temperature was based on the 

detection of the temperature-dependant lattice expansion, measured using synchrotron radiation at ESRF, 

Grenoble. To measure the mean temperature of the medium, a reference temperature probe was added to the 

sample under the form of micron-size boron nitride (h-BN) particles. Calibration curves were obtained by 

heating the sample with a blower at thermal equilibrium for a set of temperatures and recording XRD 

diffractograms [Figure 1a]. This permits to obtain quantitatively the relationship between the temperature and 

the lattice parameter of Fe3O4 and h-BN [Figure 1b]; the obtained relationship was in agreement with the one 

expected from the literature. By comparison, a measure of the peak shift under AMF excitation permits to 

deduce the internal heating of the MNPs (𝑇 = 63.7 ± 4.6°𝐶) and of the h-BN particles (𝑇 = 62.7 ± 0.3°𝐶) 

[Figure 1c]. Our results show that, if a gradient built-ups between the MNPs and the medium, it is of rather 

small amplitude. This casts doubts on the fact that using magnetic heating instead of standard heating would 

increase dramatically the energy conversion ratio of catalytic reactions in such samples. Nevertheless, our 

method is a powerful tool to measure the gradient between the internal temperature of the MNPs and the mean 

temperature of the sample. It could be used to measure the temperature gradient of particles supported on 

different media, or into water, since the gradient could strongly varies depending on the nature of the MNP-

substrate link.  
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Figure 1. a) XRD diffractograms of the h-BN[002] and Fe3O4[311] peaks in the temperature range T=[29°C-210°C]. b) h-BN (blue 

dots) and Fe3O4 (green dots) peak shift obtained from gaussian fit of the XRDs. Calibration curves are calculated by a linear 

regression fit (black lines) of the two peak shift. c) Internal temperature of the h-BN (blue) and Fe3O4 (green) particles in absence 

(H field OFF) and in presence (green area) of an AMF.  
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The key concept of magnetoplasmonics is the possibility to alter the resonance conditions of a plasmonic 

system with the proper combination of light polarization and applied magnetic field [1]. Here we show that, 

using this principle, we can probe the local magnetic field generated in the vicinity of a plasmonic 

nanostructure by an assembled layer of cobalt ferrite nanoparticles. 

Oleylamine-capped cobalt ferrite nanoparticles (average diameter ~15 nm) were prepared by thermal 

decomposition of organometallic precursors. [2] The nanoparticles were assembled on an array of gold 

nanodisks (diameter ~150 nm, height ~25 nm) on glass prepared by hole-mask colloidal lithography [3] taking 

advantage of the affinity of the alkyl chains of oleylamine for gold. Around 15-20 nanoparticles are attached 

to each nanodisk on average (Figure 1). 

As in classical 

magnetometry, in a 

magneto-optical 

experiment cobalt 

ferrite nanoparticles 

exhibit a saturating 

behaviour with respect 

to an external 

magnetic field. Gold 

nanoantennas show a 

linear field 

dependence of their 

magneto-optical signal [4,5]. Differently from magnetometry, however, an additional degree of freedom is 

available in magneto-optics, i.e. the energy of the exciting photon. We can then take advantage of this 

distinction to separate spectroscopically the magneto-optical footprints of the two components (Figure 2). 

From this procedure we were able to recover a plasmonic component 

of the signal with opposite sign to that of the applied magnetic field. This 

arises from the magnetized cobalt ferrite particles at the sides of the disk, 

whose dipolar field is opposite to the applied magnetic field (Figure 3). We 

assume that the contribution of the particles standing on top of the disks is 

negligible because they are far from the hot spots of the plasmonic system. 

Such opposite field is directly detected and quantified as a magnetoplasmonic effect through the nanoantennas, 

which effectively act as a sensor of the local magnetic field around them. We believe that, with proper 

optimization, this method can be developed into an outstanding and powerful optical readout mechanism for 

magnetic field at the nanoscale. 

Acknowledgements 

This work has been supported by the European Union’s Horizon2020 Research and Innovation program, 

Grant agreement No. 737709 (FEMTOTERABYTE) and by the University of Pisa, project PRA_2017_25. 

References 

[1] G. Armelles et al. Adv. Opt. Mater. 1 (2013) 10. 

[2] S. Sun, H. Zheng, J. Am. Chem. Soc. 124 (2002) 8204. 

[3] H. Fredriksson et al. Adv Mater. 19 (2007) 4297. 

[4] F. Pineider et al. Nano Lett. 13 (2013) 4785. 

[5] B. Sepulveda et al. Phys. Rev. Lett. 104 (2010) 147401. 

Figure 1      Figure 2 

                           Figure 3 

Oral Presentation Page 62 of 206



ICFPM 2019 10th International Conference on Fine Particle Magnetism 

 

A magneto-optical instrument for broadband AC susceptibility and 

magnetometry on nanoparticles 

Maneea E. Sharifabad1, Rémy Soucaille2 , Robert J. Hicken2 , and Neil D. Telling1 

1Institute for Science and Technology in Medicine (ISTM), Keele University, Stoke-on-Trent ST4 7QB, United 

Kingdom 
2Department of Physics and Astronomy, University of Exeter, Stocker Road, Exeter, Devon, EX4 4QL, United 

Kingdom 

Hyperthermia cancer treatment exploits the lowered heat resistance of cancerous tissues compared to 

normal tissues [1]. Nanoparticles-mediated hyperthermia treatment is a promising cancer therapy that enables 

selective heating of cancerous tissues to slow or stop tumour growth whilst also increasing tumour sensitivity 

to chemotherapy and radiotherapy [2]. Importance of magnetic hyperthermia determines the growing interest 

in development of various magnetic nanocomposites and consequently necessitate the need for development 

of efficient characterisation tools capable of assessing nanoparticles at relevant clinical conditions. 

Generally, the magnetic characterization of magnetic nanoparticles(MNP) is performed using inductive 

coil-based setups. However, such measurements are limited to lower frequencies where the heating of the 

sensing coils can be minimised. Further, coil based methods provide only averaged measurements and 

information on local environmental factors is lost.  

Here we present a new magneto-optical system capable of performing high-frequency magnetometry and 

susceptibility measurements of magnetic nanoparticle colloids. The developed system can generate magnetic 

fields at frequencies comparable with those accepted for clinical hyperthermia conditions [3] (the system can 

generate up to 50mT at frequencies up to 500KHz). The detection setup is based on modulation of the Faraday 

effect and measurement of Faraday rotation of the transmitted polarised laser light (488nm) which is 

proportional magnetisation of the sample. The linearly polarized beam passes through the electromagnet 

containing the sample. The electromagnet is driven by a power amplifier, which receives a sine wave at 

frequencies in the range of 10Hz-500 KHz. A Wollaston prism splits the transmitted light into two beams with 

orthogonal linear polarisation and the difference signal (A-B) is measured via an amplified balanced detector.  

The developed system makes it possible to study the influence of MNP design on magnetisation 

dynamics, heat generation and relaxation mechanisms in cellular environments upon exposure to alternating 

magnetic fields, providing a powerful tool towards the optimisation of nanoparticles for magnetic hyperthermia 

cancer treatment. 
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Heating of magnetic nanoparticles (MNPs) under a high-frequency magnetic field has applications in 

different domains like cancerology (the so-called magnetic hyperthermia) and magnetic catalysis. The latter 

consists in catalysing chemical reactions using magnetically-heated MNPs [1]. Optimizing MNPs for magnetic 

catalysis is different from optimizing them for magnetic hyperthermia by two aspects: i) first, the toxicity of 

the MNPs is no longer an issue, which permits to use materials discarded for magnetic hyperthermia, and ii) 

the temperature range is very different. When biological applications require working near room temperature, 

chemical reactions of interest can occur between 250 and 900°C. The temperature-dependence of the heating 

power is now a central parameter, since the heating power should be large enough to reach the required 

temperature but, in the ideal case, should also be maximized at the working temperature in order to maximize 

the energy efficiency of the process. As a consequence, the temperature dependence of the anisotropy and of 

saturation magnetization will have a large impact on the heating power variation at high temperature. 

We propose here a setup and a protocol to characterize the specific absorption rate (SAR) of air-sensitive 

MNPs up to 600°C. The temperature inside a quartz calorimeter is measured by an infrared pyrometer through 

a ZnSe window. The temperature rise of the sample is recorded as a function of time under magnetic excitation, 

and the raw data are corrected by the calorimeter losses, which are deduced from the cooling curve when the 

magnetic field is switched off. The temperature-dependence of the SAR was measured on three model systems: 

a bulk piece of naturally expanded graphite (NEG), 10 nm Fe2O3 nanoparticles coated with silica, and 5x90 

nm hcp-Co nanorods. They displays three different behaviours which were expected from their characteristics. 

First, the SAR of bulk non-magnetic but conducting NEG does not vary with temperature [see Fig 1(a)]. 

Superparamagnetic iron oxide nanoparticles display a decreasing SAR with the temperature [see Fig 1(b)], 

whereas hard ferromagnetic cobalt nanorods display an increasing SAR [see Fig 1(c)]. Numerical simulations 

of these experimental results based on the Stoner-Wohlfarth model [2] as well as characterizations of 

nanoparticles currently used in our group for magnetic catalysis (FeNi, FeCo, and FeC) and displaying 

extremely large SAR are in progress, and will be presented during the conference. 
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Figure 1: SAR variation with temperature of different samples under a 300 kHz, 90 mT external magnetic field. (a) NEG    

(b) Fe2O3@SiO2 nanoparticles (c) hcp-Co nanorods.  
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It is well known that most materials present a positive thermal expansion (PTE), i.e. expand upon heating 
and contract when cooled down. However, in the last 30 years, the number of materials found to exhibit the 
opposite behaviour, negative thermal expansion (NTE), has increased significantly. Among other materials, 
NTE is observed in magnetic materials that exhibit a volume change induced by a variation on its 
magnetization via magnetovolume coupling at temperatures below their magnetic ordering temperature. More 
recently, growing efforts have been applied on the characterization of the thermal expansion of nanostructured 
materials, such as Au [1] and CuO [2] nanoparticles, where a surprising NTE behaviour was found, contrasting 
with their bulk counterparts PTE.  

The Gd5(Si,Ge)4 family of compounds is well known for its strong spin-lattice interplay and consequent 
giant magnetocaloric effect [3] which makes them excellent candidates for the investigation of size-induced 
effects on their thermal expansion behaviour.  

In this work, 80nm diameter nanoparticles of Gd5Si1.3Ge2.7 have been ablated by a femtosecond pulsed 
laser from a target with the corresponding stoichiometry. The magnetic and structural characterization have 
shown that, despite retaining its magnetostructural transition, the nanoparticles Tc increased in comparison 
with the bulk counterpart which have been associated with a nanoparticle intrinsic surface stress [4]. Moreover, 
a thorough atomic structural characterization as a function of temperature (via Synchrotron X-ray diffraction) 
unveiled a unique thermal expansion behaviour comprising a large NTE [90-160K], giant PTE [175-200K] 
and a giant NTE [255-340K] (-69 ppm K-1), clearly distinct from the PTE observed along the whole 
temperature range in the bulk counterpart. Complementary, this NTE behaviour shed light on the origin of the 
negative temperature dependence also observed in the electrical resistivity curves for this system.  

This effect emerges because of dimensional confinement and is inherently different from other magnetic 
nanogranules, where the NTE is observed only below their magnetic ordering temperature, suggesting an 
unprecedented interplay of different underlying mechanisms, such as the nanoparticle intrinsic surface stress.  

 
Figure 1. a) Temperature dependence        of 
the Gd5Si1.3Ge2.7 nanoparticles (orange 
open triangles) unit cell relative volume 
(normalized at T = 340K).  
b) Gd5Si1.3Ge2.7 bulk (blue closed circles) 
unit cell relative volume (normalized at T = 
300K) as a function of temperature. 
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We applied small-angle neutron scattering (SANS) with a complete longitudinal neutron-spin analysis 

(POLARIS [1]) to investigate directional correlations between the magnetic moments of iron oxide 

nanoparticles aggregated to clusters. Here, we present the results for two different samples, namely sample 1, 

which is a powder of nearly monodisperse single-domain particles (Fig. 1(a)), and sample 2, which is a powder 

of so-called magnetic nanoflowers (synomag®-D, micromod Partikeltechnologie GmbH, Germany, Fig. 1(b)).  

(a) (b)  (c) (d)  

Fig. 1. (a) Transmission electron microscopy (TEM) image of the 10-nm iron oxide cores from sample 1. (b) 

TEM image of the nanoflowers with diameters of about 39 nm from sample 2. (c) 2D magnetic SANS pattern 

of sample 1 (0H = 2 mT, T = 300 K); the field H was applied perpendicular to the neutron beam (NB).             

(d) Magnetic pair distance distribution function of sample 1, which was determined by an IFT [2] of the 1D 

SANS intensity I(q) (see inset). The negative values for r > 15 nm indicate a preference for antiferromagnetic-

like correlations between the fluctuating core moments within the particle clusters (partly from [3]). 

At small magnetic fields, sample 1 behaves macroscopically as a superparamagnet [3]. Accordingly, the 

detected spin-flip (i.e. purely magnetic) SANS cross section exhibits the expected anisotropy for a random 

distribution of the particle moments (Fig. 1(c)). However, analysis of the low-q SANS data reveals a tendency 

for magnetic anticorrelations between neighboring particle moments (Fig. 1(d)). These anticorrelations are a 

result of dipolar interactions and exist despite the thermal fluctuations of the moments, which can be confirmed 

by kinetic Monte-Carlo simulations [3]. 

Here, we present additionally the POLARIS results of the nanoflower powder (sample 2). The individual 

particles are preferentially magnetized along one direction but, due to their nanocrystalline substructure, their 

internal magnetization is disordered [4]. They excel during magnetic hyperthermia experiments, which can be 

attributed to significant internal spin relaxations at high frequencies, and which we explain by the before-

mentioned spin disorder. In powder form the nanoflowers aggregate, and by analysis of the magnetic SANS 

data of sample 2 we can reveal the influence of dipolar interactions on the moment correlations of neighboring 

nanoflowers within clusters. These results may be in particular of importance with regard to biomedical 

applications of nanoparticles, considering their tendency for aggregation in cellular environments [5]. 
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In this study we have determined for first time the magnetic anisotropy field (HA) of Strontium Ferrite 

(SFO, SrFe12O19) nanoparticles of different morphologies using the Singular Point Detection (SPD) 

technique. Magnetic anisotropy is a fundamental property of the magnetic materials that defines the magnetic 

field required to saturate a material along a hard direction. It constitutes the maximum attainable coercive 

field under coherent rotation mode [1] and hence it is indicative of the softness or hardness magnetic 

characteristic of a material. Moreover, it determines the cut-off frequency of materials employed for high 

frequency and microwave absorption applications. The measurement of HA allows determining the magnetic 

anisotropy of the materials, being in the simplest of cases for materials with uniaxial anisotropy equal to 2 

K1/0MS, where K1 is the second order magnetocrystalline anisotropy constant, 0 is the vacuum 

permeability and MS is the saturation magnetization. The determination of HA is still a technical issue, being 

mainly possible in bulk single crystals. In polycrystals and nanocrystals, HA is calculated from the analysis of 

the approach-to-saturation law, from the transversal susceptibility or from the ferromagnetic resonance. 

Singular Point detection is a unique technique that allows measuring directly HA and other 

magnetization transitions [2-4] in polycrystalline materials. In this technique the magnetization and its field 

derivatives are recorded when the sample is under a pulsed magnetic field. In particular, the second 

derivative of the magnetization shows a peak with applied field pulse at the anisotropy field, originated by 

those grains which have easy-axis oriented perpendicular to the applied magnetic field. SPD has been 

previously employed to determine the hard properties of bulk magnets and here we present first results 

corresponding to nanometric particles of hard SFO. We have investigated the magnetic properties of a series 

of SFO nanoparticles with different particle sizes, and different platelet morphologies. The coercive field of 

the particle decreases from 0.7 T to 0.25 T as particle size increases approaching the bulk multidomain size. 

The HA values obtained from SPD measurements are close to but smaller than the magnetocrystalline HA of 

bulk SFO, 1.8 T. This discrepancy could not be simply correlated with the particle size of SFO powders. In 

fact, the SFO particles exhibiting a platelet morphology have their magnetic easy axis perpendicular to the 

platelet plane, hence, demagnetization contributions have to be taken into account in the calculation of HA. 

The contribution of the magnetocrystalline and demagnetization terms to HA will be investigated by 

analysing the temperature dependences of anisotropy field in the SPD measurements. Finally, the correlation 

between the measured HA and the coercive fields of the different nanostructures will be discussed.     
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Rare Earth Elements (REE) have a wide range of applications such as medical devices and military defense 

systems, and those elements are particularly indispensable in emerging clean technologies such as wind power 

turbines and electric vehicles. The increasing applications of rare earth permanent magnets (REPMs) have 

direct influence on the growing global market of REPMs. However, recent socioeconomic pressures [1], partly 

due to the monopoly of China in REE production, have made it necessary to explore new routes for producing 

RE elements and led to the development of recycling waste electrical and electronic equipment (WEEE). 

Recycling is a way to have a non-Chinese material supply source. 

Several factors are set to shape the WEEE treatment and recovery sector over the next few years : for each EU 

Member State the minimum collection rates (calculated on the basis of the total weight of collected WEEE) 

must evolve gradually to achieve 65% by 2019 [2]. These regulations will also place greater responsibility on 

retailers and manufacturers to accept used equipment – which in turn will create a greater demand for WEEE 

treatment. Furthermore, the total volumes of WEEE arising are predicted to increase.  

We developed a new approach for recycling rare earth permanent magnets, employing green chemistry design 

principles [3-4]. Such a sub- and supercritical solvothermal process, leading to the separation of iron and RE, is 

easy to set up and can be applied to large amounts of magnetic waste because only water and sodium chloride 

are used as chemicals. 

In this work, we showed that, depending on the conditions of pressure and temperature, the final powder can 

contain, in addition to Nd(OH)3, either Fe3O4 or Fe. The structural transformations of the Nd2Fe14B phase are 

studied using several techniques, especially Mössbauer Spectrometry, which is particularly sensitive to 

hydrogen concentration in this phase by modifying hyperfine parameters. In addition, Raman spectroscopy is 

used to provide structural fingerprint by which molecules can be identified. It was performed on air-exposed 

samples to follow the surface transformations of the Nd-Fe-B magnets.This work is supported by the French 

“Agence Nationale de la Recherche”, in the frame of the projects ANR-13-ECOT-0006-06 "EXTRADE" and 

ANR-17-CE08-0050-02 "RAP" 

[1] G. G. Zaimes, B. J. Hubler, S. Wang, V. Khanna, ACS Sustainable Chem. Eng. , 3, 237 (2015) 

[2]  Directive 2012/19/EU on Waste Electrical and Electronic Equipment (WEEE) », 2012 

[3] N. Maât, V. Nachbaur, R. Lardé, J. Juraszek, J.-M. Le Breton, ACS Sustainable Chem. Eng., 4, 6455 

( 2016) 

[4] “Process and recovery system for rare earths included in objects” WO application 96/00698 (Oct. 2015) 

https://www.google.com/patents/WO2017067844A1?cl=fr 

Oral Presentation Page 68 of 206



ICFPM 2019 10th International Conference on Fine Particles Magnetism 

 

Ionic liquid based ferrofluid for low-grade thermal energy harvesting 

K. Bhattacharya1*, J. Riedl2, M. Sarkar2, V. Peyre2, E. Dubois2, M. Bonneti1, M. Roger1, R. Perzynski2, 

S. Nakamae1 

1SPEC, CEA, CNRS, Université Paris-Saclay, CEA Saclay 91191 Gif-sur-Yvette Cedex, France 
2Sorbonne Université, CNRS, Laboratoire Physicochimie des Electrolytes et Nanosystèmes interfaciaux 

(PHENIX), 4 place Jussieu, F-75005 Paris, France  

 

 

Low-grade heat, emerging from geothermal sources and industrial plants, is a huge source of alternative 

energy that remains mostly untapped because of inadequate technologies for efficient waste heat harvesting 

[1]. This brings in focus the critical needs for development of efficient and cost-effective technologies that 

convert low-grade waste heat into electricity. Solid-state semiconductor devices and Rankine cycles were the 

most preferred methods that were previously favoured for waste heat harvesting. However, these 

conventional methods are limited by their low power densities and high materials costs. In recent times, liquid 

based thermoelectrochemical cells offer an attractive alternative for low-grade waste heat harvesting due to their 

simple design, cost effectiveness and environmentally benign nature [2, 3]. Even more interestingly to the fine 

magnetic particle community, the thermoelectric coefficient (Seebeck coefficient) of ferrofluids was found to 

increase as a function of magnetic nanoparticle and with the application of external magnetic field. [4, 5] 

In this work, we present novel ionic liquid based ferrofluids as liquid electrolytes for thermoelectrochemical 

cells to convert low-grade waste heat into electricity.  We have studied the Seebeck coefficient of these 

ferrofluid. We show how the thermodiffusion of nanoparticles can affect the power output and improve the 

thermoelectric coefficients in liquid thermoelectrochemical cells. In addition, we have also investigated the 

energy storage capacity of this ferrofluid electrolyte based thermoelectrochemical cells. 
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Accurate, local, remote, and real-time temperature measurements are essential for many applications of 

nanotechnology. While conventional thermometry can accurately measure the temperature at a microscale spot 

on a surface, magnetic nanothermometry is being explored as a method to measure temperature throughout a 

volume. For example, automotive engineers could monitor fuel/oil temperatures throughout an internal 

combustion engine to optimize fuel-efficiency. Useful biomedical data could be obtained by measuring 

temperatures within a living cell to gain information about fundamental metabolic processes. Although recent 

progress has been made in the development of magnetic nanothermometry [1], current methods still lack the 

sensitivity necessary for widespread application. Specifically, the nanomaterials display modest changes in 

magnetization with temperature; this response must be strengthened to improve the signal-to-noise ratio as a 

prerequisite to practical volumetric nanothermometry.  

Recent theory [2] has predicted that sharp magnetization features can be induced as a function of 

temperature in bilayer nanoparticles, where each layer is composed of a different magnetically coupled 

material. Here, we employ solution-synthesized core-shell nanoparticles and correlate their magnetization with 

the temperature of their local environment. We find that prudent selection of the material system, morphology, 

and layer thickness provide a means to control the magnetic interaction arising from the coupled layers. This 

modulation of interfacial magnetic properties allows for different magnetic transition temperature regimes and 

sensitivities, thus providing an opportunity to engineer these nanothermometers’ performance as a function of 

their constituent magnetic coupling. We present monodisperse core-shell metal-metal oxide colloidal 

nanoparticles and metal-metal layered thin film structures as test platforms for this metrology. Over the range 

100 K to 350 K, under an applied magnetic field of 0.1 T, both samples showed considerable change in the 

magnetization, with the metal-metal layered samples demonstrating a response as large as 93 %, which is 

substantially larger than either individual metal. In addition, several samples exhibited unusually complex 

behavior, with multiple local minima/maxima in the magnetization as a function of temperature, confirmed by 

distinct changes in the shape of the magnetization with magnetic field measurements (square vs. S-shaped). 

To better understand what is occurring experimentally, the systems were extensively characterized, both 

physically and magnetically, as well as modelled using micromagnetic methods.   

References 

[1] J. Zhong, J. Dieckhoff, M. Schilling, and F. Ludwig, Journal of Applied Physics 120, 143902 (2016). 

[2] N.R. Anderson and R.E. Camley, Physical Review B 94, 134432 (2016). 

                                                      

*adam.biacchi@nist.gov 

Oral Presentation Page 70 of 206



ICFPM 2019 10th International Conference on Fine Particle Magnetism 

 

 

Magnetocaloric effect in nanostructured alloys for magnetic 

refrigeration applications 

C. Echevarria-Bonet1,2,*, M. Reguero1, J.A. Blanco1, D. P. Rojas3, L. Fernández Barquín2 

1Departamento de Física, Universidad de Oviedo, 33007 Oviedo, Spain 
2Departamento CITIMAC, Universidad de Cantabria, 39005 Santander, Spain 

3Departamento de Física e Instalaciones Aplicadas-ETSAM, 28040 Madrid, Spain 

In a traditional based fluid compression-expansion refrigeration system, the efficiency rarely exceeds the 

theoretical limit of 20% (Carnot cycle). On the other hand, efficiencies up to 60% have been experimentally 

obtained in magnetic refrigerator prototypes. This means that these kind of refrigerators consume one third of 

the energy that a traditional one does. These magnetic refrigerators do not use fluids at high pressure and are 

more robust and simple than conventional refrigerators. Moreover, the latter may produce greenhouse gases 

as a consequence of losses during its processes [1]. Thus, it is mandatory to look for materials with large 

(enough) refrigerant capacity in a certain temperature range (for each application). 

Magnetic refrigeration is based in the magnetocaloric effect (MCE) [2]; when a magnetic field is applied 

on some substances, certain structural and magnetic changes may appear, leading to an entropy variation 

(during this magnetic transition). This entropy variation can be calculated by indirect measurements of 

magnetization and specific heat. 

One of those materials in which the MCE has been observed are those of the RCu2 series (R=rare earth 

element) [3]. Among these materials, TbCu2 presents an antiferromagnetic transition at TN=50K [4], leading 

to a potential applicability of this compound for low temperature refrigeration (crysostats). On the other hand, 

it has been observed that the entropy peak variation in nanometric materials is smoothed in such a way that the 

absolute value of ΔS decreases but the integration of this peak results in a larger area, with a consequent 

enhancement of the refrigerant capacity. This could lead to a higher temperature range of applications. 

In this sense, a series of TbCu2 alloys have been produced by arc melting and subsequent ball milling in 

order to reduce particle size down to 5nm (approx.), inferred from by XRD and TEM measurements. Magnetic 

characterization in terms of M(H) curves has been performed in order to obtain the isothermal entropy variation 

dependence on the particle size when measured around TN. As expected, the absolute value of the isothermal 

entropy variation decreased but the FWHM of these peaks increased, in comparison with the bulk alloy. 
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In this work, the low-temperature magnetic configurations, obtained via simulated annealing and 

summarized in phase diagrams, as well as the magnetization reversal modes of ferromagnetic nanotubes, are 

investigated. Results were obtained by using standard Metropolis Monte Carlo simulations of generic single-

wall zig-zag ferromagnetic nanotubes of different aspect ratios and by using also micromagnetic calculations 

for FeCo nanotubes. Classical Heisenberg magnetic moments interacting via competing short-range exchange 

(J) and long-range dipolar interactions (of strength D) were considered. Results reveal the occurrence of 

different low-temperature magnetic states depending of the degree of competition between the exchange and 

dipolar energies. Thus, collinear ferromagnetic (FM) states are observed for dominant exchange interactions 

whereas helical (H) and subsequent vortex (V) states are obtained above a certain size-driven threshold value 

of γ=D/J when dipolar interactions become relevant. By using suitable order parameters, we propose a series 

of magnetic phase diagrams as a function of γ, radius (N) and height (Nz) of the nanotubes. An example of 

such a phase diagram is shown in figure 1 [1].  On the other hand, the occurrence of transient circular states 

during magnetization reversal, when a uniform external field is applied parallel to the tube axis, is also 

influenced by the strength of dipolar interaction and aspect ratios in tubes of some few nanometers studied via 

Monte Carlo. Analogously, micromagnetic simulations of FeCo nanotubes of tens of nanometers with aspect 

ratios similar to those studied by Monte Carlo, reveal also the presence of such states. More concretely, our 

results allow concluding that, two different magnetization switching modes are feasible. One (Q1), 

characterized by intermediate stages having H states at the ends of the tube with the same chirality with a low-

coercive field. A second one with opposite chiralities and a high-coercive field, where regions magnetically 

harder in the middle of the tube during inversion appear as a consequence of a merging process of the circular 

states. Figure 2 shows some of the typical spin configurations in the switching. Energy calculations suggest 

that both modes are interconnected in the energy phase space with a high degree of metastability.  

Our results can shed lights on a new mechanism for coercivity enhancement, and for understanding the 

hysteretic properties of tubular nanostructures where dipolar interactions play a key role. 

 
 

Fig. 1. Typical phase diagram.   Fig. 2. Spin configurations during reversal. 
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Magnetic hyperthermia has become an available anti-cancer therapy for certain solid tumors (e.g. 
NanoTherm® therapy [1]). Among other challenges, current magnetic hyperthermia must deal with toxicity 
by achieving adequate therapeutic temperatures while reducing the magnetic nanoparticle (MNP) dose, for 
which MNPs with high heating abilities at low H0 values (biologically safe) are continuously pursued. This 
approach has represented an active research line during the last years, and it has been proven that not only 
the composition and size, but also the shape and the arrangement of MNPs play an essential role on heating 
ability [2]. Indeed, the shape of nanoparticles affects their arrangement. Cubic or faceted MNPs tend to self- 
organise face-to-face, leading preferably to chains or columns. This is contrary to spherical MNPs that 
usually self-assemble in hexagonal packing. Eventually, these trends are tuned by the MNP size dispersity. 

In this work we present the striking results obtained from the study of several arrangements of two 
kinds of magnetite MNPs, spherical (SPH) and faceted (FAC). SPH MNPs display a very homogeneous 
shape (Fig.1) and are highly monodisperse in size, with a mean diameter of 16.4  0.9 nm. FAC MNPs are 
polyhedral, more heterogeneous in shape, and less monodisperse in size, with a mean diameter of 13.9  2.2 
nm. The temperature dependence of the magnetic susceptibility () and SAR (Specific Absorption Rate) was 
measured within the region of the largely accepted linear response theory (LRT) [3]. Experimental data, 
analyzed by using Tln(/0) scaling [4] (with T being the temperature,  the relaxation time for magnetization 
reversal and 0 the attempt time), highlight that  is strongly influenced by the arrangement. The analysis led 
to the development of an empirical model based on the scaling and the shape of the ’’ (T) and SAR(T) 
curves, both related to the distribution of energy barriers (Eb) for magnetization reversal. The model allowed 
describing the dependency of  and Eb in terms of characteristic parameters whose physical interpretation is 
discussed on the basis of reported theoretical models that include individual-particle, inter-particle, and 
collective effects. The present work thus provides a tool to take into consideration the arrangement of the 
MNPs when comparing their heating ability and magnetic properties with theoretical predictions.  

 

Fig.1. Arrangements of SPH (a, b) and FAC (c, d) magnetic nanoparticles. 
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Observing  that  no  clear-cut  experimental  analysis  can  determine  wether  dipole-dipole  interactions
enhance or reduce the maximum blocking temperature  Tmax of nanoparticle assemblies, it  seems that the
samples play a central role in the problem and therefore, their geometry should most likely be the key factor
of this controversy. Yet, in a previous work, Jönsson and Garcia-Palacios [1] did investigate theoretically
this problem in a weak interacting limit and without the presence of an external DC field; based on symmetry
arguments, they went to the conclusion that the relaxation rate should always increase. In the presence of an
external magnetic field, we show that these arguments may no longer hold depending on the experimental
geometry. Therefore, the aim of the paper is to analytically evaluate the relaxation rate, in the intermediate to
high damping limit within Langer’s theory [2] (as Braun did for chains with exchange couplings) [3], for a
model  system  consisting  in  a  chain  of  ferromagnetic  nanoparticles  coupled  with  long-range  dipolar
interaction with two different geometries. Rather than having a quantitative analysis, we only focus on the
qualitative  variation  of  this  blocking  temperature  as  a  function  of  the  interparticle  distance.  The  two
following situations are investigated: a linear chain with a longitudinal axial anisotropy under a longitudinal
DC field, and a linear chain with a longitudinal axial anisotropy and a transverse field.
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Magnetic hyperthermia is one of the most promising biomedical applications of magnetic nanoparticles 
(NP) and is intended to be alternative to cancer therapies based on drug delivery and radiotherapy. It is based 
on the fact that magnetic NP dissipate heat when an oscillating magnetic field is applied to them in a quantity 
(specific absorption rate, SAR) that is closely related to the area of the hysteresis loop. The main problem in 
the field has become to find the suitable range of parameters that maximize SAR for a given material [1], SAR 
depends of course on the amplitude of the applied magnetic field and its frequency, but also on intrinsic 
parameters of the NP such as saturation magnetization, anisotropy, shape and size [2]. Although the role of 
external parameters is somehow well contrasted, there is still ongoing controversy on the role that particle 
interactions play on SAR because both enhancement and suppression when increasing the NP concentration 
have been reported. Analysis of the response of NP assemblies to an ac field is usually based on what is called 
linear response theory [3]. However, such an approach is limited to low applied fields and NP interactions 
cannot be incorporated easily. Here, we will present the results of theoretical modelling and Monte Carlo 
simulations of assemblies of NP interacting through dipolar interactions (DI) in the macrospin approximation 
[4], studying the effects that interparticle separation, particle size and spatial arrangement of the NP have on 
SAR. In particular, we will show results for spin chains, randomly placed NP with varying concentrations, and 
assemblies in SC lattices with different shape. It is found that formation of chain-like arrangements or in 
assemblies with prolate shapes, lead to considerable increases in SAR due to DI. 
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Hysteresis loop areas as a function of the height of the NP assembly of NP on a SC lattice for increasing 

DI as indicated by the arrow.  
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Iron oxide nanoparticles are among the most popularly used magnetic materials in an extensive range of 

applications (biomedical, energy and environmental) because they have low cost, low toxicity, and exhibit 

unique magnetic properties. The size, the shape and the internal structure have been proven important 

parameters that control their magnetic properties. Recently, it has been observed that magneto-structural 

defects in the iron-oxide based nanoparticles are responsible for the enhancement of their magnetic 

properties [1, 2].   

We investigate the effect of defects on the hysteresis behaviour of iron-oxide based nanoparticles with 

particle size in the range 8-18 nm and different structural and morphological characteristics. More 

specifically, we model two different nanoparticle systems: a) defected single spherical and cubic 

ferrimagnetic (FiM) (Fe3O4) nanoparticles and b) bi-magnetic spherical antiferromagnetic (AFM) core/FiM 

shell (FeO core / Fe3O4 shell) nanoparticles with defects in the core and the shell. For the study of the 

nanoparticles, we employ atomic scale modeling. The spins in the particles interact with nearest neighbors 

Heisenberg exchange interaction. The random defects are introduced in the nanoparticle structure as weakly 

coupled ferromagnetic (FM) pairs of spins with strong anisotropy as indicated by the experimental findings 

[3]. We use the Monte Carlo Metropolis algorithm to study the dependence of the coercive field HC, the 

exchange bias field HEX and the vertical shift on the number of defects and on the applied cooling field.  

Our results demonstrate that defects produce local exchange-anisotropy fields that enhance the coercive 

and the exchange bias fields. The increase of the fraction of the defects causes an increase in the HEX in all 

nanoparticles while the vertical shift decreases monotonously in the case of the single nanoparticles and 

follows a non-monotonic behaviour in the case of the bi-magnetic nanoparticles. Our results are in good 

agreement with the experimental findings [3], illustrating that defects can be a tunable parameter for the 

enhancement of the magnetic nanoparticles’ performance for advanced applications.       
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Antiferromagnetically ordered (AFM) materials attract increasing attention due to their potential for 

spintronic devices such as spin valves, magnetic random access memory and the development of ultra-hard 

magnetic materials [1]. The lack of a net magnetic moment makes the investigation of nano-sized 

antiferromagnets very challenging. Thus, while the AFM properties of many bulk materials often are 

thoroughly studied, the magnetic properties of their nano-sized counterparts are poorly understood. Size 

effects can, for example, lower the Néel temperature (TN), allow thermally induced switching of the spin 

system, may determine whether the particles assume collinear single domain states, or whether multi-domain 

or other spin configurations are preferred, or lead a non-vanishing magnetization due to uncompensated spins 

[2]. In addition,  microstructural defects might modify the spin structure and the orientation of the Néel 

vector compared to bulk materials [3]. So far, AFM nanoparticles are mostly investigated in large ensembles, 

where the effects of the microstructure and morphology of individual nanoparticles, inter-particle 

interactions, e.g. dipolar interactions, on the orientation of the Néel vector, and the distribution of 

uncompensated magnetic moments in individual nanoparticles are difficult to address. 

 In this contribution we tackle this issue by  investigating individual CoO/Co3O4 core-shell 

nanoparticles which have been shown to  exhibit a small net magnetic moment in proximity of the core-shell 

interface due to interfacial strain at temperatures well above TN of both antiferromagnetic constituents (290 

K and 40 K for CoO and Co3O4, respectively) [4]. The magnetic properties of these particles are addressed 

by combining X-ray photoemission electron microscopy (X-PEEM) with X-ray magnetic linear (XMLD) 

and circular (XMCD) dichroism probed at the Co L3 absorption edge. The magnetic information of 

individual nanoparticles is correlated with structural information obtained by scanning electron microscopy 

(SEM), and transmission electron microscopy (TEM). The chemical composition is determined by recording 

X-ray absorption spectra (XAS). The orientation of the Néel vector and the uncompensated magnetic 

moments of individual nanoparticles are studied by orientation and temperature dependent XMLD and 

XMCD measurements between 100 K and 300 K. Our findings suggest a that the individual nanoparticles 

exhibit a phase transition from paramagnetic to antiferromagnetic order at a critical temperature, which can 

deviate from particle to particle. Moreover, the data suggest that the antiferromagnetically ordered phase is 

characterised by a single domain state. The orientation of the Neel vector with respect to the structure of the 

particles will be discussed. Our results will contribute to a better understanding of antiferromagnetism at the 

nanoscale and will help to design future antiferromagnetic spintronics devices. 
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Dense assemblies of magnetic nanoparticles (MNPs) continue to attract considerable interest, both from 
the technological and fundamental science viewpoints. After previous work on such assemblies of pure 
maghemite NPs led to the observation of model superspin glass (SSG) dipolar behavior[1,2], the present study 
explores the possible role of particle anisotropy on the SSG freezing temperature in similar compacts of bare 
NPs (in terms of particle size and uniformity, ~2 %), but comprising maghemite NPs doped with different 
fractions of cobalt, up to a maximum fCo = 0.23 of the metal ions, as a means to control the value of Keff while 
changing the saturation magnetization only slightly.[3] Hence, this sample series allows us to investigate the 
possible influence of the NP effective anisotropy energy, KeffV, on the freezing temperature of systems where 
the strong dipolar interactions at play systematically yield a SSG transition, as evident from the critical 
divergence of the relaxation and by the observation of a significant zero-field-cooled memory effect at low 
temperatures. Figure 1(b) shows the evolution with fCo of the freezing temperature, defined as the peak 
temperature of the zero-field-cooled magnetization curve, as well as the blocking temperature measured in 
magnetically dilute compacts of the same NPs coated by thick silica shells [see Figure 1(a)]. The results support 
a Vogel-Fulcher-like behavior[4] against theories neglecting the role of KeffV in systems with collective 
behavior.[5] 

 
 

Figure 1: (a) TEM image of silica coated Co-doped maghemite NPs. (b) Dependence of the freezing temperature (Tmax) and 
blocking temperature (Tb) on Co-doping fraction in concentrated (“RCP”) and dilute (“REF”) systems, respectively. 
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Magnetic-plasmonic heterostructured nanocrystals (MP-HNCs) recently attracted a considerable interest, 
being these novel multifunctional nanomaterials highly promising in a wide range of applications, such as 
catalysis, optics, electronics, sensing, and, above all, biomedicine.[1] Moreover, the direct combination of two 
or more different inorganic counterparts at the interphase can also lead to the onset of new physico-chemical 
properties, making the fundamental investigation of MP-HNCs extremely challenging. Within this framework, 
particular attention is focused on Au-Fe3O4 MP-HNCs, since both materials are largely investigated at the 
nanoscale in several applications and in particular in the biomedical field. Indeed, both Au and Fe3O4 
nanocrystals can act as contrast agents for imaging, heat mediators for hyperthermic antitumoral therapy, drug 
delivery agents and elements in biosensing devices.[2,3] The integration of magnetic and plasmonic properties 
in a single nanosystem represents then an extremely powerful tool for the improvement of these applications 
and for the development of new ones. However, despite the great interest for Au-Fe3O4 MP-HNCs, there still 
is a lack of comprehension on their mechanism of formation and in the possibility to tune the magnetic 
properties of the system.  

In this contribution, we present the synthesis and the characterization of Au-Fe3O4 HNCs.[4] We 
demonstrate that a precise control over their size and morphology can be achieved by growing iron oxide onto 
preformed Au NPs. The plasmonic resonance position of the obtained Au-Fe3O4 HNCs was found to be 
morphology-dependent, and preliminary hyperthermic data indicate that they can act as multifunctional heat 
mediators for hyperthermia under both magnetic and laser actuation. Moreover, we will present a successful 
strategy for the tuning of the magnetic properties of these systems, through the preparation of Au-MFe2O4 (M 
= Co, Mn) MP-HNCs and the study of their physical properties. Finally, we present an investigation on the 
interaction between magnetic and plasmonic properties, by designing specific Au@FexOy core-shell HNCs in 
which the optical properties of the plasmonic counterpart can be modulated with a magnetic field. 
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Self-assembly of magnetic nanoparticles, in general, is of interest due to the 

broad range of applications in material science and biomedical engineering[1-2]. 
Parameters that affect self-assembly in nanoparticles include particle size, external 

magnetic field, the thickness of surfactant, concentration and synthesis routines[3]. 

Superparamagnetic iron oxide nanoparticles (NP’s) of 20nm and 27nm were 

investigated using Small Angle Neutron Scattering (SANS) at room temperature in 
2.2T field which revealed a profound size effect on the observed self-assembly (Fig 

1.a and 1.b). In the case of 20nm NPs there was no indication of self-assembly even 

at high concentration (1% vol) and a maximum field of 2.2T, while 27nm NP’s start 
self-assembling into linear chains even in low concentrations (0.42%) and zero field 

(fig1.c). The SAXS and SANS data of 27 nm are best described by the linear pearl 

model. The particle size distribution and the core diameter were determined with 
transmission electron microscopy (TEM) and small angle x-ray scattering (SAXS). 

Macroscopic magnetization measurements reveal a different magnetic behavior in 

dilute and concentrated samples indicating the influence of interactions in both NPs. 

The structural and form factors are obtained by sector analysis of the 2-D pattern of 
SANS with field variation. The half-polarized neutron scattering was used to 

separate the nuclear and weak magnetic scattering for both NPs. This study will open 

new perspectives and understanding of the control and manipulation of self-
assembly in complex nanoparticles with additional physical parameters. 

.  
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a) b) 

 

Figure 1:  SANS pattern at room temperature in H=2.2T (similar concentration) of a) 20nm 

b) 27nm NP (colour bar in logscale) c) Radially averaged SANS of 27nm NP's in 0T at 

room temperature (red line  linear pearl model fit) 
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In diluted magnetic semiconductors, the strong spin-spin interactions between band electrons and localized 

magnetic ions lead to a host of entirely new magnetooptical physical phenomena, such as giant Faraday, 

giant Kerr, photoinduced magnetization effects, which was first demonstrated in monocrystals MnxHg1−xTe 

(MHT) by Krenn [1]. Characteristics of charge carriers can be investigated by the microwave absorption by 

using magnetic resonance method. The aim of this work was to study the magnetic and transport properties 

of the MnxHg1-xTe (x=0.135) monocrystals by magnetic resonance method. The electron spin resonance 

(ESR) spectra were recorded using Varian E12 and ER 200 SRC (EMX/plus) spectrometer (Bruker) in X-

band 9.4 GHz. Measurements were performed at the temperatures 4.2–100 K and at the magnetic fields 

varying from 0 to 10
4
 Oe. Angular dependencies of ESR spectra are presented in Fig. 1 for single crystals 

Hg0.865Mn0.135Te at 4.2 (a) and 77 K (c).  As shown in Fig, the exchange narrowed line with strong angular 

dependence was observed at Т=4.2К due to all Mn
2+

 ions and charge carriers. The ESR spectrum was 

approximated by Lorentz line [2]. The angular dependencies of resonance magnetic field and linewidth were 

presented in Fig.1b at 4K. We estimated anisotropic exchange parameters from angular dependencies of ESR 

linewidth for Hg0.865Mn0.135Te. 
Magnetizations from magnetic field dependencies of the sample were measured at a temperature of 5 

and 300K on the multifunctional system for measuring physical properties with superconducting magnet 

PPMS-9. The temperature dependence of the magnetic moment is not described the Curie-Weiss law:

)(11

CWTC   
 in all temperature range (see Fig.1d).  
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Figure 1. ESR spectra of Hg0.865Mn0.135Te and line position and linewidth at 4.2 K (a, b) and 77 K (c); 

temperature dependence of inverse magnetic moment and its first derivative in the insert (d). 
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Magnetic anisotropy is a fundamental property of magnetic nanoparticles and thus crucial for their 

performance in various applications including nanomedicine [1], non-linear optics [2], or permanent magnets 

[3]. Surface phenomena such as surface spin disorder effects have a strong impact on the magnetic properties 

of nanoparticles [4-6].  However, it is challenging to isolate surface-related effects from the effective magnetic 

anisotropy using macroscopic, integral magnetization methods. A size dependence of surface effects is well 

established and usually, non-saturation magnetization behavior in magnetic nanoparticles even at high fields 

is attributed to surface spin canting or formation of a magnetically dead layer. The strength of magnetic surface 

anisotropy can be estimated from volume-averaged macroscopic measurements by comparing series of 

different particle size batches. Nevertheless, the spatial variation of the local surface anisotropy within 

nanoparticles cannot be discriminated.  

Polarized small-angle neutron scattering is a versatile technique, which allows investigating the 

nanoparticle magnetization with spatial resolution [7]. In this contribution, we will present the chemical and 

magnetic morphology of magnetic ferrite nanoparticles with sub-Å resolution. Polarized small-angle scattering 

allows us to establish the field-dependence of both the local magnetization and the coherently magnetized 

particle size. Even at high magnetic field of 1.2 T, spin disorder at the particle surface affects about 11% of 

the particle volume [8]. Moreover, we will demonstrate how these results allow to extract quantitatively the 

spin disorder energy and the spatially resolved surface anisotropy within the nanoparticles. This approach 

ultimately gives insight into the internal nanoparticle spin structure. 
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The combination of magnetic and plasmonic materials and their nanostructurization have been revealed 

a prominent pathway to develop novel photonic materials for the active control of the light polarization using 

a magnetic field.[1,2] Up to now, the physical growth methods have shown the only exploitable approach to 

prepare these types of nanostructures.[3] Here, we demonstrate the chemical synthesis of magneto-plasmonic 

core/shell nanocrystals with enhanced magnetic control of optical properties comparable to the best results 

reported for nanostructures growth by physical methods.[4,5] Ag/FeCo core/shell nanocrystals were synthesized 

in a combination of hot injection and polyol approaches,[6] demonstrating that the well-defined structures of 

both components, their interface and the optimized morphology, where the plasmonic and magnetic 

components are placed in the core and the shell regions, are the responsible of the observed large enhancement 

of magnetic control of light polarization. Therefore, it is confirmed the possibility to develop tunable magneto-

optical materials by hybrid magneto-plasmonic structures synthesized by chemical methods. 

 

Figure 1. Low resolution TEM images for (a) Ag/FeCo core/shell and (b) pure FeCo nanoparticles. (c) 

High resolution STEM-HAADF image of Ag/FeCo core/shell nanoparticles and (d) the respectively overlay 

EDS image for the (e) Fe K edge, (f) Co K edge and (g) Ag L edge. (h)  (top) Faraday rotation (θF) and (bottom) 

ellipticity (εF), and (b) MOA spectra for Ag/FeCo core/shell and pure FeCo nanoparticles. Blue curve in panel 

(b) shows the transmission spectra of Ag/FeCo core/shell sample for comparison. 
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Ever increasing demands in data storage require ever faster, compact, energy-efficient and robust data writing 

technologies. In the field of magnetic data storage, the discovery of all-optical switching (AOS) using 

femtosecond laser pulses has received particular attention, since AOS may facilitate ultrafast data writing 

processes in magnetic matter [1]. AOS has been initially demonstrated in rare-earth transition-metals alloys 

such as FeGdCo, but was found also in rear-earth free systems such as Pt/Co/Pt trilayers as well as in granular 

recording media composed of FePt nanoparticles [2-4]. So far, most investigations have been carried out on 

thin films or micron-sized structures, but the effect of femtosecond laser pulses on truly nano-sized magnetic 

systems has not been addressed. Here, we investigate the effect of femtosecond laser pulses on individual, 

supported Co nanoparticles. At room temperature such particles have been found in a magnetically blocked 

state with a magnetic energy barrier of about 0.8 eV [5]. Thus, the total energy required to switch the 

magnetization of these nanoparticles is much smaller when compared to that of typical thin films or micron-

sized structures, and the absorption of only a few photons could result in thermally driven stochastic 

magnetization reversals or even in deterministic AOS. 

In detail, we investigate the effect of single 50 fs laser pulse excitation with a wavelength of 800 nm on 

individual, well isolated cobalt nanoparticles with sizes ranging from 8 to 20 nm. The response of the 

nanoparticles to the laser pulses is studied by combining X-ray photoemission electron microscopy (X-PEEM) 

with X-ray magnetic circular dichroism (XMCD) and X-ray absorption spectroscopy (XAS). This approach 

allows us to determine magnetic and chemical state of individual nanoparticles before and after laser pulse 

excitation. We find that laser pulses with a flux of up to 7 mJ/cm2 have no noticeable effect on the 

magnetization of the nanoparticles, irrespective of the laser polarization. Increasing the intensity further leads 

eventually to a loss of magnetic contrast, which is accompanied by an irreversible chemical reaction of the 

nanoparticles with the substrate. At the highest photon flux, the number of absorbed photons in the 

nanoparticles is estimated to about 150 photons. Considering the photon energy of 1.5 eV in our experiments 

suggests, that also at intermediate photon flux the deposited energy should be sufficient to overcome the 

magnetic energy barrier of the particles of 0.8 eV [5]. The observed absence of magnetic reversal events in the 

nanoparticles is assigned to the short laser pulse duration and subsequent rapid heat dissipation when compared 

to the time needed for a magnetization reversal.   
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The application of magnetic nanoparticles (MNPs) in biomedicine is one of the most dynamic and 

promising fields of nanoparticles research. Two examples for the use of multifunctional MNPs in 

theranostics are agents in magnetic resonance imaging (MRI) and magnetic particle hyperthermia (MPH) for 

the localized treatment of cancer. We designed, synthesized and tested various MNPs like ferrites [1-3], 

core-shell architectures [4], and magnetite-gold (Fe3O4-Au) hybrids [5,6] for optimized properties.  

Here, we present pairwise connected Fe3O4-Au hybrids with diameters of 6-44 nm Fe3O4 and 3-11 nm 

Au aiming for optimized theranostics response. Figure 1 shows high-resolution transmission electron 

microscopy (HRTEM) images and corresponding FFT images of 15 nm and 25 nm Fe3O4-Au hybrids [6]. 

With increasing MNPs diameter from 6 to 25 nm in agarose mimicking tissues, the MPH reveal that the 

specific loss power increases from 12 to 327 W·gFe
−1

, while for the MRI, we observe the growth of the r2-

relaxivity from 118 to 612 mM
−1

s
−1

. The 25 nm and 44 nm diameter MNPs show the similar theranostic 

performances. These values are significantly enhanced in comparison to other Fe3O4-Au hybrids due to their 

octahedral shape and large MS. As a practical application, MRI-controlled drug delivery and dual-mode 

MRI/fluorescent imaging are presented for the optimized MNPs size of 25 nm. 

   
 

 

 

 

 

 

 

 

 

 

 

Figure 1: HRTEM and corresponding FTT images of size-

selected magnetite–gold NPs: MNP-15 (A, C) and MNP-25 (B, 

D). Fe3O4 and Au indices are marked yellow and red, 

respectively. The [111] and [200] crystallographic directions of 

Fe3O4 and Au register to each other. The NPs are viewed along 

their [011] direction [6]. 
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Magnetic nanoparticles have been incorporated to liposomes leading to magnetoliposomes, that presents 

different spatial distribution of the nanoparticles depending on the nanoparticle coating. Colloidal properties 

of the magnetoliposomes depends on the surface charge of nanoparticles and liposomes, and the lipid bilayer 

melt transition is shifted to lower temperatures by the nanoparticles incorporation (from 42 oC to 38 oC). 

Hyperthermia treatment combining magnetoliposomes and doxorubicin (DOX) was first set up for HeLa 

cells adjusting the conditions to get some effect in the cell viability. It was observed that magnetoliposomes 

increased the nanoparticle intracellular uptake when compared to free nanoparticles, accumulating in the 

cytoplasm with 100 % efficiency, without an alteration in cell viability. In addition, magnetoliposomes slow 

down the DOX release (longer than 48 h) since DOX needs more time to diffuse through the liposome bilayer.  

Drug release control using an alternating magnetic field was adjusted also for MDA-MB-231 cells. 

Applying an AMF for 1 hour triggered the drug release from the magnetoliposomes reaching the same cell 

death rate as free DOX (only 3 % survival), suggesting that we succeed in controlling the drug release by 

applying a non-invasive external magnetic field. This result may lead to a reduction in the drug dosage required 

to achieve the same efficiency locally, also reducing DOX side effects. 

 

Figure 1: MDA-MB-231 cells incubated with magnetoliposomes loaded with doxorubicin. Alternate 

magnetic field applied for 1 hour triggered the drug release reducing cell viability.  
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Pollution is nowadays a widespread problem caused mainly by human activity , in combination with  
seasonal  biogenic  toxicity events,  reinforced by  climate change, that  provoke contamination   in water 
resources, soils and, natural  materials, which enter into  the food chain, provoking diseases in animals and 
humans as well as economic losses. 

The list of contaminants that can be found in  fresh water presents a wide chemical profile from organic 
compounds, to inorganic nanoparticles and sizes in the nanometre range, that pose a technical challenge  for 
their monitoring  and removal.  Conventional coagulation and filtration treatments in waste water are 
ineffective  for  nanometric sized pollutants, like toxins or heavy metal ions, and become a problem for shell 
fish industry or   for water management plans in human consumption. Moreover, alternative methods of use 
in agroalimentary food industry, like  the addition of  toxins sequestrant chemicals or biotransformation 
agents creat   large concerns  on  animal/ human health since all chemicals remain inside the alimentary 
matrix of interest.  

Magnetic nanostructured agents, with tailored specific catalytic properties and chemical affinities, and 
combined into macroscopic hybrids with reported remediation abilities (clays, active carbon, alginate, etc),  
provide a new generation of toxins/pollutants cleaning agents, that can be separated from the matrix material 
by magnetic extraction, which is considered a green technique, and  actively mixed by magnetic agitation  by 
external actuators.  

In this work, a set of different magnetic nanostructured materials for magnetic extraction of metals and 
toxins are presented, with applicability for water, beverages or alimentary matrices in different conditions of 
pH ,  pollutant concentrations or magnetic agitation conditions. Different  nanostructured materials  like  
magnetite coated with carbon (fig.1.a) , zeolite coated with magnetite NPs (fig.1.b)    or aluminium 
hydroxide (fig.1.c)  and particles in the millimetre range composed of biopolymers, magnetite nanoparticles 
and inorganic carbon, (fig.1.d) ,  have been tested for the magnetic extraction of HMs (Ce, Cu, Sr) [1] and 
several toxins (Deoxinivalenol, Fumonisine B1, Zearalenone, Aflatoxine) with extraction capacities that 
range between the 50% and 80% of the initial amount. Reusability of the magnetic agents in also under 
study. 

 

c d  a  b 

Figure 1. (a) Magnetite coated with carbon (b) zeolite coated with magnetite NPs, (c) aluminium 
hydroxide coated magnetite NPs under a permanents magnet action and (d) nanostructure particles in the 
millimetre range composed of biopolymers  magnetite NPs and inorganic carbon.  
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Magnetorelaxometry (MRX) imaging enables the noninvasive detection and quantification of magnetic
nanoparticles (MNPs). An MRX measurement process consists of (i) an excitation phase where a set of
external coils produces inhomogeneous magnetic fields, aligning the MNPs along the resulting field lines
and (ii)  a relaxation phase measuring the decaying net  magnetic moment of the particles with a highly
sensitive sensor system after the coils have been deenergized. The imaging process itself is the solution to
the inverse problem of the MRX forward model which can be formulated as linear system of equations that
links the measured signals to the particle distribution via the lead field matrix. The severe ill-posedness of
the inverse problem and the ill-conditioning of the lead field matrix prevent an accurate recovery of the
original MNP distribution. A large amount of measurement sequences has to be performed to overcome
these inaccuracies and to obtain a satisfactory reconstruction, resulting in long measurement times. 

Typically,  these  measurements  are  conducted  using
individual, consecutive activations of the coils or by excitation
with multiple, randomly chosen coils per sequence. There have
been a number of attempts to optimize the coil current patterns
to  improve  different  lead  field  matrix  properties,  like  the
spatial sensitivity [1, 2] or the statistical information content
[3].  These  studies  concentrate  either  on  the  optimization  of
individual  activations  of  single  coils  [3]  or  on  sensitivity-
targeting of specific (sub)regions of the voxel grid [1, 2]. In
our work, however, we aim for the optimization of multiple
coil activations per measurement sequence in order to achieve
comparable  reconstruction  accuracy  employing  fewer
excitation sequences to reduce the measurement times as well
as  for  improved  imaging  quality  for  a  given  number  of
sequences. In this respect, we stabilize the inverse problem by
minimizing the condition number of the lead field matrix.

The approach is tested on real sensor data obtained from the MRX setup of the Physikalisch-Technische
Bundesanstalt,  Berlin,  originally  recorded using individual,  consecutive activations  of  all  coils.  We can
produce pseudo-real measurement data of arbitrary excitation patterns by scaling and superimposing the
individual measurements according to the respective coil  currents to test the optimization approach. The
recoveries  obtained  from  optimized  coil  currents  consistently  outperform  three  other,  well-established
excitation patterns in almost all cases over various numbers of measurement sequences and five different
MNP phantoms for the same number of activations (see Fig. 1) and yield comparable reconstruction qualities
with only a fraction of the measurement sequences throughout all phantoms.
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Fig.  1:  Example  reconstructions  of  a  "P"-
shaped phantom in the center of the region of
interest  (top  row)  with  a  standard  choice  of
currents  (random  Gaussian  currents,  middle
row) and the optimized currents (bottom row).
The correlation coefficient (CC) to the ground
truth phantom is strongly increased in case of
the optimized excitation strategy.
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Magnetic nanoparticles (MNP) are already widely employed in diagnostic and therapeutic applications in
biomedicine[1]. For example, in magnetic hyperthermia the particles are used as heat sources to increase the
temperature of the surrounding tissue in order to damage tumor cells. Another application is the detection of
diseases  by  tracking  MNP  attached  to  biomolecular  targets.  Research  has  focused  on  developing  an
optimized MNP type for each application,  e.g. to achieve a fine resolution in disease detection,  or  high
heating rates in magnetic hyperthermia. 

An  imaging  tool  that  is  capable  of  reconstructing  the  spatial  distribution  of  multiple  MNP types
simultaneously would allow to combine diagnosis and therapy into one theranostic platform, fully based on
MNP. Moreover,  the  same platform could be used during therapy to monitor parameters  such as MNP
clustering,  tissue  viscosity  and tissue  temperature  to  enable  the  necessary  performance  enhancement  of
biomedical  applications.  Indeed,  as  soon  as  the  MNP  are  immersed  in  a  biological  environment,  the
performance of even well-optimized MNP often drastically decreases [2]. 

As a specific example of how such a theranostic platform could function, we present an implementation
using the promising MNP imaging technique called magnetorelaxometry (MRX) imaging. All information
about the MNP types, tissue viscosity, tissue temperature and particle interactions is encoded in the MRX
relaxation curves. In a first step we successfully employed MRX imaging to distinguish between various
particle types and to allow their simultaneous imaging [3]. Further advancing, the MRX imaging procedure
was adapted to include tissue information from other imaging modalities,  significantly increasing image
quality. Additionally, by using Kaczmarz’ algorithm, the prerequisite of a priori MRX reference curves for
different MNP types and environments could be omitted. Finally, the feasibility of extracting temperature
information, tissue properties (see figure), particle binding states and possible MNP interactions using MRX
imaging was investigated. Thus, using the example of MRX imaging, we prove the feasibility of a smart
MNP-based theranostic platform. 

Figure:  Reconstruction  of  the
spatial  distribution  of  MNP
suspended  in  different
environments  using  MRX
imaging.  The  three  numbers
indicate  the  correspondence
between  the  actual  MNP
distribution  in  a  given
environment  and  the
reconstructed MNP distribution
over the complete sample with
1  representing  a  ‘perfect’
reconstruction.
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Magnetospirillum gryphiswaldense is a microorganism able to biomineralize high quality magnetite 
nanoparticles called magnetosomes. These helical microorganisms contain around 20 45 nm cuboctahedral 
single domain magnetosomes arranged as a chain [1]. Such a chain behaves like a large single permanent 
magnetic dipole, which enable the whole cell to orient along Earth’s magnetic field. Thus, the magnetosome 
chain is a natural paradigm of a 1D magnetic nanostructures. Due to the large magnetic anisotropy, such 
arrangements show potential for biomedical applications [2-3] and actuation devices, as nanorobots [4]. 

Rather than the a priori expected straight lines, the magnetosome chains are slightly bent. The present 
work will shed light on the underlying mechanisms that determine the arrangement of the magnetosomes, 
and consequently the geometry of the chain. We have explored the direction of the magnetic moment using 
state-of-the-art techniques on a set of different bacterial arrangements: i) small angle neutron/x-ray scattering 
on a bacterial colloid, ii) macroscopic magnetometry on 3D and 2D fixed arrangements of randomly 
distributed and aligned bacteria, and iii) x-ray photoemission electron microscopy on an individual chain of 
magnetosomes extracted from the bacteria. 

Our experimental and theoretical findings [5] indicate that the effective magnetic moment of individual 
magnetosomes is tilted out around 20º of the chain axis ([111] crystallographic easy axis of Fe3O4) due to the 
competition between the magnetocrystalline and shape anisotropies. This tilt does not affect the direction of 
the net magnetic moment of the chain, which remains along the chain axis. However it turns out to be the 
key to understand the arrangement of the magnetosomes in helical-shaped chains. In fact, the interplay of 
two mechanisms is responsible of the configuration: the magnetic dipolar interactions between 
magnetosomes and a lipid/protein-based mechanism, modelled as an elastic recovery force exerted on the 
magnetosomes. With this interpretation, we reproduce with accuracy the experimental chain geometry 
imaged by cryotomography (ECT) (see Fig.1). 

Fig. 1: Left) Schematic representation of the forces involved in the construction of the chain; Right) Experimental 
reconstruction from ECT images and 3D simulation of the chain. 
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We study the mechanism of heat generation, induced by an alternating magnetic field, in magnetite 

nanoparticles (NPs) doped with manganese, produced by thermal decomposition from organometallic 

precursors [1]. We investigate a set of samples obtained by varying the duration of the reflux treatment 
carried out at the temperature of 300 °C during the synthetic procedure. On increasing this parameter (t300) 

between 60 and 180 minutes, the mean size of the NPs increases, though remaining below 10 nm, as well as 

the saturation magnetization, which in all the samples, thanks to the Mn doping, is higher than in magnetite 

NPs taken as a reference.  

The combination of these two events has two main consequences. First, it determines the intensity of 

the dipolar interactions between the NPs, thus influencing their magnetic relaxing behavior, which, in turn, is 

closely related to the heating efficiency [2]. Secondly, in a heating test, it is possible to operate in the regime 

of non-linear magnetic response of the NPs at values of amplitude and frequency of the alternating field 

usually employed for biomedical applications [3, 4]. We show that, in this regime, the Specific Absorption 

Rate (SAR) depends linearly on the fraction of NPs that, in each sample, are not superparamagnetic. This 

implies that, in the adopted experimental conditions, all the NPs that are in the blocked regime – small 

enough to be modeled as single magnetic domains - contribute equally to the heat generation. The physical 

implications of this result on the magnetic heating efficiency are discussed.  

In the sample obtained for t300 = 180 minutes, remarkable heating performances are observed. In 

particular, for an alternating field of amplitude Hmax = 228 Oe and frequency fm = 245 kHz, a temperature 

increase ∆T ~ 48 K is obtained in τ = 153 s, time constant of the heating process.  

Beyond this satisfactory result, the noteworthy point is the possibility of modulating the heating 

capacity of the produced NPs, so as to match specific needs in the biomedical sector, changing only a single 

synthesis parameter (t300) and exploiting appropriately the strict connection between structural features, 

magnetic properties and measurement conditions.     
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Figure 1. Schematic representation of the produced β-

NaY0.8Ln0.2F4@γ-Fe2O3 (Ln = Er, Eu, Yb-Er…) nanoprobes.

Figure 2. Two photon (830 nm) image collected 

on citrated β-NaY0.8Eu0.2F4@γ-Fe2O3 probes 

contacted with healthy fibroblast cells (72 h and 

50 µg mL-1) counterstained with by the blue 

DAPI (nucleus) and red TRITC (cytoskeleton). 

The particles appear as red dots.

Luminescent β-NaY0.8Ln0.2F4 nanoparticles coated by a superparamagnetic 

γ-Fe2O3 poly- and nanocrystalline shell: Toward dual magnetic resonance and 

optical imaging probes 
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Current biomedical imaging techniques are vital for the diagnosis of various diseases. Each imaging 

mode has its own merits and disadvantages, and uses specific probes exhibiting particular physical and 

chemical properties. However, a single technique does not encompass all the functionalities required for 

comprehensive imaging. Therefore, multimodal methods, with enhanced signal sensitivity, better spatial 

resolution, and the ability to relay information about biological systems at the molecular and cellular levels, 

are quickly becoming important tools. The key issue for such state-of-the-art clinical diagnostics is the 

production of multimodal nanoprobes which combine in single objects all the desired properties 1. In this 

context, we report, herein, the easy to achieve and reproducible wet synthesis 2 of  luminescent lanthanide 

doped yttrium fluoride nanoparticles coated by superparamagnetic iron oxide nanocrystals, their 

characterization and their functionalized with citrate ligands (Fig. 1) to form stable colloidal dispersion in 

water.  

Magnetometry and relaxometry measurements evidenced that our engineered nanoparticles exhibit a 

relatively high transverse relaxivity r2 = 42.3 mM-1s-1 at 37°C, for an applied static magnetic field of 1.41 T, 

close to the field of 1.5 T applied in clinic. Optical spectroscopy and confocal microscopy showed that they 

also exhibit a persistent visible light emission under near infrared (NIR) excitation (Fig. 2).  Besides, when 

contacted with healthy or malignant human cells, for doses as high as 50 µg mL-1 and incubation time as 

long as 72 h, they did not evidence any accurate cytotoxicity, highlighting their biomedical applicative 

potential as a bimodal optical and magnetic imaging probes. 
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The magnetic properties and giant magnetoimpedance, GMI, effect of the amorphous wires, such as 

coercivity, Hc, switching field (applied magnetic field necessary to observe rectangular hysteresis loop 

associated to magnetic bistability response), Hs, GMI ratio, magnetic anisotropy field, Hk, etc., are 

considerably affected by the external stimuli, like applied stresses, temperature, magnetic field [1]. 

Consequently, a number of magnetic and magnetoelastic sensors using magnetic wires have been 

successfully proposed [2]. Therefore, studies of the effect of applied stress on hysteresis loop are essentially 

important for development of novel magnetoelastic sensors and smart composites utilizing magnetic 

microwires. 

We studied the effect of applied tensile stresses on magnetic properties of Fe- and Co- rich 

amorphous glass-coated microwires. Rising of magnetic anisotropy field upon tensile stress in Co- rich glass-

coated microwires is described by a linear dependence (Fig.1a). Furthermore, decrease of magnetic 

susceptibility upon tensile stress is observed in Co- rich microwires. A monotonous increase in the coercivity 

and the switching field upon tensile applied stress is observed for as-prepared Fe- rich microwire. Stress 

induced magnetic bistability consisting of transformation of hysteresis and onset of rectangular hysteresis 

loop upon tensile stress, σ, of about 22.5 MPa is observed in stress-annealed Fe- rich microwires. Such 

stress-induced magnetic bistability results in considerable growing of coercivity and remanent magnetization 

in stress-annealed Fe- rich microwires. The rising in the coercivity and the switching field upon applied 

tensile stresses in stress-annealed Fe- rich microwires with stress induced magnetic bistability (at σ > 22.5 

MPa) is roughly described by the σ½ dependence (Fig.1b), as previously reported for the wires with 

spontaneous magnetic bistability [1]. Consequently, stress-annealing of Fe- rich microwire allows beneficial 

enhancement of the stress dependence of coercivity. Observed dependencies are discussed considering stress 

dependence of the magnetostriction coefficient in Co- rich glass-coated microwires, internal stresses 

redistribution and domain structure rearrangement in stress-annealed Fe- rich microwires upon applied 

tensile stresses [3,4]. 
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Figure 1. Experimentally measured stress-dependence of Hk in as-prepared Fe3.8Co65.4Ni1B13.8Si13Mo1.35C1.65 (a) and Hc 

and Hs for stress-annealed Fe75B9Si12C4 microwires and fittings for Hc(σ) and Hs(σ) dependencies (b). 
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The rotation of the polarization of light in a magnetized medium can be observed either in reflection (Kerr 
rotation) or in transmission (Faraday rotation).[1] These magneto-optical (MO) effects are typically small in 
most media, and consequently, different ways to modify or even enhance them have been reported. One way 
to do that, takes into account the integration of optical resonances of noble metal nanostructures.[2] 

Herein, we demonstrate a modified optical Faraday rotation in a unique composite nanostructure made 
of cobalt ferrite nanoparticles trapped in a silica capsule, employing the optical resonance of just one single 
noble metal (Au) nanoparticle.[3] 

 

 
 

Figure 1. Scheme and TEM image of a silica capsule containing several nanoparticles of cobalt ferrite and just 
one single nanoparticle of gold. 
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Aiming to extend the field of applications of magnetorheological fluids, high magnetization 
ferromagnetic nanoparticles (NPs) are nowadays on increasing demand. We present results concerning the 
synthesis and characterization of FeCo high magnetization ferromagnetic nanoparticles fabricated by the 
following physical (or "dry") routes: laser ablation in liquid flow [1] and ball milling [2]. As characterizing 
techniques, we have used DLS (Dynamic Light Scattering) to determine the obtained NPs size, X-ray to 
determine their structure, TEM and SEM techniques to determine NPs morphology, and magnetic 
measurements to know their magnetization.  

The starting material has been bulk Vacoflux 50® from Vacuumschmelze. This is a soft magnetic Fe49%-
Co49%-V2% (at. percentages) alloy with high magnetization, about 2.3 T or about 220 emu/g. When using a 
picosecond pulsed laser working at l=355 and 532 nm with flowing liquids ethanol and acetone, we have 
obtained NPs that range about 10-50 nm in size and show 7 µemu/ml saturation magnetization. When using 
high energy ball milling (24 h total milling time), we have obtained NPs that are about 0.5-1 µm in size, show 
bcc structure and about 195 emu/g saturation magnetization. The main differences among the two methods 
concern the amount and morphology of the obtained products: while laser ablation procedure gives as result a 
small amount of nicely spherically shaped NPs, the ball milling process gives a much larger amount of powder 
but with much more irregular morphology.  
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Permanent magnets are key elements for many technological devices that are largely used in everyday 

life, such as electronic devices, hard disks, automotive, wind turbines, and hybrid electric vehicles. The most 

powerful magnets currently used in a wide part of industrial necessities, comprise Rare Earth (RE) elements, 

which are expensive, harmful to the environment and present a high supply risk. [1] At present, a strong 

research activity is thus focused on finding viable alternatives to RE-based permanent magnets, which can 

allow their replacement at least in all those applications where high performances are not strictly required. This 

performance is determined by the magnetic energy density that can be stored within the material, which is 

represented by the maximum energy product (BH)max.  

A significant enhancement of the magnetic performance of traditional ferrite nanoparticles (single phase), 

can be obtained by reducing the grain size to the nanoscale. Moreover, a further improvement can be achieved 

producing heteronuclear nanoparticles (NPs), whose magnetic properties are driven by inter or intraparticle 

exchange – effects, like exchange bias or spring magnet. [2] In this work we present and discuss, for the first 

time, the formation of FexCo1-x/CoFe2O4 nanoparticles by a thermal decomposition method which uses metal 

oleates as precursors (Iron - cobalt and sodium oleate). The characterization of the obtained nanopowders by 

Transmission electron microscopy (TEM), Powder X-Ray diffraction (XRD), Dispersive Spectroscopy (EDS), 

Electron Energy Loss Spectroscopy (EELS) and X-Ray Photoelectron Spectroscopy (XPS), shows that 

polyhedral nanoparticles with coexistence of soft FexCo1-x alloy and non stoichiometric hard CoxFe3-xO4 were 

obtained. Thermogravimetric (TGA) analysis demonstrated that controlling the thermal stability of the 

reactants in the presence of an excess of Sodium Oleate (NaOL), nanoparticles with different morphology, 

architecture (core-shell or heterodimers), crystal structure and composition could be obtained. This, in turn 

allows for the modulation of the heteronuclear nanoparticles’s magnetic properties, and particularly for the 

enhancement of the energy product. 

. 
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We report the magnetic properties of an array of Co, CoFe, CoNi and CoPt nanoparticles (NPs) embedded 

inside carbon nanotubes (CNTs). Samples were synthesized by chemical vapor deposition activated by current 

discharge plasma and hot filament [1]. Assemblies of Co and Co-based catalytic NPs have been preliminary 

formed on SiO2/Si substrates by sputtering of ultrathin films followed by reduction in H2/NH3 mixture. As a 

result, each CNT contained only one ferromagnet top-located NP [2]. Arrays of CNTs were vertically oriented, 

the average NPs diameter was appx. 20-30 nm, the aspect ratio of NPs was in the range 3-5 and the average 

density of NPs array was about 1010 cm-2. The typical NP morphology is shown in Fig. 1 (CoNi). 

 
 

Figure 1. TEM image of carbon nanotubes after 

growth on CoNi with encapsulated NPs. 
Figure 2. Magnetization curves of the sample grown 

on CoPt. Red (black) color is for parallel 

(perpendicular) field orientation. T = 300 K. 

From XPS analysis we found the relative proportions of each metal element after the growth of carbon 

nanotubes. They were 0.54 for Fe/Co and 0.05 for both Ni/Co and Pt/Co. AFM and MFM revealed that the 

topographic image captured in AFM is identical to the MFM image, which indicates the absence of dominant 

role of dipole interaction between NPs. Magnetic hysteresis loops measured by alternating gradient field 

magnetometer at room temperature for both parallel and perpendicular magnetic field orientations revealed 

anisotropy of magnetic properties. For all samples the easy axes of magnetization were oriented along the CNT 

axis. The M(H) curves for an array of CNTs grown on CoPt NPs is shown in Fig. 2. Using the obtained 

experimental data and the random anisotropy model, the magnetic parameters like the exchange and anisotropy 

fields, the effective anisotropy constant, the contribution of dipole interaction, shape, magnetocrystalline and 

magnetoelastic anisotropy were estimated. It is shown that the latter contribution of anisotropy is decisive. 

From the obtained magnetoelasticity the stresses in the CNT array with studied NPs were determined within 

the approach described in Ref. 3. The highest stresses of the order of 8 GPa were obtained for CNT/CoFe 

system. Finally, the magnetization distribution in Co, CoFe, CoNi and CoPt NPs was simulated considering 

the magnetoelastic contribution.  
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Amorphous FeSiCuNbB alloys have an excellent combination of magnetic properties: high permeability, 

low coercive field and nearly zero magnetostriction. Technological interests of these materials can locate in a 

broad spectrum of applications ranging from the automotive, mobile communication, chemistry and 

biochemistry industry among many others [1]. Specifically, this interesting compound is really well studied 

for decades and they are typically fabricated using the ultrafast cooling technique. In this work, a subsequent 

thermal treatment up to 550 ºC promotes a generalized nanocrystallization wrapped in a residual amorphous 

matrix [2]. Here, we study the evolution of the magnetic and the structural properties of a powder obtained by 

high energy ball milling system. Crystal domain size of the nanocrystals are modified and an optimization of 

the magnetic properties is accomplished. For that, XRD, XAS, CRM and TEM studies have been performed 

and drastic structural changes are observed with short ball milling processes. These changes are reproducible 

and implies an enhancement or/and optimization method of the magnetic properties depending of the required 

application.        

 

 

Figure 1: (a) SEM image of milled powder produced at 110 min (2000 rpm); (b) Evolution of the crystal 

domain size as a function of the ball milling time; (c) Variation of the saturation magnetization with the ball 

milling time of FeSiCuNbB ribbons treated at 550 ºC as a precursor.  
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The synthesis of zero valent iron nanoparticles (FeNPs) with controlled morphology is still a challenge 

because of the multipurpose applications of these FeNPs in a lot of domains such as nanomagnet. Still, the 

main difficulty is to avoid loss of magnetization as a consequence of their high surface reactivity. Different 

iron precursors, like Fe(CO)5, are efficient to obtain spherical FeNPs with magnetic properties very close to 

the bulk value 
[1]

. 

In our group, we developed a way to synthesize zero valent FeNPs from {Fe[N(SiMe3)2]2}2, which 

allowed to obtain well-controlled FeNPs
[2]

, releasing only HMDS as a by-product, but with a slightly 

depressed magnetization
[3]

. In order to investigate the role of the silicon derivative on the properties  of 

FeNPs, we decided to use a Silicon-free precursor. Thus, {Fe[N(ph2)]2}2 was synthesized and  used for the 

first time to produce FeNPs. In this work, we compare the properties of FeNPs synthesized by these two 

different precursors with different reaction conditions, in particular with or without stabilizing agent. In 

particular, we were able to control the morphology of FeNPs in order to obtain NPs of spherical-like, cubic-

like or rod like shape with a non-altered magnetization. This is very interesting as FeNPs with anisotropic 

shape are seldom reported 
[4]

. 

We here report full characterization of these FeNPs by Wide Angle X-Ray spectroscopy, Vibrating 

Sample Magnetometer, Mossbauer spectroscopy and Transmission Electron Microscopy showing for the 

first time assemblies of parallelepiped-shaped  zerovalent FeNPs. 

 

Fig 1: Transmission Electron Microscopy photography of Iron nanoparticles synthesized with two 

different carboxylic acids 
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The Linear Response Theory (LRT) is a widely accepted framework to analyse the power absorption of 
magnetic nanoparticles for magnetic fluid hyperthermia [1, 2]. Its validity is restricted to low applied fields 
and/or to highly anisotropic magnetic nanoparticles. Here, we present a systematic experimental analysis and 
numerical calculations of the specific power absorption (SPA) by highly anisotropic cobalt ferrite magnetic 
nanoparticles with different average sizes and in different viscous media [3, 4]. The predominance of 
Brownian relaxation as the origin of the magnetic losses in these particles is established, and the changes of 
the SPA with the viscosity of the carrier liquid are consistent with the LRT approximation. The impact of 
viscosity on the SPA is relevant for the design of MNPs intended for heating the intracellular medium in in 
vitro and in vivo hyperthermia experiments. The combined numerical and experimental analyses presented 
here shed light on the underlying mechanisms that make highly anisotropic MNPs unsuitable for magnetic 
hyperthermia [4]. Our work includes also in vitro hyperthermia experiments on a culture of Co-ferrite NP-
loaded cells. A detailed characterization of the intracellular distribution of the MNP has been also 
undertaken, by advanced microscopy tools. Besides Transmission Electron Microscopy (TEM), a study by 
Focused Ion Beam-Scanning Electron Microscopy (FIB-SEM) has been carried out, which has allowed the 
3D reconstruction of the cells and the precise visualization of the MNP. These investigations have been 
completed with chemical analysis by energy-dispersive x-ray spectroscopy (EDS). 
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Magnetic nanoparticles (MNP) are revolutionizing the field of biomedicine for their capacity to 

generate heat so as to achieve cell stimulation
[1]

 or to attain hyperthermia treatment of cancer
[2]

, 

among others. Iron oxide nanoparticles larger than 20 nm, with non-fluctuating or fixed magnetic 

moments (F-MNPs) offer better heating power at large enough magnetic fields than 

superparamagnetic nanoparticles (SP-MNPs). However, growing Fe3O4 NPs larger than 25 nm, 

while keeping a low dispersity of size and shape and preventing the formation of secondary phases, 

remains a challenge to synthetic chemistry
[3]

. On the other hand, few works have analyzed the 

influence of iron oxide NPs with spherical and cube shapes
[4]

 on the magnetic hyperthermia 

response and it is still not clear which role particle shape plays in hyperthermia performance. In 

addition, the literature on iron oxide NPs with octahedral shape is scarce
[5]

. 

Herein we present the excellent heating power of novel F-MNPs of magnetite with octahedral 

morphology (>1000 W/g Fe3O4) at moderate magnetic fields (<40 mT) and at hundreds of kilohertz 

(300 kHz). To this end, we have optimized the iron (III) oleate heat-up synthesis so as to obtain 

highly crystalline NPs in the range of 25 to 50 nm with low size and shape dispersity. In this work 

we tackle the different synthesis pathways that can lead either to defective iron oxide NPs or 

optimal magnetite F-MNPs. Moreover, it is shown that the hyperthermia performance of properly 

coated F-MNPs is practically independent of the dispersion medium (distilled water, physiological 

media and agar). 

 

Figure 1. a) TEM micrographs of octahedral NPs of Fe3O4 coated with PMAO-PEG. b) Experimental 

SAR curve. Inset: Hysteresis loops obtained at 300 kHz under excitations of increasing field amplitude. 
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Often within the field of magnetic hyperthermia, the heating performance is interpreted in terms of the 

competition between Néel and Brownian reversal (i.e. inner magnetisation reversal over the particle energy 

barrier, or rotation of the entire particle within the viscous environment), despite it being well known that 

significant energy losses arise from nonlinear response of the magnetisation [1]. Nevertheless, the fact that 

the physical rotation significantly changes the heat via Néel reversal [2] may complicate the interpretation of 

the results - together with the lack of applicable analytical theories beyond linear response. To help grasping 

the magnitude of the different contribution to heating of Néel and Brown reversal, we have carried out a 

theoretical study in which the viscous losses are enhanced and clearly distinguished from the Néel ones, so 

that their relative contributions are clearly disentangled. This is achieved with hexagonal-shape nanodisks, 

which have a large viscous interaction with the environment and have been experimentally shown to have 

coherent-like magnetisation behaviour [3]. The combination of Brownian dynamics with micromagnetic 

simulations clearly shows the negligible contribution of viscous losses in comparison with Néel ones within 

the hyperthermia regime (about 2 orders of magnitude smaller). Interestingly, our results also show how the 

efficient alternation between heating and magneto-mechanical response can be achieved not only by 

changing the frequency, but also within the same frequency range just by changing the field amplitude [4], as 

illustrated in Figure 1. 

 

 

 

 

 

 

 

 

 

Figure 1: Cover letter reproduced from Ref. [4], illustrating how to achieve efficient alternation between 

magneto-mechanical actuation (nanohammers) and heating (nanothermometers). 
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The emergence of magnetic nanoparticles has been discussed for biomedical applications. Previously, we 
reported the relationship between AC magnetic susceptibilities and significant hyperthermia effect of several 
kind of magnetic nanoparticles [1]. However, in order to utilize biomedical treatment, biocompatibility and 
dispersibility are important factors. We prepared Mn-Zn nanoparticles with diameter between 13 nm and 30 
nm when magnetic properties were first investigated, then modified polyethylene glycol (PEG) to magnetic 
nanoparticles to solve the above problems. 

It is known that imaginary part of magnetic susceptibility χ” affects heat dissipation of magnetic materials 
upon the AC magnetic field. AC magnetic measurements were performed and the relationship between the 
imaginary part of magnetic susceptibility χ” and the increase in temperature in the AC field was estimated. We 
have carried out in vitro experiments using cultured human breast cancer cells, and a drastic hyperthermia 
effect was observed.  

Effective heat dissipation for magnetic hyperthermia treatment in AC field depends on the magnetic 
relaxation parameters. Several kinds of ferrite NPs were prepared and AC magnetic measurements were 
performed in order to improve the heating effect of MNPs for hyperthermia treatment. The relationship 
between the imaginary part of AC magnetic susceptibility χ” and the increase in temperature in the AC field 
was estimated. The particle size and composition of the samples were varied and examined. Fig.1 shows the 
temperature dependence of the imaginary part of the AC magnetic susceptibility χ” for the various particle size 
of Mn0.8 Zn0.2Fe2O4 nanoparticles in a 1 Oe, 100 Hz field. 

Magnetic resonance imaging (MRI) was used as one of the effective tools for diagnostics. We examined 
the MR relaxivity of our magnetic nanoparticles for various particle sizes and composition. The T2 relaxation 
curves were measured and the relationship between these MR relaxation rates R2 and physical properties was 
investigated by spin echo sequence. Our particles showed strong T2 shortening effect and clear contrast in the 
phantom image compared with the agarose as control background was observed in phantom image. 

Mass spectrometric imaging (MSI), magnetic particle imaging (MPI) and CT (X-ray tomography) 
imaging using our particles are in progress. Our pegylated magnetic nanoparticles are anticipated to find use 
in the area of multifunctional nanomedicine such as magnetic hyperthermia therapy and imaging diagnostics, 
called “Theranostics”. 
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Three sets of Superparamagnetic Iron Oxide Nanoparticles (SPIONs) have been synthesized by chemical 

co-precipitation followed by double layer combination of steric and electrostatic stabilization of a different 

fatty acid each (oleic, lauric or mystiric) [1]. The stabilisation of these particles in water is extraordinary and 

provides an outer shell full of carboxylic functional groups ready to be bioconjugated by EDC/NHS to proteins. 

In fact, one set of these SPIONs have been satisfactorily tested for the rapid detection and quantification of 

histamine using paper-based immunoassays [2] coupled with a magnetic sensor [3], as a proof of their 

capability in biosensing applications. This is an important fact to consider as it leads to a wide and different 

range of applications due to their feasibility of conjugation with other biomarkers.  

In this work, we present the exhaustive characterization of the particles. Their magnetic properties have 

been studied by SQUID magnetometry, including magnetic hysteresis loops, field cooling/zero field cooling 

(FC/ZFC) curves, and remanence magentization studies (i.e. direct current demagnetization and isothermal 

remanent magnetization curves). This characterisation is aimed at providing some clues about the optimisation 

of the nanoparticles to be used in the magnetic sensor [3]. Special attention has been paid to elucidate how 

their interactions, measured by Henkel and delta M plots can affect the magnetic signal obtained. Their 

morphology, size and surface properties have also been studied. X-ray diffraction, Transmission Electron 

Microscopy (TEM), Dynamic Light Scattering (DLS), and FTIR spectroscopy have been performed. 

Regarding the latter, FTIR confirmed the presence of the carboxylic groups and TEM images and DLS showed 

a controlled agglomeration of the particles in clusters, which is usually desired to increase the ratio of particles 

per protein to be detected, and hence, showing an increase of the magnetic signal.  
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Here we present experimental methods and preliminary results related to a pre-clinical Magnetic 

Resonance Imaging (MRI) scanner we are building at i3M [1]. The system is designed for in vivo imaging 

with histological (single cell) resolution and is based on ultra-fast (10 us) ramping of intense (1.2 T/m) 

gradients [2]. In order to access this extreme regime, we have built pulsed power supplies capable of driving 

currents of 500 A in 10 us to the gradient coils. This system will allow for MR imaging of small mice with 

spatial resolutions under 50 microns. 

Aside from imaging, our technology will be applied to Peripheral Nerve Stimulation studies when 

magnetic fields are switched in micro-second timescales, which can be used to benchmark existing models for 

physiological effects of electromagnetic fields in a regime thus far not accessible. This is relevant to the 

Magnetic Particle Imaging (MPI) community, whose operational parameters are critically limited by magneto-

stimulation thresholds [2]. The figure below shows data from the International Electrotechnical Commission 

directive 60601:22:33, which established requirements for the basic safety and essential performance of 

magnetic resonance equipment for medical diagnosis. The three lines indicate the theoretical models used for 

Cardiac Stimulation (CS) thresholds, PNS thresholds, and 80 % of the PNS threshold. These models are known 

as Spatially Extended Nonlinear Node (SENN) models [3]. They were proposed decades ago and they have 

been verified exclusively for the parameter range covered in the green area in the figure (“Existing scanners”). 

The Connectome Project is starting to explore long ramps, where the gap between PNS and CS thresholds 

starts to decrease (red area), but the rest of the territory is so far uncharted. 

Previous experiments hint at 

deviations from SENN models for 

rapidly varying magnetic fields [4]. 

Nevertheless, law makers continue to 

use SENN for assessing the clinical 

safety of MR equipment, largely due 

to the overwhelming lack of 

experimental data other than in the 

green area of the figure. Our power 

supplies and gradient system open the 

door to charting the yellow area, 

which can be used to explore 

magneto-stimulation thresholds in a 

regime where no other machine has 

previously reached.  
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The measurement of the anisotropy constant of any material, especially magnetic nanoparticle systems, 
is extremely challenging. A long standing technique due to Gittleman [1] allows for the mean value of the 
anisotropy constant to be determined from a temperature decay of remanence measurement, assuming the 
median particle diameter of the particle size distribution is known to high accuracy. However, this technique 
is only valid for systems with a narrow distribution of anisotropy constants. In this paper we present 
theoretical calculations and experimental measurements of the effect of the width of the distribution of 
anisotropy constants.  

The sample studied in this work was synthesized using a variation of the well known co-precipitation 
process [2], in which salts of Fe2+ and Fe3+ are treated with an alkali, resulting in the precipitation of 
magnetite. These oxides generally have a low magnetocrystalline anisotropy and a dominant shape 
anisotropy. This synthesis process generally produces a wide distribution of particle sizes, but careful control 
of the growth conditions allows for a narrow distribution of particle sizes to be obtained. The materials were 
prepared by Liquids Research Ltd with the brand name HyperMAG® [3]. The quality of the resulting 
nanoparticles can be seen in Figures 1a) and b).  

The distributions of particle sizes and elongations were measured from bright field Transmission 
Electron Microscope (TEM) images taken using a JEOL 2011 TEM. The physical elongation of a given 
nanoparticle was used to determine its shape anisotropy constant so that the distribution of anisotropy 
constants for the sample could be determined. Magnetic measurements from 1.8 to 175 K were made using a 
SQUID magnetometer fitted with a continuous flow cryostat. Figure 2 shows the temperature decay of 
remanence data. The dotted line corresponds to the fit using the standard deviation of the distribution of 
anisotropy constants measured from TEM images [4]. The fit to the data is quite poor but can be improved 
significantly by assuming a wider distribution of anisotropy constant as indicated by the solid line in Figure 
2. The origin of this is likely to be the presence of both magnetite and maghemite phases of iron oxide within 
the sample. Other reasons could be the faceting of nanoparticles, presence of defects or, to a lesser extent, 
stress within the particles. The full data and its interpretation will be presented in the full paper. 
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Figure 1. a) TEM and b) HR-TEM images of the 
sample studied in this work. 

 
Figure 2. Experimental and calculated temperature decay of remanence. 
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The assembly of magnetic nanoparticles into highly correlated structures that exhibit a range of different 
functionalities is of great interest for future applications, including spin-based data storage. 

Here, we report on the structural characterization of individual µm-sized three-dimensional nanoparticle 
superstructures (mesocrystals), which are formed from cube-like and spherical g-Fe2O3 nanoparticles. The 
structures were fabricated by evaporation-induced self-assembly onto solid substrates (drop casting), which 
resulted in the formation of ensembles of mesocrystals [1,2]. An individual mesocrystal could then be isolated 
using focused ion beam milling, allowing single crystal small angle Bragg diffraction to be performed on the 
isolated mesocrystal that had a volume of only 2.5 µm3 using a micro focused X-ray beam. 

Figure 1 shows a recorded scattering plane, which contains 
single crystal Bragg reflections and Laue oscillations. Such a 
measurement makes it possible to look beyond the ensemble 
statistic of a collection of many mesocrystals and to study the 
physical characteristics of a single mesocrystal. Quantitative 
analysis of the Bragg peak shapes and integrated intensities can be 
used to obtain information about the nanoparticle size distribution 
and mosaicity in a single mesocrystal. 

Our analysis shows that the size distribution of the 
nanoparticles in a single mesocrystal is smaller than that in the 
original nanoparticle suspension, suggesting that size-selective 
ordering takes place during self-assembly. 
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Fig. 1: Scattering plane (h0l) of a single 
mesocrystal with cubic-like particles. 
The inset displays a zoom of Laue 
oscillations of the (00l) line. 
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Nanocrystals have revolutionized our understanding of many different processes ranging from energy 
storage to biophysics of macromolecules at the single molecule level. Colloidal synthesis has contributed 
significantly to this advancement by offering highly crystalline and monodisperse nanocrystals. Despite 
being extensively studied in the last few years, our understanding about processes occurring at the precursor-
to-monomer transformation and pre-nucleation steps is limited. Magnetic nanocrystals are no exception 
despite their great potential for various biomedical applications spanning from magnetic resonance imaging 
to magnetic separation and magnetic tweezers. These applications demand nanoparticles with different sizes 
and shapes. Though for the former application very small nanocrystals are suitable, the latter ones require 
fairly large particles with high overall magnetization. There are very few synthetic methods by which a wide 
range of particle sizes can be obtained [1]. It is therefore highly desirable to establish a robust synthetic route 
to change the particle size from a few nanometers to a few hundred nanometers solely by adjusting a single 
synthesis parameter. This will substantially contribute to paving the way towards biomedical applications of 
nanoparticles beyond research purpose. 

Herein, we have systematically studied the colloidal synthesis of ZnxFe3-xO4 (x < 0.5) nanocubes based 
on high temperature decomposition of metal acetylacetonate precursors in a mixture of benzyl ether and oleic 
acid. We have identified that a largely overlooked synthesis parameter, namely the drying conditions of the 
reaction mixture prior to nucleation and growth of nanocrystals, has an enormous effect on size, shape, and 
magnetization of nanoparticles. By increasing the drying temperature, the particle size decreases from ca. 
100 nm to 10 nm, while the particle size distribution remains uniform. If conducted without performing the 
mixture drying step, 50 nm nanocubes are formed instead of 10 nm nanoparticles. The major focus of this 
study lies in understanding the mechanisms accounting for such dramatic effect by looking into the kinetics 
and intermediate species of the decomposition by applying 1H NMR, UV-Vis, FT-IR, TEM, SQUID, and 
SAXS methods. The developed synthetic method virtually covers the whole range of sizes from 10 nm as T1 
contrast agents for magnetic resonance imaging up to 100 nm large nanocubes with high magnetic moment 
for magnetic separation and exerting magnetic force to macromolecules. 
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Half-doped praseodymium manganites, Pr0.5Ca0.5MnO3, nanoparticles synthesized by sol-gel method 

are annealed at different temperatures in order to obtain nanoparticles sizes ranging from 15 to 100 nm. 

HRTEM shows that the nanoparticles are very crystalline with no structural disorder at the surface. Rietveld 

powder diffraction profile determines that the samples have orthorhombic structure with space 

group Pnma and cell volume decreases with increasing particle size. The thermodiffraction patterns 

from 50 to 300 K indicate that the charge ordering (CO) is suppressed for the smallest particles, whereas the 

largest one still resembles the bulk. Hysteresis loops and ZFC-FC curves evince that, as the most of half-

doped (Mn
3+

:Mn
4+

 = 1) antiferromagnetic (AFM) charge-ordered manganites, ferromagnetism (FM) appears 

as particle size decreases. Hysteresis loops at FC procedure show a coercivity increase and a shift to negative 

field, confirming that both AFM and FM phases not only coexist but are also coupled. In addition, a spin 

glass behaviour is observed with glass temperature around 50 K.  

A possible origin of FM phase development is the lacking oxygen ligands at the surface that increases 

Mn
3+

 at expenses of Mn
4+

 in order to maintain the electronic neutrality. In this work, we show that 

Mn
3+

:Mn
4+

 = 1 ratio is preserved in the whole crystalline particle with the exception of the surface, where 

this ratio changes to Mn
3+

:Mn
4+

 >1. This Mn
3+

 excess makes double exchange Mn
3+→ O

2-→Mn
4+

 prevails 

over the super-exchange giving place to the FM interactions. We show that a “shell” thickness of only one-

unit cell, with acell = 0.38 nm, is enough to explain the onset of FM at the surface, whereas the volume 

remains AFM. Furthermore, the FM to AFM ratio fits to the increase of surface to volume ratio with 

decreasing particle size.[1].  
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Controlling functional properties of matter and combining them for engineering a functional device is, 
nowadays, a common direction of the scientific community. For instance, heterogeneous magnetic 
nanostructures can make use of different types of geometrical and compositional modulations to achieve the 
control of the magnetization reversal along with the nano-entities and, thus, enable the fabrication of 
spintronic, magnetic data storage, and sensing devices, among others [1]. In this work, diameter-modulated 
Ni and FeNi nanowires are fabricated paying special effort to obtain sharp transition regions between two 
segments of different diameters (from about 450 nm to 120 nm). The templates, used to grow these 
nanowires, have been fabricated by an innovative method that combined electrochemical anodization, 
followed by pore widening through chemical etching and further atomic layer deposition (ALD) of a 
protective cover of silica layer [2]. Nanowires were grown inside the geometrical modulated pores of the 
patterned alumina templates by potentiostatic electrodeposition, with different segment lengths ranging from 
2 μm up to 9 μm, and diameter of each segment varying between 120 nm and 450 nm. The diameter 
modulation in the NWs was checked by high resolution transmission electron microscopy (HRTEM), which 
also indicated their polycrystalline structure. 

Micromagnetic simulations performed on single bi-segmented nanowires predict a double step 
magnetization reversal where the wide segment magnetization switches near 16 kA/m through a vortex 
domain wall, while at 40 kA/m the magnetization of the narrow segment is reversed through a corkscrew-
like mechanism. Finally, these results are confirmed with magneto-optic Kerr effect (MOKE) measurements 
at the transition of isolated bi-segmented nanowires. Furthermore, macroscopic vibrating sample 
magnetometry (VSM) is used to demonstrate that the magnetic decoupling of nanowire segments is the main 
phenomenon occurring over the entire fabricated nanowire array. 

 

Figure 1: a) SEM image of the bi-segmented nanowires showing their diameter modulation. b)  VSM 
hysteresis loops of the bi-segmented nanowires array measured along the parallel and perpendicular 
direction to the nanowires long axis. The inset shows a magnification of the hysteresis loops near the 
coercivity. 
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Hematite (α-Fe2O3) combines the leading vectors to stand as one of the most relevant materials for 

hydrogen production via photoelectrochemical solar water splitting [1]: low-cost, stability, scalability and 
efficiency. In particular, ordered arrays of hematite nanotubes have raised as highly promising for 
photoelectrochemical applications due to their 1D nature. However, the possible existence of multiple iron 
oxide-crystalline phases, that ultimately decrease the nanostructured photocurrent response, has so far been 
overlooked. In this work, we synthesized self-ordered iron oxide nanotube arrays using a simple and 
effective electrochemical anodization route and studied the effect of annealing temperature (400 - 700 oC) 

and nanotube length (up to 4 µm) on the resulting crystalline-phase. This allows us to show a clear 
correlation between the structural and magnetic properties of the produced structures. Both plainly 
demonstrate that two iron oxide crystallographic phases (hematite and magnetite, Fe3O4) are always present, 
irrespective of the annealing conditions. In particular, temperature dependent magnetization measurements 
show the presence of two transitions: a magnetic anomaly at 190 K due to the antiferromagnetic spin flop 

transition of α-Fe2O3 (Morin transition) and a breakdown of the magnetization magnitude at 120 K arising 

from the electronic transition of Fe3O4 (Verwey transition). While the Verwey and Morin transitions are 
often misinterpreted, this study provides a solid foundation to use the magnetic characterization of iron oxide 
nanostructures as a key route to evaluate the presence of mixtures of magnetic Fe-oxides. Our in-depth study 
finally solves the contradictions in the literature regarding the magnetic contributions in nanostructured iron 
oxide. 

Figure 1: Scanning Electron Microscopy image of the anodic iron oxide nanotubes top (left) and cross-section 
views (right). 
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Fe-Pd nanoparticles have been prepared by solid state dewetting [1] of thin films sputtered on selected 
substrates and submitted to thermal treatments. The nanoparticles have then been detached from the substrate 
on which the precursor film was deposited, and collected in water in order to measure their specific loss 
power at 100 kHz, for evaluating their applicability in heat assisted biomedical applications such as magnetic 
hyperthermia and controlled release. The substrates affect the kinetics of formation of the nanoparticles 
during the dewetting process, and may offer different paths for the removal of the nanoparticles.  Therefore, 
the chosen substrates included Si3N4 and MgO (both bulk and as a seed layer deposited on Si): the former 
allows for mechanical removal of the nanoparticles, whereas MgO can be chemically removed for detaching 
the particles. Physical deposition followed by solid state dewetting has been chosen as a versatile technique 
to obtain nanoparticles of controlled size having an almost arbitrary composition, that can therefore be 
tailored to improve the magnetic properties beyond the performance achievable with the commonly exploited 
Fe-oxides exploited in magnetic hyperthermia. Fe-Pd has been chosen for its high magnetic saturation and 
metallic nature, while being free from elements that are known to be incompatible with biological 
applications. 

The particles size can be controlled by tailoring the thickness of the deposited film (up to 50 nm), 
whereas the optimum annealing temperature (in the range 800 - 900 °C) has been determined for each 
sample by analysing the homogeneity and the circularity of the particles obtained by the dewetting process. 
Figure 1 (left panel) shows an example of Fe70Pd30 nanoparticles obtained by dewetting on a Si3N4 substrate. 

Specific loss power (SLP) has been measured on a water solution containing a known concentration of 
detached nanoparticles through a calibrated non-adiabatic setup [2]. The water solution is exposed to an 
alternating electromagnetic field (frequency 100 kHz) having a peak amplitude in the range 30 – 60 mT (for 
its magnetic component), which is compatible with exposure of biological tissues. The temperature of the 
water solution is recorded both during irradiation with the electromagnetic field, and during cool down to 
room temperature after the field is switched off (see Figure 1, right panel). A suitable thermodynamic model 
is exploited to fit the experimental data and determine the SLP, by properly taking into account self-heating 
of water and heat exchanges among the different components of the setup. SLP values much larger than 
those achieved with conventional magnetite or ferrite nanoparticles are achieved. 

 

 

Figure 1. Left: SEM image of Fe70Pd30 thin film on Si3N4 substrate dewetted at 860 °C for 55 min. 
Right: hyperthermia measurements (black symbols: experiment, green line: numerical fitting) on Fe 70Pd30 

nanoparticles detached from Si3N4 substrate after dewetting at 874 °C for 55 min. 
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In this contribution, we present a general (analytical) approach for studying the effects of dipolar inter-
particle interactions, taking into account surface anisotropy, temperature, applied magnetic field and shape
and size of the nanoparticles assembly. We build a general formalism on the basis of perturbation theory that
applies to dilute assemblies but which goes beyond the point-dipole approximation as it takes account of the
size and shape of the nanoparticles, in addition to their separation and spatial arrangement.

We obtain practical analytical expressions that provide a clear interpretation of experiments. By way of
illustration,  we  apply  these  theoretical  developments  to  the  following  two  examples,  namely  the
ferromagnetic resonance (FMR) and magnetization relaxation of the assembly. 

1/ More precisely, we have computed the shift in the FMR frequency due to dipolar interactions and
surface effects in two-dimensional  arrays  of  nanoparticles  with (effective)  uniaxial  anisotropy along the
magnetic field.  The contribution to the frequency shift due to the shape and size of the nanoparticles has
been obtained in terms of their aspect ratio, their separation, and the lattice geometry. We find that the red-
shift of the ferromagnetic resonance due to dipolar interactions decreases for smaller arrays. Surface effects
may induce either a blue-shift or a red-shift of the FMR frequency, depending on the crystal and magnetic
properties of the nanoparticles themselves. In particular, some configurations of the nanoparticles assemblies
may lead to a full compensation between surface effects and dipole interactions, or in other words,  to a
screening of inter-particle interactions by surface effects.

2/ The phenomenological Vogel-Fulcher law for the effect of dipolar interactions on the temperature at
the maximum of the zero-field-cooled magnetization is revisited within our formalism and a semi-analytical
expression is given for the effective temperature in terms of inter alia the applied field, surface anisotropy,
and inter-particle separation. A good agreement is obtained with an example of susceptibility measurements
performed on arrays of Ni nanoparticles.
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Biocompatible magnetite nanoparticles (NPs) with tunable magnetic properties are being anticipated to 
become a vital tool in the development of advanced clinical probing and therapeutic techniques in the near 
future. In most cases, magnetic properties of the NPs are predicted from the classical magnetic theories based 
on the properties of the bulk counterpart with little success. The discrepancy between the theoretical prediction 
and experimental data has been considered mainly due to particle size distribution and the magnetic interaction 
between particles. However, the advancement in the material synthesis and surface modification technology 
has begun to shed some light to the long-standing issues. In other words, the synthesis of magnetite NPs with 
uniform shape, size and size distribution and the surface modification techniques to coat each and every particle 
even at nanoscales has become possible. Consequently, the time has dawn to comprehend the true magnetic 
properties of magnetite particles at nanoscales.  Here, we report the synthesis of magnetite NPs of definite 
shape and sizes, coating the same with non-magnetic silica layer of different thicknesses, preparation of 
magnetic interaction-free nanoparticle system and results of the measurement of true magnetic properties of 
magnetite with different shapes and sizes. 

Magnetite NPs with different sizes and shapes were 
synthesized using the following techniques:(a) Synthesis 
of octahedral shaped magnetite NPs was carried out by 
heating iron (III) acetylacetonate at 553 K in a mixture of 
oleic acid and oleylamine. The size of the NPs was varied 
by controlling the amount of precursor; (b) Spherical 
magnetite NPs were synthesized by heating goethite at 
690 K in the mixture of 1-octadecene and oleic acid: (c) 
Cubic shaped magnetite NPs were synthesized heating 
iron (III) acetylacetonate at 656 K in the mixture of 
dibenzyl ether, oleic acid and biphenylcarboxylic acid. 
The TEM micrographs of cubic, octahedral and spherical 
magnetite NPs are shown in Fig. 1 (a)-(c), respectively.  

     Magnetite NPs with different shapes and sizes were 
coated with silica of different layer thicknesses to make 
them interaction-free as shown in Fig. (d). The magnetic 
interaction between particles in each sample was evaluated using FORC measurements and a representative 
data of octahedral shaped magnetite particle with an average size of 17.8 nm is shown in Fig. 1 (e). Though 
the interaction field is almost zero, a wide distribution in the coercive field is observed. Hysteresis loops of 
interaction-free tetragonal NPs with different sizes is shown in Fig. 1 (f). Results suggested that irrespective 
of the size, particles behaved as they possess uniaxial anisotropy and obeyed the Stoner-Wolfarth model.  

Anisotropic constants (Keff) of magnetite NPs with different shapes and sizes were estimated from magnetic 
thermal decay curves. Among the magnetite NPs synthesized with different shapes, but almost of similar size, 
spherical NPs exhibited the highest Keff. On the other hand, in spite there was no considerable difference in Keff 
between octahedral shaped NPs with different sizes, the value increased for spherical particles for any decrease 
in their size. Details of synthesis techniques and magnetic evaluation will be reported. 
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Fig. 1 TEM micrographs of (a) cubic, (b) octahedral, (c) 
spherical magnetite, (d) silica-coated TEM of (b) (e) 
FORC diagram of (b)17.8 nm in size, and (f) hysteresis 
loops of octahedral magnetite with different sizes.   
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  Frustration has largely been studied in magnetism where the term refers to situations in which one or 
more spins in the magnetic unit cell do not find a proper orientation to fully satisfy all the interactions with 
the neighboring spins, either by the existence of competing interactions or by the actual geometry of the 
structure itself. Inspired by frustrated magnetic systems, we introduced in a recent paper the concept of 
geometric frustration in the field of plasmonics [1].  

In this work, we study the plasmonic response of four types of arrays of Au nanoelements, three with 
triangular symmetry and one of square symmetry, all of them presenting features that are a consequence of 
geometric frustration for the dipolar excitation of the gaps between neighboring nanoelements through near-
field interactions [2]. The key point is to hamper the excitation of these low-energy modes boosting in turn 
collective lattice modes corresponding to high-Q resonances and longer lifetimes [1,2]. Accordingly, all the 
arrays show high absorption sharp peaks in the visible and/or the NIR (Figure 1), as well as extended time 
responses with an echoed excitation of the collective modes that remain excited at long times due to the 
frustrated dipolar polarization of the gaps [2]. This behaviour, together with the fact that the electric field 
enhancement in these plasmonic arrays extends over much larger areas as compared to strongly coupled 
dimer antennas, makes these types of plasmonic arrays suitable to increase the detection sensitivity limit of 
biomolecules in enhanced Raman or fluorescence spectroscopies (Figure 1(g)). 

 
 
Figure 1. (a-c) SEM micrographs and absorption spectra for an hexagonal lattice of disks (a,d), a honeycomb 
lattice of bars (b,e), and a hexagonal lattice of asterisks (c,f). 
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Binary random compacts (BRCs) of bare oxide nanoparticles with low/high magnetic anisotropy are 
shown to constitute an efficient strategy to explore the influence of dipolar interactions on the magnetic 
properties and “collective” behavior, defined as that merging the distinctly different individual properties of 
the constituent NPs into a unique feature. The studied BRCs comprise pure maghemite and Co-doped 
maghemite nanoparticles (NPs) with the same size (6.8 nm in diameter) as the soft/hard particles, respectively, 
in different proportions.  

The results show that dipolar interactions are strong enough to yield a single (thus collective) blocking 
temperature [Figure 1 (a)], which, however, increases with the average local anisotropy across the series 
despite the decreasing dipolar interactions. On the other hand, the hysteresis loops at low temperature display 
a two-phase character [Figure 1(b)], indicating weak coupling, which nonetheless is shown to affect 
significantly the individual switching behaviour (coercivity) of each NP population and to impact on the 
effective exchange bias field of the mixtures (originating from the bias of the Co-doped NPs). Finally, a strong 
memory effect in the zero-field-cooled magnetization - a fingerprint of collective (superspin glass) relaxation 
of the magnetization - is observed for the end members of the series but is barely detectable in the mixed 
compacts.  

The use of BRCs therefore allows us to conclude that the term “collective” cannot be applied lightly to 
the magnetic behaviour of a given system, as different properties will appear collective or individual-like 
depending on the corresponding characteristic correlation lengths, as well as on extrinsic conditions (field and 
temperature). 

 
Figure 1: (a) Zero-field-cooled normalized magnetization curves measured in H = 5 Oe for a series of compacts mixing pure 

maghemite and Co-doped NPs of the same size, including the end members comprising only one type of NP. (b) Magnetic hysteresis 
loops at 5 K after field cooling measured for the end and middle members of the series. 
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The magnetic properties of porous Au catalysts prepared by de-alloying of a precursor Al2Au compound 
have been investigated. Three porous Au samples were prepared with aqueous solutions containing NaOH, 
HNO3 or HCl. These porous catalysts were organically capped by dodecanethiol. The porous Au samples 
exhibit a spontaneous magnetization (Ms) up to 0.11 Am2/kg after the capping treatment. The formation of Au-
S bond is confirmed by Raman spectroscopy for the capped samples, showing that the charge transfer from 
the surface Au atoms to the S atoms in the capping thiol takes place. The CO catalytic activities of the porous 
Au samples and the room-temperature Ms values after the capping treatment are found to be correlated. Since 
the high catalytic activity of Au is brought about by the surface Au atoms with reduced coordination numbers 
(CN < 7), this correlation suggests that the spontaneous magnetization is due to the Stoner splitting of the d 
band in Au atoms with CN < 7. This in turn may explain the common observations [1-3] that the magnetic 
polarization in Au NPs is usually limited to a size range below 5 nm where the number density of Au atoms 
with CN < 7 becomes substantial. 
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The magnetic anisotropy of MnFe2O4@γ-Fe2O3 core-shell nanoparticles (NPs), synthesized following 
the co-precipitation method described in [1,2], is investigated by various techniques at low temperatures, 
1.5 K ≤ T ≤ 200 K. Quasi-static SQUID magnetization measurements are presented along with high-
amplitude pulse experiments performed at the European Magnetic Field Laboratory (EMFL-LNCMI, 
Toulouse), and are cross-analyzed by juxtaposition with FerroMagnetic Resonance (FMR) experiments at 9 
GHz. 

These measurements allow to distinguish three types of magnetic anisotropies affecting the dynamics of 
the magnetic moment of the well-ordered ferrimagnetic (FiM) NP's core, which is here surrounded by a layer 
with a spin glass-like (SGL) arrangement [3,4]. Namely, these three anisotropies are: 

(i)  Uniaxial anisotropy originating from the structural core-shell interface [5]; 
(ii)  Unidirectional exchange-bias anisotropy, associated with the spin-coupling at the FiM/SGL 

interface, which is observable only at low temperatures after a field-cooling process [6]; 
(iii)  Rotatable anisotropy [7] caused by partially-pinned spins at the FiM/SGL interface, which 

manifests itself as an intrinsic field always parallel to the external applied magnetic field. 

The experimental results are discussed in the framework of a superparamagnetic theory [8], 
demonstrating the uniaxial symmetry of the rotatable anisotropy. 
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Chemically ordered L10 magnetic alloys have attracted a great deal of attention in the last few decades due 
to their peculiar magnetic properties and excellent chemical stability that make them potentially suitable for 
various technological applications. To promote the L10 ordering, the processing temperature (T) needs to be 
higher than the kinetic ordering temperature and lower than the order-disorder thermodynamic 
temperature TO-D. In general, the higher is TO-D the larger is the magnitude of the driving force for ordering. 
Therefore, lowering the kinetic ordering temperature is a critical issue being also desired for practical 
applications. 
In this work, a promising strategy exploiting layered M(H2O)6PtCl6 crystal salts (M = Fe, Co, Ni) precursors 
consisting of alternating planes of pure M and Pt atoms [1-3] was explored to synthesize highly ordered  L10-
MPt particles while reducing the ordering kinetic energy and consequently the temperature and/or the 
reaction time needed to obtain the L10 phase. Using the proposed strategy, almost fully ordered FePt 
nanoparticles (S = 0.96) were obtained at a processing temperature T = 400 °C in a reaction time t = 4 h. For 
the CoPt alloy, a higher temperature 600 °C and a longer reaction time (8 h) were necessary to obtain an 
almost fully ordered phase (S = 0.96). Despite the low TO-D of the NiPt alloy (630 °C), partially ordered L10 
nanoparticles were obtained at T = 350 °C (t = 2h) and a fully ordered phase was achieved at 600 °C for t = 8 
h. The significant reduction of the kinetic energy could make such strategy an effective and general method 
for the synthesis of L10 binary magnetic alloys including the FeNi and MnAl alloy in L10 phase, among others, 
which are of great interest for next generation permanent magnets.  
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Magnetic hybrid nanostructures have been largely investigated in the recent past to develop novel 

multifunctional and more performing magnetic materials. The combination at the nanoscale of components 

endowed with different magnetic properties, indeed, enable the emergence of novel intriguing phenomena, the 

most prominent being exchange bias and exchange spring magnet. These effects are proposed as efficient 

strategies to enhance the performance of magnetic materials employed in several applications, and particularly 

to increase the energy storage capability of permanent magnets [1]. Being boundary effects, these phenomena 

are critically influenced by the quality of the interface shared by the phases involved. Because of the similarity 

in packing of the oxygen ions, spinel and rock-salt phases are therefore useful building blocks to produce high-

quality epitaxial superlattices.  

In this contribution we present the synthesis and investigation of the structural, morphological and 

magnetic properties of a family of nanostructures of variable composition, belonging to or derived from core-

shell Co1-xFexO/Cobalt nanoparticles, NPs. The study was aimed at investigating the possibility of exploiting 

exchange coupling to enhance the energy product, BHmax, of spinel ferrite magnetic NPs. The magnetic 

nanostructures were prepared by thermal decomposition of metal-organic precursors (Co,Fe  mixed oleate) in 

high-boiling solvent containing oleic acid and sodium oleate as stabilizing surfactants, and their size, shape 

and composition was tuned by fine control of the synthesis parameters, namely, the boiling temperature of the 

solvent and oleic acid to sodium oleate ratio. First, core-shell NPs with spherical or cubic shape, made up of a 

Co0.3Fe0.7O core and a Co0.6Fe2.4O4 shell were synthesized by one-pot thermal decomposition of mixed cobalt 

and iron oleate complexes [2]. A large increase of the (BH)max product, which depended on the size of the core 

and the shape of the NPs, was obtained after a field cool process. This result arises from the high exchange 

bias due to the crystalline quality of the boundary and the lack of cation intermixing between the two phases. 

Part of these NPs were then transformed in pure cobalt ferrite by solvent-mediated annealing in 1-

octadecene at 300°C, bubbling air in the mixture [3]. We found that after this procedure the samples still 

display exchange bias arising from the formation of spinel subdomains and antiphase boundaries. The 

combination of these two effects together with the increase of the magnetization leads to a significant increase 

of the energy stored in the material, suggesting that solvent-mediated annealing process can be a powerful 

strategy to improve the performance of permanent magnets. A further improvement of the nanosystems was 

finally realized by doping the antiferromagnetic core with Ni2+ ions to increase the ordering temperature above 

300 K.  
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            In this work, we investigate the effect of sodium hydroxide on the structure, morphology and 

magnetic properties of (Ni60Co40)90Fe10 powders synthesized by hydrothermal method. We prepared a 

series of 5 samples in which we used, for the elaboration, a different amount of NaOH for each sample (1g, 

3g, 5g, 7g, and 9g). The as prepared samples have been characterized by X-ray diffraction (XRD), 

Scanning Electron Microscopy (SEM) and vibrating sample magnetometry (VSM). From XRD spectra, we 

have shown the presence of a cubic face centered (cfc) phase for all samples. The lattice parameter 

increases with increasing NaOH content. The grains size varies with NaOH content to reach a minimum 

value of 22 nm for the sample (Co40Ni60)90Fe10 elaborated with 3g of NaOH. From Hysteresis curves, we 

have extracted the saturation magnetization, Ms, and the coercivity, Hc. The minimum values of Ms, and 

Hc are found for the same sample: (Co40Ni60)90Fe10 elaborated with 3g of NaOH. In this paper, the results 

obtained as well as the method of elaboration are presented and discussed. 
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The environmental ageing of functional iron oxide nanomaterials, especially those used in biomedical 
applications, may have significant consequences both for their mechanism of action and their safety profile. In 
particular, there is increasing recognition of the importance of the redox-active aspects of these iron oxides, 
which depend implicitly on the molar ratio of ferrous and ferric ions, x = Fe2+/Fe3+. This applies both to 
prospectively beneficial mechanisms of action, such as in the recently proposed fields of macrophage 
phenotype activation and enzyme mimetics, as well as to potential safety concerns related to the production of 
reactive oxygen species via the catalytic Haber-Weiss and Fenton chemistry pathways.  

Despite this, to date there has been no way to systematically measure this property, and the problem has 
been largely overlooked. There is thus a clear and present need for a reliable method of measuring x in the 
nanoparticulate state. Furthermore, it is important to be able to characterize the time-evolution of x under 
standard environmental (e.g. storage) conditions, to ensure that deleterious effects do not occur given the 
normal passage of time between production and use.  

We show here that a recently proposed ‘center of gravity’ method for determining the composition of 
magnetite (Fe3O4) and maghemite (γ-Fe2O3) mixtures via 57Fe Mössbauer spectroscopy can be applied to this 
problem [1][2]. We illustrate the method with reference to two size-matched iron-oxide nanoparticle systems, 
one prepared under anaerobic conditions (S1 in the figure below), and another under aerobic conditions (S2): 

 
As indicated by the solid lines in the figure, we also show that a long-established diffusion model can be 

used to characterize the oxidative aging process, yielding a parametric (and therefore predictive) description 
of the magnetite-to-maghemite oxidation processes occurring within the nanoparticles. 

We will present and discuss the significance of this result to the broader scientific and commercial 
communities working in nanoparticle synthesis, characterisation, and exploitation. 
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The use of magnetic nanoparticles in different applications requires the fine control of the magnetic 

anisotropy of the system; while the development of novel permanent magnet and high density data storage 

demand hard magnetic materials, biomedical applications require superparamagnetic nanoparticles at room 

temperature. The fabrication of bimagnetic nanoparticles allows to combining materials with different 

magnetic order and anisotropy, and it extends the possibility of design new materials with suited properties 

[1,2].  The core/shell structure also permit to combining different functionalities in a single nanoparticle as a 

magnetic conductor cores encapsulated with an insulator material. This possibility, together with the ability 

to form large areas of self-assembled nanoparticles, allows envisage future tunnel magnetotransport devices 

based on nanoparticles.  Given that the anisotropy of the system is to a great extent responsible of the 

switching field of the tunnel magnetoresistance, assemblies of core/shell nanoparticles provides an ideal 

system to studying the spin-dependent transport between magnetic nanoparticles and also provides a tool to 

control the magnetoresistive response by tuning of the coercivity field of the magnetic nanoparticles. 

With this motivation we design and fabricate exchange coupled core/shell bimagnetic systems and 

study the evolution of the magnetic anisotropy of as a function of the shell composition. We synthesized, by 

high temperature thermal decomposition route, ~9.5 nm nanoparticles systems formed by a FiM half-metallic 

Fe3O4 core, encapsulated with a Co1−xZnxFe2O4 (x = 0–1) shell. Then large areas of Fe3O4/Co1−xZnxFe2O4 

self-assembled nanoparticles were produced to develop magnetoresistive nanostructures. The results show 

that progressive replacement of Co
2+

 by Zn
2+

 in the shell reduces the magnetic anisotropy of the system and 

shifts the maximum of the tunnel magnetoresistance of the self-assembled nanostructure in a perfect 

correlation with the magnetic response. These results demonstrate the feasibility of tuning the tunnel 

magnetoresistance switching field in self-assembled core/shell nanoparticles, given a promising base for the 

application of nanoparticles in futures spintronic devices.   
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Rare Earth intermetallics were object of an exhaustive scrutiny due to the rich variety of magnetic 

structures and the crystal-field effects [1]. A family of those is constituted by binary systems of RX2. Here, R 

= Rare Earth and X is usually a non-magnetic metal. A notable example of that system is TbX2. Tb3+ has a 

high magnetic moment (J = 6, µeff = 9.72 µB) and the magnetic response is easily detectable by common 

magnetic macroscopic techniques. If X = Al, the behaviour is ferromagnetic [2], but the replacement of Al by 

Cu turns the alloy into antiferromagnetic (AFM). This possibility of modifying drastically the magnetic 

(moment) structure by changing X metals is one of the advantages of these binary alloys. The magnetic 

characterisation of bulk TbCu2 pointed to a AFM behaviour with a Néel temperature TN = 48 K. Neutron 

diffraction experiments above and below TN ratified this interpretation and the magnetic structure was put 

forward as a collinear commensurate AFM with two propagation vectors q1 = (0, 0, 0) and q2 = (1/3, 0, 0) 

[3]. Two decades ago, a promising research line started investigating the influence of milling in GdAl2, 

showing irreversibility in the magnetisation [4]. We have undergone a profound study of milled TbCu2 alloys. 

This allowed the production of magnetic nanoparticles (MNPs) with sizes below 10 nm. Deep evidence 

demonstrated that there was AFM coexisting with magnetic disorder causing the appearance of a freezing 

transition (below 15 K). Neutron diffraction experiments on those MNPs performed at LLB (France) 

confirmed: i) the AFM magnetic structure remains as in bulk, and ii) there is a reduction of the value of the 

ordered moment due to the surface moments of the uncompensated AFM chains [5]. 

To observe directly the magnetic correlations among MNPs, a series of small-angle neutron scattering 

(SANS) experiments [6] have now been carried out in bulk and MNPs milled for 2h (average particle 

diameter, D = 8(1) nm) and 5h (D = 7(1) nm). A pre-characterisation involving X-ray diffraction, TEM, DC-

magnetisation and AC-susceptibility was performed. The SANS data were recorded at the SANS2D 

instrument in the RAL-ISIS spallation source (UK). The results were really surprising with distinct peaks (q 

= 1.14 nm-1) in the Intensity vs. Scattering Vector (log-log) plots of the MNPs. One could be tempted to 

assign such peaks to magnetic correlations among MNPs. However its origin is intimate to the nature of the 

magnetic structure in TbCu2. Effectively the peak is also appearing in bulk TbCu2. This means that there is an 

unbalanced correlation due to the two propagation vectors, even in the bulk alloy. What it is even more 

revealing is that the peak consistently gets smeared out as the particle size decreases and the magnetic 

disorder increases in the MNPs system. These findings mean that the presence of long-range (around 1 nm) 

unbalanced magnetic correlations is robust enough to survive when the particle size of the alloy reaches the 

nanometric scale. 
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The development of potential technological applications of assemblies of magnetic nanoparticles requires 

a previous knowledge of the interplay between topological and magnetic orders. In this context, the formation 

of complex macroscopic agglomerates made of iron based magnetic nanocubes is analyzed. Dipolar 

interactions, proportional to the particle size, are identified as the key driving force behind the formation of 

different mesoscopic agglomerates, in particular chains of nanocubes. The mechanical behavior and magnetic 

structure of the chains are studied and analyzed by using numerical simulations demonstrating that magnetic 

anisotropy of the cubes plays a major role in determining chain assembly. On the other hand, magnetic anisotropy 

turns out to be closely related to the core/shell ratio thus, indicating that the assembly of magnetic nanoparticles 

can be somehow tuned by a careful selection of the growth conditions (sputtering power, traveling distances, 

chamber pressure and Ar gas flow rates). In this work we discus all these aspects in different sets of magnetic 

nanoparticles prepared by the cluster aggregation source technology. 

 

TEM image of a chain and their magnetically structure simulation at the left. 
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Magnetic nanoparticles are increasingly used in biomedical applications such as drug-delivery, gene 

delivery, hyperthermia, or contrast agents for MRI. Magnetite (Fe3O4) nanoparticles are good candidates for 

these applications due to their non-toxicity and long-life in the bloodstream. While the structural and magnetic 

properties of bulk Fe3O4 has been widely studied [1], knowledge is still lacking regarding the magnetic 

behaviour of collections of Fe3O4 nanoparticles. In particular, when the particles are small and the assembly is 

superparamagnetic, it is useful to understand the nature of the magnetic correlations within the assemblies. 

Here we show how inter-particle magnetic correlations can be probed at the nanoscale via x-ray resonant 

magnetic scattering (XRMS) [2] as illustrated in Figure 1. By tuning the energy of the x-rays to resonant edges 

of Fe and comparing opposite polarization helicities, we extract information about the local inter-particle 

magnetic orders within the nanoparticle assemblies. We show the dependence on particle size, varying from 5 

to 11 nm, suggesting an enhancement of magnetic couplings for bigger particles. [3] Additionally, we show a 

model based on chains of nanoparticles, which we use to fit the XRMS data. The data fitting suggests the 

occurrence of ferromagnetic ordering when an external magnetic field is applied, but when the external field 

is brought to zero (remanence), the fit suggest a mix of antiferromagnetic ordering and randomness. [4]   

 

Figure 1: Layout for the x-ray resonant magnetic scattering (XRMS) measurement of a nanoparticle assembly. 
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Introduction 

Magnetic Particle Imaging (MPI) [1], a new medical 

diagnostic imaging method, stands out for the technology 

which enables to obtain bodily functional images with higher 

sensitivity than Magnetic Resonance Imaging (MRI) and 

higher spatial resolution than Positron Emission 

Tomography (PET). MPI utilizes the nonlinear response of 

superparamagnetic phenomena of magnetic nanoparticles 

(MNPs) injected in a body. We study the effect of magnetic 

properties of MNPs such as magnetization process, magnetic 

core size, and magnetic relaxation on MPI signal toward high 

sensitive MPI for human. 

Materials and methods 

Five kinds of commercial PEG-functionalized iron 

oxide, Fe3O4 (SIGMA-ALDRICH®) which have core 

diameters of 5, 10, 15, 25, and 30 nm were used. Figure 1 

shows magnetization curves of the five kinds of MNPs, 

measured with vibration sample magnetometer (VSM). 

Figure 2 shows the experimental setup for MPI signal 

measurement. The Amplitude and the frequency of applied 

AC magnetic fields were 6.5 mT and 100 Hz to 500 Hz, 

respectively. The signal generated by MNPs was detected 

with a gradiometer coil and harmonic signal was extracted 

using a lock-in amplifier (NF LI5640). We used third-

harmonic signal because the first-harmonic signal reflects 

much more response from applied AC magnetic field than 

that from MNPs.  

Results 

Figure 3 shows the third-harmonic signal (MPI signal) 

with five kinds of MNPs under various frequencies of AC 

magnetic fields. MPI signal shows maximum at 15 nm MNP, 

and the trends are similar under these three frequencies: 

100Hz, 300Hz, and 500Hz. This suggests that the steepness 

of magnetization curve around zero fields mostly affects the 

MPI signal with little relaxation effects in the low frequency 

region under 500 Hz. In the presentation, we will discuss the 

relationship between magnetic properties of MNPs and MPI 

signal in detail toward high sensitive MPI. 
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Fig.1 Magnetization curve of MNPs 

 

Fig.2 Experimental setup for MPI signal 

measurement 

 

Fig.3 The 3rd-harmonic signal intensity for 

various frequencies 
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The excessive release of heavy metals into water has become a worldwide problem concerning the 

environment and human health. Lead is considered as one of the most hazardous and common metals in 

drinking water and industrial wastewater. Most of lead contamination comes from corrosion of household 

plumbing and natural erosion. Within industrial contamination, the principal sources of lead discharge are the 

chemical industry, mining industry and metallurgy [1,2]. 

Nowadays it has been recognized that adsorption is a very effective and affordable technique for heavy 

metals removal. In this kind of process, the adsorbent material should have remarkable adsorption properties 

and provide a non-complex separation from the aqueous media. In this sense, magnetic nanomaterials offer 

the advantages of high surface area and the easy separation by means of a magnet [3]. Moreover, magnetic 

interactions between particles, and therefore aggregation, are minimized at the nanometer range due to the 

superparamagnetic behaviour that nanoparticles exhibit at this size range. Therefore, there is a great deal of 

attention in solid-phase extraction based on magnetic nanoparticles. 

The present work describes the successful surface modification of iron oxide magnetic nanoparticles with 

a double-shell coating of silica to obtain mesoporous superparamagnetic nanocomposites with high surface 

area (up to 600 m2 g-1), known as nanoreactors (NRs), capable of providing a confined space for heavy metal 

removal. Adsorption tests were performed by using the NRs onto lead solutions. The effect of the pH, lead 

initial concentration, and contact time were determined. Lead sorption mechanisms and the parameters for lead 

diffusion into the NRs pores, as well as their reusability after regeneration were also investigated. The 

equilibrium adsorption parameters were obtained and the results of maximum uptake capacity (qm in mgPb g-

1
NR) are competitive compared to other materials used in this kind of processes. This is a simple and efficient 

approach to the extraction of lead from simulated contaminated water by means of magnetic harvesting using 

an adsorbent obtained by a reproducible and economic procedure with high production yields.  
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Magnetic nanoparticles (MNP) offer a large variety of promising applications in medicine, e.g. magnetic 

hyperthermia and magnetic drug targeting. For these applications, it is crucial to quantify the amount of MNP, 

which can be obtained by means of magnetorelaxometry (MRX), where the relaxation of previously aligned 

magnetic moments of MNP is measured. The amplitude of this relaxation curve is directly proportional to the 

MNP amount, allowing for MNP quantification.[1] While commonly used superconducting quantum 

interference devices achieve higher sensitivities than optically pumped magnetometers (OPM), OPM offer 

flexible sensor positioning and smaller sensor-target distances due to the omission of cryogenic cooling.[2] 

However, current OPM-MRX is limited by OPM recovery time after the shut-off of the external magnetic field 

for MNP alignment, therewith preventing the detection of fast relaxing MNP.[2] We present a novel pulsed 

OPM and a setup for OPM-MRX measurements, where the use of a high power pulsed pump laser in the sensor 

enables a system recovery time in the microsecond range. We demonstrate that quantitative MRX 

measurements of fast relaxing, water suspended MNP is possible with the novel sensor concept. 

Our setup consists of a single total field pulsed OPM (noise < 1 pT/rHz) (Twinleaf LLC) and a single 

planar rectangular spiral printed circuit board coil for MNP alignment. Both are positioned in a four-layer 

magnetic shield (Twinleaf MS-2) (figure 1a). The water suspended MNP samples (hydrodynamic diameter of 

130 nm, perimag ®, Micromod Partikeltechnologie GmbH, Rostock, Germany) with a volume of 140 μl, 50 

μl and 10 μl, respectively, where placed – one at a time – between the coil and the OPM (figure 1b, coil not 

shown). The unfiltered relaxation signal of the MNP after switching off the external alignment field of 200 μT 

is shown in figure 1c. It should be noted, that the OPM readouts (sample rate: 1 kHz) were time-synchronized 

in software with respect to the MNP excitation. Additionally, magnetic wall relaxation is observed in the 

measurements. After subtracting empty measurements from the MNP signals, an exponential fit is performed. 

It can be confirmed, that the ratio of fit amplitudes for 140 μl and 50 μl match the theoretical iron concentration 

ratios, while the 10 μl sample couldn't be detected with the setup. 

To conclude, pulsed OPM offer great benefits for OPM-MRX, allowing for short dead times and thus the 

detection of smaller MNP concentrations and the detection of fast relaxing MNP. 

 

 

 

 

 

 

 

 

 

Figure 1: (a) magnetic shielding and OPM electronics. (b) internal view of magnetic shielding: The OPM is 

entering the shielding from the back, while the MNP sample is inserted and positioned by the tube inserted at 

the right. The excitation coil is not shown. (c) relaxation signal of water suspended, 130 nm MNP. 
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In recent years, magnetic nanoparticles have gained a lot of interest due to their appealing properties
for biomedical applications. For instance, when exposed to an alternating magnetic field, they generate heat
which can be used in the destruction of cancer cells. Furthermore, when equipped with a suitable coating,
they can be ideal drug carriers or disease detectors. Finally, the combination of their small sizes, giving them
virtually  full  body  access,  and  a  large  magnetic  moment,  enabling  noninvasive  detection,  makes  them
excellent candidates for use in imaging applications[1]. However, for these applications to work reliably, the
nanoparticle properties should be well known and their dynamic behavior should be fully understood.

Typically, magnetic nanoparticles are investigated by measuring their response to externally applied
magnetic  fields.  For  example,  in  magnetorelaxometry[2],  the  relaxation of  the  magnetic  moment  of  the
nanoparticles is measured after a magnetization phase in an externally applied field. However, such external
excitations affect the aggregation state of the particles by e.g. inducing chain formation, and thus influence
the measurement results.

We recently demonstrated the feasibility of a new approach[3], in which the noise signal resulting from
the thermal switching of the nanoparticles in the absence of any external excitation is measured. With the
help of SQUIDs in a magnetically shielded environment, a noise spectrum originating from the nanoparticles
has  been  observed,  and  the  shape  of  the  spectrum  was  interpreted  to  estimate  the  properties  of  the
nanoparticles.  Here,  we  present  thermal  noise  magnetometry  results  of  several  magnetic  nanoparticle
samples, and show the complementarity and similarity to magnetorelaxometry data of the same samples[4].

Figure:  Thermal  magnetic  noise
spectra of three magnetic nanoparticle
samples  with the  same concentration.
The  larger  the  mobility  (i.e.  lower
viscosity),  the  faster  the  thermally
driven  dynamics  and  the  higher  the
spectral  density  remains  at  higher
frequencies.
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Biocompatible magnetic nanoparticles (MNPs) dispersed in water can be used either as therapeutic agents for 

Magnetic Fluid Hyperthermia (MFH), an antitumoral technique which aims to damage cancer cells by 

increasing locally the temperature [1], and/or contrast agents for Magnetic Resonance Imaging (MRI) with 

diagnostic purposes. For both applications, elongated MNPs (needles) are particularly interesting, since the 

shape affects their magnetic properties [2], particularly the anisotropy, and could ease the interaction of MNPs 

with the biological medium. In this sense, higher aspect-ratio nanoparticles have demonstrated to possess high 

surface area, thus showing increased cell membrane interaction and therefore increased particle internalization. 

A greater cellular uptake is important particularly for MFH, since its main challenge is to obtain high heating 

with less MNPs dose and low intensity and frequency of the external magnetic field (0H<15 kA/m and 100 

kHz), due to safety issues justified by both the toxicity of the MNPs and the possible side-effects induced by 

the alternating magnetic field.  

In this work, an aerial oxidation strategy was applied to synthesize elongated nanoparticles of goethite (Fig. 

1a). The particles were subsequently functionalized with SiO2, an inorganic shell that prevents aggregation, 

and dehydrated to hematite (α-Fe2O3) at high temperatures (Td). Finally, the hematite precursors were reduced 

to magnetite (Fe3O4) in a hydrogen atmosphere for a certain time (tred), to obtain ~100x25 nm nano-needles 

(Fig. 1b). Silanol groups present on the silica shells allowed further functionality with dextran, a biocompatible 

and biodegradable polymer, forming highly stable colloids. 

 

a.     b.  

Figure 1: TEM images of goethite precursors (a) and magnetite elongated MNPs (b). 

  

The slit-shaped micropores typical of goethite coalesce in larger mesopores during the dehydration process, 

and the size and distribution of the resulting mesopores within the particles depend on Td. Three different 

values of Td (250°C, 300°C and 400°C) were chosen to study the effect of the surface area on the MNPs 

efficiency for both MFH (Specific Absorption Rate - SAR) and MRI (nuclear relaxivity r2). Moreover, the 

time of the reduction process to magnetite (tred) can be shortened to obtain MNPs with mixed composition of 

hematite and magnetite [3]. Changing Td and tred, different samples were obtained and characterized for their 

relaxometric and hyperthermic efficiencies, which resulted very good in terms of clinical standards. Effects of 

the porosity and/or mixed composition on SAR and r2 were also highlighted.   
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Iron oxide nanoparticles have numerous applications in biomedicine; however, the saturation 

magnetization of iron oxide is substantially reduced from that of pure iron, due to oxygen mediation the 

exchange interaction between the iron atoms.  To try to improve the saturation magnetization, we have 

examined the magnetic properties of rare-earth doped iron oxide. 

Here, we investigate the magnetic properties of Er-doped Fe3O4 nanoparticles. All the samples were 

prepared by co-precipitation.  For the doped material, Er+3 atoms were chosen in order to replace the Fe+3 in 

the (Fe+2)(Fe+3)2O4 structure. Structural characterization was determined by X-ray diffraction and 

transmission electron microscopy to confirm this structure. Hysteresis loops as a function of temperature 

were used to probe the magnetic properties. In addition, hyperfine interaction parameters as a function of 

temperature (300 K to 873 K) were obtained by perturbed angular - correlation (PAC) spectroscopy using 
111In(111Cd) as probe nuclei.  

To fit the PAC spectra (FIG. 1), the 111Cd probes were considered to occupy three sites: tetrahedral, 

octahedral, and a third site where the probes are located at the nanoparticle surface [1]. The hyperfine 

magnetic field Bhf was calculated using the Larmor equation, 𝜔𝐿 = 𝜇𝑁𝑔𝐵ℎ𝑓 ℏ⁄ , and its behavior as a 

function of temperature follows a Brillouin-type transition. The Curie temperature obtained for 5% Er-doped 

was approx. 845 K (FIG. 2), which is higher than the expected Curie temperature for pure Fe3O4 (approx. 

722 K) [2]. Current work is focused on correlating this shift in Curie temperature with the magnetic 

properties and determining if it is concentration dependent.   
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Magnetite (Fe3O4) and maghemite (γ-Fe2O3) nanoparticles (NP) are versatile building blocks due to their 

good magnetic performance, ease of production and functionalization by chemical routes, and low toxicity. 

However, controlling the electronic and magnetic properties remains a challenge because of their crucial 

dependence on composition, structure, surface chemistry, and interparticle interactions [1], [2]. For this reason, 

careful control of the synthesis conditions is required. 

On the other hand, gold nanoparticles, which exhibit strong localized surface plasmon resonance (LSPR) 

absorption, have attracted much interest due to their biocompatibility, low toxicity and plasmonic properties 

which made them good candidates for biomedical applications. 

The combination of these two materials pave the way to synergies between magnetic and plasmonic 

properties. Therefore, this work is focused on the synthesis of hybrid structures to achieve multifunctional 

materials. Magnetite NPs are synthetized through thermal decomposition method, which allows obtaining 

monodispersed nanoparticles with high-crystal quality. Then the NPs are transferred to water by exchange 

ligand to improve the biocompatibility and allow the attachment of gold nanoparticles, which are previously 

synthesized in aqueous media.  

 

Fig.1. Left. Magnetite nanoparticles of 8.2 ± 1.2 nm. Right. Gold nanoparticles of 4.6 ± 0.9 nm. 
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 The LaFeO3 and LaCoO3 bulk and nanoparticles have been 
synthesized in order to investigate the structural and magnetic 
properties at the nanometric scale. The nanoparticles were 
synthesized by Molten-Salt method and bulk samples by ceramic 
powder method. The size, composition, and the morphology can be 
controlled by modifying the conditions of the synthesis such as 
temperature and reaction time. Nanoparticle size of around ~30nm 
are obtained for both LaFeO3 and LaCoO3. The main purpose of 
synthesizing these materials is to compare the morphology and 
magnetic properties between the bulk and nanoparticles samples. The 
obtained materials are characterized by X-ray Diffraction, 
Transmission/Scanning Electron Microscopy (TEM/SEM) methods. 
Also, the compositions of materials have been analysed by TGA and 
EDX, and the magnetic properties are characterized by SQUID 
magnetometry. In this work, the effect of size reduction on 
composition and magnetic properties is discussed for both 
compounds. 
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On the basis of a composite circuit made of a ferromagnetic Ni-Mn-Ga alloy with a shape memory 

effect a prototype of a magnetically controlled microactuator was demonstrated in [1-2] to create a 

microtweezer for threedimensional manipulation of biological micro- and nanoobjects. Microtweezer 

triggers at room temperature when an external magnetic field increases. The magnetic field induces a 

magnetostructural phase transition in a ferromagnetic alloy with an SME. It was demonstrated that for 

magnetic control by a microtweezer from a Ni-Mn-Ga/Pt composite a magnetic field of 8 T is needed, which 

is a rather high value. The authors of [3] showed that for a complete magnetically induced magnetostructural 

phase transition in the Ni50Mn19.5Ga25Cu6.5 alloy, there is a sufficiently magnetic field of 3-4 T, which 

significantly makes magnetoiduciation easier. 

This paper presents the results on the creation of a magnetically controlled microactuator from the 

Ni50Mn19.5Ga25Cu6.5 composite. In particular, figure 1 demonstrates the onesided shape memory effect in a 

Ni50Mn19.5Ga25Cu6.5 alloy microcantilever. Where, using the focused ion beam technology, composite 

microstructures were fabricated from a sample of the Heusler alloy Ni50Mn19.5Ga25Cu6.5. The microcantilever 

(fig. 1a), previously deformed in the martensitic phase (fig. 1b), was heated by infrared laser radiation in a 

vacuum chamber, as a result of which it passed into the austenitic state and returned to its original form, a 

shape memory effect was observed (fig. 1с). Оnesided shape memory effect was found in microsized 

samples. Obvious manifestations of bilateral form memory could not be found. 

 

   

a b c 

Fig. 1. (a) – image of a scanning ion microscope FIE Strata 201, visualizing the process of mechanical 

deformation (pseudoplastic deformation) of the Ni50Mn19.5Ga25Cu6.5 in martensite microcantilever with 

the Omniprobe micromanipulator needle, (b) - visualization of the deformed sample ε = 2.63% of the 

Ni50Mn19.5Ga25Cu6.5 in martensite microcantilever after deformation, (c) - visualization of a heated 

microcantilever in austenite above the temperature of a magnetostructural phase transition.. 
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Both large magnetization 𝑀𝑀𝑠𝑠  and large coercivity 𝐻𝐻𝑐𝑐  are important properties possessed by potential 
materials for advanced permanent magnets.  𝐻𝐻𝑐𝑐 is affected by various microstructural features and therefore, 
the way for its enhancement 𝐻𝐻𝑐𝑐is not well-defined yet. However, the maximum value of 𝐻𝐻𝑐𝑐 expected for an 
ideal system corresponds to the anisotropy field of 𝐻𝐻𝑎𝑎 = 2𝐾𝐾/ 𝑀𝑀𝑠𝑠 . Here, 𝐾𝐾  is the magnetic anisotropy 
constant, a characteristic value of magnetic materials. Hence, materials with higher 𝐾𝐾 provide promising 
pathways for the exploration or development of high-performance magnetic materials. Since 𝐾𝐾 is simply 
dependent on the symmetry of the system, crystals with lower symmetry should potentially exhibit greater 𝐾𝐾. 
In fact, stressed epitaxially grown cobalt ferrite thin films originally having a cubic structure show large 
induced uniaxial 𝐾𝐾 via the magnetoelastic effect.[1] Likewise, cobalt ferrite nanoparticles containing some 
Cu2+ cations can be transformed from the cubic to the tetragonal structure via the Jahn-Teller effect and as a 
result, the magnetic anisotropy of the particles is enhanced.[2] Unfortunately, the magnetic moment of Cu2+ 

is only 1 𝜇𝜇𝐵𝐵 ; therefore, (Co,Cu)Fe2O4 cannot be practically used in permanent magnets.  In this study, 
instead of Cu2+ we attempted to introduce another Jahn-Teller ion, Mn3+, into Co-based spinel ferrite to 
realize both large  𝑀𝑀𝑠𝑠  and large 𝐾𝐾 . We present here a description of the 
synthesis route as well as the magnetic properties of CoMnxFe2-xO4. 

CoMnxFe2-xO4 particles were synthesized using the molten salt method in 
which CoO, Mn2O3, α-Fe2O3 powder and KBr as a fluxing agent were mixed 
and heat-treated at 900 ℃ for 2 hours in atmosphere. The obtained particles 
were next rinsed with water to remove the KBr flux and dried to powdered 
form. The nominal compositions were chosen according to the formula 
(Co2+Mn3+

xFe3+
2-xO4) where x was varied between 1.0 and 2.0 in the mixed 

stage. Characterizations were performed using transmission electron 
microscope (TEM), X-ray diffraction (XRD) and room temperature vibrating 
sample magnetometer (VSM) at a maximum field of 17 kOe.  

Fig. 1 shows the XRD pattern and the distortion, c/a, of the CoMnxFe2-xO4 
particles. In samples with x = 1.0 to 1.2, since the content of the JT Mn3+ ions 
were small, the diffraction line of the single phase of a cubic spinel structure 
was observed. On the other hand, in samples with x = 1.3 or more, single 
phase diffraction line of a tetragonal spinel structure was observed indicating the JT effect of Mn3+. For the 
tetragonal samples, lattice distortion c/a increased with x with c/a = 1.06 at x = 1.3, and c/a = 1.31 at x = 2.0. 
This is similar to the previous study of CoMn2O4 with tetragonal spinel structure. MH measurements indicate 
that 𝑀𝑀𝑠𝑠   monotonically decreases with increasing x. We assume this is caused by the reduction of the 
magnetic moment due to replacement of Fe3+ (5 𝜇𝜇𝐵𝐵) by Mn3+ (4 𝜇𝜇𝐵𝐵). In the tetragonal sample, 𝑀𝑀𝑠𝑠 has the 
maximum value of 𝑀𝑀𝑠𝑠  = 23 emu/g at x = 1.3. This value is below 𝑀𝑀𝑠𝑠  = 60 emu/g estimated from the 
magnetic moment assuming cation distribution between spinel sites is (Mn3+)A[Co2+Mn3+

0.3Fe3+
0.7]BO4. We 

believe this is caused by a decrease in Neel temperature due to weakening of the superexchange interaction 
between sites as a result ofreplacement of Fe3+ with Mn3+. In fact, 𝑀𝑀𝑠𝑠 at 50 K for x = 1.3 is close to 60 emu/g. 
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In most ferrofluids there are two distinct processes by which the nanoparticles can align or follow an 
applied field. The first of these is Néel relaxation (τN) where the moment switches across an anisotropy 
energy barrier, typically with a relaxation time of the order of nanoseconds to milliseconds. The alternative 
mode, Brownian relaxation (τB), is where the magnetic moment of the nanoparticle remains locked in an easy 
direction and the bulk of the particle rotates to the point where the moment is aligned with the field. These 
two distinct processes are described by the relaxation time equations below: 

𝜏!!! = 𝑓! 𝑒𝑥𝑝 − Δ𝐸  1                     𝜏! =
6𝑉!𝜂
𝑘𝑇

   (2) 

where f0 is the attempt frequency, k is Boltzmann’s constant, T is the temperature, η the viscosity and VH is 
the hydrodynamic volume.  

For the case of Néel reversal the energy barrier is typically given by KV, where K is the anisotropy 
constant and V is the magnetic volume of the particle. However the barrier is usually moderated by a term of 
the form (1-H/HK)2 where H and HK are the applied and anisotropy fields, respectively. Because of the 
random distribution of easy axes, the value of HK is equal to 0.96K/Ms where Ms is the saturation 
magnetisation of the material. 

The dividing line between the two reversal mechanisms occurs when the relaxation times are equal 
from which point the magnetisation will proceed by whichever mechanism has the faster relaxation time. An 
estimate of the size, Ds, where this can occur was first calculated by Shliomis [1] and, assuming a viscosity 
of 1cP, is given by: 

𝐷! =
!"!"
!"

!/!
 (3) 

The different mechanisms can be seen via a measurement of the susceptibility of ferrofluids with 
significantly different particle sizes consisting of cobalt and made by the carbonyl process as shown in 
Figure 1. For the larger particle sizes clearly rotation begins near the melting point of the solvent (~200K) 
and for the smaller particle sizes only a slight cusp is observed [2].  

The implication of the modes of magnetisation for magnetic hyperthermia is that where switching is 
controlled by the Néel process, heat will be generated via hysteresis and is influenced by the size of the 
energy barrier which itself is affected by distributions of size and shape anisotropy. For the case of larger 
particle systems, which may consist of aggregated particles or particles which may have aggregated 
following injection into tissue, the heat will be generated by the physical rotation of the particles which for 
example at 100 kHz is equivalent to (6 x 106) rpm. The full implication of these effects together with sample 
data will be presented in the full paper. 
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Figure 1. Initial susceptibility measurements for samples with different median particle size. 
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Magnetotactic bacteria (MTB) are a diverse group of microorganisms with the ability to orient and 

migrate along the geomagnetic field due to the presence of a chain of magnetic nanoparticles that behaves as 

a compass needle. In particular, Magnetospirillum gryphiswaldense MSR-1 species synthesize cubo-

octahedral magnetite (Fe3O4) nanoparticles with a mean diameter of 45 nm. These nanoparticles are 

arranged forming a chain of ≈ 20 nanoparticles. In the last years, one of the most interesting approaches for 

cancer therapy is devising nano-robots capable of targeting and destroying cancer cells. In this work, we 

want to prove the capabilities of Magnetospirillum gryphiswaldense bacteria as self-propelled nano-bio-

robots, “nanobiots”, for cancer treatment, evaluating their magnetic hyperthermia response.  

Magnetic hyperthermia studies have been performed using a combination of calorimetric and AC 

magnetometry methods on bacteria in water and dispersed random and oriented in a agar medium. These 

results have been compared with those previously obtained in isolated magnetosomes [1]. Figure 1a shows 

the Specific Absorption Rate, SAR, measured at 310 kHz as a function of the applied magnetic field, H. 

Bacteria in water present very high SAR values, similar to those of bacteria dispersed in agar and oriented in 

the direction of H. This result suggests that the bacteria in water align in the direction of the applied field, as 

expected due to magnetotaxis effect. On the other hand, SAR decreases almost half value when the bacteria 

are randomly dispersed in agar.  

Figure 1b compares SAR values normalized by the frequency, SAR/f, for both magnetosomes and 

bacteria in water. The heating efficiency we obtain from MTB is appreciably higher than the one we could 

obtain from magnetosomes, working with the same magnetite concentration (0.15 mgFe3O4/ml). Previous 

work has already suggested that aligned chain-like structures of magnetic nanoparticles could give rise to 

high SAR values. However, assembling this kind of chains and preventing them from collapsing is not an 

easy task. In this work, we show that MTB with an inherent chain of magnetosomes embedded inside give 

rise to high SAR values while avoiding magnetic collapse. This supports the use of these bacteria as 

nanobiots with high efficiency for magnetic hyperthermia. 
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 Figure 1. (a) SAR as a function of the magnetic field. (b) SAR/f at different frequencies, 149, 302, and 

528 kHz, for bacteria and magnetosomes dispersed in water. 
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Soft magnetic microwires FeCoSiB [1] were investigated under high frequency magnetic fields (f=100-

600 kHz) to determine their heating efficiency as a function of the diameter, the length and the number of 

microwires. Also, a comparison between the as-cast microwires and annealed at 300ºC have been carried out. 

To investigate their response under different high frequency fields, from 5 to 20 microwires of each 

sample have been put in 0.5 mL of distilled water with parallel orientation respect to the applied field. A 

fiberoptical thermometer is placed inside the water near the microwires to measure the temperature rise as a 

function of time and the heating efficiency is calculated through the Specific Absorption Rate (SAR).  

The results for 600 kHz and 40 Oe are shown in Fig.1. The microwires present in all cases a huge heating 

efficiency; 2000 W/g in the case of the thinner as-cast microwires (Φ = 40 μm). These values are much larger 

than the typically ones reported in the bibliography for magnetic nanoparticles and soft magnetic microwires 

in similar measurement conditions [2]. Besides, the dependence of the SAR on the microwires length and 

number is reported in this work. 

These results show that these kind of materials are suitable for magnetic hyperthermia and can be used 

for different applications, which open a new research line that has not been deeply investigated yet. 
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Fig. 1. SAR as a function of the diameter of the microwires 

aligned with respect the direction of the AC field at 600 kHz and 

36 Oe. AC: as-cast microwires and 300ºC annealed microwires. 
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Rate equations are a useful tool to study quasi-static (e.g.: FC/ZFC curves) and dynamical (e.g.: high-

frequency hysteresis loops) properties of magnetic nanoparticles in the weak interaction limit and in the 

uniaxial anisotropy approximation. Nanoparticles are therefore assumed to be double-well systems (DWS). 

The common limitation of methods based upon rate equations is the intrinsic difficulty of transforming rigorous 

numerical results into a simplified model; in fact, analytical expressions of magnetic properties of interest are 

only obtained in the particular case of monodisperse, collinear particles submitted to a field parallel to the easy 

axis. As a consequence, it becomes very difficult to use rate-equation results in order to achieve a better 

understanding of the physics underlying the studied phenomena.  

However, simplified methods can be developed in order to get a deeper physical insight on all effects 

stemming from the temperature- and field-induced redistribution induced of occupancy numbers of the two 

energy wells in a DWS assembly. 

In the study of FC/ZFC curves [1], the dependence of susceptibilities on parameters such as 

cooling/heating rate, size distribution and temperature can be explained in terms of analytical laws obtained 

from a linearized rate-equation approach. In addition, it becomes possible to derive the size distribution of 

nanoparticles from magnetic measurements with a higher accuracy with respect to the existing methods. An 

example is shown in Figure 1a.  

Recently, properly simplified rate equations have been shown to play a major role in the study of the 

hysteretic properties of nanoparticles submitted to cyclic magnetization at low and high frequency [2]. In this 

case, it is possible not only to study the behavior of typical hysteresis parameters with temperature and 

frequency but also to put in evidence and investigate an unexpected effect of instability of minor hysteresis 

loops, as shown in Figure 1b. 
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Research on magnetic nanoparticles (MNPs) of RX2 systems (R = Rare Earth and X = non magnetic 

metal) has been developed over the last decade [1-4]. The attraction is due to the analysis of 4f-magnetism 

and crystal field effects in MNPs, barely present in the literature. Initial results in GdAl2 and TbAl2 [1] 

showed that magnetic disorder was key to understand the behaviour of the magnetisation. These 

nanostructured materials were achieved by milling of the bulk alloys. More recently we have focused part of 

our research on TbCu2 MNPs, produced by ball milling as well [2, 3]. In this case, the particles (9(1) nm, 2h 

of milling) consist of an antiferromagnetic (AFM) core and a magnetically disordered shell. The AFM 

coupling stems from the oscillating nature of the RKKY interactions between Tb3+ ions. As a result, we 

observe a Néel temperature, TN = 46.8(5) K, and a freezing temperature, Tf  = 9.2(2) K. Further analysis using 

neutron diffraction revealed that there is AFM structure with two propagation vectors [2, 3].  

An attractive characteristic of RX2 MNPs is that it is possible to tune the strength of the RKKY 

interaction. This is achieved by either changing partially the nature of R or by “diluting” the alloy using a 

non magnetic R, such as Yttrium. For this, we have modified the parent TbCu2 with some Gd-content as 

(Tb0.5Gd0.5)Cu2, and dilute slightly the magnetic interactions in (Tb0.9Y0.1)Cu2. In both cases the bulk alloys 

were milled for 2h and 5h. The characterisation includes X-ray diffraction with Rietveld refinement: the bulk 

Imma (orthorhombic) structure is maintained in the MNPs with and average particle diameter of D = 6 (1) 

nm and D = 7(1) nm for (Tb0.5Gd0.5)Cu2, and D = 9(1) nm and D = 7.5(5) nm for (Tb0.9Y0.1)Cu2.  

After partially substituting Tb with Gd, the (Tb0.5Gd0.5)Cu2 MNPs exhibit a drastic decrease in TN = 

20(1) K respect its own value in bulk (TN = 47(1) K), and irreversibility in the ZFC-FC branches in M(T). 

However, M(H) curves at T = 5 K show a continuous increase and indicate that the magnetic moment (5.7(2) 

µB/Tb) at H = 8 T of those nanoparticles is almost the same as in the parent alloy (TbCu2) 5.8(2) µB/Tb. This 

implies that the anisotropy due to crystal field effects and moment disorder is not modified. The AC 

susceptibility, χAC(T), shows a peak with a small temperature shift with frequency, thus supporting the idea 

that the AFM is weakened by the insertion of Gd3+ ions (L = 0). On the other hand, the (Tb0.9Y0.1)Cu2 bulk 

(control sample) exhibits a total suppression of the AFM behaviour, being Tf = 3.9(1) K. This relaxation is 

due to a Spin Glass (SG) state and has been further confirmed by χAC(T) measurements, with a peak-shift 

parameter δ = 0.048(2). The 2h milled MNPs display a small reduction in Tf = 3.5(2) K. Here the 

interpretation should bear in mind the presence of nanoparticles which in this case interact almost like in a 

SG. Precisely, there is a reduction of the interaction among MNPs with δ = 0.066(3). For the 5h milled 

sample, the interactions can be almost neglected, displaying a quasi-Superparamagnetic behaviour [4]. 

Thereby, a blocking temperature is defined TB = 3.0(2) K and χAC(T) revealed a δ = 0.092(8). 
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Aiming to extend the field of applications of magnetorheological fluids, high magnetization 
ferromagnetic nanoparticles are nowadays on increasing demand. In this sense, FeCo based nanomaterials due 
to the large permeability, high saturation magnetization and high Curie temperature are good candidates for 
magnetorheological applications. Nevertheless, it remains a great challenge the preparation of FeCo 
nanoparticles (NPs) with optimal magnetic properties, homogeneous size and stable against oxidation. Besides 
the physical routes to prepare these NPs, the chemical routes as sol-gel method, polyol method, thermal 
decomposition or co-precipitacion, have been reported to obtain FeCo nanomaterials with different 
stoichiometries [1, 2]. So, in this work we present results concerning the synthesis and characterization of 
FeCo high magnetization ferromagnetic nanoparticles fabricated by reduction of Fe(III) and Co(II) precursors 
and  from thermal decomposition in high boiling organic solvents. 

In the first method aluminium powder and ammonium fluoride were employed to reduce Fe(III) and 
Co(II) at 80ºC in Ar atmosphere. The mixture was maintained at that temperature during 60 minutes and after 
that a black powder was collected magnetically, which was washed with distilled water. The synthesis has 
been performed with Fe/Co molar ratio between 1.5 – and 0.6 although in all cases smaller Fe/Co ratios have 
been obtained. For this synthesis method laminar and acicular particles with sizes in the 20 – 50 nm range have 
been synthesized. Saturation magnetization values about 198 emu/g have been obtained for this kind of 
nanoparticles. 

In the second method the thermal decomposition of Co(II) acetylacetonate and pentacarbonyliron(0) in 
octadecene, in the presence of oleic acid, oleylamine and 1,2-hexadecanediol and H2/Ar atmosphere, have 
yield the production of FeCo NPs externally oxidized to Fe3O4. Measured saturation magnetization is about 
114 emu/g. In this sense and in order to optimize the production of FeCo NPs, different relations of reactives 
concentrations, as well as time and temperature rates are in progress.  

 
Figure 1: TEM image (left) and room temperature hysteresis loop (right) for the NP`s obtained by thermal decomposition 
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Cubic iron oxide monocrystalline nanoparticles (NPs) with mean size of 38nm were obtained by means 

of thermal decomposition synthesis of Fe(III)acac precursor and using palmitic acid as surfactant and reducing 

agent. The choosing of palmitic acid is presented here as a novelty respect to the usual surfactants reported for 

the same chemical route. We have encountered the obtained nanocubes (NCs) presenting magnetic single 

domain, high quality structural features together with bulk alike magnetic properties.  

Structural characterization was performed by High Resolution Transmission Electron Microscopy (HR-

TEM) from which a NPs size distribution was obtained from simple NP counting; crystallographic planes and 

NCs preferential growth direction {100} were evidenced. Complementary structure features like 

agglomeration grade, cluster type and mean NP size were obtained by means of Small Angle X-Ray Scattering 

(SAXS) measurements of a liquid dispersion of the NCs in toluene. 

Magnetic properties of the NCs sample were obtained by d.c. magnetization measurements as hysteresis 

loops at RT and zero-field-cooled and field-cooled (zfc/fc) magnetization in a temperature range of 4−300K 

under various applied magnetic fields. Saturation magnetization, coercive field, mean magnetic moment per 

particle and the evidence of the Verwey transition [1] were obtained from further analysis. 

Information about the present iron oxide phase and Fe3+/Fe2.5+ relation in the system was obtained from 

Mössbauer spectroscopy at RT of powder NCs sample. Hyperfine field distribution was obtained from the 

fitted spectra and NPs mean volume and an effective magnetic anisotropy constant were obtained following 

the work of S. Mørup and H. Topsøe [2,3]. 

Power dissipation capacity of the NCs system under an external radio frequency field was studied. The 

heating performance of a liquid dispersion of the NCs as a function of time was evaluated trough the specific 

absorption rate (SAR) in order to estimate the system potential application in magnetic hyperthermia. 

Acknowledgements  

Argentinian agency CONICET, Brazilian Nanotechnology National Laboratory (LNNano), National 

Council for Scientific and Technological Development-CNPq and Fundação de Amparo à Pesquisa do Estado 

de São Paulo-FAPESP 

References 

[1] E. J. Verwey and P. W. Haayman. Electronic conductivity and transition point of magnetite (Fe3O4). Phys. Rev. B, 

8(9):979–987, 1941. 

[2] Steen Mørup and Henrik Topsøe. Mössbauer studies of thermal excitations in magnetically ordered microcrystals. 

Appl. Phys., 11(1):63–66, 1976. 

[3] (3) Steen Mørup. Magnetic hyperfine splitting in Mössbauer spectra of microcrystals. J. Magn. Magn. Mater., 

37(1):39–50, 1983. 

                                                      

*dmuraca@ifi.unicamp.br 

Poster communication Page 144 of 206



ICFPM 2019 10th International Conference on Fine Particle Magnetism 

 

Evolution of the magnetic structure and chemical composition in spinel  

zinc oxide nanoparticles as a result of high-temperature exposure. 

Angelika Kmita1*, Jan Żukrowski1, Juliusz Kuciakowski1, Antoni Żywczak1, Marianna Marciszko1, 

Marta Gajewska1, Dorota Lachowicz1, Marcin Sikora1 

1 AGH University of Science and Technology, Academic Centre for Materials and 

Nanotechnology, A. Mickiewicza 30 St., 30-059 Krakow, Poland 

 

Introduction: Magnetic nanoparticles with spinel structure (MeFe2O4 where Me = Zn2+, Ni2+, Co2+etc.)  

due to their unique properties, find use in many applications e.g in biomedical applications (hyperthermia,) as 

well as technological applications (gas sensor, ferrofluids, magnetic storage) etc. [1-3]. Bulk ZnFe2O4 should 

have paramagnetic nature around room temperature, when it is the normal spinel with Zn incorporated mostly 

in the tetrahedral lattice sites, so the superexchange interaction between the two sublattices cannot be expected, 

and it should not come under ferrimagnetism. In the case of the nanoparticles, the situation is more complicated 

and confused because of the inversion of the cation distribution between the two sites, size effects, and 

chemical composition. Superparamagnetism or ferrimagnetism at room temperature is generally reported for 

nanosized zinc ferrite (ZnFe2O4) and this is ascribed to the unusual occupancy of the magnetic ferric ions in 

the tetrahedral sites and divalent zinc ions in the octahedral sites. The distribution of cations in the network 

and the presence of a non-collinear spin structure strongly influences the magnetic properties of ferrite 

nanoparticles with a spinel structure [1-3]. In this work the evolution of the magnetic structure and chemical 

composition in spinel zinc oxide nanoparticles as a result of high-temperature exposure was investigated. 

Materials and methods: Synthesis of zinc ferrite nanoparticles was conducted by chemical method. The 

determination of the zinc and iron concentration in the different samples was performed using a inductively 

coupled plasma optical emission spectroscopy (ICP-OES).Transition temperatures in the process of 

decomposition of  zinc oxide nanoparticles were conducted using the thermal analysis/differential scanning 

calorimetry (TGA/DSC). The data were collected in the range 25 - 1400 oC with a heating rate of 10oC/min 

under Argon flow (100 ml/min). The imaging of the output material and products of the thermal decomposition 

was performed using a transmission electron microscope TEM and XRD method. Determination of defects of 

the output material and the degree of decomposition of zinc ferrite will be made by means of X-ray and gamma 

spectroscopy - XPS and Mössbauer MS-4 Renon spectrometer. Volume magnetic properties were probed using 

Vibrating Sample Magnetometer (VSM) equipped with cryostat cooled with liquid nitrogen.  

Summary: Thermogravimetric analysis of different samples of zinc ferrite nanoparticles revealed the 

existence of characteristic temperature ranges, in which there are a significant losses in the mass of the samples.  

Mössbauer spectroscopy have shown that the decomposition products of nanoparticles were rich in Fe2+ (not 

present in the starting zinc ferrite) and Fe3+. After exposure at high temperature, significant changes in the 

magnetic properties (e.g. saturation magnetization) of the analysed materials were observed. The evolution of 

the magnetic behaviour may indicate a change in the chemical structure (material decomposition). Structural 

changes occurring in samples after high temperature exposure (1400 oC) are also indicated in TEM, XRD and 

XPS studies. A significantly different results of the influence of high-temperature exposure is observed 

depending on inversion of cationic structure and mean particle diameter of the starting material. 
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The use of magnetic nanoparticles (MNPs) in biomedicine has been widely explored for diagnosis, therapeutic, 

and sensing purposes. Recent studies have proposed the use of MNPs functionalised with recognition ligands (F-

MNPs) as transducer for magnetic detection of biomarkers related to diseases and/or pathologies. [1] These different 

methods are based on the variations of the MNP magnetic properties after the specific interaction of F-MNPs with 

biomarkers, which are reflected in different physical parameters related to magnetic properties of MNPs.[1] Among 

them, AC magnetometry provides a novel and suitable methodology to detect the presence of biomarkers in fluids 

where F-MNPs are colloidally stable (see Fig.1A). The proof of concept of this new method has been achieved in 

our Lab but not yet published due to recent patent application submission.[2] Among the advantages of our 

methodology based on the variation of the AC hysteresis loops of F-MNP upon specific interaction with biomarkers, 

the most original is related to the availability of wide variety of parameters allowing to modulate the detection 

sensitivity, in addition to the chemical affinity between the ligand and the related biomarker. Such unique versatility 

is based on the magnetic properties of the F-MNPs and F-MNPs /biomarker assemblies formed after specific 

interaction (see Fig. 1). Here, we  report on a study probing different extrinsic and intrinsic parameters that 

influence the sensitivity of our magnetic detection method: MNP chemical composition, and concentration, 

biomarker multivalency,  and concentration, and magnetic field conditions. For this proof of concept, we have 

employed 20 nm size MNPs of different composition (-Fe2O3 and Co0.7Fe2.3O4) that are functionalized with two 

different recognition ligands (MEEVF peptide and biotin) to specifically interact with the related biomarkers 

(avidin and VFPd-TPR2-MMY) in order to assess multivalency effects (mono-, di-, and tetravalent) in PBS 

solutions. The AC magnetometry measurements are very quick (< 60 seconds) at different field conditions (up to 

300 kHz and 24 kA/m) requiering short F-MNP/biomarker incubation times at physiological temperatures (37ºC). 

In this way, we have tested systems with different valency under different biomarker and MNP concentrations and 

field conditions to assess the capabilities to detect biomarkers in PBS and human plasma. Thus, our result show 

that the variation of AC hysteresis loops is associated with the enhancement of mass absorption onto MNP surface 

or clustering. The extent of these phenomena tightly depends on aspects related to nanomagnetism such as 

magnetic relaxation mechanisms, magnetic dipolar effects or magnetic anisotropy barrier. As an interesting 

example the interaction of F-MNPs with monovalent biomarker is detected for cobalt ferrite F-MNPs but not for 

iron oxide (see Fig.1B) as a result of the different relaxation mechanism in these MNPs. Therefore, understanding 

the fundamental aspects of the physico-chemical phenomena behind the formation of F-MNPs/biomarker 

assemblies is key to take advantage of nanomagnetism of F-MNPs to exploit this novel diagnostic tool. 
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We investigate the magnetization dynamics of ferromagnetic nanoparticles in the atomistic approach
taking  account  of  surface  anisotropy  and  the  spin  misalignment  it  causes.  We  demonstrate  that  such
inhomogeneous spin configurations induce nutation in the dynamics of the particle's magnetization. More
precisely,  in  addition  to  the  ordinary  precessional  motion  with  frequency  fp~10  GHz,  we  find  that  the
dynamics of the net magnetic moment exhibits two more resonance peaks with frequencies fc and fn which
are  higher  than  the  frequency  fc=4fp  ~40 GHz is  related with the  oscillations  of  the  particle's  magnetic
moment between the minima of the effective potential induced by weak surface anisotropy. On the other
hand, the much higher frequency fn ~ 1 THz is attributed to the magnetization fluctuations at the atomic level
driven by exchange interaction. We have compared our results on nutation induced by surface effects with
those rendered by the macroscopic approach based on the Landau-Lifshitz-Gilbert equation augmented by an
inertial  term  (proportional  to  the  second-order  time  derivative  of  the  macroscopic  moment)  with  a
phenomenological coefficient. The good agreement between the two models have allowed us to estimate the
latter coefficient in terms of the atomistic parameters such as the surface anisotropy constant. We have thus
proposed  a  new  origin  for  the  magnetization  nutations  as  being  induced  by  surface  effects  and  have
interpreted the corresponding resonance peaks and their frequencies [1].
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Cobalt ferrite nanoparticles (NP), CoFe2O4, are attractive materials due to their potential applications, 

e.g. as permanent magnets, as a result of their high values of the magnetocrystalline anisotropy, saturation 

magnetization, and magneto-optical coefficients. However, in NP with spinel structure such as CoFe2O4, 
structural modifications at the grain boundaries and other crystallographic defects within each nanoparticle 

may destabilize the ferromagnetic order due to the magnetic frustration arising from the competition between 

the inter- and intra-sublattice interactions. Recently we showed that monodisperse, stoichiometric CoFe2O4 

NP, chemically synthesized with a controlled progressive degree of structural disorder, can exhibit a wide 

variety of magnetic phenomena: from bulk-like ferrimagnetic order (FiM) with high coercive fields for NP 

nearly free from structural imperfections, to glassy magnetic behaviour for the most structurally defective 

samples [1, 2]. The actual microscopic mechanisms leading to this strong magnetic degradation are not clear 

yet since is not observed in other FiM NP such as magnetite. 

In this work, we deepen our understanding of this issue by studying the samples using complementary 

local probes: element-and site-specific X-Ray Magnetic Circular Dichroism (XMCD) measurements on 

ensembles of monodisperse NP combined with a structural characterization of a representative selection of 

individual NP by high-resolution transmission electron microscopy. The results show that the total magnetic 

moment obtained by XMCD sharply decreases from the bulk value as the structural disorder increases. By 

comparison of the experimental XMCD spectra to a linear combination of ligand field multiplet simulated 

spectra, the cation occupancies for each site are quantified. For the structurally defective samples, the Fe3+ 

cations occupy about 33% tetrahedral (Td) sites and 54% octahedral (Oh) sites, whereas Co2+ ions occupy 60% 

Td and 40% Oh sites, whereas a 10% increase (decrease) of the Co2+ (Fe 2+) ions in Oh sites is found for the 

highly crystalline sample. The XMCD loops show a progressive squareness, and decrease in closure field and 

high field susceptibility of the loops at all the cationic sites as the particles become less structurally defective. 

However, the Co2+ (Oh) sites are significantly more affected by the magnetic frustration associated to the 

structural defects, than the Fe3+ and Fe2+ cations. Measurements with different probing depths yield to similar 

results indicating an homogeneous cationic and magnetic order within the whole NP volume. Our results show 

that the Co2+ cations play a leading role on the degradation of the collinear order with decreasing crystallinity 

in Co-ferrite NP. 
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Nonlinear optical nanostructured materials are gaining increased interest as optical limiters for various 

applications, although many of them suffer from reduced efficiencies at high-light fluences due to photo-

induced deterioration. We report the nonlinear optical properties of ferrite core/shell nanoparticles showing 

their robustness for ultrafast optical limiting applications.[1] At 100 fs ultrashort laser pulses the effective two-

photon absorption (2PA) coefficient shows a non-monotonic dependence on the shell thickness, with a 

maximum value obtained for thin shells. In view of the local electric field confinement, this indicates that 

core/shell is an advantageous morphology to improve the nonlinear optical parameters, exhibiting excellent 

optical limiting performance with effective 2PA coefficients in the range of 10-12 cm/W (100 fs excitation), and 

optical limiting threshold fluences in the range of 1.7 J/cm2. These values are comparable to or better than 

most of the recently reported optical limiting materials.[2,3] The quality of the open aperture Z-scan data 

recorded from repeat measurements at intensities as high as 35 TW/cm2, indicate their considerably high 

optical damage thresholds in a toluene dispersion, ensuring their robustness in practical applications. Thus, the 

high photostability combined with the remarkable nonlinear optical properties make these nanoparticles 

excellent candidates for ultrafast optical limiting applications. 

 

 

Figure. 1(a-d) TEM images for Mn-ferrite/Co-ferrite core/shell nanoparticle series. Scale bars correspond to 

a length of 20 nm. 2 (a) High-angle annular dark-field (HAADF) TEM image for sample ÇCo-ferrite/Mn-

ferrite and their respective (b) Mn and (c) Co maps of integrated L2,3 edge signal. (d) Co/Mn EELS mapping 

reconstruction (red and green colors refer to cobalt and manganese L edge signal, respectively). Variation of 

effective 2PA coefficient ( as a function of particle size. The vertical lines are the error bars. The solid curves 

are guides to the eye. 
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The key point in magnetic fluid hyperthermia is the dominant mechanism in the relaxation of the 

magnetic moment, which determines the out-of-phase susceptibility in the presence of an AC magnetic field 

and consequently the power absorption. Those mechanisms are the viscous one, related with the Brown 

relaxation time, and the magnetic anisotropy one, related with the Néel relaxation time. The properties that 

address the dominant relaxation mechanism are the medium viscosity and the anisotropy energy barrier. The 

design of systems with tuned magnetic properties aim at controlling completely the response of a magnetic 

fluid in hyperthermia experiments [1]. Here we report a simple and effective way to control the heat 

generation of a magnetic colloid in magnetic hyperthermia by using the core-shell architecture for 

bimagnetic nanosystems, with two magnetic phases magnetically-coupled. Firstly, the magnetic properties 

are controlled by changing the shell composition of bimagnetic core–shell Fe3O4/ZnxCo1−xFe2O4 

nanoparticles, with an effective anisotropy that can be tuned by the substitution of Co
2+

 by Zn
2+

 ions in the 

shell, with keeping a relatively high saturation magnetization. Magnetic hyperthermia experiments of these 

nanoparticles dispersed in hexane and butter oil showed that the magnetic relaxation is dominated by Brown 

relaxation mechanism in samples with higher anisotropy (i.e., larger concentration of Co within the shell) 

yielding high specific power absorption values in low viscosity media as hexane. Increasing the Zn 

concentration of the shell, diminishes the magnetic anisotropy, which results in a change to a Néel relaxation 

that dominates the process when the nanoparticles are dispersed in a high viscosity medium. We demonstrate 

that tuning the Zn contents at the shell of these exchange-coupled core/shell nanoparticles provides a way to 

control the magnetic anisotropy without loss of saturation magnetization. This ability is an essential 

prerequisite for most biomedical applications, where high viscosities and capturing mechanisms are present. 

Based on these results, we design core-shell Fe3O4/ZnxCo1−xFe2O4 nanoparticles with high response in 

magnetic hyperthermia experiments even in the butter oil as consequence of a viscosity-independent 

dominant magnetic relaxation mechanism. 
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The properties of magnetic nanocomposites strongly rely on the interplay between those of the individual 

components, in particular when the constituents themselves are complex correlated electron oxides. Such 

systems exhibit exotic physical properties that are difficult to optimize in a multi-phase material; for this 

reason, a precise control of the level of intermixing of the original phases becomes a fundamental requirement 

to tune their magnetic and/or electric behavior [1]. 

In this work, we demonstrate an easy, but effective method to synthesize and tune the magnetic properties 

of nanocomposites consisting of correlated electron oxide systems as the individual components. Our method 

is based on a novel synthesis technique that ensures a high level of integration of the individual components, 

yielding homogeneous samples at the nanoscale with magnetic behaviour reminiscent of a single phase [2]. 

We illustrate our method by using multiferroic BiFeO3 (BFO) or LaFeO3 (LFO) as the major phase (i.e., 

matrix), and MFe2O4 (M = Co2+ or Ni2+) as the embedded magnetic phase. Furthermore, by choosing CoFe2O4 

and NiFe2O4, two oxides with widely differing magnetic anisotropies, we demonstrate that the coercivity of 

BFO and LFO can be increased or decreased depending on the choice of the embedded phase in the 

nanocomposite (figure 1). 

 

Figure 1. Normalized isothermal magnetization curves of (a) CFO (red triangles), BFO (black circles), and CFO/BFO 

composite (orange inverted triangles), and (b) NFO (green diamonds), BFO (black circles), and NFO/BFO composite 

(orange inverted triangles) recorded at T = 5 K (expanded region around the origin). The inset in (b) shows the 

extended field range from -5 T to + 5 T [2]. 
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In the last decades, the study of nanostructured materials has experienced an increased interest, due to the 

change on the properties that these nanostructures present, compared to bulk materials. In particular, there exist 

a vast variety of phenomena in magnetic nanoparticles due, mainly, to 3 factors: (i) magnetic domains, (ii) spin 

canting on nanoparticles surface and (iii) the nature of the magnetic interactions among nanoparticles, as 

interparticle distances make dipolar or RKKY interaction become important [1,2]. 

Intermetallic compounds consisting of rare earth (R) elements and transition metals (M), RM2, may 

present antiferromagnetic behaviour as in TbCu2 [3] or ferromagnetic as in TbNi2 [4]. In particular, when the 

antiferromagnet TbCu2 is nanostructured by mechanical milling, 10 nm nanoparticles are achieved. These 

nanoparticles have an AFM core and a shell of canted spins, giving rise to a spin glass (SG) behaviour [3]. 

When these nanoparticles are milled for long times (t  10 hours) we can observe the appearance of a FM 

contribution. However, the origin of this FM is not well established yet. This could come from the AFM-SG 

interface (uncompensated spins) or from interparticle interactions (FM coupling of the surface spins of 

different particles).  

In this sense, a series of Tb(Cu1-xNix)2 alloys (x=0, 0.08, 0.15) have been produced in order to investigate 

the different magnetic behaviours present in our alloys. These samples were fabricated by arc melting and 

magnetic characterization in terms of M(T) curves has been performed in order to see the different magnetic 

contributions (AFM, FM and SG), as one can see in Figure 1. Afterwards, samples were nanostructured by 

subsequent ball milling in order to reduce particle size down to ~20 nm, inferred from Rietveld refinements of 

XRD data and, thus, being able to correlate the change in the magnetic properties of the Tb(Cu1-xNix)2 alloys 

with the size of the nanoparticles. 

 

Figure 1. Temperature dependence magnetization (ZFC curves) of bulk Tb(Cu1-xNix)2 alloys. 
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Nanoparticles have the ability to be detected in different areas of body, to transform biological 

processes and to control their cellular activity, acquiring in recent years a great relevance in biomedicine [1, 

2]. The pharmacological transport, selective drug liberation, magnetic hyperthermia and the stimulation of 
biological entities are processes that can be developed using magnetic nanoparticles under located magnetic 

field. In addition, they present a nanotransducer character, as alternating magnetic fields generate heat and 

so, different therapies have been developed for controlled hyperthermia and drug delivery [3]. As usual 
chemotherapy treatments, magnetic nanoparticles are administrated intravascularly. Nevertheless, by this 

method, nanoparticles usually spread through blood vessels or assemble forming agglomerations and only 

low concentrations of active material reaches the tumour. In this sense, the aim of this work is to use a 
comercial carrier in order to deliver nanoparticles to the damaged zone.   

Iron oxide nanoparticles (Fe3O4) have been prepared by two methods: On one hand, by thermal 

decomposition of pentacarbonyl iron(0)  precursor using successive syntheses on cores previously formed in 

a high boiling organic solvent in the presence of oleic acid, oleylamine and 1,2-hexadecanediol (HDD) [4]. 
On the other hand, by decomposition of previously synthetized iron(III) oleate precursor in a mixture of high 

boiling point organic solvents and oleic acid.  

Synthesized nanoparticles have been transferred to water using different ligands. Nanoparticles 
obtained from penthacarbonyl iron (0) have been surrounded by CTAB molecule. Furthermore, nanoparticles 

synthetized by oleate decomposition have been modified by a positively-modified amphiphilic ligand, 

poly(maleic anhydride-alt-1-octadecene) and 3-dimethylaminopropylamine. Both nanoparticles have been 
placed on commercial Embozene™ microspheres of 100 um.  

The obtained nanoparticles present sizes between 15 and 22 nm and cuboctahedral or cubic 

morphologies depending on the synthesis method. Together with this a variation in the magnetic behaviour 

and SAR properties has also been observed. Nevertheless, in all cases saturation magnetizations above 85 
emu/g have been obtained. Actually, the heating power of nanoparticles supported on the microspheres is 

being analyzed. 
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Nanoscale curved magnetic objects exhibit unique physical properties due to their limited size and curvature, 
providing novel functionalities for applications such as low power microelectronic devices [1].  
 
Here, we focus on the study of magnetic nanotubes (MNTs) and magnetic nanorings (MNRs), whose static 
and dynamic magnetic properties depend sensitively on their sizes, aspect ratios, curvatures and hollow 
structures. It is important to optimize the magnetic ground states in such three-dimensional curved nano-objects 
for their successful implementation in devices. 
 
MNTs with perfectly circular cross-sections were fabricated by 
coating C core templates with magnetron-sputtered permalloy (Py) 
shells. Such MNTs are expected to support different magnetic states 
from those in hexagonal nanotubes [2]. 
 
We used both scanning transmission X-ray microscopy and off-
axis electron holography to characterize the magnetic states in 
individual Py nanotubes and in their cross-sections, which were 
prepared using focused ion beam milling and can be regarded as 
MNRs. The MNRs are found to support novel magnetic states, 
including double vortices. 
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   Fig. 1: Magnetic induction map of a 
   Py nanoring in a vortex state recorded 
   using off-axis electron holography. 
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Multicomponent metal-oxide nanoparticles are appealing structures from applied and fundamental 

viewpoints. The control on the synthetic parameters in colloidal chemistry allows the growth of complex 

nanostructures with novel morphologies.[1] In particular, the synthesis of bi-phase metal-oxide hollow 

nanoparticles has been reported based on galvanic replacement using an organic-based seeded-growth 

approach, but with the presence of H2O.[2] Here we report a novel route to synthesize either fully dense or 

hollow core/shell metal-oxide nanoparticles (MnOx/FeOx) by simply adding or not oxidants in the reaction. 

We demonstrate that the presence of oxidants (e.g., O2 carried by the not properly degassed H2O or (CH3)3NO) 

allows the formation of hollow structures by a galvanic reaction between the MnOx and FeOx phases.[3] In 

particular, the use of (CH3)3NO as oxidant allows for first time a very reliable all-organic synthesis of hollow 

MnOx/FeOx nanoparticles without the need of water (with a somewhat unreliable oxidation role). Oxidants 

permit the formation of MnOx/FeOx hollow nanoparticles by an intermediate step where the MnO/Mn3O4 seeds 

are oxidized into Mn3O4, thus allowing the Mn3+→Mn2+ reduction by the Fe2+ ions. The lack of proper 

oxidative conditions leads to full-dense onion-like core/shell MnO/Mn3O4/Fe3O4 particles. Thus, we show that 

the critical step for galvanic replacement is the proper seed oxidation states so that their chemical reduction by 

the shell ions is thermodynamically favoured. 

 

Figure 1. TEM images and particle size histograms for S1 (core/shell MnO/Mn3O4), CS1 (core/shell 

MnO/Mn3O4/ Fe3O4), and HW1 (hollwow Mn3O4/ Fe3O4) NPs. Scale bars correspond to 50 nm. The insets 

show schematic 3D images of the NPs (green, red, and gray colors refer to MnO, Mn3O4, and Fe3O4 phases, 

respectively). HAADF images and EELS mapping (red and green refer to the Fe and Mn L-edge signals). (c 

and d) Background and Fe elemental percentage profiles along two NPs for CS1 and HW1, respectively. 3D 

tomographic reconstruction of two NPs of the HW1 sample 
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Core-shell structures of magnetic nanoparticles allow fine-tuning of the magnetic properties, e.g.  

modifying the coercivity by inducing magnetic interface phenomena such as exchange coupling [1]. Both 

exchange bias and exchange spring phenomena thus have a strong potential to improve nanoparticle 

functionalities towards applications such as permanent magnets[2] or biomedicine[3,4]. However, the 

individual impact of the different constituents on the macroscopic magnetic properties requires insight into the 

spatially resolved nanoparticle magnetization. In this contribution, we will present a combined study of X-ray 

and neutron small-angle scattering (SAXS/SANS) with magnetization measurements, which enables to resolve 

in detail the chemical composition and magnetic configuration within cobalt ferrite nanoparticles.  

The studied NPs were synthesized using thermal decomposition of the oleate precursors [5], which allows 

to reproducibly tune the particle morphology and particle diameter in a range of 10 - 20 nm with a narrow size 

distribution. For the two NP samples under study, a spherical particle morphology with a mean diameter of 

10.4(1) nm and 16.0(1) nm with very narrow particle size distribution of σlog ≤ 6% was obtained from SAXS 

and transmission electron microscopy. As a result of the reducing synthesis conditions, a core-shell particle 

morphology is formed [6]. The presence of two distinct crystallographic phases in our samples is supported by 

powder X-ray diffraction. We will present how the combination of SAXS and SANS experiments reveals the 

exact core-shell morphology and composition consisting of a wüstite-type core with a ferrite shell. Our results 

indicate the presence of Co in both phases, which is further supported by energy dispersed X-ray map analysis. 

Half polarized SANS allows to spatially resolve the magnetization distribution within the nanoparticles and 

discriminate the magnetization in the core and shell constituents. We will demonstrate that the integral particle 

magnetisation, observed by macroscopic methods, is explained by phase decomposition to a weakly 

magnetized wüstite core and a surrounding ferrimagnetic spinel shell. 
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Magnetotactic bacteria (MTB) are a diverse group of microorganisms that have the ability to synthesize 
membrane-enclosed magnetic nanoparticles called magnetosomes that present fascinating magnetic properties. 
Therefore, both MTB and, especially magnetosomes, have been proposed for diverse biomedical applications 
such as magnetic hyperthermia [1]. We have worked with Magnetospirillum gryphiswaldense MSR-1, a 
magnetotactic bacterium that synthesizes 45 nm sized cubo-octahedral magnetite nanoparticles arranged in a 
chain of 20-25 nanoparticles[2]. The presence of the magnetic chain gives rise to high specific absorption rate 
values, ~1200 W/g, even at low amplitude and frequency of the AC applied magnetic field (300 Oe, 150 kHz). 

In order to test the suitability of magnetotactic bacteria as a hyperthermia agent, we have performed in 
vitro assays to study both the cytotoxic and the hyperthermia effects on human lung carcinoma cells A549.  
We check the cell viability, the number of living cells divided by the total number of cells, after 24 h and 48 h 
of incubation by flow cytometry and proper Live/Dead stains. From Figure 1a we can infer that bacteria do 
not affect viability of the cells. Another point that we have tested is the effect of the bacteria in the growing 
capability of the cell culture. Figure 1b shows that the presence of bacteria inside carcinoma cells barely 
disturbs the growth rate, being the difference in number of living cells with and without bacteria not statistically 
significant. Bearing in mind the successful result presented here, we will perform hyperthermia treatment to 
study the effect on carcinoma cells working within the therapeutic limit of H.f < 5x109 Am-1s-1. 

 

Figure 2. a) Viability of cancer cells after 24 and 48 hours bacteria uptake b) Temporal 
evolution of the number of living cells present in a culture after the bacteria uptake 

(Cells+Bacteria). A control culture of cells without bacteria is also shown. 
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 Magnetic nanoparticles have 
agents or heating mediators. Among m
employed as heating mediators due to the
irradiation means [1]. Additionally, 
cancer treatment.[2] In this context, hyperthermia 
invasive therapy based on IONP heat 
cancer cells/tissues. Despite the advantages of this 
molecular pathways related to cell death have not yet been totally clarified
from IONPs [3,4,5]. At the same time
optical means is a key aspect not totally understood in spite 
 Here, we study the influence of 
superparamagnetic maghemite IONPs 
work pays special attention to the role of 
hydrodynamic size (from 50 to 600 nm)
internalization (see Figure). In addition, we assessed 
IONP aggregation degree, charge and protein corona formation
the interaction between IONPs and cells, and 
hand, we have established a calorimetric methodology to quantify 
Concerning the latest, there is a lack of consensus in the 
standardizing the quantification of heat dose
assessed the effect of all these parameters on cell viability
techniques (MTT, Alamar Blue assays and 
hyperthermia mediated by IONPs and its cellular effects 
thanks to the implementation of optical 
 

Figure: Comparison of temporal temperature 
infrared irradiation (808 nm, 0.3W/cm
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 been widely used in biomedical applications acting 
magnetic nanoparticles, iron oxide nanoparticles (IONPs) 

heating mediators due to their ability to release heat under alternating magnetic field
Additionally, their low toxicity have boosted IONPs as a promising 

In this context, hyperthermia mediated by IONPs has been shown as 
heat losses to locally generate thermal stress into malignant tumors 

Despite the advantages of this therapeutic modality compared with conventional 
molecular pathways related to cell death have not yet been totally clarified nor correlated to heat dose released 

At the same time, unraveling the physical mechanisms behind the heat losses 
not totally understood in spite its relevance for clinical use. 

study the influence of some extrinsic and intrinsic parameters 
IONPs upon exposure to infrared irradiation and its effects on cell viability
the role of  IONP size (from 8 to 21 nm) and concentration

(from 50 to 600 nm), excitation wavelength (i.e. exc from 700 to 1300 nm)
. In addition, we assessed the colloidal parameters that steer IONP 

and protein corona formation, These variables are crucial 
and cells, and in consequence cellular internalization of the IONPs

established a calorimetric methodology to quantify the heat dose released 
, there is a lack of consensus in the scientific community 

heat dose, the active ingredient of IONPs as therapeutic agent
assessed the effect of all these parameters on cell viability and morphology using different experimental 

assays and other optical dyes). Assessing the fundamentals of 
mediated by IONPs and its cellular effects is becoming more accessible than magnetic hyperthermia 

optical devices in distinct cellular characterization techniques

temperature increase of IONPs dispersed in water or inside live cells upon near 
infrared irradiation (808 nm, 0.3W/cm2). 
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has been shown as a promising minimally 
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nor correlated to heat dose released 
behind the heat losses activated by 
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700 to 1300 nm), and cell 
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Massive Zn ferrite has a normal spinel structure (with all Zn
+2

 cations in the tetrahedral (A) sites, 

while Fe
+3 

cations occupy the octahedral (B) ones), and it behaves paramagnetic at room temperature. 

Stoichiometric ZnFe2O4 was synthesized from a powder mixture of ZnO and Fe2O3 at 99% by high energy 

mechanical milling in air.  Microstructural characterization of resulting material by XRD confirmed the 

presence only of zinc ferrite after 150h milling and the Rietveld refinement of this spectrum showed a cation 

inversion close to 0.60, which was associated with a random distribution of Zn
2+

 and Fe
3+

 cations over 

tetrahedral and octahedral sites.  

It has been reported that synthetic and processing methods can have a significant influence on the 

physical properties of spinel since it can produce a metastable disordered structure.  In this case, the 

structural formula must be written as (Zn1-Fe)[ZnFe2-]O4, where  represents the degree of inversion 

(defined as the fraction of A sited occupied by Fe cations). This redistribution of Zn
2+

 and Fe
3+

 cations leads 

to the onset Fe
3+

 - Fe
3+

 magnetic interaction between A-B sublattices.  

The as-milled samples, with a high inversion degree were subjected to different thermal annealing 

from 300 to 600 ºC, where inversion degree () decreases from 0.55 to 0.18. A magnetic phase diagram as a 

function of  can be inferred from the results: 1) for <0.25, Antiferromagnetism (AFM), Ferrimagnetism 

(FiM) and Spin Glass (SG) behaviors were observed to coexist, 2) for 0.25<<0.5, the FM clusters coalesced 

and SG behavior vanished remaining only a pure FiM phase with a maximum magnetization of Ms = 3.5 B. 

Finally, 3) for >0.5, There is a FiM and AFM coexistence, where this AFM is given by compensated spins 

in the JAB interactions. 

 

 

 

 

 

 

 

 

 

Figure: (A) saturation magnetization per Bohr magneton as a function inversion degree  (black circles) and saturation 

calculated as (5 )s BM   (open triangles). (B) Saturation magnetization per ferromagnetic unit (f.u.) at A sites. The 

regions (1), (2) and (3) indicate FiM+AFM+SG, FiM and FiM+AFM phases, respectively 

Poster communication Page 159 of 206



ICFPM 2019 10th International Conference on Fine Particle Magnetism 

 

Microscopic parameters influencing the  
physical properties of magnetic nanoparticles applied in biomedicine 

F. Brero1,*, M. Basini2, P.Arosio2, C. Sangregorio3, C. Innocenti3, L. Bordonali1, F. Orsini2, T. Orlando4, 

M. Avolio1, F.A Casula5, M. Corti1, M. Mariani1 A. Lascialfari2 

 

 1Department of Physics and INSTM, Università degli Studi di Pavia, Via Bassi 6, 27100, Pavia, Italy   

 2 Department of Physics and INSTM, Università degli Studi di Milano, Via Celoria 16, 20133, Milano, Italy 

 3Department of Chemistry, Università degli studi di Firenze, Via della Lastruccia 6, I-50019, Sesto F.no, Italy 
4EPR Research Group, Max Planck Institute for Biophysical Chemistry, Göttingen, Germany 

5Department of Chemical Science, University of Cagliari, 09042 Cagliari, Italy 

 

The physical properties of ferrofluids, i.e. colloidal suspension of magnetic nanoparticles, depend on 

compositional, structural, and magnetic features. In the last decades, they have been used quite widely in a 

variety of research fields, as for instance in biomedicine: magnetic nanoparticles (MNPs) can be employed, 

among others, as therapeutic agents and diagnostic tracers for cancer therapy, and also as contrast agents in 

nuclear magnetic resonance imaging (MRI) [1-2]. Due to their stability and biocompatibility, iron-oxide-based 

MNPs (IONPs) are preferred for applications in this field. Each IONP consists of a magnetic core and a coating 

composed of organic moieties, like carbon hydrates or polymers. Both the efficiency and the efficacy of such 

particles for diagnostics (e.g. MRI) and therapy (e.g. drug release and/or Magnetic Fluid Hyperthermia, MFH) 

have been shown to depend on many parameters, such as the kind of magnetic ion, the magnetic core diameter, 

the shape and also the coating. Therefore, understanding the relationship between such intrinsic parameters, 

the magnetic properties, the nuclear relaxivities (i.e. the  MRI image contrast efficiency) and the heating 

capacity, can provide an essential guidance that may direct the design of magnetic nanoparticles for theranostic 

applications. With the aim of starting to unravel the related physical phenomena, here we present a collection 

of experimental results obtained by our group, compared to the literature state of the art. 

The effect of the size on the MRI efficiency of single iron-oxide-based NPs coated with organic coating 

(polymers, rhamnose, etc) have been studied. Independently from the kind of oxide (maghemite or magnetite) 

and in agreement with other results in literature, it was shown that the transverse relaxivity r2 improves as the 

diameter of the inorganic core is increased till about 16–20 nm, until values as high as three times the one of 

commercial products [3-5]. For the same compounds, in the range of frequencies and fields suitable for MFH, 

a large SAR was also measured, meaning that these particles can be applied efficiently in theranostic 

applications.  

The dependence on the kind of magnetic ion was also evaluated [5,6]. In addition to the investigation of 

magnetite doping with a transition metal ion (Co, Mn), an experimental study of the evolution of magnetic and 

relaxometric properties as a function of Co-Ni systematic progressive doping in iron oxide nanoparticles was 

conducted. The predicted doping dependence of the anisotropy was confirmed by the r1 experimental profiles 

at different values of the doping itself [6]. 

As concerns the effect of the coating on the 1H-NMR relaxation properties, preliminary results proved 

that, despite magnetic measurements show significant differences in the saturation magnetization by varying 

the NPs coating material, the NMRD profiles show small differences in the longitudinal relaxivity r1 values at 

all fields. Further studies are in progress to confirm these experimental evidences. 
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Phase diagram of magnetic fluids has interested the researchers because they are very different from 
simple fluids in the sense that the particles in these fluids have long-range dipole-dipole interactions that can 
be either attractive or repulsive depending on their orientation. Theoretically, it has been assumed for a long 
time that particles aggregate into droplets at lower temperatures or under magnetic fields, similar to droplets 
of water formed within the vapor phase. [1] On the other hand, particles are found to associate into chainlike 
structures in snapshots of recent microscopic simulations under such conditions. Full understanding of this 
controversial issue requires in-situ experimental characterization of internal structures in magnetic fluid. A 
kind of chain-like structure has been observed with conventional transmission electron microscopes from the 
early stage of magnetic fluid research. [1] However, it should be noted that such micrographs were taken after 
drying the fluid in a vacuum chamber and the influence of sample preparation process on the observed structure 
cannot be ruled out. Recently, cryogenic electron microscopy has enabled us to observe frozen thin films of 
magnetic fluids without drying; and chain-like structures have been reported again. [1] Nevertheless, it is still 
debatable whether similar nanoparticle structures will be observed in bulk liquid because of the dimensionality 
dependence of dipolar interactions as well as effects of freezing. Furthermore, these electron microscopes are 
inappropriate tool for in-situ characterization necessary for clarifying structural responses under varying 
temperatures or magnetic field strengths, because the electron beam is easily blocked by thin capillary and 
bent in a magnetic field. For these reasons, we have studied self-assembled structure in a magnetic field using 
X-ray and neutron beams with highly penetrating nature. In this presentation, the focus is on unexpected 
nanoparticle structures in magnetite magnetic fluids under external magnetic fields as such knowledge is 
critical for controlling flow characteristics of magnetic fluids in various applications. 

Magnetite nanoparticles with different sizes were synthesized by heating iron (III) acetylacetonate at 553 
K in a mixture of oleic acid and oleylamine. The transmission electron micrographs show that the synthesized 
nanoparticles have uniform sizes at 11.5 ± 1.6 nm (Sample A), 16.4 ± 1.9 nm (Sample B), and 21.6 ± 1.9 nm 
(Sample C). Magnetic fluids were prepared by dispersing the nanoparticles in kerosene. Micro-structural 
characterization of these magnetic fluids was performed using in-situ small-angle X-ray scattering (SAXS) 
measurements in a zero magnetic field and magnetic fields lower than 54 mT. On the other hand, the macro-
structural characterization was made using in-situ dark-field optical microscopy. Though the observed 
scattering vector dependence of SAXS for samples A and B can be explained as isolated spherical 
nanoparticles even under the external magnetic fields, apparent interparticle interference peaks appear on the 
profiles for sample C under similar experimental conditions. In other words, chain-like nanoparticle structures 
are formed only in sample C with larger magnetite nanoparticles. However, the in-situ dark-field optical 
microscopy under a magnetic field strength of 30 mT showed bright specks of needle-like structures not only 
in sample C but also in samples A and B. In brief, the formation of needle-like macrostructures does not 
necessarily mean the presence of microstructures in them. Detailed discussion will be reported. 
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Cobalt chromite is a multiferroic material exhibiting spin induced electric polarization locked to the 

spontaneous magnetization. Due to the strong near-neighbour interactions in cobalt chromite, a spin spiral 

magnetic structure is formed, which is associated with the appearance of dielectric polarization [1]. The 

magnetic properties of cobalt chromite in single crystal [1] and polycrystalline [2] form are well examined, 

but in-depth structural and magnetic analysis of cobalt chromite nanoparticles is scarce up to now, although 

the magnetic behaviour changes significantly. In this contribution, we will present the effect of the particle 

size on the appearance of collinear and non-collinear magnetic phases in cobalt chromite.  

The prepared cobalt chromite nanoparticles were characterized structurally by powder X-ray diffraction 

and morphologically by transmission electron microscopy. Polarized neutron diffraction with XYZ 

polarization analysis gives access to the purely magnetic scattering contribution. The evolution of the magnetic 

phase transitions for particles with coherent domain sizes in the range of 3 – 21 nm will be discussed in detail. 

Additional to the fundamental magnetic reflections, the appearance of magnetic satellite reflections in the 

purely magnetic scattering cross section (Fig. 1) is consistently described by a transverse conical spiral model 

[3,4], and manifests the presence of spiral magnetic ordering in cobalt chromite nanoparticles [5]. The analysis 

reveals critical coherent domain sizes for the formation of the non-collinear magnetic structure and collinear 

magnetic ordering. In combination of our results, we have established the temperature-size phase diagram of 

the magnetic phase transitions in nanosized cobalt chromite. 

 
Fig. 1 Magnetic scattering of sample with of 21.9(4) nm coherent domain size over a temperature range 

of 5 - 95 K. Red points represent the measured data, black line is LeBail fit and green and violet vertical lines 

correspond to the positions of magnetic satellites and fundamental reflections, respectively. 
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Tailoring the magnetic anisotropy and the magnetization processes of magnetic materials is the driving 

force of technical and applied magnetism. In the particular case of the magnetic nanowires, the introduction 
of local changes of composition (chemical barriers) can dramatically affect the domain structure and the 

magnetization processes of the nanostructures, giving rise to the formation of topologically protected domain 

walls [1]. These nanowires could be the building blocks of tridimensional racetrack memories, proposed by 
IBM [2], but never fabricated in a 3D configuration. 

To move towards this goal, it is necessary to understand the magnetic properties of arrays of these 

nanowires, unravelling the relationship between the global magnetization processes and the magnetic 

interactions between nanowires. In this work we have studied the magnetic properties of arrays of permalloy 
(Fe20Ni80) nanowires with chemical barriers with two different compositions (ferromagnetic iron-rich 

Fe80Ni20 barriers and non magnetic Cu barriers), varying the different geometrical parameters. Vectorial 

magnetic characterization, using magneto-optical Kerr Effect (MOKE) and Vibrating Sample Magnetometry 
(VSM) shows that the properties of the arrays can be tailored (see figure 1). We have correlated the magnetic 

properties and the structural ones, paving the way to the utilization of these arrays in applications. 

 

 

Figure 1 MRem/Ms as a function of the direction of the applied magnetic field. 
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The reactions of thermal decomposition in organic solvents developed in the last decade are among the 

most popular methods for the synthesis of metal oxide nanoparticles. Within this family of recipes are the hot-

injection procedures, in which the metallic precursor is added to the reaction when the mixture is at high 

temperature. For these cases, the precursor generally is a metal-oleate complex and its addition is done at a 

constant dropwise rate after the reaction mixture reaches the boiling point. This strategy has some particular 

advantages, as it is possible to establish stationary growth conditions during the reaction. Recently, Vreeland 

et al. named this approach as “Extended LaMer Mechanism”, showing the synthesis of iron oxide nanoparticles 

with a precise control of the mean size, crystalline phases and elemental composition [1]. 

We employed the “Extended LaMer Mechanism” approach to synthesize non-stochiometric cobalt ferrite 

(CoxFe3-xO4) nanoparticles, controlling both the size and the elemental composition of the final products. We 

successfully prepared five samples of hydrophobic oleate-coated nanoparticles, with mean diameters ranging 

from 6 nm to 16 nm and a variable relationship in the Fe:Co concentration. Structural characterization by 

means of HR-TEM and TEM/EDS confirm that the nanoparticles have a spinel-type monocrystalline structure 

and that the Co and Fe atoms are homogenously distributed along the system.   

We also performed an intensive magnetic characterization by means of DC magnetometry, finding some 

unusual magnetic behaviour associated to the strategy employed in the sample preparation and the high 

magneto-crystalline anisotropy of the nanoparticles. For example, an extreme sharp peak at approximately 280 

K was observed in the ZFC-FC measurements of the five samples. The shape and exact temperature position 

of these peaks was found to be related with the Co content and the nanoparticles mean size. Also, coercive 

fields larger than 30 kOe were measured at 5 K for the three samples with the highest Co content. These values 

are among the highest numbers reported in the literature for this type of nanostructures. 
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The range of applications of 

magnetic and luminescent nanoparticles 

is continuously expanding, but those 

specifically intended for theranostics 

still lack effective means for real time 

tracking and in situ activity monitoring. 

For example, in magnetic hyperthermia 

treatments there are no means to 

simultaneously detect a tumour, locate 

the nanoparticles, and eventually check 

the nanoparticle/tumour temperature. In 

this work it is experimentally and 

theoretically demonstrated how thermal 

transient thermometry can be used as a simple, fast, sensitive and reliable tool for advanced diagnosis of tumour 

development in small animal models. By using Ag2S infrared emitting nanoparticles as contactless 

nanothermometers we have been able to monitor thermal relaxation dynamics of tumours at different stages of 

their natural development in mice model. We have found that the tumour´s characteristic thermal relaxation 

time shows remarkable changes during tumour development [1], being these correlated to the vascular 

modification within and in the surroundings of the tumour. Intratumoral necrosis is here demonstrated to be 

associated with slower relaxation dynamics due to the absence of blood flow. Using custom made mice 

melanoma phantoms with different vascularisation degree, we calculated the thermal relaxation of tissues after 

in vivo hyperthermia treatments using distinct blood perfusion models, and successfully compared it with the 

experimental ones. Thus, we propose it as a means for diagnosing tumours faster - in 6 days after tumour 

implantation - than the current ocular inspection standard, which takes 11 days for a reliable detection. The 

outcomes of this work do not only pave the way towards advanced diagnosis and early in vivo detection of 

tumours, but also towards in situ, real time monitoring of heat dissipation from magnetic nanoparticles. 
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In this work, we developed a  modified high-temperature synthesis to prepare series of magnetite and 

zinc-ferrite nanoparticles. The synthesis was carried out under controlled, inert gas atmosphere in the 

presence of squalane and dodecanoic acid. The obtained nanoparticles contained three different zinc to iron 

ratio. Furthermore,  nanoparticles without zinc (Fe3O4) were synthetized. The structure of received objects 

was studied by Transmission Electron Microscopy (TEM). The size of obtained all magnetic nanoparticles 

was in the 10-30 nm diameter range, with a reduced size distribution. Mossbauer spectroscopy confirmed 

single domain character of obtained nanoparticles in all proposed substitutions. The chemical composition all 

samples was characterized by inductively coupled plasma optical emission spectroscopy (ICP-OES) and X-

ray Photoelectron Spectroscopy (XPS) coupled with Argon Gas Cluster Ion Beam (Ar-GCIB). The use of 

Ar-GCIB allowed to investigation successive layers of nanoparticles without altering its chemical 

structure[1,2]. It showed the presence of carbon layer on all nanoparticles consisting of capping agents used 

in the synthesis. Moreover, the core-shell character of zinc ferrite nanoparticles was revealed. The magnetic 

studies performed by means of Vibrating Sample Magnetometry (VSM) showed superparamagnetic behavior 

of all the received particles. 
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We have developed recently an indirect proof of concept (POC) of magnetic classification in wet mode. 

This POC, was accompanied by another one, concerning fundamental background theory and simulations. 

Both POC’s proved the feasibility of the process and specially have allowed to determine the influence of some 

of the force balances and some of the main parameters in fluid media. Based on the preliminary results we are 

now ready to develop, design and control a larger scale device for future applications, and to strength the proof 

of concept by direct determination. 

Bearing in mind the systems and trajectories obtained we were able to conclude that magnetic 

classification was able to be achieved with the classes differences shown in Table 1. 

 

 

 

Table 1. Results obtained. 

 

Developing this processing techniques allow us to selectively separate and purify several substances at 

the same step and in the same device, especially in what concerns biomedical applications (ranging from 

diagnostics until treatment of diseases), mineral processing, water treatment and recycling, as modern 

technologies are still very limited regarding this goal. The main applications and the improved given by 

magnetic classification will be also detailed. 
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Fe3O4 nanoparticles (NPs) are nowadays the best magnetic candidates in medical applications because 
of its biocompatibility and its optimal magnetic response. They present diagnostic and therapeutic prospects 
as agents for magnetic resonance imaging (MRI), drug delivery or magnetic hyperthermia [1]. For all these 
kinds of applications, nanoparticles with controlled composition, size and morphology are required for a 
better response. In this sense it is crucial the optimization of the synthetic protocols, being the thermal 
decomposition of metallorganic precursors the most employed one for those purposes. Under this 
assumption, we have been working in the preparation of ferromagnetic nanoparticles with sizes between 20 
and 45 nm, from decomposition of iron (III) oleates.  Nevertheless, this method often yields the formation of 
undesirable phases as wustite and Zn doped magnetite results to be an alternative because of its low 
solubility in wustite. What´s more doping in ferrite NPs can help to enhance magnetic hyperthermia and MRI 
[2].  

Herein we present the role of Zn2+ and Gd3+ on the magnetic behaviour and magnetic hyperthermia 
response in ferrite nanoparticles. Previously synthesized iron(III) oleates doped with different proportions of 
Zn2+ or Gd3+ have been decomposed in a mixture of octadecene, dibenzylether and oleic acid, controlling 
temperatures and heating rates and Zn0.1Fe2.9O4 and GdxFe2-xO4 NPs have been obtained. The chemical, 
structural and morphological characterization has been performed and the magnetic behaviour has been 
studied.  

In the case of Zn0.1Fe2.9O4, truncated octahedral NPs between 22 and 34 nm have been prepared. The 
saturation magnetization values are above Ms = 97 emu/gZn0.1Fe2.9O4 at RT, being possible to obtain heating 
rates above 1000 W/g at moderate fields (<40 mT) and frequencies of 300 kHz. In the case of GdxFe2-xO4 
NPs the average diameters of the samples are below 20 nm and in this case the samples present a 
superparamagnetic behaviour with low values of magnetic hyperthermia. 

 

 
Figure 1. a) TEM image of Zn0.1Fe2.9O4 NPs and b) the corresponding AC magnetometry measurement. 
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Materials for thin film solar cells are currently the subject of multiple researches in order to reach the 
highest ratio efficiency/cost. Tin sulfide (SnS) is one of the most promising solar cell absorber materials 
because it has appropriate optoelectronics properties and cost-effective.  Zinc sulfide and Cadmium sulfide 
are the most common material for buffer layer of a heterojunction solar cell. In this work, we study the 
electrical characteristics of Zn1-xCdxS /SnS solar cells (Current density Jsc short circuit, open circuit voltage 
VCO, P(V), and C(V)). The one-dimensional SCAPS-1D is used to analyze numerically the performances of 
Zn1-xCdxS /SnS thin film solar cells [1-3]. 
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A simple hydrothermal process for fabrication of hematite (α-Fe2O3) nanostructures was developed by 

using CTAB and NaOH as precipitation agent. A series of α-Fe2O3 samples has been prepared for different 

concentrations of precursor. The as prepared samples were characterized by X-ray diffraction (XRD), 

Scanning electron microscopy (SEM) and vibrating sample magnetometry (VSM). From the analysis of 

XRD spectra, we have evidenced the presence of rhombohedral and hexagonal structures having a crystallite 

size of about 200 nm.  The SEM micrographs reveal the presence of different particles shapes (spherical, 

hexagonal and desert rose). The saturation magnetization, Ms, and the coercivity, Hc have been extracted 

from the hysteresis loops at room temperature.   

The relationship between magnetic parameters and microstructure will be discussed. 
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Ferrofluids are nanomaterials consisting of magnetic nanoparticles dispersed in a carrier fluid. Their 

physical properties and, hence, their field of application are determined by intertwined compositional, 

structural and magnetic characteristics, including interparticle magnetic interactions.  

Magnetic nanoparticles have been prepared by thermal decomposition of iron(III) chloride hexahydrate 

(FeCl3·6H2O) in 2-pyrrolidone, and then dispersed in two different fluids, water and polyethylene glycol 400 

(PEG) [1]. A number of experimental techniques (especially, transmission electron microscopy, Mössbauer 

spectroscopy and SQUID magnetometry) has been employed to study both the as-prepared nanoparticles and 

the ferrofluids. We show that, with the adopted synthesis parameters of temperature and FeCl3 relative 

concentration, nanoparticles are obtained that mainly consist of maghemite and present a high degree of 

structural disorder and strong spin canting, resulting in a low saturation magnetization (~ 45 emu/g).  

A remarkable feature is that the nanoparticles, ultimately due to the presence of 2-pyrrolidone at their 

surface, are arranged in nanoflower-shape structures, which are substantially stable in water and tend to 

disaggregate in PEG (Fig.1). The different arrangement of the nanoparticles in the two fluids implies a 

different strength of dipolar magnetic interactions, as revealed by the analysis of their magnetothermal 

behavior.  

The comparison between the magnetic heating capacity of the two ferrofluids demonstrates the 

possibility of tailoring the performances of the produced nanoparticles by exploiting the interplay with the 

carrier fluid.   

 

Figure 1. TEM images of the magnetic nanoparticles dispersed in water (sample SW) and in PEG (sample 

SP).  
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 Nanoscience is one of the most newsworthy research and development area in modern science and 

industry. Today’s manufacturing and application of nanomaterials in a wide range of areas bring specific issues 

related to handling of waste containing nanomaterials. The outbreak that has occurred in the proliferation of 

so many different engineered nanomaterials’ (ENM) creates today a big issue to regulators in what concerns 

hazard identification and environmental/ health legislation [1]. Although the majority of the scientific 

community is yet unwilling to talk about it, is of the upmost importance to highlight problems related to 

uncontrolled release of nanoparticles to the environment through waste disposal, and to introduce the topics of 

nanowaste and toxicology of nanoparticles into the waste management. Some studies associated with usage, 

precautions, safety and risk perceptions related to ENM were made in some companies [2], and the results 

suggest that there is insufficient information to establish specific regulations. 

   In order to evaluate the risks inflicted by the use of nanomaterials in commercial products, and even more 

important, in environmental applications, is urgent to understand their mobility, bioavailability, and ecotoxicity 

[3].  The main concern of ENM lies in their toxicology and in the astonishing level of ENM production in the 

world that leads to an increasing debate on their effects on human occupational settings and on the 

environment. As a consequence of the increasing production of NMs of all types and the potential for their 

release in the environment, their toxicity needs to be addressed. In doing so, it is necessary first to determine 

the fate and behavior of manufactured NMs in the environment. However, the mechanism of toxicity is still 

unclear and biocompatibility varies depending on numerous parameters, such as nanoparticle size and shape, 

surface properties, applied nanoparticle concentration, type of cell and nanomaterial. The toxicity of 

nanomaterials is often linked to their extremely small size; smaller particles have a greater reactive surface 

area and are more chemically reactive and produce greater numbers of reactive species, including free radicals 

[4]. Their high chemical reactivity and their greater capacity to penetrate biological membranes also pose 

serious new toxicity risks. There are now on the global market over 720 products that contain nanomaterials.  

 Is urgent to wake-up for this new problem, that although with very small visibility (nano size), it will become 

very quickly a huge problem if we don’t take the necessary attention.  

The present work is a review of scientific results on the fate and potential negative impact of engineered 

nanoparticles on the environment. 
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Introduction. Signal Intensity (SI) in Magnetic resonance imaging (MRI) depends on longitudinal (T1) 
and transversal (T2) relaxivity times [1]. However, the intrinsic contrast changes associated to a pathologic 
condition are often too limited for accurate diagnosis. Here, MRI contrast agents (CA) improve image 
resolution based on their selective accumulation in the Region Of Interest [2]. These CAs are classified as 
positive (T1-weighted) or negative (T2-weighted) image contrast promoters. The acquisition of MRI weighted 
in T1 and T2 could improve the safety of diagnosis [3]. In this context, it has been reported that Prussian Blue 
(PB) derivatives with general molecular formula KxGd1-x(H2O)n[Fe(CN)6] and nanosized crystallites present 
high performance as dual T1-T2 CAs [4]. Unfortunately, their clinical use is precluded by the partial solubility 
in physiological medium. Very recently, we have protected Gd(H2O)4[Fe(CN)6] nanoparticles by coating them 
with a thin amorphous silica shell through silicate polymerization at neutral pH, obtaining an stable hybrid 
nanocomposite [5]. In this work, we present the application of this novel material as a CA for in vivo MRI. 

Results and Discussion. The combination of Gd and Fe magnetic centers closely packed at the same 
crystalline structure leads to a magnetic synergistic effect, which results in an outstanding improvement 
improvement of longitudinal relaxivity with regards to soluble Gd3+ chelates, whilst keeping the high 
transversal relaxivity inherent to iron oxide nanoparticles. This CA improves positive and negative contrast in 
T1- and T2- weighted MR images, both in in vitro and in vivo systems. Furthermore, this novel hybrid presents 
a high biosafety profile and has strong ability to incorporate organic molecules on surface, displaying great 
potential for further clinical application. 

Conclusion. The incorporation of T1 and T2 active moieties in a CA for dual-modal MRI gives 
complementary information that helps improving the safety of diagnosis. Here, Gd(H2O)4[Fe(CN)6] magnetic 
nanoparticles with a thin diamagnetic silica coating present longitudinal relaxivity values over one order of 
magnitude superior to regular T1 Gd3+ based systems and much stronger positive contrast in in vitro and in vivo 
MR images, due to the synergistic effect between Gd3+ and Fe3+ magnetic centers closely connected via cyano-
bridge bonds in a highly packed crystalline structure. In addition, this hybrid exhibits high transversal relaxivity 
and strong dark contrast performance. With regards to other proposed T1-T2 dual mode CAs, these 
nanoparticles present constant Gd:Fe atomic ratio, providing reproducible quality in MRI signal.
 
 
 
 

 
 
 
 

 
 
 
 
 
 
Figure 1: (A) Artistic representation of Gd-Fe nanoparticle protected 
with a silica shell. (B) Network topology of Gd(H2O)4[Fe(CN)6]. (C) In 
vivo coronal T1- and T2-weighted images acquired from a male Sprague-
Dawley rat at 7 T magnetic field. 
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Ferrofluids (FF) are extremely versatile liquid materials showing interesting magnetic properties, 
with a huge potential in a large number of technological sectors, such as electric and thermal 
engineering, electronics, magneto-optics, catalysis, waste water treatment. 
In this work, we investigated the synthesis of a new type of FF, replacing the liquid medium (usually 
an organic solvent or water) with two different ionic liquids (IL) and using CoFe2O4 as the 
nanoparticle to be dispersed. The ionic liquid has hence the role of surfactant for the nanoparticles 
and, at the same time, it confers the FF important new properties, such as the possibility to be used at 
much higher working temperatures, due to the very low vapour tension of the IL. We used a surfacting 
IL terminated with a trialkoxysilane (-Si (EtOH)3) functionalization group [1,2]. This functional 
groups are able to properly bind to CoFe2O4 NPs.Once a good NP-IL bound was obtained, we 
obtained the dispersion in a second IL, by exploiting the presence of the long chains. The FF 
concentration was of 5 mg/ml of NPs in IL. The synthesized FF is stable for at least 1 week and it is 
still under observation. The CoFe2O4 NPs with an average diameter of 4-5 nm were prepared by the 
polyol method [3]. All the samples were characterized by X-ray diffraction (XRD), TEM images, ATR-
FTIR spectrometry, TGA and magnetic measurements (SQUID). 
 
This work was supported by the FET-Proactive MAGENTA Project (Contract N. 731976). 
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Ni-Mn-based metamagnetic shape memory alloys are being widely studied during the last decade because 

of the unique multifunctional features they show as a result of the interplay between a martensitic 

transformation and a complex magnetic ordering. In particular, due to the strong dependence of the magnetic 

exchange interactions on the Mn-Mn distances, the induction of the structural transformation by an applied 

magnetic field may give rise to interesting properties such as the magnetic shape memory effect, large 

magnetoresistance or giant inverse magnetocaloric effect, that make these alloys very attractive for practical 

applications in sensing and magnetic refrigeration. Reduction in the size of particles may optimize the 

magnetocaloric effect, either by increasing the temperature range or by reducing the hysteretic losses. On the 

other hand, the integration of powder alloys into a polymer to form composites has been found to be especially 

interesting for the development of magnetically-controlled dampers and actuators. 

In the present work, the influence of mechanically-induced defects on the magnetostructural properties 

has been analysed in a Ni-Mn-In-Co alloy subjected to ball milling. An extraordinarily large thermal 

stabilization of the martensite (with shifts on the temperature of the first reverse martensitic transformation 

higher than 100 K) is observed, even for very short milling times. Such stabilization process is associated to 

both the sweeping-up of defects by the moving interfaces and to the pinning of interfaces by defects at their 

static positions. Interestingly, it is found that the mere reconfiguration of microstructural defects taking place 

as a result to the occurrence of the martensitic transformation leads to significant variations on the saturation 

magnetization and even on the crystallographic structure of the martensite. On the other hand, a great 

degradation of the transformation enthalpy and a gradual decrease on the saturation magnetization, both in 

austenite and in martensite, is observed on increasing the milling time in the stable state (once the reverse 

transformation has occurred) due to the evolution of internal stresses and grain size alongside with the partial 

amorphization of the alloy. The martensitic transformation and Curie temperatures, in turn, remains unaffected, 

in agreement with the observed null effect of milling on the long-range atomic order. 
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Spinel ferrite nanoparticles (NPs) have been widely studied and continue to attract a lot of attention 

from the scientific community. This interest is due to their potential technological and biomedical applications. 
An important aspect in order to optimize the performance of such materials is the control of their structural 
and magnetic properties [1]. We prepared, by the coprecipitation method, core shell (CS) NPs of different sizes 
consisting of a CoFe2O4 ferrite core surrounded by a (γ-Fe2O3) (maghemite) shell (CoFe2O4/g-Fe2O3). The 
microstructural properties of these NPs are investigated by XRD and TEM experiments. The mean size 
diameter, determined by XRD measurements, ranges from ~2 to ~11 nm. 

Previous investigations of core/shell NPs prepared by the same method and with same size demonstrated 
that the inner region has a well-ordered ferrimagnetic structure, surrounded by a surface layer of spins 
randomly frozen at low temperatures [2]. This disordered surface contribution is evidenced by under-field 
Mössbauer spectroscopy measurements [3], showing a progressive spin alignment under field along the ferrite 
core.  

In this work we investigated the influence of the size diameter on the magnetic properties and in particular 
on the exchange bias (EB) effect. Mössbauer spectra   recorded 12K under intense magnetic field (8T) shown 
the presence of the surface spin disorder, as observed previously. This disorder is clearly more evident for NPs 
of smallest size diameter. The EB field Hex, measured at 5K after cooling under a field of 3 kOe, is present 
for all the samples and it increases as the size particle of the NPs decreases ( ~11 nm; Hex@15 Oe, ~5,4 nm; 
Hex@105 Oe ; ~2,2 nm; Hex @155 Oe). For the smallest particle size (~2 nm) we investigated the effect of 
changing the composition of the core, comparing the Hex value with that NiFe2O4/g-Fe2O3 particles of the 
same size. The Hex  is higher for CoFe2O4/g-Fe2O3 (Hex  @ 155 Oe; for NiFe2O4/g-Fe2O3,  Hex  @ 95 Oe), 
indicating the role of the core anisotropy, which is larger for CoFe2O4. 
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Magnetic NanoParticles (MNPs) can be guided through vessels in a non-invasive manner with external 

ElectroMagnetic Actuation systems (EMA). These typically enclose the sample [1] even when motion 

is restricted to two spatial dimensions [2], thus preventing access to the inside. Here we present a planar 

and open gradient coil manufacturing method initially conceived for high resolution Magnetic 

Resonance Imaging (MRI) scanners, but which finds application as EMAs as well. 

Our gradient coils are designed for ultra-fast (10 us) pulsing of intense (2.4 T/m) magnetic field 

gradients [3]. They are manufactured out of OFHC Copper hollow tubes, so as to allow for water cooling 

through the conductor. Figure 1 shows the selected hollow tube, the used fittings and a final gradient coil 

based on two lobes connected in series. A dielectric structure manufactured by sintering polyamide fixes the 

coil system mechanically (not shown in the figure). 

Figure 1. Cross section hollow tube (left), hydraulic and electric fitting coils (center). Final gradient coil manufactured (right). 

The coils are refrigerated by means of a pump and a cooler that provide a constant flow to the entire 

hydraulic system. Preliminary simulations show a temperature increase (along the coil) lower than 12.5 ºC in 

continuous operation at a current intensity of 400 A. We have also characterized the coils magnetically. 

Specifically, we have measured the gradient magnetic field as well as the resistance and inductance values at 

different frequencies. All experimental measurements are in close agreement with simulations (Fig.2).  

Figure 2. Magnetic profile by using a current intensity of 1 A. Blue line: expected values, red line: experimental values (left). X-coil set axis 

resistance and inductance experimental values in a frequency range between 4 Hz and 200 kHz (right). 

Our measurements show that an EMA system based on our new technology would be able to exert 

intense magnetic field gradient fields for fast control of MNPs following arbitrary 3D trajectories in the 

sample, allowing for a temporal resolution in the micro-second timescale. 
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The magnetic properties of nanocomposites of cobalt ferrite nanoparticles in silica matrix 

(CoFe2O4/SiO2), synthesized by a sol–gel auto-combustion method, have been investigated by DC 

magnetometry and AC susceptibility measurements at different frequencies. The control of the particle size 

was achieved by varying the nanoparticles concentration (from 5 to 15 weight %) in the silica matrix and the 

annealing temperature (700°C, 800°C, 900°C). The particle size increases (from ~2.5 to ~7 nm) with increasing 

annealing temperature, as observed by HRTEM images.  

The saturation magnetization MS is larger for higher annealing temperatures. Its value depends on the 

combined cation distributions, canted spin fractions and surface effects. In ref. [1], where samples N15T900 

(6.7 nm particle size) and N5T900 (2.8 nm particle size) were compared, a growth of MS with reduced particle 

size associated to more canted spins as a result of an increased fraction of Fe3+ in octahedral sites was reported. 

The non-saturated susceptibility (χSAT) decreases for larger annealing temperatures and particle sizes [2]. The 

contribution to the non-saturated susceptibility should be attributed to the magnetically disordered or canted 

spins in the core of the particles, playing an important role in the magnetization process. The value of the 

effective magnetic anisotropy constant (Keff) increases with the decrease of particle size, being two times higher 

than the bulk value for ~3 nm particles, as a result of the larger surface contribution. Moreover, for particles 

of the same size, but annealed at different temperatures, we observed a significant variation of Keff due to the 

change in the cation distribution, strongly affecting the magnetocrystalline anisotropy. The results show that 

the anisotropy comes from a complex balance of surface and magnetocrystalline contributions of the core 

closely related to the particle size and the cation distribution. 

 

Figure 1. (a) Saturation magnetization (MS) and (b) non-saturated susceptibility (χSAT) for samples 

annealed at different temperatures and reference sample (N5T900 from ref [1]). 
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Recent experiments show an enhancement of RadioTherapy (RT) when gold nanoparticles are loaded 

within a tumor site [1]. These nanoparticles have been proposed as a method to improve the efficiency of RT 

through enhanced probability of photoelectric absorption due to the high atomic number Z of gold. 

Additionally, studies have shown the possibility of transporting Magnetic Nanoparticles (MNPs) to tumor 

locations by means of strong gradient fields [2]. 

In this contribution we report a study evaluating the RT enhancement when Gold Magnetic 

Nanoparticles (AuMNPs) are placed on tumoral tissue. AuMNPs have a core of Fe304 covered with a gold 

shell. The whole nanoparticle including core and shell is 18-20 nm in diameter. For these purposes AuMNPs 

will additionally require a biocompatible external cover (polyethylene glycol or dextran) resulting on a final 

AuMNP size ranging from 20-25 nm. The external cover (dextran polymer and polysorbates) will allow 

diffusion through the brain blood barrier, as wells facilitate their motion through physiologic tissue. 

 
Figure 1: (Right) Superparamagnetic theranostic nanocomposites integrating Fe3O4 nanoparticles and gold nanoshells 

(AuMNP). (Left) Relative dose on the tumoral tissue when AuMNPs are present as a function of the percentage in weight of 

AuMNPs within the tumoral tissue.  

 

 RT enhancement has been studied for different core and shell dimensions following a macroscopic 

model, with numbers of AuMNPs representing from 1 – 2% of the tumour weight. The data have been 

evaluated for different incident photon energies ranging from 0.1 to 10 MeV. Small animal RT is 

conventionally carried out at the lower end of this range, whereas clinical RT is routinely performed at 

energies above 1 MeV. The results show a significant dose enhancement when the AuMNPs are present in 

the tumoral tissue. For small animal treatment with photon energies nearing 200 keV, a substantial RT dose 

enhancement close to 50% was achieved. These values are for AuMNPs with 50% of the weight in gold and 

assuming a concentration of AuMNPs corresponding to 5% of the tumoral weight. In the case of clinical 

tests, since higher incident photon energy is required, the dose enhancement decreases to 5%. Although this 

might seem somewhat low, these numbers are underestimated by the macroscopic model used for these 

simulations [3].  

 Importantly, due to its magnetic core these AuMNPs can be guided through the vessels or between 

tissues to the tumor site by means of a novel strong ElectroMagnetic Actuation (EMA) System. This is based 

on an ultra-fast (10 us) and intense (2.4 T/m) gradient system. A more detailed description and an 

experimental characterization of such system can be found in [4]. 
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Personalized medicine is one of the challenges of health in developed countries, and requires highly 

selective and control therapeutic methods to perform diagnoses, therapeutic designs, highly controlled 

dosages and “in situ monitoring” [1]. Superparamagnetic nanostructures coated with biocompatible shells 

offer the possibility to be used as MRI/PET contrast agents and in magnetic hyperthermia applications [2,3] 

to be used as single theranostic nanostructures, useful for killing cancer cells or as diagnostic probes.  

Also a properly functionalization of the silica shell with a fluorescent biomarker, achieves a new dual-

marker particles, simultaneously combining fluorescent, optical and magnetic properties in one entity. These 

magnetic nanoparticles have potential applications in biotechnology and nanomedicine. These dye-

conjugated magnetic nanoparticles are preferred for in vivo applications since quantum dots contain toxic 

elements such as cadmium or selenium [4]. 

In this work, we present the development of magnetite NPs with different morphology and 

magnetization, encapsulated by different coating shells and synthesized by different methods (co-

precipitation, thermal decomposition, and inverse microemulsion). Their physicochemical characterization, 

MRI/PET contrast ability, magnetic hyperthermia response and fluorescent activity will be shown to be 

useful for pre-clinical and in vitro studies. 
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Electromagnetic properties of periodic metallic wires and strips structures have attracted attention in last 

decades, one of this kind of metamaterials was studied by Zhou et al. [1]. Some previous works analyze the 

possibility of sensing metamaterials by means of wire arrays [2]. Scattering behavior of high frequency 

electromagnetic waves by finite ferromagnetic microwires has been highly studied theoretically and 

experimentally considering the microwire like a microantenna [3]. Current induced in the microwires generate 

by the incident electric field and its variation as function of wire length and the permittivity of the wire has 

been numerically computed according to a theoretical model [4]. Experimentally, the variation of the dipole 

resonance frequency as function of the wire length, and the modulation of the scattering parameter in response 

an external magnetic field has been demonstrated [3]. Ferromagnetic microwires has been used previously to 

tuning metamaterials, Lopez-Dominguez et al. [5] demonstrated theoretically and experimentally the 

possibility of tuning the electromagnetic properties of metamaterials with magnetic fields by incorporating 

amorphous magnetic microwires. In present work, short and continuous pieces of ferromagnetic microwires 

forming an array are studied as metamaterial.  
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Figure 1.Studied and constructed 

array of magnetic microwires of 4 cm 

length. 

Figure 2. Scattering parameter S21 dispersion 

for an array of two layers with 3 row and 15 

microwires in each row applying Dc field. Length 

of the microwires is 4 cm. 
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Magnetic anisotropy is a defining characteristic of magnetic systems, one which is controlled depending 

on the type of application.  There exist multiple methods for measuring this single parameter, including 

techniques like vector magnetometry and AC longitudinal susceptibility; however, care must be taken with the 

interpretation of the results.  Here, we will discuss [1] magnetic measurements on a colloid comprised of 44 

nm diameter magnetite magnetic nanoparticles with a 24 nm dextran shell in water, and show the effects of a 

DC magnetic field on the physical structure and magnetic properties of a colloid.  We identify four different 

magnetic anisotropies present – one which is based on the magnetocrystalline anisotropy and the others which 

are due to the structures that form in solution.  (The latter, we refer to as a “colloidal anisotropy”.)  Specifically, 

structural ordering in this colloid parallel to the magnetic field occurs simultaneously with the onset of a 

colloidal uniaxial anisotropy. Further increases in the applied magnetic field cause the nanoparticles to order 

perpendicular to the field, producing unexpected colloidal unidirectional and trigonal anisotropies. The 

measured values of these colloidal anisotropies can differ by orders of magnitude, and explain the anomalously 

large and small anisotropies in magnetic nanoparticle systems measured via other methods. In conclusion, as 

expected, care must be taken with the interpretation of the measured magnetic anisotropies, depending on 

measurement method, sample type, environmental conditions, etc.  
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 The purpose of this work is to fabricate self-assembly microstructures and study the structural properties of 

epsilon iron oxide nanoparticles when glycerol (GLY) [1] and cetyl trimethylammonium bromide (CTAB) [2] 

are added as steric agents simultaneously. The combined action of a polyalcohol and a surfactant significantly 

modifies the morphology of the sample giving rise to a different microstructuring in each case studied (1, 3 

and 7 days of magnetic stirring time). This is due to the fact that the addition of these two compounds leads to 

a considerable increase in gelation time as glycerol can be found interacting with the alkoxide group on the 

surface of the iron oxide precursor micelle and/or being incorporated into the hydrophilic chains of CTAB. 

This last effect causes the iron oxide precursor micelles to be interconnected forming aggregates whose size 

and structure depend on the magnetic stirring time of the sol-gel recipe (Figure 1). The crystalline structure, 

composition, purity and morphology of the sol-gel coatings treated at 960 ºC are examined by SEM, AFM, 

CRM, XAS and Mössbauer spectroscopy. Emphasis is placed on the nominal percentage of the different iron 

oxides found in the samples and the differences between them are also analyzed correlating their magnetic 

properties. This work supposes the possibility of patterning epsilon iron oxide nanoparticles in coatings by an 

easy one-pot sol-gel method. 

 

 Figure 1. SEM images acquired at an inclination of 60° from the XY plane of samples prepared at 960°C for 

(a) 1 day, (b) 3 days and (c) 7 days of magnetic stirring. 
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The world growth of energy consumption in recent years has increased dependence on fossil fuels and 

much of the energy consumed is lost as heat. If even a small fraction of "residual heat" can be converted into 

more useful forms, it would have a huge savings for global energy consumption [1].  In the framework EU 

project Magenta (MAGnetic nanoparticle based liquid ENergy materials for Thermoelectric device 

Applications, grant agreement n°731976), new versatile, cost-effective and non-toxic thermoelectric materials 

has been developed. These materials are based on Ionic liquid based ferrofluids (IL-FF) and in this 

communication some preliminary results related to dispersion of spinel ferrite nanoparticles in 1-ethyl-3-

methylimidazolium acetate (EMIMAC) ferrofluid will be presented. 

Spinel magnetic nanoparticles (MNPs) with different stoichiometry (Fe3O4, CoFe2O4 and 

Co0,5Zn0,5Fe2O4), has been prepared by the polyol method, in which metal (II) and iron (III) nitrates are 

dissolved in polyol and refluxed [2]. X-Ray Diffraction (XRD) shows the presence only of cubic spinel phase 

(Pdf-3-864) with crystallites size around 4 nm (determined by Scherrer’s equation).  No other phases have 

been detected. Transmission Electron Microscopy (TEM) confirms the presence of almost spherical particles, 

with mean particles equal, within the experimental error, to values extracted from XRD. This indicate the high 

crystalline degree of the materials. By an exchange ligand process, MNPs has been coated by hydrocaffeic 

acid (HCA) and the dispersed in water. Thermogravimetric analysis (TGA) and Fourier Transform Infrared 

spectroscopy (FT-IR) have been used in order to investigate molecular coating of the particles and relative 

percentage of organic and inorganic (i.e. magnetic) part. 

In order to disperse in ionic liquid, water is added to create an aqueous dispersion, to which the EMIMAC 

will subsequently be added. This mixture thus formed is placed under vacuum.In addition, direct dispersion in 

EMIMAC was performed. 

Field and temperature dependence of magnetization of the powder and the dispersions in water and ionic 

liquid has been investigated. All the samples show superparamagnetic behaviour (i.e. Hc = 0, Mr = 0) at room 

temperature with value of saturation magnetization in line with expected for nanoparticles (Ms=70 Am2/Kg). 

Measures at 5K, in the case of cobalt ferrite, the powder has values of Hc of 0,93 T and Ms of 90 Am2/Kg. The 

direct dispersion presents Hc of 0,90 T and Ms 81 Am2/Kg, higher values respect to indirect method (0,86 T 

and 76,5 Am2/Kg). Interparticle interactions has been investigate by remanent magnetic measurement (i.e. 

DCD, IRM): dipolar interactions decrease in ILs dispersion respect to powder.  
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Lateral Flow Inmunoassays (LFIs) are spreading fastly as point-of-care bio-testing because of their 

quickness, portability, easy use and low cost. As a paper-based technology, they basically consist of a 

nitrocellulose strip across which a reagent is immobilized in the test-line to specifically capture the molecule 

of interest (bio-analyte) contained in the fluid sample that flows along the strip by capillarity. The bio-analyte 

is labelled by a recognition probe, usually gold or latex nanoparticles, that make it visible and so provide a 

qualitative result (presence/absence test). The need to also quantify the test line arises in cancer, myocardial 

infartaction, and other diseases for better diagnosis, prognosis and decision-making during treatment. For this 

purpose, magnetic nanoparticles (NPs) have been proposed as an efficient label [1]. The magnetic perturbation 

they produce can be detected by a magnetic sensor to quantify them and correlate the signal with the 

concentration of the bio-analyte. Besides the quantifying advantage, their capability for pre-concetration (in 

the liquid sample) or post-concentration (in the test line) makes them even more attractive to increase the 

sensitivity of the technique. 

In this work, we explore the possibility to enhance the sensitivity of the LFIs by means of the application 

of a magnetic field gradient to the test line, once the sample is run and dried. Dropping a small volume of fresh 

running buffer in the test line to enable the mobility of the particles is followed by placing the strip in one of 

the poles of an electromagnet. The field gradient provided is 0.43 T/m. The particles, which had been 

immobilised across the thickness of the nitrocellulose membrane, are re-accommodated by the field gradient, 

and concentrated closer to the visible surface. A magnetic reader [2] has been used to evaluate the magnetic 

signal of the LFIs before and after the focusing procedure. It consists of an inductive sensor on which the 

magnetic moments of the particles produce an increase of impedance that is continuously measured. The 

method has been tested with different kind of particles (all of them magnetite-based nanoparticles) 

functionalised with neutravidin, on lateral flow strips across which a biotin test line has been printed. A 

remarkable increase of the measured signal in the order of 30% was observed for all the particles. The effects 

of the running buffer, the gradient amplitude and time of application have been analysed to optimise the 

procedure. The results lead to the conclusion that post-concentration of the magnetic labels of the LFI by a 

magnetic field gradient is an efficient approach to enhance their sensitivity. 
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Carbon materials including metallic nanoparticles especially those of active metals for applications in 

catalysis, super capacitors and others have attracted enormous interest during the last decades. In this work, 

we have developed an easy-to-follow synthesis route to obtain an organic-metallic compound of 2-

metilimidazol-nickel that gives rise to metal nickel nanoparticles after standard carbonization procedure. We 

found a coexistence of nickel nanoparticles with either faced-centered-cubic or hexagonal close-packed crystal 

structures. The carbonization temperature plays an important role in both the average size of nanoparticles as 

well as in the magnetic response of the system at room temperature. 
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Lateral flow immunoassay (LFI) is a rapid, simple and cost-effective test, which is used in fields such as 

diagnostics in medicine or environmental control [1]. It is a paper-based platform for detection and 

quantification of analytes which consists of three parts for a dipstick format: absorbent, nitrocellulose 

membrane and conjugate. Traditionally, this kind of immunoassays have been used only as qualitative tests, 

given that they rely on a visual signal (positive/negative test). Recently, we have shown that we can add to this 

the quantifying capacity by using superparamagnetic nanoparticles as labels [2] Moreover, if the particles 

display a strong color intensity, we can profit from both, optical and magnetic measurement. 

For this purpose, superparamagnetic nanoflowers coated by a black carbon layer have been used in lateral 

flow immunoassays using a model system based on neutravidin-biotin interactions. Firstly, to develop the test, 

the nanoflowers were functionalized with neutravidin using the carbodiimide crosslinker chemistry and a 

biotin line is immobilized on the nitrocellulose membrane. Some parameters were studied (reaction time and 

concentration of neutravidin) in order to optimize the immunoassay. Furthermore, the functionalization process 

was followed by dynamic light scattering measurements and it was demonstrated that the hydrodynamic 

diameter increases from 178 nm to 200 nm after the addition of neutravidin. Once the nanoflowers were bound 

to the neutravidin, they were mixed with a running buffer in solution and the conjugate pad of the LFI was 

introduced in the solution, so that it flew along the nitrocellulose membrane by capillarity. The neutravidin-

coated nanoflowers were retained at the test line where biotin had been immobilised thanks to the strong, 

specific and non-covalent interaction between biotin and neutravidin, forming the test line. Finally, this line 

was quantified by an electromagnetic sensor based on the increase of the impedance induced by the varying 

magnetic moment of the particles on a RF current-carrying copper conductor. The conclusion of the study was 

that carbon-coated iron oxide nanoparticles present excellent characteristics to be used in LFIA, displaying 

very good optical signal compared to other kind of nanoflowers and magnetic signal, as well as easy 

functionalisation. 
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Magnetic Hyperthermia Treatment (MHT), defined as a non-invasive therapeutic procedure that kills 

cancer cells, has emerged as a valuable treatment modality for certain cases of cancers [1]. The treatment 

includes the activation of magnetic nanoparticles (NPs) as efficient heat source by an alternating magnetic 
field (AMF).  Among many other ferrites, nanostructured MnFe2O4 occupies a special place due its unique and 

tunable magnetic property and excellent chemical stability [2].  

Here, we report the design and synthesis of monodispersed superparamagnetic manganese ferrite NPs 
with maximized SAR and their application as efficient heating vector in U87MG cancer cells. Three main 

strategies to tune the particle anisotropy of the core and the surface to reach the maximum heating efficiency 

were adopted: 1) Varying the crystalline anisotropy by inserting low amount of Mn2+ in the inverse spinel 

structure and 2) Varying NPs shape to add an additional anisotropy source and 3) Maximizing NPs-cell affinity, 
through conjugation with a biological targeting molecule to reach the NPs concentration required to raise the 

temperature within cell. In addition, we investigate possible effects produced by NPs under the AMF (f = 96 

kHz, H = 47 kA/m) exposure in U87MG cells by monitoring the expression of hsp70 gene and ROS production. 
Cell responses included cellular membrane permeabilization and rupture with concomitant high ROS 

appearance and Hsp70 expression, followed by cell death. The responses were largely limited to cells that 

contained the nanoparticles and that were exposed to the AMF.  

This work provides interesting results on the effects of mild MHT that depend on the physico-chemical 

properties of NPs, their magnetic properties, the frequency and intensity of the field, the cell type and, the 

surface modification that controls aggregation and cellular uptake.  
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Adoptive cell-transfer therapy is one of the most promising approaches to treat cancer. However, in 

vivo-administered lymphoid cells usually disperse and only a small proportion reaches the tumour region. 

This drawback creates a need for strategies that promote specific cell targeting and accumulation in the 

tumour microenvironment. Magnetic targeting of magnetic nanoparticle (MNP)-loaded cells has been 

explored, though mainly for tissue regeneration [1,2]. More recently, however, it has been shown that T cells 

associated with MNPs can be magnetically targeted to a lymph node (LN) [3]. 

In this study, we investigated whether adoptively transferred, MNP-loaded, tumour-specific T cells 

could be magnetically attracted to and retained within the tumour microenvironment and measured the 

therapeutic efficacy of this approach. First, we show that antigen-specific MNP-loaded CD8+ T cells can 

preserve their antitumor activity in vitro. These cells were able to conjugate with target cells and lyse them, 

as wells as to degranulate, to produce IFN-γ and adhere and transmigrate over an endothelial monolayer. 

Besides, they can be retained in vitro by using a magnetic gradient in the presence of flow forces. Next, 

using a mouse model, we analysed whether a magnet placed near the tumour could increase the amount of 

infiltrating MNP-loaded tumour-specific CD8+ T cells or improve antitumor activity following adoptive 

transfer compared to cells transferred without MNP. External magnetic fields (EMF) applied during cell 

transfer did not improve the percentage of tumour-infiltrating T cells or reduce the tumour size when EMF 

was not applied but induced greater activation of the tumour-specific infiltrating CD8+ T cells and the 

accumulation of these cells in the tumour-draining LN, a common site of solid tumour metastases. 

These results indicate that MNPs attached to T cells, and magnetic targeting, could be a useful strategy 

in adoptive T cell-transfer therapies in cancer immunotherapy which could also protect against the initiation 

of tumour metastases through the LNs. 
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Recently, magnetocaloric-based applications have burst into the industrial refrigeration market [1] with 

large expectations thanks to, among other advantages, a superior efficiency (up to 60% of Carnot's cycle) 

compared with the conventional systems [2]. But, despite of this, still large efforts must be done to investigate 

the magnetocaloric properties of materials with the intention of increase their refrigerant efficiency. We have 

synthesized nanostructured R2Fe17 (R = Pr, Nd, Tm and Er) melt-spun ribbons and studied their magnetocaloric 

properties. The parent alloys present large second-order magnetocaloric effect at room temperature through 

the magnetic phase transitions [4,5]. The nanostructured R2Fe17 melt-spun ribbons are biphasic 

nanocomposites and show two magnetic phase transitions at room temperature. Figure 1 presents 

representative TEM micrographs and the resulting M(T) curves for as-solidified Pr2Fe17 ribbons. The direct 

consequence is a remarkable broadening of the full-width at the half-maximum of the magnetic entropy change 

curve SM(T) with the subsequent enhancement of the refrigerant capacity RC (close to 30% for 0H = 2T), 

reaching values around 200 J/kg for a magnetic field change of 2 T. Another relevant outcome is the emerge 

of table-like features of SM(T) curves, which constitutes a requirement for Ericsson’s refrigeration cycle. The 

obtained results will be compared with previous studies of nanostructured 2:17 alloys obtained by ball milling 

[5], which have shown single peak entropy change with enlarged refrigerant capacity due to a distribution of 

Curie temperatures associated to the inhomogeneities produced by the highly-energetic fabrication process.  

 

Figure 1. (a) Typical TEM micrograph of the cross-section and (b) M(T) curves at 5 mT and 5 T for as-solidified Pr2Fe17 

ribbons. Inset in (b): dM/dT vs T at 5 mT in the magnetic transition region. 
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Lateral Flow Immunoassays (LFIs) are widely used for applications in tests on pathogens, drugs, 

hormones and metabolites in biomedical, feed/food and environmental settings [1]. Their simplicity, high 

sensitivity, selectivity, quickness and ease of use make them suitable for Point-of-Care or Point-of-Use 

testing [2].  

Ciguatoxins (CTX) are lipophilic neurotoxins that are accumulated through the marine food chain as a 

result of the ingestion of toxin-producing dinoflagellates firstly by herbivorous fish [3]. Although it is 

endemic in regions between latitudes 35º north and 35º south, the proliferation of ciguatera might boom due 

to both the globalization of trade and the expected sea temperature rise caused by climate change [4]. 

Ciguatoxic fish cannot be identified by appearance, smell, or taste, and the assays traditionally used depend 

on very specialised and time-consuming techniques. Therefore, this is a perfect opportunity for a Point-of-

Use dispositive, since there is a need for a quick test to detect the toxic fish before it arrives to the consumers 

and causes a public health problem.   

In this work, we have developed a LFI in a competitive format to detect CXTX-3C. The labels used are 

Superparamagnetic Iron Oxide Nanoparticles (SPIONs) to provide quantification. The assay is able to detect 

the presence of CTX-3C by a monoclonal antibody which will be likewise recognised by the protein G-

functionalised SPIONs. The amount of particles present in the LFI test line (directly proportional to the 

amount of CTX-3C) is measured by a high-frequency impedance magnetic sensor [5]. The high magnetic 

permeability of the SPIONs in this frequency range produces a significant increase of the impedance. This 

effect is proportional to the amount of particles, and gives a correlation with the analyte concentration. This 

quantification technique requires no external magnetic field application. This reduces the device complexity 

and is a key point in its miniaturisation and portability for further application in Point-of-Use devices.  
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Starch is a non-allergenic abundant polysaccharide in nature, renewable and biodegradable making it an 

ideal candidate as reagent for sustainable formulations. Starch models are described as concentric semi-

crystalline multistate structures that are involved in the production of new nano-elements. Disruption of 

amorphous domains of semi-crystalline granular by acid hydrolysis will produce starch nanocrystal, while 

gelatinized starch will form starch nanoparticles (SNPs) [1, 2]. Several methods have been known to produce 

SNPs such as high-pressure nanoemulsification, cross-linking, microemulsion/antisolvent nanoprecipitation 

[1-6]. A soft chemistry technique that allows size control with a growing interest is the microemulsion method 

[5] since it does not require sophisticated equipment, hazardous reagents and extreme conditions. 

There has been an increased use of magnetic iron oxide NPs (IONPs) for various biomedical applications 

being used as promising agents in detection and analysis, or in different therapies such as targeted drug delivery 

since they have a high magnetic moment and posse superparamagnetic properties. It has been demonstrated 

the feasibility of producing loaded magnetic iron oxide impregnated SNPs for controlled drug release by a 

synthesis based on the microemulsion method known as emulsion crosslinking [8].  

In this study, different types of native and modified starches will be used to synthetize tuned size magnetic 

iron oxide impregnated SNPs by using the nanoprecipitation and microemulsion method. Native starch from 

quinoa modified at different degrees of modification (DS) with octenyl succinic anhydride (OSA) will be used 

varying the main parameters such as the ratio of starch solution to organic solvent used, the dissolution 

method/conditions type of oil and surfactant, Fe2+/Fe3+ ratio, surfactant concentration and organic to aqueous 

phase ratio. The surface of the SNPs will be characterized by XRD to determine predominant crystallinity of 

starch, the size and charge (Nanozetasizer from Malvern, TEM, SEM), shape (TEM), stability and composition 

(HR-TEM, SEM, XRD) as well as the magnetization (scaning magneto inductive sensor, impedance analyser).  
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The major importance of surface atoms in small nanoparticles (NPs) offers the opportunity to tailor
their  magnetic  properties  by  playing  with  the  interface  between  nanomagnet  and  its  surrounding.  The
systems FeRh has attracted a lot of attention because, in bulk phase when they are chemically ordered in B2
phase,  they  present  an  antiferromagnetic  to  ferromagnetic  order  (AFM-FM)  transition  close  to  room
temperature. 

This paper deals with structural and intrinsic magnetic properties of such nanomagnets, prepared using
Mass-Selected Low Energy Cluster  Beam Deposition (MS-LECBD) embedded in carbon matrix,  at  the
PLYRA platform of Institut Lumière Matière at Lyon [1].

Very recently B2 FeRh clusters have been deposited on a crystalline BaTiO3 (BTO) layer epitaxially
grown on Nb-doped SrTiO3 (STO) layer (see Figure 1). Their physical properties will be compared to their
intrinsic ones taken into account both size and interface effects. The experimental results were also compared
with ab-initio calculations. Our first calculations were done in order to determine the minimal energy state
and the lattice parameters of the FeRh/BTO system like a BTO thin film and the face of one of FeRh
nanostructures. The detailed analysis allows comparing very well the changes in structural properties, both in
bulk BTO as well as epitaxially BTO film.

Figure 1:Epitaxy of B2 FeRh faceted nanoparticles on BaTiO3 (001)
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Currently, electric motors and generators use high energy permanent magnets based on RE2Fe14B phases (RE: 

rare earth) with high amounts of RE often including heavy-RE metals (Dy, Tb), the most critical group of the 

raw materials. REFe12 alloys are seen as potential alternatives to RE2Fe14B since they have a significantly 

lower amount of RE-metals with similar or better values of remnant magnetization (MR) and high 

magnetocrystalline anisotropy (MCA), which can give rise to a large energy product (BH)max [1]. However, 

these 1:12 alloys need other elements (i.e. Ti, Si, Mo) replacing Fe in order to stabilize the ThMn12 tetragonal 

structure that gives rise to the high values of MCA. Several experimental works [2, 3] combined with 

theoretical predictions of ThMn12-type phases [1] give a useful summary of the current state of this topic.  

In this work, we have studied the SmFe12 system with small substitutions of Mo in order to stabilize the 1:12 

tetragonal structure and determine its effect on the MCA and the resulting coercivity in nanostructured 

magnets. 

Alloys with nominal compositions SmFe12-xMox (x = 0.5, 1) were produced by arc-melting and then annealed 

at 1050 ºC for 48 h (intrinsic properties of the 1:12 phase on field-oriented powders). Extrinsic properties were 

studied in melt spun ribbons: wheel speeds of 15 and 35 m/s (resulting into amorphous or highly disordered 

ribbons), which were heat-treated, in vacuum, at different temperatures ranging from 650 ºC to 950 ºC for 

different times in order to obtain nanostructured ribbons that crystallized in the ThMn12 tetragonal structure.  

Structural and magnetic characterization showed that small Mo substitutions (x = 0.5) can stabilize the uniaxial 

1:12 structure keeping high MCA (anisotropy field Ha>10 T), developing coercivities of 0.36T after optimal 

heat treatments. This coercive field is still low regarding to Ha. This may be due to the crystallization of bcc-

Fe phase during processing of samples as a consequence of the Sm evaporation. 
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Nano- and microswimmers are envisioned a powerful and versatile option for biomedical applications. 

Self-propulsion and external stimuli are concepts swimmers employ to exhibit motion. In the former case, 

enzymes have emerged as a convenient engine to sustain motion, due to their ability to perform specific 

reactions in biological conditions, and thus propel the swimmer.[1] Additionally, magnetic nanoparticles are 

considered as heat generators with capability to release heat in a controlled manner in biological 

environments.[2] 

We designed enzyme-driven swimmers equipped with magnetic nanoparticles as a strategy to improve 

tissue penetration and to locally heat specific areas without damaging the surrounding tissue. To this end,  we 

present i) the assembly of swimmers that use collagenase as the enzyme promoting motion in the presence of 

collagen, and that are decorated with manganese ferrite nanoparticles for heat generation due to their high 

saturation magnetization and low coercive field at room temperature; ii) the mobility analysis of these 

swimmers in collagen gel; iii) the swimmer-cell spheroid interactions; and iv) the controlled heat delivery 

inside the cell spheroids by the swimmers, resulting in decreased cell viability (Figure 1).  

 

 

Figure 1. Schematic illustration showing the swimmer penetration inside the cell spheroid through active 

cleavage of collagen fibres, to eventually release heat upon applying an alternating magnetic field (AMF). 
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Owing to the flexibility concerning the materials selection and their final arrangement, there are exciting 

new possibilities when merging the properties of individual oxides into heterostructured composites, thereby 

creating artificial multifunctional materials. In this regard, most of the options proposed for the engineering of 

an artificial multiferroic material rely on the exchange interaction, where superficial and interfacial phenomena 

related to concepts of symmetry breaking, charge transfer, strain and frustration, become key to understand the 

magnetic coupling foreseen [1]. Though most models account for two-phase exchange-biased systems, less 

work has been done on more complex types of interfaces, where the balance between the different sources of 

exchange anisotropy can lead to different coupling mechanisms [2]. 

Herein, we demonstrate the magnetic coupling between two transition metal oxides, namely cobalt ferrite 

(CoFe2O4) and chromium(III) oxide (Cr2O3), upon their arrangement into a nanostructured composite. The 

interactions between the two closely arranged phases in the final composite result in the presence of strain 

jointly with a sign-dependent exchange bias field, stemming from the distinctive interfaces present depending 

on the weight percentage of the two oxides. 

 

Figure 1. Sketches of the interfaces between two Cr2O3 nanoparticles (a), between one nanoparticle of CoFe2O4 

and one nanoparticle of Cr2O3 (b) and between two nanoparticles of CoFe2O4 (c), governing the value of 

exchange bias field. 
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The several applications of different kind of nanocrystals (NCs) for imaging techniques like Magnetic 

Resonance Imaging (MRI) and fluorescence and photoacoustic imaging have triggered the study of different 

strategies to obtain nanostructures with more than one functionality. The combination of these different 

imaging approaches would increase their sensitivity and resolution.[1]  

In this work, Superparamagnetic Iron Oxide Nanocrystals (SPIONs) are studied for their use as imaging 

agents or hyperthermia mediators in combination with Ag2S based NCs. The latest provide attractive features 

for biological applications based on their optical emission inside the second biological window, which 

provides high depth tissue penetration. In addition, the emission of Ag2S NCs is highly sensitive to 

temperature, allowing to read local temperature changes in biological media.[2] The NCs have been 

encapsulated inside phospholipidic membranes forming hybrid nanocomposites that preserve the physical 

properties of each of the starting NCs. The hybrid composition of this composite has been ascertained by 

transmission electron microscopy (TEM) showing the presence of the two kinds of NCs inside the 

phospholipidic micelles with sizes between 300-500 nm. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. SPIONs and Ag2S based NCs inside a phospholipidic micelle photographed by TEM using phosphotungstic acid (PTA) for 

contrast and optical (absorption and emission) and magnetic properties (AC dynamic loops) of the composites. 
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Raman spectroscopy is a powerful and versatile tool to study the characteristic vibrations of a material. 
These vibrations are sensitive to several changes in the external parameters (such as strain, temperature, 
pressure…) and in the physical material properties (for example, magnetism). Due to the useful information 
obtained by this technique, it is getting more importance in the field of crystals at nanoscale [1]. In particular 
case of crystals, the vibrations transform into lattice vibrations or phonons due to the existence of the repeating 
units (unit cell). Therefore, Raman spectroscopy in this type of materials is used to identify phases as well as 
to investigate the optical phonon spectra at the Brillouin zone center. Another interesting point applied to 
crystals and specially nanocrystals (where the surface/volume is higher) is the study of dark samples by Raman 
spectroscopy. In these samples the importance of the experimental conditions become critical to obtain 
accurately results and to avoid modifications or transitions induced by a local overheating in the samples [2,3]. 

With all these statements in mind, in this work the effect of the laser power and the exposure time on 
nanoparticles of rock-salt manganese(II), cobalt(II) and nickel(II) oxides are studied using Raman 
spectroscopy. Above a certain laser power, the MnO and CoO samples undergo a controlled thermodynamic 
crossover to their corresponding spinel phases (Mn3O4 and Co3O4). Nevertheless, this evolution does not occur 
in NiO sample. 

 

 

 

 

 

 

 

 

 

Figure 1. Stokes-shifted Raman spectra 
registered after using a 785 nm 
excitation wavelength, as function of the 
laser power in a cobalt(II) oxide 
nanocrystal. 

Acknowledgements 

The authors acknowledge financial support from the Xunta de Galicia (Regional Government, Spain) 
under the project ED431C 2016-034 and from the Spanish Ministerio de Economía y Competitividad under 
projects CTM2014-58481-R and CTM2017-84050-R. 

References 
[1] C. S. S. R. Kumar (ed.), Raman Spectroscopy for Nanomaterials Characterization, Springer-Verlag Berlin 

Heidelberg, Germany 2012. 
[2] O. N. Shebanova, P. Lazor, J. Raman Spectrosc. 34 (2003) 845. 
[3] B. Rivas-Murias, V. Salgueiriño, J. Raman Spectrosc. 48 (2017) 837. 

                                                      
*brivas@uvigo.es 

Poster communication Page 198 of 206



List of authors

Abakumov, M.A., 85
Aballe, L., 59
Abel, F.M., 19
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Artés-Ibáñez, E.J., 146
Asenjo, A., 41
Asensio, J.-M., 61
Asensio, J.M., 50, 64
Attaluri, A., 22
Aubert, A., 23
Augusto, P., 167
Augusto, P.A., 54, 172
Avolio, M., 132, 160
Ayadi, F., 68
Aymonier, C., 68
Azevedo, J., 111

Bürgler, D.E., 154
Bae, H., 49
Bajo, A.D., 86
Balasubramanian, B., 19
Balcells, L., 125
Baldomir, D., 102
Ballon, G., 118
Barón, A., 168
Baraban, I., 31
Barandiarán, J.M., 23, 95
Barber, D.F., 188, 189
Barbosa, D., 54, 167, 172
Bardotti, L., 193
Barnsley, L., 80
Barrera, G., 112, 141
Barucca, G., 91, 151
Basini, M., 160
Bastardis, R., 147
Batlle, X., 26, 115, 134,

148
Baumgarten, D., 88, 89,

130
Belec, B., 67
Belghit, S., 169

Belo, J.H., 65
Bender, P., 45, 66, 90, 124
Benlloch, J., 105
Benlloch, J.M., 173, 177,

179
Berganza, E., 41
Bergström, L., 107
Bernasik, A., 166
Bertoni, G., 79, 96, 120
Bhattacharya, K., 69
Biacchi, A.J., 70
Blanco, J., 192
Blanco, J.A, 186
Blanco, J.A., 71, 99, 152,

170
Blanco, J.M., 93
Blanco-Andujar, C., 122
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Fernández-Garćıa, M.P., 46,

111
Fernández-González, C.,
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González, J., 105
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López-Sánchez, J., 98, 183
Labarta, A., 26, 115, 134,

148
Lachowicz, D., 145, 166
Lacroix, L.-M., 50
Lafuerza, S., 42
Lak, A., 108
Langer, M., 154
Lappas, A., 76
Larumbe, S., 48
Lascialfari, A., 132, 160
Latiff, H., 137
Laureti, S., 119, 174, 184
Le Breton, J.M., 68
Le Normand, F., 97
Leble, S., 31
Leborán, V., 123
Lecante, P., 121
Lee, S.S., 40, 116
Leite, R.C., 28
Leliaert, J., 89, 131
Lesniak, B., 53
Lezama, L., 101, 153, 168
Le Roy, D., 193
Liebl, M., 88, 89, 131
Lima Jr., E., 34, 35, 100,

123, 150
Lipfert, J., 108
Liu, J., 136
Llorente, I., 159
Lohr, J., 150
Lopez, S., 52
Lozano, C., 197
Lozano-Pedraza, C., 158
Lubk, A., 27
Lund, S., 33
Lysenko, O., 62

Méndez, M., 110
Maât, N., 68
Madugundo, R., 23
Maenosono, S., 83
Magén, C., 41
Majetich, S.A., 17
Majouga, A.G., 85
Mamiya, H., 161
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Reguera Rúız, E., 188
Reguero, M., 71
Reid, A., 126
Reidl, J., 69
Rellinghaus, B., 27
Ren, Y., 65
Respaud, M., 121
Restrepo, J., 72
Reyes, A., 193
Rhee, I., 49
Ribeiro, M., 30
Ricci, P.C., 116
Rico, J., 54
Rigla, J., 105, 177
Rigla, J.P., 179
Rios, A., 177
Rivadulla, F., 123
Rivas, J., 87, 180, 187
Rivas, M., 51, 58, 104, 178,

185, 187, 191, 192
Rivas-Murias, B., 196, 198
Rivero-Buceta, E., 173
Roca, A.G, 155
Roca, A.G., 79
Rodionova, V., 31, 178
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Suárez-Garćıa, F., 186
Suzuki, K., 117

Tabero, A., 86
Tahar, B., 92
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Wells, J., 57
Wessels, T., 154
Wetterskog, E., 107
Wiedwald, U., 85
Wiege, B., 192
Wiekhorst, F., 88, 89, 131
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