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Investigation of Magnetic Structures with High-field
Mössbauer Spectroscopy

Reissner M.
Institute of Solid State Physics, TU Wien, Wiedner Hauptstrasse 8-10, 1040 Wien, Austria

reissner@tuwien.ac.at

The application of external magnetic fields allows to broaden the knowledge which can be gained by 
Mössbauer spectroscopy enormously. In combination with magnetic measurements, detailed information about 
local magnetic and electronic structures can be obtained. In this tutorial I concentrate on investigation of 
magnetism of solids on different levels of complexity of magnetic structures. Starting with the influence of a 
magnetic field on the hyperfine interactions, examples of some simple magnetic structures (para-, ferro-, and 
antiferromagnetic) are discussed before coming to more complex ones with canted or inhomogeneous spin 
arrangement.

The measured hyperfine field is the vectorial sum of the internal field at the nucleus and an external field, 
caused by surrounding unsaturated orbitals or by an applied field. By solving the full Hamiltonian the value and 
direction of the internal field can be determined. It will be shown that care has to be taken, because the thus 
obtained internal field is only partially proportional to the magnetic moment, which usually is the physical 
property of interest. A clear separation is only possible, with the help of theoretical calculations. 

If the external field is high enough, it allows to influence the dynamics of the spins. As an example, this will 
be shown for the case of a cluster glass. Although long range ordered, the magnetism of such compounds is 
highly inhomogeneous, with mixtures of ferro- and antiferromagnetic correlated spin clusters and uncorrelated 
spins, which behave as paramagnets. With the help of the external field local susceptibilities can be determined. 
Also moments of the paramagnetic spins and of the clusters are available. Further, the size of the clusters and 
their dynamics can be investigated. Key is the value of the external field, which deaccelerate the dynamics of the 
clusters into the time window of the Mössbauer effect, thus leading to relaxation spectra.

The focus of the tutorial is not only on the results of high-field investigations, but also on how to come to 
these results, by also discussing possible misinterpretations. This tutorial should convince that the investment in 
a high-field Mössbauer apparatus makes sense and should help to enter the field. An extended version of the 
tutorial will be published in [1].

References
1) M. Reissner, Mössbauer Spectroscopy in External Magnetic Fields in Modern Mössbauer Spectroscopy – New Challenges
    Based on Cutting-Edge Techniques, Y. Yoshida and G. Langouche (Eds.), SPRINGER Nature, to be published 2019.
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Mössbauer Spectrometry Applied to Fe-based Nanostructures

Jean-Marc Greneche
Institut des Molécules et Matériaux du Mans, IMMM UMR CNRS 6283

Le Mans Université, Avenue Olivier Messiaen, 72085 Le Mans Cedex, France
jean-marc.greneche@univ-lemans.fr

57Fe Mössbauer spectrometry is usually applied to powdered materials to probe the structural and chemical 
nature of Fe environments and the magnetic properties mainly related to Fe moments. It also contributes to 
investigate on the one hand the surface, interface and the grain boundaries in the case of nanoparticles, 
multilayers and nanostructured powders, respectively and on the other hand the hyperfine magnetic properties 
and their dynamics in correlation with superparamagnetic relaxation phenomena in the case of magnetic 
nanostructures. 

The different types of nanostructures are presented to establish the main parameters which influence the 
physical properties and their modifications with respect to the overall microstructures.Next, we illustrate how 
zero-field and in-field 57Fe Mössbauer spectrometry can be extremely relevant when this local probe technique 
is used to investigate local order and magnetic properties in different nanostructures, as nanocrystalline alloys, 
nanostructured powders, nanoparticles, hollow and functionalized nanoparticles and their assemblies. Through 
various examples, the purpose of this tutorial presentation is to draw attention to the description of the hyperfine 
structures (local structural disorder and magnetic dynamics), the interest of Mössbauer spectra series as a 
function of temperature and external magnetic field, the limitations, the complementarity with other techniques 
and computer modelling, and finally to correlate hyperfine data to the chemical nature and homogeneity of the 
samples.
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Applied-field Mössbauer Investigations of Paramagnetic Iron Compounds

Bill E.1,3, Ye S. 2,3

1 -  Max Planck Institute for Chemical Energy Conversion, Mülheim, Germany
2 - Max Planck Institute for Coal Research, Mülheim, Germany

3 - Tutorial will be equally presented by both authors
shengfa.ye@kofo.mpg.de,  ebill@gwdg.de

A plethora of essential molecules in (bio)inorganic chemistry and technical applications depend  on  iron  
ions  coordinated by distinct ligand groups. For instance, iron  enzymes catalyze key steps in oxygen-dependent 
degradation of toxic molecules and the metabolism of organic substrates, in the bacterial metabolism supporting 
the global carbon cycle, and many other reactions [1,2]. Understanding of the processes on first-principal’s level 
hinges on the possibility to probe electronic structures of catalytic iron centers. Experimentally this can be 
achieved by spectroscopic methods, of which spin-dependent techniques are most interesting because most iron 
oxidation states, ranging formally from Fe(0) to Fe(V), are paramagnetic  and  molecular  spins  can  provide  
excellent  insight  into  the  iron  valence electronic structure. In this regard, applied-field 57Fe Mössbauer 
spectroscopy is a powerful technique, often in combination with electron-paramagnetic resonance spectroscopy 
or other magnetic measurements. It has the virtue that the 57Fe nucleus is a local sensor that connects microscopic 
magnetic information with charge density (isomer shift) and charge asymmetry (quadrupole interaction), also 
intimately related with iron oxidation and spin states.

Paramagnetic Mössbauer spectra are different from solid-state magnetic spectra as they exhibit more 
features and depend more strongly on temperatures and applied fields [3]. Due to zero-field splitting (ZFS), the 
orbital ground states of iron split into diverse magnetic substates, each of which generates its own internal field 
at the 57Fe nucleus and exhibits distinct magnetic subspectrum. We will introduce the spin-Hamiltonian (SH) 
formalism as a powerful technique for describing the magnetic properties and corresponding Mössbauer spectra. 
As the formalism is derived from ligand field theory, the involved parameters are accessible also from density 
functional theory and other modern quantum-chemical calculations for in-depth interpretations [4].

The characteristic signs of magnetic (an)isotropy resulting from ZFS will be demonstrated and used as the 
features for spectral assignments. The fundamental difference of integer and half-integer spin systems, 
exhibiting diverse field- and temperature response, will be discussed, as well as slow and fast spin relaxation. 
Field-dependent spectra with mixed magnetic and electric hyperfine interactions will be classified and 
fundamentally analyzed by using rather simple concepts like e.g. tabulated effective nuclear g values for 
magnetically perturbed quadrupole pattern in 1st  order approximation. The different aspects of paramagnetic 
Mössbauer spectra will be demonstrated with examples from (bio)inorganic chemistry and hands-on SH 
simulations.

References
1) M.E. Pandelia, N.D. Lanz, S.J. Booker, C. Krebs, Biochim. Biophys. A. 1853,1395 (2015)
2) V. Schünemann, and H. Winkler, Rep. Prog. in Phys. 63, 263 (2000).
3) A.A. Kamnev, and A.V. Tugarova, Talanta, 174, 819 (2017).
4) P. Gütlich, E. Bill, and A.X. Trautwein, Mössbauer Spectroscopy and Transition Metal Chemistry. Springer Verlag: Berlin
    Heidelberg, 2011.
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Nuclear Resonance Scattering with High Energy Mössbauer Transitions

I. Sergeev
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Nuclear resonance scattering (NRS) became an important technique to study electronic, magnetic and 
dynamical properties of solids, especially under extreme conditions. This technique requires 
high-energy-resolution monochromatization of the X rays. Traditionally, such monochromatization is achieved 
using high-order reflections of perfect silicon crystals which provide an energy resolution of 1-10 meV [1].  Such 
monochromators are used for NRS with Mössbauer transitions below 30 keV, e.g. 57Fe, 119Sn, and 151Eu. An 
extension of NRS to the energy region above 30 keV requires another concept of monochromatization.

In this talk two possible approaches of extension of NRS to the transition energies above 30 keV are 
presented. The monochromators based on low-order reflections of silicon crystals with the energy resolution of 
30-150 meV was constructed at ID18, ESRF [2] and P01, PETRAIII [3] for the energies above 50 keV. These 
monochromators allows one to perform nuclear forward scattering with high-energy Mössbauer transitions, e.g. 
61Ni at 67.4 keV, and 73Ge at 68.8 keV, and 193Ir at 73.0 keV. Examples of the applications to study magnetic and 
dynamical properties with those isotopes will be shown in the talk.

Monochromatization which combines both high efficiency and meV energy resolution was achieved with a 
sapphire backscattering monochromator [4,5] which provides sub-meV energy resolution for 30-40 keV energy. 
Applications of these monochromators installed at ID18, ESRF and P01, PETRAIII to study phonon dynamics 
at different conditions including experiments under high-pressure low-temperature conditions will be presented 
in the talk.

References
1) T. S. Toellner, Hyperfine Interact., 125 (2000) 3.
2) I.Sergueev et al., Phys. Rev. Lett. 99 (2007) 097601.
3) P. Alexeev et.al., Scientific Reports 9 (2019) 5097.
4) H.-C.Wille et al., Europhys. Lett. 74 (2006) 170. 
5) I. Sergueev et al., J. Synchrotron Rad. 18 (2011) 802.
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Magnetic Transitions in Fe2O3 at High Pressures:
Magnetism in the Earth’s Mantle

Kupenko I1

1 - Institut für Mineralogie, Universität Münster, Corrensstr. 24, 48149  Münster
kupenko@wwu.de

The Earth’s crust-mantle boundary (Moho discontinuity) has been traditionally considered as a fundamental 
boundary between the magnetic crust and the nonmagnetic mantle. Nevertheless, this assumption has been 
questioned recently by geophysical studies and by the identification of magnetic remanence in mantle 
xenoliths1,2, which suggest deep magnetic sources. Owing to their high critical temperatures, iron oxides are the 
only potential sources of magnetic anomalies at mantle depths3. However, the lack of data on their magnetic 
properties at relevant pressure-temperature conditions hampers any conclusive result about the Curie depth, 
below which mantle temperature is too high to sustain any kind of long-range magnetic order. Here I report 
investigations of the magnetic transitions and critical temperatures in Fe2O3 polymorphs4 to 95 GPa and 1200 K 
by means of Synchrotron Mössbauer Source spectroscopy5 in laser-heated diamond anvil cells. The experiments 
ZHUH� FRQGXFWHG� DW� ,'��� EHDPOLQH� RI� WKH� (65)�� 2XU� UHVXOWV� GHPRQVWUDWH�� WKDW� KHPDWLWH�� Į�)H2O3, remains 
magnetic at the depth of the Earth’s transition zones along cold or very cold subduction paths in the West Pacific 
region. The geophysical implications of these findings will be discussed.

References
1) R. J. Blakely et al., Geology 33, 445–448 (2005).
2) E. C. Ferré eet al., Geophysical Research. Letters 40, 105–110 (2013).
3) D. J Dunlop and G. Kletetschka, Geophysical Research. Letters 28, 3345–3348 (2001).
4) E. Bykova et al., Nature Communication. 7, 10661 (2016).
5) V. Potapkin et al., Journal of Synchrotron Radiation 19, 559–69 (2012).
6) I. Kupenko et al., Nature 570, 102-106 (2019).
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In-situ Mössbauer Spectroscopy on Mars – in Memoriam
and Tribute to Göstar Klingelhöfer

Schröder C. 1 and Gütlich P. 2

1 - Biological and Environmental Sciences, University of Stirling, Stirling FK9 4LA, Scotland, UK
2 - Institut für Anorganische Chemie und Analytische Chemie, Johannes Gutenberg-Universität, 55099 Mainz, 

Germany
christian.schroeder@stir.ac.uk

Dr. Göstar Klingelhöfer died suddenly and unexpectedly on January the 8th 2019. Among his many 
outstanding contributions to the fields of Mössbauer spectroscopy and planetary science is the development of 
the miniaturized Mössbauer spectrometer MIMOS II1 and its successful application on the surface of Mars on 
board NASA’s Mars Exploration Rovers (MERs). He was awarded the Eugen Sänger Medal in 2005, the Award 
of the International Board on the Application of the Mössbauer Effect in 2006, and the Helmholtz Award in 
2007.

The MERs mission goals were to find signatures of past water activity at their landing sites, and to assess 
the past environmental conditions for their suitability for life. The iron hydroxide sulphate mineral jarosite 
identified with MIMOS II2 provided in situ evidence for an ancient aqueous environment at Opportunity’s 
landing site at Meridiani Planum3 during the Hesperian epoch, albeit at low pH conditions. The identification of 
iron carbonates at Spirit’s landing site in Gusev crater provided evidence for extensive aqueous activity under 
near-neutral pH conditions during the Noachian epoch4, which preceded the Hesperian. Both environments 
would have been suitable for life. We hope that Dr. Klingelhöfer’s legacy carries on with future in-situ 
applications of Mössbauer spectroscopy on Mars and other bodies in the solar system5. Besides these 
extraterrestrial  applications the portable Mössbauer spectrometer MIMOS II has been used in several terrestrial 
applications, e.g. the investigation of archeological artifacts6, mineralogical transformation with time and depth7, 
in-situ identification of air pollution8, to name a few.

References
1) G. Klingelhöfer et al., J. Geophys. Res. 108(E12), 8067, doi:10.1029/2003JE002138 (2003).
2) G. Klingelhöfer et al., Science 306, 1740-1745 (2004).
3) S.W. Squyres et al., Science 306, 1709-1714 (2004).
4) R.V. Morris et al., Science 329, 421-424 (2010).
5) R.V. Morris, C. Schröder, G. Klingelhöfer, and D.G. Agresti, in: J.L. Bishop, J. Moersch and J.F. Bell III (eds.), Remote
    Compositional Analysis: Techniques for Understanding Spectroscopy, Mineralogy, and Geochemistry of Planetary Surfaces,
    Cambridge University Press, in press.
6) P. A. de Souza Jr., B. Bernhardt, G. Klingelhöfer and P. Gütlich, Hyperfine Interactions 151/152, 125-130 (2003).
7) F. Feder, F. Trolard, G. Klingelhöfer and G. Bourrie, Geochimica et Cosmochimica Acta 69, 4463-4483 (2005).
8) P. A. de Souza Jr., G. Klingelhöfer and T. Morimoto, Proceedings of ICAME 2001 (Oxford), UK, Hyperfine Interactions (C),
    Vol. 5, 487-490.
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Göstar Klingelhöfer Memorial Talk – My Way and the Future of MIMOS
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On the 8th of January 2019, Dr. Göstar Klingelhöfer 
died unexpectedly in his home in Germany. Among some 
of his outstanding achievements is, especially for the 
Mössbauer community, that he will always be remembered 
as the key player who managed to succeed to bring the 
Mössbauer effect successfully to space and perform the 
first extraterrestrial application on the surface of Earths 
neighboring planet Mars [1,2]. 

His development of a miniaturized Mössbauer 
spectrometer (MIMOS) for space applications was 
awarded by the DLR Eugen-Sänger-medal (2005), by the 
IBAME award (2006), and the Helmholtz award (2007) for 
Metrology. 

Dr. Klingelhöfers endeavor started as Post-Doc in 
1990 in Darmstadt at the Technical University Darmstadt under the guidance of Egbert Kankeleit. 

After Kankeleit´s retirement he continued his work at the Johannes Gutenberg University Mainz under the 
fruitful environment of Philipp Gütlich.

In 1990, a russian request lead to the development of MIMOS [3] for the Mars 94-96 mission. The mission 
failed but the MIMOS I worked. NASA had also plans in the mid 1990ies for the Mars and he became the 
Principal Investigator (PI) for MIMOS II on the ATHENA mission to Mars: Mars-Exploration-Rovers (MERs) 
2003. The first extraterrestrial Mössbauer spectra was measured in January 2004 in the Gusev crater by the MER 
Rover Spirit. More highlights are presented by Schröder and Gütlich [see Abstract ICAME 2019].

In 2003 he was also PI of MIMOS II as payload on the Beagle 2 lander of the ESA Mars Express 2003 
mission. Mars Express was a success but Beagle 2 failed. Other missions fail as well. 

Göstar’s and my life lines crossed in Mainz. I suggested an add on molecular sensor as upgrade for MIMOS 
II [4] and he made me a NASA MER member [1, 2]. Among my work on molecular magnetism are some 
highlights: the Strong Field–LIESST-[4, 5], the LiPTH-[4, 5], the HAXIESST-[4, 5], the SF-HAXIESST-[5], the 
SF-LITH-effect [5], beside sequential and concerted switching effects [5] and others MIMOS applications for 
TV and press.    

We will discuss how Dr. Klingelhöfer’s legacy carries on with future in-situ applications of Mössbauer 
spectroscopy (MIMOS I, MIMOS II (TRL9), MIMOS IIa (TRL5-6), …) on the Moon, the Mars, some Asteroids 
and other bodies in the solar system with different space agencies (DLR, NASA, ESA, CNSA, JAXA, etc.).

References
1) R.V. Morris, G. Klingelhöfer et al., Science 305, 833-836 (2004).
2) G. Klingelhöfer, R.V. Morris et al., Science 306, 1740-1745 (2004).
3) G. Klingelhöfer, (E. Kankeleit) et al., Hyp. Int. 95 (1995) 305-339
4) F. Renz, Journal of Physics: Conference Series 217, 012022 (2010).
5) D. Unruh, (F. Renz) et al. Dalton Trans., 45, 14008-14018 (2016).
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Study of Nuclear Structure in Mid-weight Mass Region of
A=80-Quasi Particle Alignment and Magnetic Rotation*

Yuan Daqing, Fan Ping, Zheng Yongnan, Zuo Yi, Ma Hailiang, Zhou Dongmei, Zhang Qiaoli,
Wu xiaoguang, Li Guangsheng, Zhu Lihua, and Zhu Shengyun**

China Institute of Atomic Energy, P.O. Box 275-50, Beijing 102413

Nuclear structure at high spins in the mid-weight mass region of A=80 reveals many interesting features. 
Among them the quasi-particle alignment (QPA) and the magnetic rotation (MR) play important roles in nuclear 
structure in this mass region. The QPA and MR are all attributed to the proton and/or neutron alignments in 
origin. Magnetic moments or g-factors of intra-band high spin states are able to give exclusive information on 
QPA and MR. Motivation was made to study the QPA and MR through measuring g-factors of high spin states 
of ground rotational and magnetic rotational bands as functions of the nuclear spin and the proton and neutron 
numbers in A= 80 mass region. 

Lifetimes of high spin states are very short, usually in the range of sub-ps or ps. Therefore, g-factor 
measurements of high spin states are very difficult due to the very small precession, the precession transfer and 
requesting very high magnetic field of several thousand Tesla. In the present work the transient magnetic 
field-Ion implantation integral perturbed angular distribution (TMF-IMPAD) method with 4 BGO Compton 
suppressed HPGe detectors at ±60° and ±120° respective to the beam direction was used to determine the 
g-factors of high spin states, which can produce the transient magnetic field of several thousand Tesla and 
measure the tiny precession of high spin states. To achieve the transient magnetic field the delicate three layer 
target assembly of a 0.4mg cm-2 reaction target layer of 58Ni or 60Ni enriched to 99.8%, a ferromagnetic Fe layer 
of 1.575mg cm-2 and a defect free Cu stopping layer of 12mg cm-2 was adopted. The high spin states of the 
ground rotational band in 82Sr, 83Y, 84Zr, 85Nb, 85Zr and 86Zr and of the magnetic rotational band in 85Zr and 82Rb 
were populated by the fusion-evaporation reactions with the heavy ion beams from the HI-13 tandem accelerator 
at CIAE. 

The experimental results show for the first time the dependence of quasi-particle alignments of ground 
rotational states on the spin and on the proton and neutron numbers. For the nuclides 84Zr, 85Zr and 86Zr of Z=40 
with different neutron numbers the proton alignment is followed by the neutron alignment in 84Zr and 85Zr, while 
the neutron alignment is followed by the proton alignment in 86Zr. For the nuclides 82Sr, 83Y, 84Zr and 85Nb of 
N=44 with different proton numbers the proton aligns only in 82Sr, the proton alignment occurs first and then is 
followed by the neutron alignment in 83Y and 84Zr and the neutron alignment is followed by the proton alignment 
in 85Nb. The results illustrate that the phase transitions might take place at Z=40 and N=46 and at N=44 and Z=39 
and 41. The proton and neutron alignments generate different patterns of g-factor vs. spin.

The g-factors of high spin states of the magnetic rotational band in 85Zr and 82Rb were measured 
systematically for the first time. The measured g-factors and deduced shears angles show the decrease of 
g-factors with the increasing of the spin along the band and demonstrate a step-by-step alignment of the valence 
protons and neutrons, providing direct and clear information on shears mechanism of magnetic rotation.

Theoretical calculations with different models were also carried out, which well reproduced the 
experimentally measured g factors.

*Supported by National Science Foundation of China under Grant Nos. 10435010 and 10975189

** The author presenting at the conference
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in Alkali-ion Batteries
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Electrochemical energy storage is crucial for the development of renewable and intermittent energy 
sources, but is also widely used in many other applications as electric vehicles and portable electronic devices. 
Li-ion batteries are currently the dominant technology due to their high energy density and good cycle life, but 
new electrode materials are needed to improve performance. The main issues with this technology are the 
unevenly distribution of lithium across the Earth’s crust and the increasing prices of this element and cobalt used 
for cathode. This could be a limitation for the large-scale development of Li-ion batteries, which explains the 
recent interest for Na-ion and K-ion batteries.

Graphite is the most widely used anode material for Li-ion batteries, but its specific capacity is limited to 
372 mAh g-1. This can be related to the intercalation process that only involves 1 Li per 6 C. High specific 
capacity cannot be obtained with such electrochemical insertion mechanisms that require stable host materials. 
Thus, other mechanisms involving the reaction of more Li per atom of the anode material must be considered. 
This is the case of alloying reactions as encountered for Sn that reversibly reacts with up to 4.4 Li, leading to the 
specific capacity of about 1 Ah g-1. The electrochemical alloying reaction mechanisms are complex because of 
the formation of small and disordered particles and the possible existence of numerous stable and metastable 
phases. Thus, commonly used characterization tools such as XRD often fail, due to the absence of long range 
order. The present talk concerns the application of 119Sn Mössbauer spectroscopy that provides more relevant 
information. It is often difficult to distinguish the electrochemically formed Li-Sn phases from the only 
Mössbauer parameters [1] and complementary techniques, including first-principles calculations, will be 
considered to understand the mechanisms. Sn also reversibly reacts with Na and K, leading to the formation of 
Na-Sn and K-Sn phases, respectively, and the reactions can also be followed by Mössbauer spectroscopy [2].

However, alloying reactions suffer from large volume variations during charge- discharge cycles, leading to 
the loss of mechanical and electrical integrity and to instabilities of the surface electrolyte interphase (SEI), 
which prevents the use of ȕSn as anode material. Tin based compounds and composites were proposed to 
minimize these effects and the electrochemical mechanisms will be briefly discussed by considering operando 
Mössbauer measurements [3]. Finally, the electrochemical reactions of some compounds with Na and K will be 
reported. They show intriguing differences compared to Li that should be elucidated for future applications.

References
1) F. Robert, P. E. Lippens, J. Olivier-Fourcade, J. C. Jumas, F. Gillot, M. Morcrette, J. M.Tarascon, J. Solid State Chem. 180, 339(2007).
2) V. Gabaudan, R. Berthelot, M.T. Sougrati, P.E. Lippens, L. Stievano, J. Mater. Chem. A 10.1039/C9TA03760H (2019).
3) M. Chamas, M.T. Sougrati, C. Reibel, P.E. Lippens, Chem. Mater. 25, 2410 (2013).
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Four Decades of Nuclear Resonant Scattering in Synchrotron Era

E. Ercan Alp
Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, USA

It’s been almost 45 years since the idea of using a synchrotron source to excite the Mossbauer isotopes was 
proposed. Since then significant progress has been made in developing the methodology, instrumentation and 
data analysis. Application areas are extended into wide range of scientific disciplines. In this talk, I will review 
the key issues addressed by nuclear resonant scattering methods in geophysics and geochemistry such as velocity 
of sound of earth-bound minerals, iron valence and isotope fractionation in core-mantle boundary under high 
pressure. Similarly, determination of possible pathways related to the functions of iron-containing biological 
systems or catalysts will be discussed. The extension of the method to more than a dozen isotopes provides a 
wide ranging tool to study the interplay between magnetism and superconductivity in new quantum materials 
like pnictides. This presentation will review modern applications, and provide a prospective view.

Acknowledgements: Work supported by US  DOE Office of Science under contract DE-AC02-06CH11357 and 
by Consortium for Materials Properties Research in Earth Sciences (COMPRES), the National Science Foundation 
(NSF) through Grant No. DMR-1104742. In collaboration with J. Zhao, T. Toellner, M. Hu, and W. Bi.

Figure  A comparison of quality and precision of nuclear decay data of 57)H�LQ�D�PL[HG�SKDVH�VDPSOH�RI�Į��EFF��DQG�İ��KFS��LURQ�
under pressure of 15.3 GPa at room temperature. The insert is the energy domain simulation of the fitting results, obtained by 
using a fitting program called CONUSS.
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Mössbauer gamma rays from 57Fe nuclei show the narrow energy width of 4.6 neV compared to its energy 
of 14.4 keV. The Mössbauer gamma rays can be used for probe beam of a unique quasi-elastic scattering 
experiment on “non-resonant sample”. The quasi-elastic gamma-ray scattering experiment reveals dynamics of 
the atoms, ions, and molecules which don’t contain resonant nuclei. Therefore, the quasi-elastic scattering 
technique is broadly applicable to general samples. In addition, the technique is sensitive to the angstrom-scale 
motions in time scales between nano-seconds and micro-seconds, which are unmeasurable by any other 
techniques. These are unique advantages of the quasi-elastic gamma-ray scattering.

We consider the quasi-elastic gamma-ray scattering spectroscopic technique using time-domain 
interferometer based on synchrotron-radiation source. It has been shown that the technique reveals the 
microscopic dynamics in time domain much more effectively compared to the conventional 
radioactive-isotope-based technique often called as the Rayleigh scattering of Mössbauer radiation. [1] Recently, 
we developed advanced time-domain interferometer using multi-line Mössbauer gamma rays as the probe beam. 
[2] We show the new multi-line system is really useful system for studies on both basic science and industrial 
applications because of the high measurement efficiency of dynamics. We introduce the state-of-art 
spectroscopic technique for the quasi-elastic gamma-ray scattering.

In the presentation, we also show some application results obtained so far. First, we show our results on 
glass forming materials. By cooling glass formers, the time scale of the diffusion process rapidly increases 
toward the glass transition. The microscopic mechanism is far from full understanding. Our studies on typical 
glass formers revealed existence of local activated processes in addition to the diffusion process directly in 
microscopic viewpoint in supercooled state. [3] We found that the local activated process shows spatially 
restricted properties. We discuss the role of the local process to the nature of the glass transition mechanism. 
Then, we introduce results on soft-matter systems such as nematic, smectic, cholesteric, cholesteric blue phases 
of liquid crystals. As for smectic phase, where molecules show a nanometric layered structure, we revealed the 
molecular translational motion across the layer occurs in a time scale of 100 nano-second. We could directly 
observe the effect of the layer order on the microscopic molecular motions. The new microscopic insight is 
essentially important to understand the macroscopic diffusion coefficient in smectic phase.

References
1) A. Q. R. Baron, H. Franz, A. Meyer, R. Rüffer, I. Chumakov, E. Burkel, and W. Petry, Phys. Rev. Lett. 79, 2823 (1997).
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Sixty Years of Research Using Mössbauer Spectroscopy
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Mössbauer spectroscopy was introduced in the Hebrew University by S. G. Cohen, S. Ofer and E. R. 
Bauminger in 1959, and I became the first graduate student to join the research. The subjects of our research 
started with the nuclear properties of more than 15 candidate nuclides, continued with studies of general 
hyperfine interactions in magnetically ordered materials, and spin relaxation in paramagnetic materials1. 
Additional subjects were: The properties of Np inter- metallic systems, the unique properties of the Eu3+ ion2, 
transferred hyperfine magnetic fields in Rare Earth compounds, and multiple magnetic phase transitions in Mn 
compounds detected by the transferred field on an iron nonmagnetic probe3. Next were studies of valence 
fluctuation phenomena in Eu compounds4, theory and experiments of the dynamics of macro-molecules found in 
biological systems5, such as in human tissues, enabling the study of the human brain. We also undertook 
investigation of high Tc magneto-superconductors, vibrational dynamics in organometallic systems6, and lastly 
studies in which we try to test General Relativity using the Grenoble Synchrotron beam. My Hebrew University 
collaborators were S. G. Cohen, S. Ofer, E. R. Bauminger, I. Felner, R. H. Herber, J. Gal and Y. Friedman in 
Jerusalem. Off-campus my collaborators at Bell Telephone Laboratories  were H. H. Wickman, G. K. Wertheim 
and R. L. Cohen. At Argonne National Laboratory, the collaboration was with B. D. Dunlap. The collaborators 
in Germany were G. M. Kalvius in Münich and G. Wortmann and G. Kaindl in Berlin.

References
1) I. Nowik and H. H. Wickman, Physical Review Letters, 17, 949 (1966).
2) I. Nowik and S. Ofer, Phys. Rev. 153, 409 (1967)
3) I. Nowik , Y. Levi, I. Felner, E. R. Bauminger, J. Mag. and Mag. Materials 147, 373 (1995)
4) E.R. Bauminger, D. Froindlich,   I. Nowik, S. Ofer, I. Felner , I. Mayer, Physical Review Letters, 30, 1053 (1973)
5) I. Nowik, S. G. Cohen, E. R. Bauminger and S. Ofer, Phys. Review Letters 50, 1528 (1983).
6) R. H. Herber, I. Felner and I. Nowik, Hyperfine Interactions, 237, 100 (2016).



042

Award Lecture

T03A-4
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The rapid development of single-atom catalysts (SACs) offers us new opportunities for capturing the 
reaction intermediates, identifying the active sites, and even monitoring the dynamic behaviors of both the 
geometric structure and electronic environment of the catalytic sites at atomic scale. However, due to lack of 
model SACs with definite coordination environment and the practical operando spectroscopic techniques with 
high atomic-resolution, up to now, little experimental evidence is available regarding the structural and dynamics 
of SACs during catalysis. On the other hand, nitrogen-coordinated single-Fe-atom on carbon (Fe-N-C) catalysts 
exhibit high oxygen reduction reaction (ORR) activity, which is indispensable for clean energy technologies 
such as fuel cells and metal-air batteries. However, conundrums over the nature of active sites and the reaction 
mechanism remain as major bottlenecks, restricting further developments of high-performance M-N-C 
single-atom catalysts. 

Herein, we have explored the exact structure of active sites and provided electronic-level insight into the 
underlying ORR mechanism based on the newly designed model single-Fe-atom catalyst using operando X-ray 
absorption spectroscopies, as well as the newly developed operando 57Fe Mössbauer technique. Combining with 
theoretical studies, the dynamic cycles of both the geometric structure and electronic configuration of reactive 
single-Fe-atom active center were evidenced via directly capturing the reactive intermediates under in-situ ORR 
conditions. We anticipate that our newly developed operando 57Fe Mössbauer technique for the in-situ 
characterization on SACs shall pave ways for the further insight into the structural and dynamics of catalytic 
active centers during catalysis, which may provide proof-of-concept for single-atom heterogeneous catalysis as 
a conceptual bridge between homogeneous and heterogeneous catalysis.
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Lattice Dynamics of Rare-earth Silicide Nanostructures:
Films, Islands, Wires
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The continuous downscaling of CMOS devices imposes severe material and processing challenges and 
demands a continuous search for new self-organized nanostructures integrated with the Si technology. 
Rare-earth silicides became especially attractive for future applications due to their metallic nature and low 
Schottky barrier heights [1-3]. Deposited on Si, depending on the amount of the material, temperature and 
surface orientation, some of the lanthanides self-organize in high aspect ratio nanowires, nanoislands and 
clusters [4]. Interconnects, contacts, and source/drain areas of the transistors are among the most critical 
components, which might be affected by size-induced phonon instabilities.

In order to perform a systematic study of the lattice dynamics modifications in these nanostructures, we 
have grown epitaxial EuSi2 films and nanoislands [5,6] and DySi2 films, nanoislands and nanowires [7] and 
investigated the Eu- and Dy- partial density of phonon states (DOS) by in situ nuclear inelastic scattering and 
first-principles calculations. We found that the phonon DOS of the nanoislands [8] and nanowires [9] strikingly 
deviate from that of the bulk and surface layers and it is strongly influenced by the atomic confinement at the 
nanostructure/substrate and nanostructure/nanostructure interfaces. These deviations result in remarkable 
modifications of the thermodynamic and elastic properties and open up new avenues for their manipulation.

6�6��DFNQRZOHGJHV�¿QDQFLDO�VXSSRUW�E\�WKH�+HOPKROW]�$VVRFLDWLRQ��9+1*������DQG�%0%)����.��9.����
3��3��DFNQRZOHGJHV�VXSSRUW�E\�WKH�3ROLVK�1DWLRQDO�6FLHQFH�&HQWHU��1&1��E\�3URMHFW�1R����������%�67��������
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X-ray Quantum Optics with Mössbauer Nuclei
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Ideas from quantum optics play an important role in studying, controlling, and utilizing light- matter 
interactions in many regions of the electromagnetic spectrum. This raises the question, whether  such  concepts  
could  also  be  utilized  to  improve  or  develop  applications  of Mössbauer nuclei  [1]. In recent years, various 
effects known from the optical domain have already been experimentally demonstrated with nuclei. In this talk, I 
will introduce nuclear quantum optics, and address some of its challenges and future perspectives.

One of the key challenges is the lack of efficient strong x-ray control fields for nuclear quantum optics. I will 
show how the precisely controlled mechanical motion of a resonant target can be used to manipulate the effective 
index of refraction of a nuclear resonance, and thereby simulate the effect of such a strong control field in certain 
settings.

$V� D� ILUVW� DSSOLFDWLRQ�� ,� ZLOO� DGGUHVV� WKH� SUREOHP� WKDW� WKH� VSHFWUD� RI� VKRUW� [�UD\� SXOVHV� GHOLYHUHG� E\�
state-of-the-art sources are orders of magnitude broader in energy than the narrow resonances. Thus, only a tiny 
IUDFWLRQ� RI� WKH� SKRWRQV� LQWHUDFW� UHVRQDQWO\� ZLWK� WKH� VDPSOH�� ZKLOH� WKH� YDVW� PDMRULW\� RI� SKRWRQV� IRUP� DQ�
off-resonant background. I will demonstrate how mechanical motions allow one to shape the spectrum of a given 
x-ray pulse, such that the number of resonant photons in the pulse is significantly increased [2].

$V� D� VHFRQG� DSSOLFDWLRQ�� ,� ZLOO� GLVFXVV� WKH� JHQHUDWLRQ� RI� WXQDEOH� SKDVH�FRKHUHQW� [�UD\� GRXEOH�� SXOVH�
sequences resonant to nuclear transitions. Using a multi-dimensional spectroscopic measurement technique, I will 
demonstrate that these double-pulses can be used to coherently control the nuclear dynamics in a pump-probe 
setting. In a proof-of-principle experiment, we find clear signatures of basic light-matter interactions such as 
stimulated emission and absorption between the nuclei and the x-rays [3].
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Electron Structures and Nuclear Vibration Energy Spectra of
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&\WRFKURPH� 3����� DQ� LPSRUWDQW�PHWDEROLF� HQ]\PH�� LQYROYHV� LQ�PDQ\� ELRFKHPLFDO� UHDFWLRQV� LQFOXGLQJ�
UHGXFWLYH�PHWDEROLVP�RI�KDORJHQDWHG�FRPSRXQGV�DQG�URS\OHQH�HSR[LGDWLRQ�>�@��$V�RQH�RI�WKH�LQWHUPHGLDWHV�RI�
WKRVH� UHDFWLRQV��KHPH�FDUEHQH�KDV�DWWUDFWHG�H[WHQVLYH� UHVHDUFK� LQWHUHVWV��+RZHYHU� WKH�YDOHQFH� VWDWHV� >�@� DQG�
electron configurations [3] of iron atoms of heme carbenes have been debated for many years.

In this work, a set of five and six coordinated iron porphyrin carbenes are isolated and  characterized by 
VLQJOH�FU\VWDO�;�UD\��;�UD\�QHDU�HGJH�DEVRUSWLRQ��;$1(6��DQG�0|VVEDXHU�VSHFWUD�>���@��7KH�;$1(6�VWXGLHV�
suggested iron(II) oxidation state of the complexes, while the high field Mössbauer experiments determined S� ���
HOHFWURQLF�FRQILJXUDWLRQ��)LJ�����OHIW��>�@��7KH�0|VVEDXHU�VSHFWUD�RI�VL[�FRRUGLQDWHG�FRPSOH[HV�VXJJHVW�WKDW�WKH�
ERQGLQJ�RI� WUDQV� LPLGD]ROH� OLJDQGV�RQO\� LQGXFHG�VPDOO�GHFUHDVHV�RQ�ǻEQ (～0���PP�V��FRPSDUHG� WR� WKH� >)H
�7)33��&3K2�@� SUHFXUVRU�� ZKLFK� LV� FRQVLVWHQW� ZLWK� WKH� VWURQJHU� ʌ� ERQGLQJ� DELOLW\� RI� &3K2� FDUEHQH� �)LJ�� ���
PLGGOH��>�@��0RUHRYHU��V\QFKURWURQ�EDVHG�1XFOHDU�5HVRQDQFH�9LEUDWLRQDO�6SHFWURVFRS\��1596��ZDV�DSSOLHG�WR�
investigate the [57)H�773��&&O2�@�VLQJOH�FU\VWDO��7KH�FRPELQDWLRQ�RI�H[SHULPHQWDO�DQG�')7�VWXGLHV��)LJ�����ULJKW��
further confirmed the strong-field property of the carbene ligand [6].

 

Figure 1.�OHIW������.�0|VVEDXHU�VSHFWUD�RI�>)H�733��&&O2�@��WRS��DQG�>)H�7)33��&3K2)] (bottom) recorded under 9 T applied field; 
PLGGOH��0|VVEDXHU�VSHFWUD�RI�>)H�7)33��&3K2����(W,P�@��WRS��DQG�>)H�7)33��&3K2������0H�,P�@��ERWWRP��DW����.��ULJKW��7KH�
SUHGLFWHG�YLEUDWLRQDO�PRGHV�RI�>)H�773��&&O2)] at 444 cmí�.
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Co- and Sn-doped Goethite and Hematite Nanoparticles
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Iron(III) oxides are inexpensive, non-toxic and stable compounds which are extensively investigated for different 
applications. They can incorporate significant levels of various metal ions into the crystal structure, which can have a positive 
effect on different properties [1]. Due to significant absorption of solar radiation, iron(III) oxide nanoparticles and 
nanostructures are investigated for possible application as photocatalysts for decomposition of toxic compounds [2] and 
SKRWRHOHFWURGHV� IRU� K\GURJHQ� SURGXFWLRQ� E\�ZDWHU� VSOLWWLQJ� >�@��+HWHURJHQHRXV� SKRWR�)HQWRQ� UHDFWLRQ� XVLQJ� LURQ� R[LGH�
photocatalysts has emerged as a promising way for decomposition of toxic organic compounds by visible light [4]. Size and 
VKDSH�RI�LURQ�R[LGH�QDQRSDUWLFOHV�ZHUH�VKRZQ�WR�EH�YHU\�LPSRUWDQW�IRU�SKRWRFDWDO\WLF�DFWLYLW\�LQ�KHWHURJHQHRXV�SKRWR�)HQWRQ�
UHDFWLRQ�>���@��+RZHYHU��WKH�HIIHFW�RI�GRSLQJ�RQ�WKH�SKRWRFDWDO\WLF�DFWLYLW\�RI�LURQ�R[LGHV�KDV�EHHQ�PXFK�OHVV�LQYHVWLJDWHG�

In the present work, the effects of Cu, Co and Sn ions doping on different properties (unit cell size, crystallite size, particle 
VL]H�DQG�VKDSH��K\SHUILQH�PDJQHWLF�ILHOG��RSWLFDO�DQG�YLVLEOH�OLJKW�SKRWRFDWDO\WLF�SURSHUWLHV��RI�HORQJDWHG�JRHWKLWH��Į�)H22+��
DQG�KHPDWLWH��Į�)H2O3) nanoparticles were investigated. Elongated goethite nanoparticles doped with Cu, Co and Sn ions were 
V\QWKHVL]HG�E\�WKH�FRSUHFLSLWDWLRQ�RI�PL[HG�)H�123)3�DQG�&X�123)2, CoCl2 or SnCl4 aqueous solutions using a strong organic 
DONDOL�WHWUDPHWK\ODPPRQLXP�K\GUR[LGH��70$+���(ORQJDWHG�KHPDWLWH�QDQRSDUWLFOHV��SXUH�DQG�GRSHG��ZHUH�SURGXFHG�E\�
calcination of corresponding goethite nanoparticles. Incorporation of metal cations in the crystal structure of goethite and 
hematite was confirmed from the change in unit cell size (determined by XRPD) and from the reduction of hyperfine magnetic 
ILHOG��GHWHUPLQHG�E\�0|VVEDXHU�VSHFWURVFRS\���$OVR��D�VWURQJ�HIIHFW�RI�GRSLQJ�RQ�WKH�QDQRSDUWLFOH�VL]H�DQG�VKDSH�ZDV�REVHUYHG�
E\�)(�6(0��'LIIXVH�UHIOHFWDQFH�89�9LV�1,5�VSHFWURVFRS\�VKRZHG�D�VLJQLILFDQW� LQIOXHQFH�RI�GRSLQJ�RQ� WKH�SRVLWLRQ�RI�
JRHWKLWH�DQG�KHPDWLWH�DEVRUSWLRQ�HGJH��2SWLFDO�EDQG�JDSV�LQ�VDPSOHV�ZHUH�HVWLPDWHG�XVLQJ�7DXF�SORWV��$�VLJQLILFDQW�UHGXFWLRQ�
RI�GLUHFW�DQG�LQGLUHFW�RSWLFDO�EDQG�JDSV�LQ�JRHWKLWH�DQG�KHPDWLWH�QDQRSDUWLFOHV�E\�&X��&R�DQG�6Q�GRSLQJ�ZDV�REVHUYHG��9LVLEOH�
OLJKW�SKRWRFDWDO\WLF�SHUIRUPDQFHV�ZHUH�H[DPLQHG�E\�GHFRPSRVLWLRQ�RI� UKRGDPLQH�%�G\H� LQ� WKH�SUHVHQFH�RI� LURQ�R[LGH�
SKRWRFDWDO\VW� DQG�+2O2� XQGHU�YLVLEOH� OLJKW� LOOXPLQDWLRQ��*HQHUDOO\��KHPDWLWH�QDQRSDUWLFOHV� VKRZHG�KLJKHU�SKRWRFDWDO\WLF�
activities than goethite nanoparticles due to higher absorption of visible light. Photocatalytic activities of goethite nanoparticles 
were ranked as Cu-doped > Sn-doped > Co-doped > undoped, while photocatalytic activities of hematite nanoparticles were 
ranked as Cu-doped > Sn-doped > undoped > Co-doped. The high photocatalytic activity of elongated Cu-doped hematite 
nanoparticles can be explained by a combined effect of an enhanced separation and transfer of photogenerated charges (due to 
Cu doping) and their short distance from the particle surface (due to nanoneedle morphology).

Acknowledgment
7KLV�UHVHDUFK�KDV�EHHQ�VXSSRUWHG�E\�WKH�&URDWLDQ�6FLHQFH�)RXQGDWLRQ��SURMHFW�QXPEHU�,3���������������

References
1) R.M. Cornell, U. Schwertmann, The Iron Oxides, Structure, Properties, Reactions, Occurrence and Uses, second ed.,
����:LOH\�9&+��:HLQKHLP�������
���0��0LVKUD��'��0��&KXQ��$SSO��&DWDO��$��*HQ����������������±����
���.��6LYXOD��)��/H�)RUPDO��0��*UlW]HO��&KHP6XV&KHP�������������±����
���&��:DQJ��+��/LX��=��6XQ��,QW��-��3KRWRHQHUJ\���������������
���;��=KRX��+��<DQJ��&��:DQJ��;��0DR��<��:DQJ��<��<DQJ��*��/LX��-��3K\V��&KHP��&�����������������±������
���;��=KRX��-��/DQ��*��/LX��.��'HQJ��<��<DQJ��*��1LH��-��<X��/��=KL��$QJHZ��&KHP��,QW��(G���������������±����

 



048

Invited Lecture 

T05I-5

Manipulating Spin Transition to Achieve Switchable Multi-functions 
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he spin transition of metal ions involves interconversion between electron configurations exhibiting 
considerably different functions and plays a substantial role in the chemical, physical, and biological fields. The 
photoinduced spin transition offers a promising approach to tune various physical properties with high spatial and 
temporal resolutions for producing smart multifunctional materials not only to explore their basic science but also 
to satisfy the demands of the next-generation photo-switchable molecule-based devices. Therefore, it is attracting 
FRQVLGHUDEOH�LQWHUHVW�WR�XWLOL]H�SKRWRLQGXFHG�VSLQ�WUDQVLWLRQ�WR�VLPXOWDQHRXVO\�WXQH�PXOWL�IXQFWLRQV��+RZHYHU��WZR�
issues are challenging to achieve reversible and swift manipulation of functions: (1) the interconversion between 
different electron configurations of photoresponsive units should be reversibly switched via photoinduced spin 
transition; (2) effective coupling should be built between the photoresponsive and functional units to produce 
photo-switchable functions utilizing photoinduced spin transition. We will review our recent advances in the 
usage of spin transition of metal ions as actuators for tuning the magnetic, dielectric, fluorescence, and 
mechanical properties, wherein the role of a photo-switchable spin transition is highlighted. We mainly focus on 
the study of two spin transition categories, including spin-crossover (SCO) of one metal ion and metal-to-metal 
charge transfer (MMCT). Initially, we will describe a strategy for developing photoinduced reversible SCO and 
00&7��7KH�UROH�RI�IOH[LEOH�LQWHUPROHFXODU�LQWHUDFWLRQV�LQ�SDUWLFXODU�ʌ���ʌ�LQWHUDFWLRQV�LV�GLVFXVVHG�ZLWK�UHVSHFW�
to a photoinduced reversible MMCT. Then the SCO and MMCT units were assembled using metallocyanate 
building blocks to form a chain, wherein the spin states, anisotropy, and magnetic coupling interactions can be 
SKRWRVZLWFKHG� WR� WXQH� WKH� VLQJOH�FKDLQ�PDJQHW� EHKDYLRU��%HVLGHV�PDJQHWLF� SURSHUWLHV�� WKH� SKRWRLQGXFHG� VSLQ�
transition that is associated with the concomitant changing of charge distribution, bond lengths, and absorption 
spectra can be utilized to tune the multi-functions. Therefore, the transfer of an electron from a central cobalt site 
WR� RQH� RI� WKH� WZR� LURQ� VLWHV� LQ� OLQHDU� WULQXFOHDU� )H2Co compounds resulted in the transformation of a 
centrosymmetric non-polar molecule into an asymmetric polar molecule, and the molecular electric dipole and 
dielectric properties can be reversibly switched. Moreover, the spin transition usually involved significant 
expansion or contraction of coordination sphere of metal ions due to the population/depopulation of the 
antibonding eg orbitals. Therefore, colossal positive and negative thermal expansion behaviors were achieved in 
a layered compound by manipulating the spin transition process and the rotation of the functional units, thereby 
providing a strategy for synthesizing phototunable nanomotors. Photoinduced spin transition can also be used to 
modulate the fluorescence properties by controlling the energy transfer between the fluorescent ligands and the 
metal sites showing SCO. 
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MöVVEDXHU�,QYHVWLJDWLRQ�RQ�)XVHG�,URQ�&DWDO\VWV�)RU�ǹ�ROHILQ
Synthesis Via Fischer-Tropsch Route

Jiangang Chen1, Juan Zhang 1,2
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Sciences, Taiyuan 030001, Shanxi, China

2 - School of Chemistry and Chemical Engineering, University of Chinese Academy of Sciences, Beijing 
100049, China

chenjg@sxicc.ac.cn

1RZDGD\V��)LVFKHU�7URSVFK�V\QWKHVLV��)76��KDV�EHHQ�VXFFHVVIXOO\�DSSOLHG�LQ�FRPPHUFLDO�SURGXFWLRQ�IURP�
coal or natural gas on a large scale. It would be economic feasible even in a small plant, if high value-added 
SURGXFWV��VXFK�DV�Į�ROHILQV��ORQJ�FKDLQ�DOFRKROV�HWF�FRXOG�EH�\LHOG�YLD�)76��,URQ�FDWDO\VW�RFFXSLHV�DQ�LQGLVSHQVDEOH�
VWDWXV�QRW�RQO\�GXH�WR�LWV�ORZ�FRVW��EXW�DOVR�IRU�LWV�KLJK�VHOHFWLYLW\�WR�ROHILQV�ZLWK�ORZ�&+4 productivity. Using a 
IXVHG�LURQ�FDWDO\VW�ZDV�D�SRWHQWLDO�RSWLRQ�IRU�Į�ROHILQ�SURGXFWLRQ�YLD�)76�

,Q�SUHVHQW�SDSHU�ZH�IRFXVHG�RQ�IXVHG�LURQ�FDWDO\VW�IRU�)LVFKHU�7URSVFK�V\QWKHVLV�IRU�Į�ROHILQ��7KUHH�GLIIHUHQW�
fused iron catalysts（$$:�� 27�� ,)）were made by different melting methods and various characterization 
technologies were used to study the bulk phase composition, and reduction and adsorption behaviors. The syngas 
FRQYHUVLRQ�DQG�&+4�VHOHFWLYLW\�RI�$$:�ZDV�YHU\�VLPLODU�WR�D�FRPPHUFLDO�IXVHG�)H�FDWDO\VW�UHSRUWHG�E\�6DVRO��
VOLJKWO\�EHWWHU�WKDQ�27��EXW�PXFK�EHWWHU�WKDQ�,)��7KH�PXFK�LQIHULRU�,)�FDWDO\VW�ZDV�DWWULEXWHG�WR�FRQWDPLQDWLRQ�
ZLWK�$O��6L��IURP�WKH�FRQWDLQHU��DV�WKH�PHOWLQJ�SRRO�OHDFKHG�WKH�ZDOO�RI�WKH�FUXFLEOH�VHYHUHO\��7KH�LQWURGXFWLRQ�RI�
$O��6L��UHVXOWHG�LQ�WKH�IRUPDWLRQ�RI�DQ�LUUHGXFLEOH�)H$O2O4�RU�DQG�)H2SiO4�SKDVH�WKDW�UHVLVWHG�FDUEXUDWLRQ��WKXV�,)�
H[KLELWHG�WKH�ORZHVW�FRQWHQW�RI�DFWLYH�FDUELGH��7KH�$$:�FDWDO\VW��FRPSRVHG�RI�PDLQO\�PDJQHWLWH�SKDVH��)H3O4) 
EHVLGHV�D�WUDFH�DPRXQW�RI�)H2��ZDV�UHGXFHG�LQ�VWHSV�DQG�IRUPHG�WZR�DFWLYH�VLWHV��0|VVEDXHU�VSHFWURVFRS\�UHVXOW�
LQGLFDWHG�WKDW�WKH�VSHQW�$$:�FDWDO\VW�SRVVHVVHG�WKH�ODUJHVW�FDUELGH�FRQWHQW��ZKLFK�FRUUHODWHG�ZHOO�ZLWK�LWV�KLJK�
activity and olefin selectivity. 

$IWHUZDUG��WKH�UHGXFWLRQ�WHPSHUDWXUH�ZDV�YDULHG�WR�REWDLQ�GLIIHUHQW�)H�SKDVH�FRPSRVLWLRQV�IRU�RSWLPL]HG�
IXVHG�LURQ�FDWDO\VW��7KHVH�PRGHO�FDWDO\VWV�ZHUH�VXEMHFW�WR�WKH�)LVFKHU±7URSVFK�V\QWKHVLV�DQG�SKDVH�HYROXWLRQ�ZDV�
monitored. XRD and Mössbauer spectroscopy were used to quantitatively determine the phase composition. They 
LQGLFDWHG� WKDW� D� KLJK� UHGXFWLRQ� WHPSHUDWXUH� DQG� KLJK� *+69� �JDV� KRXUO\� VSDFH� YHORFLW\�� IDYRUHG� WKH�
WUDQVIRUPDWLRQ�IURP�)H3O4�WR�Į�)H��DOWKRXJK�D�KLJKHU�UHGXFWLRQ�WHPSHUDWXUH�OHG�WR�ODUJHU�Į�)H�FU\VWDOOLWH�VL]HV��
)XUWKHUPRUH��Į�)H�JUDGXDOO\�WUDQVIRUPV�WR�DQ�LURQ�FDUELGH��Ȥ�)H5C2) phase in a period of 12 h when exposed to 
V\QJDV��&2���+2���$IWHU�D�����K�UXQ�LQ�WKH�)76��WKH�SDUWLDO�FDUELGH�UHJHQHUDWHG�LQWR�)H3O4 again. Magnetite had 
QHJOLJLEOH� FDWDO\WLF� DFWLYLW\� IRU� WKH� )76�� ZKHUHDV� LURQ� FDUELGH� ZDV� DFWLYH�� 1RQHWKHOHVV�� WKH� DFWLYLW\� ZDV�
SURSRUWLRQDO� WR� WKH� VXUIDFH� DUHD� RI� LURQ� FDUELGH�� +LJKHU� UHGXFWLRQ� WHPSHUDWXUHV� JXDUDQWHHG� ORZHU� PHWKDQH�
selectivity and a higher olefin to paraffin ratio.
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Structure determination of atomically dispersed Fe-N-C catalysts
by Mössbauer spectroscopy

Aiqin Wang
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6LQJOH�DWRP�FDWDO\VW��6$&���ZLWK�DOO�WKH�PHWDO�VSHFLHV�GLVSHUVHG�DV�LVRODWHG�VLQJOH�DWRPV��KDV�QRZ�EHFRPH�D�
new frontier of heterogeneous catalysis.1-3�&RPSDUHG�ZLWK�QDQRSDUWLFOH�FDWDO\VWV��6$&V�RIIHU�WKH�DGYDQWDJHV�RI�
maximized metal atom efficiency, uniform and well-defined structure, and distinctive performances in a variety 
RI�VHOHFWLYH�WUDQVIRUPDWLRQV��,Q�WKLV�FRQWULEXWLRQ��,�ZLOO�VWDUW�ZLWK�D�EULHI�VXPPDU\�RI�WKH�6$&�GHYHORSPHQW��DQG�
WKHQ�LQWURGXFH�D�VSHFLDO�W\SH�RI�6$&V��0�1�&��0�UHSUHVHQWV�WUDQVLWLRQ�PHWDOV�OLNH�&R��)H��1L��HWF���FDWDO\VWV�ZLWK�
all the M species dispersed as isolated single atoms.4-6�7KH�)H�1�&�6$&V�ZHUH�SUHSDUHG�E\�D�WHPSODWH�VDFULILFLDO�
DSSURDFK�ZLWK�)H�SKHQ�x��SKHQ �����SKHQDQWKUROLQH��FRPSOH[�DV�WKH�1�&�VRXUFH�DQG�QDQR�0J2�DV�WKH�WHPSODWH��
$IWHU�S\URO\VLV�DW���������o&�XQGHU�1��DWPRVSKHUH��WKH�UHVXOWDQW�PDWHULDO�ZDV�IXUWKHU�WUHDWHG�E\�DFLG�OHDFKLQJ�WR�
UHPRYH�WKH�0J2�WHPSODWH�WR�REWDLQ�WKH�)H�1�&�6$&V��7KH�)H�1�&�6$&V�H[KLELWHG�KLJK�DFWLYLW\�DQG�H[FHOOHQW�
UHXVDELOLW\�IRU�WKH�VHOHFWLYH�R[LGDWLRQ�RI�&�+�ERQG��$�ZLGH�VFRSH�RI�VXEVWUDWHV�LQFOXGLQJ�DURPDWLF��KHWHURF\FOLF��
and aliphatic alkanes were smoothly oxidized at room temperature and the selectivity of corresponding products 
UHDFKHG�DV�KLJK�DV������%\�XVLQJ�VXEnQJVWU|P�UHVROXWLRQ�+$$')�67(0�LQ�FRPELQDWLRQ�ZLWK�;36��;$6��(65�
DQG�0|VVEDXHU�VSHFWURVFRS\��ZH�KDYH�SURYLGHG�VROLG�HYLGHQFH�WKDW�)H�LV�H[FOXVLYHO\�GLVSHUVHG�DV�VLQJOH�DWRPV�YLD�
IRUPLQJ�)H1[��[� �������DQG����DQG�WKH�UHODWLYH�FRQFHQWUDWLRQ�RI�HDFK�)H1[�VSHFLHV�LV�FULWLFDOO\�GHSHQGHQW�RQ�WKH�
S\URO\VLV�WHPSHUDWXUH��$PRQJ�WKHP��WKH�PHGLXP�VSLQ�)H�,,,�1��DIIRUGV�WKH�KLJKHVW�72)�������K-1), which is at 
OHDVW�RQH�RUGHU�RI�PDJQLWXGH�PRUH�DFWLYH�WKDQ�WKH�KLJK�VSLQ�DQG�ORZ�VSLQ�)H�,,,�1��VWUXFWXUHV�DQG�WKUHH�WLPHV�
PRUH�DFWLYH�WKDQ�WKH�)H�,,�1��VWUXFWXUH��DOWKRXJK�LWV�UHODWLYH�FRQFHQWUDWLRQ�LQ�WKH�FDWDO\VWV�LV�PXFK�ORZHU�WKDQ�WKH�
)H�,,,�1��VWUXFWXUHV��7KLV�ZRUN�KDV�GHPRQVWUDWHG�WKDW�WKH�0|VVEDXHU�VSHFWURVFRS\�LV�D�SRZHUIXO�WHFKQLTXH�IRU�
GHWHUPLQLQJ�WKH�VWUXFWXUH�RI�)H�1�&�6$&V�
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Learning from Precision Evaluation Studies and Learning
about Hyperfine Interactions
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1 - Department of Electrical Energy, Metals, Mechanical Constructions and Systems, 
Ghent University, Belgium

2 - Center for Molecular Modeling, Ghent University, Belgium
stefaan.cottenier@ugent.be

In this talk, I will discuss two separate topics that do relate to Mössbauer spectroscopy.
Within the electronic structure community, many computer codes are available to do density functional 

WKHRU\��')7��FDOFXODWLRQV�±�VD\����RU�PRUH��$OO�FRGHV�SHUIRUP�WKH�VDPH�EDVLF�WDVNV��SOXV�VRPH�VSHFLDOWLHV�VSHFLILF�
for every individual code. They have been programmed independently over decades, and they have large user 
communities behind them. Do all of these codes make identical predictions? Does some have important bugs? In 
VKRUW��ZKLFK�RQH�LV�WKH�µEHVW¶"�$�IHZ�\HDUV�DJR��D�WHDP�RI����UHVHDUFKHUV�VHW�RXW�WR�DQVZHU�WKHVH�TXHVWLRQV�>�@�

The preceding paragraph describes a situation that is not unfamiliar to the Mössbauer community: there are 
many different codes available to fit/analyze Mössbauer spectra. They have grown over decades, they have their 
own user base, and the basic tasks they perform are the same for every code. Which one is the ‘best’, and how do 
you even define ‘best’?

I will tell you the story about how the electronic structure community succeeded to make a thorough 
DVVHVVPHQW�RI�WKH�SUHFLVLRQ�RI�LWV�FRGHV��LQ�D�SRVLWLYH�ZD\�WKDW�SXVKHG�WKH�FRPPXQLW\�IRUZDUG��$QG�,�ZLOO�UHIOHFW�
with you on how such an approach could be applied to the fitting codes of the Mössbauer community.

$�VHFRQG�WRSLF�GHDOV�ZLWK�WKH�TXHVWLRQ��KRZ�GR�ZH�HGXFDWH�QHZ�JHQHUDWLRQV�RI�VWXGHQWV�UHVHDUFKHUV�DERXW�
hyperfine interactions and the experimental methods based thereupon? In particular, how do we do this in a world 
in which few universities have the human resources to offer dedicated courses about these topics to students? I 
will introduce you to www.hyperfinecourse.org, a fully online course on hyperfine interactions and related 
methods, including Mössbauer spectroscopy. It can be used for self-paced individual study, or within a class 
context (flipped classroom / blended learning).
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Charge, Orbital and Spin Orderings in Perovskite-like Manganites:
Probe Mössbauer Diagnostics
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We summarize the results of study of hyperfine interactions of 57)H� SUREH� DWRPV� LQ� WZR� IDPLOLHV� RI�
perovskite-like manganites: AMnO3 (A� �%L��7O��DQG�AMn7O12 (A� �%L��&D��6U��&G��3E���0RVW�RI�WKHVH�FRPSRXQGV�
ZHUH�REWDLQHG�XVLQJ�WKH�KLJK�SUHVVXUH�KLJK�WHPSHUDWXUH��+3�+7��V\QWKHVLV�IRU�WKH�ILUVW�WLPH�>���@��57)H�SUREH�
0|VVEDXHU�VSHFWURVFRS\�ZDV�XVHG�IRU�WKH�LQYHVWLJDWLRQ�RI�WKH�HIIHFW�RI�WKH�SRODU�%L3+ ions on the local symmetry 
and magnetic ordering of the Mn3+� LRQV� LQ� WKH� IHUURPDJQHWLF� SHURYVNLWH� %L0Q23 and double perovskite 
%L0Q7O12��,Q�WKHVH�ELVPXWK�FRQWDLQLQJ�R[LGHV��D�%L3+��LQGXFHG�SRODUL]DWLRQ�LQ�FRPELQDWLRQ�ZLWK�WKH�-DKQ�7HOOHU�
�-�7��FKDUDFWHU�RI�WKH�0Q3+ cations lead to a significant distortion of the crystal lattice and the appearance of a 
whole cascade of temperature-induced structural and magnetic phase transitions. The 57)H�VSHFWUD�UHFRUGHG�LQ�WKH�
paramagnetic temperature range (T > TC, T1��ZHUH�GLVFXVVHG�VXSSRVLQJ�)H3+ probe ions to replace manganese in 
the (Mn3+O6) polyhedra. The large quadrupole splitting observed below the temperature of structural phase 
transitions C2/c ļ�C2/c��%L0Q23) and P1 ļ�I2/m ļ�I2/m(o) ļ�Im3��%L0Q7O12) can be explained by the strong 
-�7�GLVWRUWLRQ�DQG�FRRSHUDWLYH�RUELWDO�RUGHULQJ��7KH�UHGXFHG��EXW�ILQLWH�TXDGUXSROH�VSOLWWLQJ�DERYH�WKH�RUELWDO�
ordering temperature (TOO��� VKRZHG� WKDW� -�7� GLVWRUWLRQ� UHPDLQV� DIWHU� PHOWLQJ� WKH� RUELWDO� RUGHU�� 7KHRUHWLFDO�
FDOFXODWLRQV� RI� WKH� HOHFWULF� ILHOG� JUDGLHQW� �()*�� WHQVRU�� ZKLFK� ZDV� SHUIRUPHG� IRU� DOO� RI� FRPSRVLWLRQV��
GHPRQVWUDWHG�WKDW�WKH�PDMRU�FRQWULEXWLRQ�WR�WKH�()*�LV�ZHOO�FRQQHFWHG�ZLWK�GLSROH�FRPSRQHQW��ZKLFK�LV�GULYHQ�
by high values of oxygen (ĮO) and in particular cases of bismuth (Į%L) polarizability. These contributions were 
discussed in terms of ions displacements from its centrosymmetrical positions (lattice contribution) and strains 
of its electronic shells (electronic contribution). 

%\�PHDQV�RI� 57)H�SUREH�0|VVEDXHU�VSHFWURVFRS\�ZH�LQYHVWLJDWHG�GRXEOH�AMn7O12 (A = Ca, Sr, Cd, Pb) 
perovskites, where heterovalent ions Mn3+ and Mn4+ are located in octahedral oxygen surrounding with a 
different distortion degree versus their electronic structure. The detailed Mössbauer research in wide temperature 
range allowed to establish the features of R3�ļ�Im3 phase transition due to charge ordering in Mn-sublattice as 
well as the appearance of structural modulation in these oxides associated with orbital ordering.

0ऺVVEDXHU�VSHFWUD�UHFRUGHG�EHORZ�PDJQHWLF�RUGHULQJ�WHPSHUDWXUHV��T < T1) demonstrates a broadened and 
JHQHUDOO\� DV\PPHWULFDO� =HHPDQ� K\SHUILQH� VWUXFWXUH�ZKLFK� LV� FKDUDFWHULVWLF� IRU�PDJQHWLF� V\VWHPV� H[KLELWLQJ�
noncollinear space modulated spin ordering. It was shown that hyperfine field Bhf at 57)H�QXFOHL�GHPRQVWUDWHV�D�
substantial anisotropy. Different mechanisms of these anisotropy including dipole and orbital contribution were 
discussed.  

7KH�UHSRUWHG�VWXG\�ZDV�VXSSRUWHG�E\�5)%5��UHVHDUFK�SURMHFW�ʋ�������������
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Further Development of the Database of the Mössbauer Effect
Data Center
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The idea and history of the Mössbauer spectroscopy database compiled and maintained by the Mössbauer 
(IIHFW�'DWD�&HQWHU��0('&��GDWHV�EDFN�WR�WKH�����¶V�ZKHQ�WKH�VWUXFWXUH�DQG�FRQWHQW�RI�WKH�GDWDEDVH�ZDV�VKDSHG�
WKURXJK�WKH�ZRUN�DQG�LGHDV�RI�0XLU�HW�DO��>�@�DQG�6WHYHQV�HW�DO��>�@��)ROORZLQJ����\HDUV�RI�RSHUDWLRQ�LQ�$VKHYLOOH��
86$��0('&�PRYHG� WR�'DOLDQ��&KLQD�� LQ������>���@��'DWD�FROOHFWLRQ�RYHU�VHYHUDO�GHFDGHV�KDV� UHVXOWHG� LQ�D�
XQLTXH�GDWDEDVH�WKDW�FXUUHQWO\�LQFOXGHV�ELEOLRJUDSKLFDO�GHWDLOV�RI�DERYH�������0|VVEDXHU�VSHFWURVFRS\�UHODWHG�
SXEOLFDWLRQV��DORQJ�ZLWK�DERYH��������DVVRFLDWHG�GDWD�UHFRUGV��LQFRUSRUDWLQJ�DPRQJ�RWKHUV�FD��������H[SOLFLWO\�
given 57)H�0|VVEDXHU�LVRPHU�VKLIW�DQG�TXDGUXSROH�VSOLWWLQJ�GDWD�SDLUV�H[WUDFWHG�IURP�SXEOLFDWLRQV�LQ�FRQMXQFWLRQ�
ZLWK�FD��������GLIIHUHQW�DEVRUEHU�PDWHULDOV��7KH�VFRSH�RI�WKH�GDWDEDVH�LV�EHLQJ�FRQWLQXRXVO\�H[WHQGHG�E\�WKH�
Mössbauer Effect Data Center with newly added bibliographic and Mössbauer data. The database also forms the 
basis of the reference and data listing (and further associated) sections of the Mössbauer Effect Reference and 
'DWD�-RXUQDO��0(5'-���$Q�RQOLQH�YHUVLRQ�RI�WKH�GDWDEDVH�LV�DYDLODEOH�YLD�WKH�:(%�VLWH�RI�0('&�>�@��ZKLFK�
provides query access to database data on a subscription basis. In order to further enhance the added value the 
database contributes worldwide to the scientific research process with, recently a further development of the 
database was started. The way the database is stored and managed at MEDC has been renewed via the 
development of a new database management software, and the structure of different tables of the database has 
been extended by new fields such as, for example, the DOI link [6] of publications and the apparent magnetic 
field Mössbauer parameter published on the basis of spectra displaying magnetic splitting. The results achieved 
up to this point are going to be presented along with plans and upcoming steps of further development.
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Comprehensive Mössbauer- and X-Ray Spectroscopic Studies
on Reengineered Molecular Switches
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'HYHORSLQJ� OLJKW�DFWLYDWHG�IXQFWLRQDO�PROHFXOHV�KDV�EHHQ�D�PDMRU�JRDO� LQ�PROHFXODU�HQJLQHHULQJ�DV�VXFK�
systems hold the promise for solutions to many technological problems ranging from IT to sustainable 
GHYHORSPHQW��$OWKRXJK�PDMRU�DGYDQFHV�KDYH�EHHQ�UHDOL]HG�LQ�WKLV�ILHOG�UHFHQWO\��DFKLHYLQJ�VXFK�HFRQRPLF�DQG�
environment-friendly systems still seems far away. Transition metal complexes are among the most promising 
candidates because their properties can be tuned by varying the electronic and molecular structure of the ligands. 
Relevant efforts have been focused on engineering complexes of the abundant and harmless iron, particularly on 
the ubiquitous model systems with polypyridine ligands. The photophysics in these systems can be tuned from 
that of a molecular switch to that of a photosensitizer. The key to developing efficient functional molecules is to 
obtain a thorough understanding of the potential energy surfaces (PES) of the complexes, then to re-design the 
molecules to modify the relaxation pathway in a direction that is optimal for the required function. Controlled 
switching of the spin- or valence states of transition metal centers on a molecular level may give access to 
sub-picosecond time- and nanometer space regimes, surpassing existing technologies by orders of magnitude.[1]

/RZ�VSLQ�GLYDOHQW�LURQ�LRQV�FRPSOH[HG�ZLWK�WHUS\ULGLQH�OLJDQGV�DUH�YHU\�SURPLVLQJ�FDQGLGDWHV�IRU�VZLWFKDEOH�
molecular systems with properties necessary for applications: quick and efficient switching, long living excited 
states and room temperature functionality.[2-4] In order to unleash their potential, we apply theory inspired 
modifications on the coordinating ligands both with extending the terpyridine rings with electron donor or 
±DFFHSWRU�VLGH�JURXSV�RU�ZLWK�H[FKDQJLQJ�RQH�RI�WKLV�WULGHQWDWH�OLJDQGV�ZLWK�FKDUDFWHULVWLFDOO\�GLIIHUHQW�RQHV�OLNH�
cyanides while monitoring the changes with 57)H�0|VVEDXHU�DQG�KDUG�;�UD\�VSHFWURVFRSLHV�>���@�7KLV�VWUDWHJ\�
enabled the swift tuning of the potential energy surfaces and thus the switching properties shown by the novel 
molecular complexes.

References
1) 3��*�WOLFK��+�$��*RRGZLQ��6SLQ�FURVVRYHU���$Q�RYHUDOO�SHUVSHFWLYH��6SLQ�&URVVRYHU�LQ�7UDQVLWLRQ�0HWDO�&RPSRXQGV�,��7RSLFV�LQ
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Liang Deng
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Shanghai, 200032, People’s Republic of China
deng@sioc.ac.cn

The knowledge on the formation, structure, spectroscopic feature and reactivity of low-coordinate 
WUDQVLWLRQ�PHWDO� VSHFLHV� OD\V� WKH�EDVLV� IRU�PRGHUQ�RUJDQRPHWDOOLF� FKHPLVWU\��/RZ�FRRUGLQDWH� LURQ� VSHFLHV� DUH�
among the reactive intermediates attracting great attention for their unique chemical and magnetic properties. This 
SUHVHQWDWLRQ�ZLOO� LQWURGXFH�RXU�VWXGLHV�RQ�ORZ�FRRUGLQDWH�LURQ�FRPSOH[HV�ZLWK�1�KHWHURF\FOLF�FDUEHQH��1+&��
OLJDWLRQ��1+&V�DUH� IRXQG�H[FHOOHQW�DQFLOODU\� OLJDQGV� WR�VWDELOL]H� LURQ�9�� ,9�� ,,,�� ,,�� ,�����FRPSOH[HV�ZLWK� WKHLU�
coordination numbers ranging from 4 to 2. The correlation of their structure features with their 57)H�0|VVEDXHU�
data of these complexes will be discussed.
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Mössbauer Study of Iron-silicate Glass-ceramics Prepared from
Domestic Waste Slag Exhibiting Visible-light Activated

Photocatalytic Effect

S. Kubuki 1, A. Ali1, S. Ishikawa1, K. Nomura1, A.Scrimshire2, P. A. Bingham2,
S. Krehula3��0��5LVWLü3��6��0XVLü3, Z. Homonnay4, E. Kuzmann4

1 - Tokyo Metropolitan University, 1-1 Minami-Osawa, Hachi-Oji, Tokyo 1920397, JAPAN
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����5XGHU�%RVNRYLF�,QVWLWXWH��%LMHQLFLND�F������������=DJUHE��&52$7,$
����(RWYRV�/RUDQG�8QLYHUVLW\��3DVPDQ\�3��V����$��%XGDSHVW�������+81*$5<

kubuki@tmu.ac.jp

In this study, the relationship between visible-light activated catalytic effect and local structure of 
LURQ�VLOLFDWH�JODVV�SUHSDUHG�IURP�-DSDQHVH�GRPHVWLF�ZDVWH�VODJ�ZDV�LQYHVWLJDWHG�E\�,&3�2(6��;5'��89�9LV�DQG�
57)H�0|VVEDXHU�VSHFWURVFRS\��$V�D� UHVXOW�RI�HOHPHQWDO�DQDO\VLV��D�GRPHVWLF�ZDVWH�VODJ� �:6��FROOHFWHG�DW� WKH�
Tamagawa combustion plant in Tokyo was composed of SiO2 ������LQ�PDVV����&D2��������$O2O3��������)H2O3

�������� 1D22������ DQG� RWKHUV������>�@��7KH�;5'� UHFRUGHG� IRU�:6� LQGLFDWHG� WKH� KDOR� SDWWHUQ� RI� DPRUSKRXV�
structure[1]. The RT-Mössbauer spectrum of WS was composed of two paramagnetic doublets: Doublet 1 with 
WKH�LVRPHU�VKLIW�,6��RI������PP�V-1 and quadrupole splitting(QS) of 1.39 mm s-1��DQG�'RXEOHW���ZLWK�,6�RI������
mm s-1� DQG�46� RI� �����PP� V-1�� %RWK� GRXEOHWV� DUH� GXH� WR� GLVWRUWHG� )HIIO4 [1]. In order to recycle WS as a 
YLVLEOH�OLJKW� DFWLYDWHG� SKRWRFDWDO\WLF�PDWHULDO�� WKH� JODVV�FHUDPLF�ZLWK� D� FRPSRVLWLRQ� RI�:6���1D22�x)H2O3, 
:61D)Hx with 'x
�RI����ZDV�KHDW�WUHDWHG�DW�����o&�IRU�����PLQ��7KH�0|VVEDXHU�VSHFWUXP�PHDVXUHG�DW����.�
VKRZHG�D�PDJQHWLF�VH[WHW�ZLWK�,6�RI������PP�V-1 and an internal magnetic field (Hint) of 52.7 T, which is assigned 
WR�QDQRSDUWLFOHV��13V� of Į�)H2O3 in silica matrix[1]. The pseudo-first- order rate constant (k��RI��������-3 min-1 
ZDV�HVWLPDWHG�XQGHU�WKH�PHWK\OHQH�EOXH�GHFRPSRVLWLRQ�WHVW�RI�KHDW�WUHDWHG�:61D)Hx(x ����XQGHU�WKH�YLVLEOH�
OLJKW�LUUDGLDWLRQ�>�@��$�KLJKHU�k�YDOXH�RI��������-3 min-1�ZDV�UHFRUGHG�IRU�KHDW�WUHDWHG�5�:61D)H����:61D)H���
prepared from chemical reagents without impurity elements. The low-temperature Mössbauer spectrum 
LQGLFDWHG�WKH�H[LVWHQFH�RI�13V�RI�Į�)H2O3�DQG�RWKHU�LURQ�R[LGHV�VXFK�DV�&D)H2O4. More interestingly, a much 
larger k� YDOXH� RI� �����-3 min-1 for the heat-treated R-WS was recently obtained under the irradiation of 
YLVLEOH�OLJKW�E\�DGGLQJ�����0�+2O2��WKDW�LV�WKH�3KRWR�)HQWRQ�UHDFWLRQ���7KH�57�0|VVEDXHU�VSHFWUXP�RI�5�:6�
VKRZHG� RQH� SDUDPDJQHWLF� GRXEOHW�ZLWK� ,6� RI� �����PP� V-1 and QS of 1.34 mm s-1� � GXH� WR� GLVWRUWHG� )HIIIO4  
tetrahedra. On the other hand, the smaller k�YDOXH�RI������-3 min-1�DQG�WKH�ODUJHU�,6������RI�PP�V-1 due to distorted 
)HIIIO6�RFWDKHGUD�ZHUH�HVWLPDWHG�IRU�WKH�KHDW�WUHDWHG�:6��7KLV�UHVXOW�LPSOLHV�WKDW�WKH�3KRWR�)HQWRQ�UHDFWLRQ�LV�
UHODWHG� WR� WKH�FRYDOHQF\�RI� WKH�)H�2�FKHPLFDO�ERQG�� ,W� LV�FRQFOXGHG� WKDW�Į�)H2O3�13V�DQG�)HIIIO4 tetrahedra 
LQFOXGHG�LQ�WKH�VLOLFD�PDWUL[�LV�HIIHFWLYH�IRU�WKH�YLVLEOH�OLJKW�DFWLYDWHG�SKRWRFDWDO\WLF�DQG�3KRWR�)HQWRQ�UHDFWLRQV��
respectively, and that the isolation of impurity elements from domestic slag results in the increase in catalytic 
effect caused by iron.

References
1) 6��,VKLNDZD��%��.RE]L��.��6XQDNDZD��6��1HPHWK��$��/HQJ\HO��(��.X]PDQQ��=��+RPRQQD\��7��1LVKLGD��6��.XEXNL��3XUH�$SSO�
����&KHP������������������
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Synthesis and Characterization of Akaganeites Formed in Presence
of Cations and Their Use as Adsorbent of Contaminants in Water

V. Villacorta-Lozano1, K. E. García1, J.M. Greneche2, C.A. Barrero1,*

����*UXSR�GH�(VWDGR�6yOLGR��)DFXOWDG�GH�&LHQFLDV�([DFWDV�\�1DWXUDOHV��8QLYHUVLGDG�GH�$QWLRTXLD�8GH$��
0HGHOOtQ��&RORPELD�

2 - Laboratoire de Physique de l’Etat Condensé - UMR CNRS 6087, Université du Maine, Le Mans, France
cesar.barrero@udea.edu.co

This presentation consists of three parts: firstly, we critically review the different controversial models used 
to fit Mössbauer spectra of pure akaganeite in the magnetic and paramagnetic regions and also in presence of 
external magnetic field. We argue that a reasonable model to be used is that which takes explicitly into account 
the existence of four non-equivalent iron sites related to the two monoclinic iron sites in the vicinity of occupied 
or unoccupied chloride sites [1]. We used this model to determine the room temperature recoilless f-fractions in 
akaganeite [2]. Secondly, we review the different studies performed by our group on the effects of cations such 
DV�$O3+, Ti4+, Cr3+, Cu2+, Mn2+, Co2+��$V5+, Sb3+�DQG�+J2+, on the formation of akaganeite [3]. The results suggested 
WKDW�RQO\�D�VPDOO�SDUW�RU�QRQH�RI�WKH�FDWLRQV�ZHUH�LQFRUSRUDWHG�LQWR�WKH�FU\VWDOOLQH�VWUXFWXUH��$GGLWLRQDOO\��7L4+, 
Sb3+��$V5+�DQG�+J2+ are cations that drastically affects the nucleation and growth of the akaganeites, promoting 
WKH�IRUPDWLRQ�RI�QDQRSDUWLFOHV��%\�XVLQJ�WKH�ILWWLQJ�PRGHO�SURSRVHG�LQ�WKLV�ZRUN��ZH�IRXQG�WKDW�WKH�K\SHUILQH�
GDWD�DW���.�VXJJHVWHG� WKDW� WKH�)H��G�RUELWDO�SRSXODWLRQ� LV�PDLQO\�DIIHFWHG�IRU� WKRVH� LURQ� LRQV� ORFDWHG� LQ� WKH�
vicinity of unoccupied chloride sites and also in the surface. Thirdly, we review the use of akaganeite as a 
possible adsorbent of metallic contaminants in water and present some preliminary results on the kinetics of 
absorption of some metals.   

References
���&�$��%DUUHUR��.�(��*DUFtD��$�/��0RUDOHV��6��.RGMLNLDQ��-�0��*UHQHFKH��-��3K\V��&RQGHQV��0DWWHU�����������������
2) &�$��%DUUHUR�DQG�.�(��*DUFtD��-��&KHP��3K\V���������������������&�$��%DUUHUR��.�(��*DUFtD��DQG�-�&��&RD��-��3K\V��&KHP�
����6ROLGV�����������������
3) .�(��*DUFtD��&�$��%DUUHUR��$�/��0RUDOHV��-�0��*UHQHFKH��0DWHU��&KHP��3K\V������������������&�$��%DUUHUR��.�(��*DUFtD�
    $�/��0RUDOHV��DQG�-�0��*UHQHFKH��3K\VLFD�%����������������$�(��7XIR��.�(��*DUFtD��&�$��%DUUHUR�DQG�(�(��6LOHR�
    +\SHUILQH�,QWHUDFWLRQV�����������������9��9LOODFRUWD�/R]DQR��.�(��*DUFtD��-�0��*UHQHFKH��DQG�&�$��%DUUHUR��³3RVVLEOH�HYLGHQFH
    RI�DEVRUSWLRQ�RI�PHUFXU\�,,���DQWLPRQ\�,,,��DQG�DUVHQLF�9��RQ�VXUIDFH�DQG�WXQQHO�VLWHV�RI�DNDJDQHLWH�GXULQJ�LWV�QXFOHDWLRQ�DQG
����JURZWK��6XEPLWWHG�IRU�SXEOLFDWLRQ��������
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Past, Present and Future of Mössbauer Spectrometer Designs

M. Mashlan
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The state of art in Mössbauer spectrometer design is presented on the base of the thirty years experience. 
The questions connected with Doppler modulation system, gamma-ray counters, detection conversion electrons 
and x-ray, data storage systems are mention. 

Doppler modulation system included Doppler modulator (velocity transducer) and a control system 
(modulator driver) determinates the quality of an energy axis of a resonance spectrum. The most convenient and 
simple system used the linear Doppler effect was offered by R. Mössbauer and all modern spectrometers use this 
principle. The present progress of digital signal processing allows to change analog modulator drivers by digital 
control systems and consequently to have more stable parameters of spectrometer.

The choice of gamma-ray detector is primarily depended on the energy of Mössbauer transition. 
3URSRUWLRQDO�JDV�FRXQWHUV�DUH�XVHG�IRU�JDPPD�UD\V�ZLWK�ORZ�HQHUJ\�LQ�WKH������NH9�UDQJH��$V�D�JDV�DGPL[WXUH�
$U��.U��;H�ZLWK�&22�DQG�&+4�DUH�FRPPRQO\�DSSOLHG���6FLQWLOODWLRQ�GHWHFWRU�PRVW�FRPPRQO\�1D,�7O��DUH�XVHG�IRU�
low and high energy gamma rays. Semiconductor detectors have superior energy resolution are not very 
frequently used in the low energy range. Special detectors named resonance detector have selective sensitivity to 
0|VVEDXHU�JDPPD� UD\V� DQG� FRQVHTXHQWO\� WKH\�KDYH�XQLTXH� UHVROXWLRQ��1HZ�SRVVLELOLWLHV�RI�PRGLILFDWLRQ�RI�
GHWHFWRU�V\VWHPV�GLVFRYHU\�ZLWK�QHZ�PRGHUQ�VFLQWLOODWRU�DV�/D%U�&H��<$3�3U�DQG�6L307�ZKLFK�FDQ� UHSODFH�
standard photomultipliers.   

The data storage system registers the distribution of the number of events (gamma-quanta, x-ray quanta or 
electrons) transmitted through the sample or scattered by it as a function of their energy. The historically first 
method of spectra registration based on discretizing the velocity axis with fixed quantization step was used in 
spectrometers of the modulation type (modulation registration mode). The amplitude of output signal of the 
radiation detector is modulated according the real velocity of the motion between radiation source and sample, 
consequently multichannel amplitude analyzer is used for spectra accumulation. The second and most common 
method (time registration mode) uses sampling the time axis with fixed step of quantization for performance of 
a multichannel mode accumulation of Mössbauer spectra. The alternative method (time-modulation mode) of 
Mössbauer spectra registration with simultaneous sampling of the velocity signal and time scale was developed 
but it is not used across evident advantages. The progress in digital signal processing allows today to build the 
Mössbauer storage system used time-modulation mode without complication connected with past low level of 
electronic integration.



059

Young Scientist Lecture

Young Scientist Lecture



060

Young Scientist Lecture

T08Y-1

2Q�D�+\SHUILQH�,QWHUDFWLRQ�LQ�İ�)H
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In this study we discuss the advantages and disadvantages of conventional Mössbauer  spectroscopy and 
synchrotron radiation based techniques, such as synchrotron Mössbauer spectroscopy or nuclear forward 
scattering of synchrotron radiation in order to identify a small splitting in the nuclear levels of 57Fe. 

We report the evidence of a long-sought finite hyperfine interaction in hexaferrum (epsilon-Fe) by 
introducing synchrotron radiation perturbed angular correlation spectroscopy at extreme conditions. 

Our study indicates an energy splitting of about 3 neV in the nuclear levels of 57Fe at 30(1) GPa and room 
temperature. Such a splitting is predominanty related to a quadrupole interaction, though the presence of modest 
magnetic interactions cannot be fully excluded. 

This study paves the way for a systematic characterization of subtle electronic or  spin state transitions at 
extreme conditions which are otherwise inaccessible. 
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Mössbauer Spectroscopy as a Useful Method for Distinguishing
%HWZHHQ�5HDO�DQG�)DOVH�0HWHRULWHV

Bogusz P.1, Jakubowska M.1, Brzózka K.2, Oleniacz J.1��*DOD]ND�)ULHGPDQ�-�1, Duda P.1

1 - Warsaw University of Technology, Faculty of Physics, Koszykowa 75, 00-662 Warsaw, Poland
2 - University of Technology and Humanities, Faculty of Mechanical Engineering, Department of Physics, E. 

Stasieckiego 54, 26-600 Radom, Poland
patrycja.rzepecka@fizyka.pw.edu.pl

Ordinary chondrites [1] represent the most frequent group of all meteorites (about 80% of all falls). The 
Mössbauer spectra of ordinary chondrites have characteristic features and may be used for recognition between 
real and false sample of a meteorite. The Mössbauer spectrum of non-weathered ordinary chondrites is 
composed of 4 phases: 2 doublets from olivines and pyroxenes (the minerals present on Earth) and 2 sextets from 
troilite and metallic phase (these 2 are created only in cosmic conditions) [2]. In the weathered ordinary 
chondrites additional subspectra from oxides and hydroxides of iron can be found [3], [4], [5]. Our laboratory 
received a sample, which according to the sender, could represent a part of Pultusk meteorite. The Pultusk 
meteorite fell in the form of meteorite rain on January 30, 1868 in Mazowia region, fifty kilometers from Warsaw 
(Poland) near Pultusk. The abundant decline of thousands of specimens weighing from a gram to several 
kilograms allowed for the gathering of hundreds of specimens. Parts of this meteorite are still found, but false 
samples also occur. In this paper we described how one can easily distinguish the original meteorite remnants 
from the fake ones. The Mo ssbauer spectrum of an unidentified sample of a meteorite was compared with the 
spectra of two meteorites: Pultusk and Grzempach. All Mo ssbauer spectra were obtained at room temperature. 
The fitting procedure was performed using the “Full Static Hamiltonian” analysis in the Recoil program. A 
feature that indicates that the tested fragment is not the original material from Pultusk is presence of the 
subspectra typical for strong weathering process. There are no mineral phases present in the material that are 
characteristic for meteorites (e.g. kamacite and troilite). For verification of our hypothesis, the samples were sent 
to the Mo ssbauer lab in Radom without information about their origin. The results of our experimental studies 
will be discussed. 

References
���-��*Dáą]ND�)ULHGPDQ��0��:RĨQLDN��3��'XGD��3��5]HSHFND��0��-DNXERZVND��à��.DUZRZVNL��+\SHUILQH�,QWHUDFW���������������.
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3) 0��-DNXERZVND��3��5]HSHFND��3��'XGD��0��:RĨQLDN��-��*Dáą]ND�)ULHGPDQ��$FWD�6RFLHWDWLV�0HWKHRULWLFDH�3RORQRUXP�������������.
4) F.J. Berry, P.A. Bland, G. Oates, C.T. Pillinger, Hyperfine Interact., 91, 577 (1994).
5) J.M. Cadogan, L.Rebbouh, J.V.J. Mills, P.A. Bland, Hyperfine Ineract., 222 (Suppl 2),  91 (2013).
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DQMDQD�NULVKQDGDV�#RLVW�MS

Rare-earth Eu compounds represent an intriguing class of magnetic materials that provide a competing 
SOD\JURXQG� RI� .RQGR� SK\VLFV�� 5..<� H[FKDQJH� LQWHUDFWLRQV�� DQG� YDOHQFH� HYROXWLRQ�� +HUH�� ZH� H[SORUH� WKH�
evolution of antiferromagnetism under pressure via synchrotron-based Mossbauer spectroscopy. Contrary to 
previous electrical transport results, our observation provides direct evidence of a magnetic ground state at high 
pressure, continuous through a first order phase transition at 5 GPa and persisting to at least 13.6 GPa. We 
discuss this result in the framework of a potential interaction between evolution of the valence condition and an 
increase in the ordering temperature.  
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4) A. Nakamura et al., J. Phys. Soc. Jpn. 84, 124711 (2015).



063

Young Scientist Lecture

Y-4T05

Understanding the Unique Magnetic Properties of
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0D[LPH�WDUUDJR#NRIR�PSJ�GH

It was found that iron-porphyrins make very efficient and ultra-selective molecular catalysts for CO2 
reduction into CO. Understanding the mechanism of the reaction is the key to rationalize the high performance 
of thecatalyst. In this regard, understanding the electronic structure of the archetypical catalyst [Fe(TPP)]n in all 
the charge states intervening in the reaction, n = 0, -1, and -2, is the first step to build up a knowledge of the 
reactivity of this particular catalyst (TPP = tetraphenyl porphyrin).

The electronic structure of [Fe(II)(TPP)] in particular has been extensively studied for several decades. 
While consensus has been reached on its intermediate spin state S = 1, the exact nature of its electronic structure 
remains controversial to this day, due to the near- degeneracy of its orbital states, leading to its extremely 
peculiar magnetic behaviour. The study aims to assign unambiguously the electronic structure of [Fe(TPP)], 
XVLQJ�D�FRPELQDWLRQ�RI�648,'�DQG�0|VVEDXHU�VSHFWURVFRS\�XQGHU�YDULDEOH�ILHOGV�DQG�WHPSHUDWXUHV��VXSSRUWHG�
by ab- initio CASSCF calculations. Specifically, an effective Hamiltonian acting on the space of the 
near-degenerated orbital states predicted by ab-initio calculations was designed in order to understand better the 
experimental data. The effective Hamiltonian was shown to parameterize properly the magnetization data as well 
as magnetic Mössbauer spectra. Unlike the phenomenological spin-Hamiltonian, it also provides a qualitative 
understanding of the relationship between the peculiar molecular and electronic structures of the system and its 
magnetic behaviour. Finally, the shortcomings of the Spin-Hamiltonian formalism in this peculiar case have been 
analysed by comparing it with the above-mentioned perfectly functional model.

)LJXUH��� Electronic ground state of [Fe(TPP)] (left) and MöVVEDXHU� VSHFWUXP�RI� >)H�733�@�DW�����.HOYLQV�XQGHU�DQ�H[WHUQDO�
magnetic field of 1 Tesla.
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The production of ammonia from inert dinitrogen is essential for all forms of life. However, the detailed 
mechanism of N2 triple bond activation by iron surfaces in the Haber-Bosch process has remained elusive.1 
Molecular iron-potassium complexes that catalyze N2 reduction are of significant interest as they provide a direct 
means to assess the electronic-structural requirements of N–N bond cleavage within a simplified model system. 
Rodriguez et al. have reported a molecular iron complex which, when reacted with N2 in the presence of a 
potassium-based reductant, generates a tetranuclear iron bis-nitride product in which the N2 triple bond has been 
fully cleaved.2 Structures of both the precursor and the product are known from x-ray crystallography. However, 
these two end points only demonstrate that the reaction happens and provide no insight into how the N-N triple 
bond is cleaved. An intermediate along the pathway to forming the bis-nitride product, the so-called “green 
intermediate,” has been characterized by Mössbauer spectroscopy, X-ray absorption spectroscopy (XAS) and 
X-ray emission spectroscopy (XES); however, its exact nature has remained elusive. Attempts to characterize the 
green intermediate by traditional vibrational spectroscopies (including IR and resonance Raman) have thus far 
been unsuccessful.

In this study, a combination of Nuclear Resonance Vibrational Spectroscopy (NRVS) and Nuclear Forward 
Scattering (NFS) is used to try to understand how the N-N triple bond is cleaved by the iron complex. The “green 
intermediate” reaches maximum yields ~3 minutes after starting the reaction and decays fully to the bis-nitride 
product after 40 minutes. NRVS spectra were collected for the precursor and final product, as well as several 
intermediate points early in the reaction. NFS spectra obtained in parallel provided information about the amount 
of precursor and final product at each intermediate time point, which enabled deconvolution of the vibrational 
spectra and clear establishment of the NRVS features associated with the “green intermediate.” Furthermore, all 
spectra were collected with both 14N- and 15N-labelled N2. This allowed us to clearly establish the spectral 
features associated with bound N2��7KHVH�UHVXOWV�DUH�FRUUHODWHG�WR�RXU�RQ�JRLQJ�')7�FDOFXODWLRQV�RI�WKH�1596�
VSHFWUD��7KH�SUHOLPLQDU\�')7�FDOFXODWLRQV�ZHUH�YDOLGDWHG�E\�FRPSDULVRQ�WR�VHOHFWHG�PRGHO�FRPSRXQGV�

References
1) Ertl, G., Angew. Chem. Int. Ed. 2008, 47, 3524.
2) Rodriguez, M. M., Bill, E., Brennessel, W. W., Holland, P. L., Science 2011, 334, 780.
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The high temperature water gas shift reaction (1) plays a vital role in many industrial processes, including 
ammonia production and Fischer-Tropsch synthesis[1]. The industrially used chromium/copper doped iron oxide 
(Fe3O4, magnetite) catalyst has changed little since its original discovery because of its high stability and low 
material costs. However, the use of chromium, which acts as a structural stabilizer, has recently come under 
debate because of the toxicity of its 6+ oxidation state, small amounts of which can exist in the fresh catalyst[1]. 
The mechanism by which chromium stabilizes the structure is however still poorly understood. To underpin its 
exact role, a suite of chromium and chromium/copper doped iron oxide catalysts with different loadings were 
SUHSDUHG��WKRURXJKO\�FKDUDFWHULVHG�ZLWK�0|VVEDXHU�VSHFWURVFRS\��;5'��&2�735��7(0��DQG�12-physisorption, 
and subsequently tested under industrially relevant water gas shift conditions in collaboration with Johnson 
Matthey. Mössbauer spectroscopy is the preferred technique to study the bulk structure of complex iron oxides 
like magnetite, providing unprecedented details on oxidation states, local geometry, and dopant incorporation[2]. 
The Mössbauer spectra of used catalytic samples show that chromium is incorporated into the octahedral sites of 
magnetite, where isomer shift values show a decreasing trend from the bulk value of 0.67 mm s-1 as the amount 
of chromium in the sample increases. Since this bulk value is an average of Fe2+ (~1.0 mm s-1) and Fe3+ (~0.3 mm s-1) oxide 
species, a decrease is a good indication of an overall more ferric like state indicating the removal of Fe2+ from 
the octahedral sites[3]. Isomer shifts at the tetrahedral sites were unaffected by the presence of chromium showing 
the Fe2+ does not migrate there. Copper does not have a measurable effect on the bulk structure of the used 
catalyst samples in the Mössbauer spectra, indicating it could be present as copper nanoparticles as was recently 
suggested by Wachs et al.[1] A thorough XPS analysis is currently underway to confirm this. Small amounts of 
Į�)H�ZHUH�DOVR�REVHUYHG�LQ�DOO�VDPSOHV�ZLWK�QR�LQGLFDWLRQ�RI�FKURPLXP�LQIOXHQFLQJ�WKH�DPRXQW�IRUPHG��In-situ 
Mössbauer spectroscopy and NAP-XPS studies are currently underway to provide detailed analysis of the bulk 
and surface of the catalyst under working conditions.

1. CO + H22�ļ�&22 + H2

References
1) 0LQJKXL�=KX��7XOLR�&��5��5RFKD��7KRPDV�/XQNHQEHLQ��$[HO�.QRS�*HULFNH��5REHUW�6FKO|JO��,VUDHO�(��:DFKV���2016). ACS
    Catal., 7, 4455.
���.XR�/LX��$OH[DQGUH�,��5\NRY��-XQKX�:DQJ��7DR�=KDQJ���2015). Advances in Catalysis , 58 , 1.
���&��(��-RKQVRQ��-��$��-RKQVRQ��+��<��+DK��0��&ROH��6��*UD\��9��.ROHVQLFKHQNR��3��.XFKHU\DY\��*��*RORYHUGD���2016). Hyperfine
    Interact, 237: 27.
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We demonstrate hard x-ray spectroscopy with greatly improved energy resolution without narrowing the 
spectral window by adapting principles of spectrographic imaging to the hard x-ray regime. Similar to classical 
Newton's prism [1], the hard x-ray spectrograph disperses different energies of x rays in space. Then, selecting 
each energy component with a slit ensures high energy resolution, whereas measuring x-ray spectra with all 
components of a broad spectral window, keeps the intensity. This new spectroscopic approach revealed 
anomalous atomic dynamics in alpha-iron, which will be discussed.

References
1) I. Newton,Opticks, London; Royal Society (1704).
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Cage-structured compounds such as clathrates have received much attention because the thermodynamic 
properties are associated with low-lying optical phonon modes of the guest atoms in the cage-structure.  Among 
type-I clathrates, only Eu8Ga16Ge30 contains rare-earth guest atoms and exhibits a ferromagnetic order at 36 K 
[1]. The Eu atoms occupy two over-sized cages, 2a and 6d crystallographic sites, which give rise to low-lying 
optical phonon modes. Since Eu atoms contain Mössbauer isotopes, magnetism and lattice dynamics were 
reported by 151Eu conventional Mössbauer spectroscopy and nuclear resonant inelastic scattering [2, 3]: 151Eu 
Mössbauer spectroscopy observed magnetic ordering through detecting a hyperfine field at 151Eu nuclei; 151Eu 
nuclear resonant inelastic scattering observed low-lying optical phonon modes at about 5 meV.  

Recently, Onimaru and his coworkers succeeded in controlling the carrier density by changing the ratio of 
Ga and Ge atoms from the stoichiometric composition through annealing at adequate temperatures [4]. By 
substituting Ge for Si, moreover, the carrier density is increased and a chemical pressure is applied. In this work, 
we have investigated the effects of carrier doping and chemical pressure on the magnetism and lattice dynamics 
with Eu Mössbauer effect and Eu L-edge magnetic circular dichroism. We analyze how the annealing and 
substitution influence the Eu low-lying optical modes through 151Eu nuclear resonant inelastic scattering, and 
time window effects on the reported magnetic fluctuation of Eu8Ga16Ge30 [3] through 151Eu Mössbauer 
spectroscopy and Eu L-edge magnetic circular dichroism with different time windows for detecting electronic 
states.  

References
1) B. C. Sales et al., Phys. Rev. B 63, 245113 (2001).  
2) R. P. Hermann et al., Phys. Rev. Lett. 72, 174301 (2005).  
3) R. P. Hermann et al., Phys. Rev. Lett. 97, 017401 (2006).  
4) T. Onimaru et al., unpublished.  
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Li2(Li1-xFex)N is as a candidate for novel functional magnetic materials in quantum computing or 
spintronic devices [1]. We present a systematic 57Fe-Mössbauer study on highly diluted Fe centers in the 
hexagonal Li2(Li1-xFex)N lattice as a function of temperature and magnetic field applied transverse and 
longitudinal with respect to the single ion anisotropy axis. Below 30 K the Fe centers exhibit a giant magnetic 
hyperfine field of 70 T parallel to the axis of strongest electric field gradient. This observation is consistent with 
a FeI d7 charge state with unquenched orbital moment and J = 7=2. Fluctuations of the magnetic hyperfine field 
are observed between 50K and 300K and described by the Blume two-level relaxation model. From the 
temperature dependence of the fluctuation rate a single thermal activation barrier of EA = 570 K is deduced. 
Mössbauer spectroscopy studies with applied transverse magnetic fields up to 5T reveal a large increase of the 
fluctuation rate by two orders of magnitude.  Longitudinal field studies show a splitting of the fluctuation rate 
into two distinct values with increasing field strength. The experimental observations are qualitatively 
reproduced by a single-ion spin Hamiltonian analysis. It demonstrates that for dominant magnetic quantum 
tunneling relaxation processes a weak axial single-ion anisotropy D of the order of a few Kelvin can cause a two 
orders of magnitude larger energy barrier for longitudinal spin fluctuations. 

Figure Mössbauer spectroscopy on Li2(Li1-xFex)N with x=0.025 (left), temperature and field dependence of the 
deduced spin fluctuation rate (right, lines represent a phenom. fit)

References
1) A. Jesche, et al., Nature Communications 5, 3333 (2014).
2) M. Blume, Phys. Rev. 174, 351 (1968).
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The spin-crossover (SCO) phenomenon is a reversible spin switching in 3d metal ions between high-spin 
(HS) and low-spin (LS) states triggering by thermal, pressure, light, and guest molecule insertion. 57Fe 
Mössbauer spectroscopy is a very powerful tool for iron(II) SCO materials because I.S. and Q.S. parameters are 
very sensitive to iron(II) spin states. [1,2]

The Hofmann-type complex is coordination polymer with metal ion and cyanometalate. In this 
complex, the central metal ion is coordinated by cyanomethalate in the equatorial plane and pyridine 
derivative ligands in the vertical axis. [3,4] In this research We have 
synthesized two Hofmann-type novel complexes Fe(4-methylpyrimidine)2

[Ag(CN)2]2 (1Ag) and Fe(4-methylpyrimidine)2[Au(CN)2]2 (1Au). 
The magnetic susceptibility measurements have indicated the one-step 

spin transition for 1Ag and the two-step one for 1Au. These results are 
supported by Mössbauer spectra (MS) and X-ray absorption spectra (XAS). A 
comparison of the crystal structures of 1Ag and 1Au shows a difference in the 
interlayer structure in spite of the structural similarity of intralayer structure 
between 1Ag and 1Au; while 1Ag consists of the single layer structure 
without argentophilic Ag–Ag interactions, 1Au has a double layer structure 
with aurophilic Au–Au interactions. 

Figure 2 shows the temperature-dependent 57Fe MS of 1Ag. While only a 
doublet peak of HS state is observed at 295 K, 
a small doublet peak due to LS state is 
observed at 78 K. The LS–HS transition with a 
small hysteresis is observed between 120–130 
K in MS. XAS of 1Au indicates a peak shift of 
Fe K-edge but no shift for Au L3-edge, 
pointing out the origin of SCO to the Fe2+ site. 
No peak shift in Fe L-edge is observed as a 
result of the SOXIESST effect[5]. 

References
1) T. Kitazawa, T. Kawasaki, H. Shiina and M. Takahashi, Croat. Chem. Acta., 89, 111 (2016).
2) T. Kitazawa, T. Kishida, T. Kawasaki and M. Takahashi, Hyperfine Interact., 238, 1 (2017).
3) Y. Ueki, J. Okabayashi, T. Kitazawa, Chem. Lett. 46, 747 (2017).
4) T. Kosone, I. Tomori, D. Akahoshi, T. Saito and T. Kitazawa, Crystals., 8, 433 (2018).
5) A. Y. Mohamed, M. Lee, K. Kitase, T. Kitazawa, J-Y. Kim, D-Y. Cho, Crystals., 8, 433 (2018).

Fig.1 ORTEP drawing of 1Ag Fig.2 57Fe Mössbauer spectra of 1Ag
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Concerted research endeavor on the magnetic properties of series of iron(III) salicyladimine complexes by 
Hendrickson et al.1 several decades ago addressed a variety of spin-crossover curiosities, but produced only one 
complex, viz [FeIII(3-OMe-salEen)2]PF6, that exhibited an abrupt hysteretic spin transition. Recently, two other 
analogues, namely [FeIII(4-OMe-salEen)2]NO3

2 and [FeIII(5-Br-salEen)2]ClO4
3, displayed this rare magnetic 

behavior in this system. It is the paucity of iron(III) complexes with cooperative spin crossover that has spurred 
a revisit of the salicyladimine family of ferric complexes. 

We have designed and generated a diverse range of iron(III)-salicylaldimine spin-crossover materials by 
modulating the ligand properties and varying the counter ions. The spin transitions have been established using 
pertinent physical techniques such as Mössbauer spectroscopy, ESR spectroscopy, magnetic susceptibility 
measurements and single-crystal X-ray analyses. Some of the newly fabricated materials display cooperative 
spin crossover consistent with the occurrence of noncovalent intermolecular forces in the crystal lattice. We have 
also explored the redox properties of these iron(III)-phenolate complexes.

References
1) M. S. Haddad, M. W. Lynch, W. D. Federer, and D. N. Hendrickson, Inorg. Chem. 20, 123 (1981).  
2) A. Tissot, P. Fertey, R. Guillot, V. Briois, and M.-L. Boillot, Eur J. Inorg. Chem. 101 (2014).
3) A. I. Vicente, L. P. Ferreira, M. D. Carvalho, V. H. N. Rodrigues, M. M. Dirtu, Y. Garcia, M. J. Calhorda, and P. N. Martinho,
    Dalton Trans. 47, 7013 (2018).
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There is currently a huge appeal for ‘‘chemosensors’’ based on spin crossover (SCO) materials for the 
sensitive and selective detection of gas- and vapor-phase analytes. SCO materials show an intrinsic nature 
wherein the metal center is very sensitive to subtle changes driven by guest intercalation, thus resulting in 
alterations of the optical outputs. In order to design chemosensors showing an olfactory-like response, we have 
been engaged in the develop of new FeII SCO materials through the synthesis and use of bis-azole molecular 
fragment (Htt) bearing 1, 2, 4-triazole and tetrazole[1, 2]. Three mononuclear complexes: [Fe(tt)2(H2O)4] (1), 
[Fe(tt)2(H2O)4@�4H2O (2) [3] and [Fe(tt)2(H2O)4@�5H2O (3) were obtained by varying reaction conditions. The only 
difference between them is the number of solvent water molecule (Fig. 1), thus creates different sensing 
properties for methanol guest. 2 and 3 precisely detect methanol among an alcohol series. The sensing process is 
visually detectable, fatigue-resistant, highly selective, and reusable. [4]  However, the solvent free of 1 falls short 
in sensing ability. The sensing mechanism in 2 and 3 is attributed to molecular sieving effect from solvent water 
channel and subsequent spin-state change of iron centers, after a crystal-to-crystal transformation. Furthermore, 
2 and 3 was developed as a simple colorimetric sensor that can differentiate a wide range of volatile analytes, 
which was then applied to the detection of toxic gases with the help of a hierarchical cluster analysis (HCA). 
57Fe Mössbauer spectroscopy was applied to investigate the driving spin state change of the analytes in this 
Fe-azole sensor material. This approach opens up perspectives for the further development of iron materials as 
potential optical sensor arrays through colorimetric techniques.

Fig. 1 Solvent accessible voids containing waters of crystallization in (a) [Fe(tt)2(H2O)4], (b) [Fe(tt)2(H2O)4@�4H2O and 
(c) [Fe(tt)2(H2O)4@�5H2O, calculated using a 1.2 Å probe radius.
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Liver and spleen tissues contain the largest amount of ferritin, the iron storage protein, in the body. Ferritin 
molecule consists of the 24-subunit protein shell surrounding an 8 nm cavity for the iron core in the form of 
ferrihydrite (5Fe2O3×9H2O), its exact structure is remained unknown. Nevertheless, investigation of the iron 
cores in ferritin, especially in tissues, is of interest in order to understand the role of iron storage proteins in 
normal and pathological pathways. In spite of low iron content in spleen and liver tissues, in comparison with 
that in purified ferritin, we have studied spleen and liver tissues obtained from two healthy donors and from 
patients with hematological malignancies, by means of magnetization measurements and Mössbauer 
spectroscopy at various temperatures. The results obtained (see [1–4]) demonstrated some differences for normal 
and pathological spleen and liver tissues indicating variations in the iron content and in the iron core structure. 
In one case it was possible to relate the obtained results with physiopathology of disease. These investigations 
demonstrate the possibility to analyze ferritin in spleen and liver tissues with a small iron content using 
magnetization measurements and Mössbauer spectroscopy.

Acknowledgements: This work was supported by the Ministry of Science and Higher Education of the Russian 
)HGHUDWLRQ� �WKH� 3URMHFW�ʋ� ����������������� DQG� E\�$FW� ���� RI� WKH�*RYHUQPHQW� RI� WKH� 5XVVLDQ� )HGHUDWLRQ��
FRQWUDFW�ʋ����$�����������
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Mössbauer spectra linearity is a critical parameter to determine Mössbauer spectrometer accuracy.  This  
talk  will  deal  with  various  Mössbauer  spectra  linearizing  methods.  First method uses sine velocity 
waveform followed by linearization process [1]. Another method introduces additional modulation [2] based on 
the velocity error signal measured by laser vibrometer. Last evaluated method combines both of them and uses 
the velocity error signal measured by laser vibrometer as linearizing function. For purpose of linearization 
evaluation custom Mössbauer spectrometer based on [3] was constructed. Velocity driving system of the 
spectrometer is based on digital PID controller concept [4,5] deployed in FPGA chip of CompactRIO real-time 
hardware device.

The obtained data demonstrate that all evaluated methods increases the linearity of spectra in a wider 
frequency and amplitude range of a drive signal in comparison with those measured using a traditional 
measurement methods. Highest linearization effect has the method using sine velocity waveform, as generally 
harmonic movement is natural for used double loudspeaker type velocity transducers. Results show the 
possibility to use proposed linearization methods for higher velocity ranges using standard transducers and also 
shows potential to be applied in the simple control of transducers without PID regulation or in piezoelectric 
transducer applications.
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1) P. Kohout et al., Meas. Sci. Technol. 29 057001 (2018).
2) E. Kankeleit, Mössbauer effect Methodology. 47 (1965).
3) J. Pechousek et al., AIP Conf. Proc. 1489, 186 (2012).
4) P. Kohout et al., AIP Conf. Proc. 1622, 50-57 (2014).
5) J. Pechousek et al., Meas. Sci. Technol. 20 017001 (2009).
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Impact-related rocks are the product of hypervelocity, high-temperature and high-pressure processes during 
a shock event, and their properties are the clues to reconstruct the conditions during the impact and a 
comprehensive study of iron-containing minerals in impactites helps to understand the redox conditions that took 
SODFH�GXULQJ� WKH�FROOLVLRQV�RI�FRVPLF�ERGLHV�ZLWK� WKH�(DUWK��=KDPDQVKLQ� LPSDFW�FUDWHU� ������ƍ1������ƍ(�� LV�
located in Kazakhstan, 40 km southwest of the Yrghyz town. Zhamanshin structure dated at 0.9 ± 0.1 My 
(Florensky & Dabizha, 1980), has an internal diameter about 5-6 km and shows many features that make it a 
unique research object.

During May 2018 the crater site was sampled for detailed paleomagnetic research and adequate 
interpretation of these data requires investigation of iron oxidation state and it’s coordination numbers in a set of 
samples: (i) aerodynamically shaped small tektites (local name is irgizites); (ii) tagamites (local name is 
zhamanshinites); (iii) seuvites and (iv) impactites. Bulk chemical composition was studied using XRF (WDX) 
spectrometer and showing wide SiO2 and FeOtotal variation from 4.75 to 11 wt. % for iron and from 52 to 78 
wt.% for silica. Seuvites show lower SiO2 with higher FeO and the opposite is inherent for impactites. Glass 
material within all studied samples contains iron and presents highly heterogeneous structures with linear-shaped 
]RQH� HQULFKHG� LQ� LURQ��0RVW�RI� WKH� VDPSOHV� FRQWDLQ�KHPDWLWH�PDJQHWLWH� LQFOXVLRQV� DQG� LWV� DPRXQW�KLJKHVW� LQ�
seuvites. Also, iron made some silicates and phosphates presented as a rare inclusion in the glassy matrix. 

A room temperature Mossbauer spectra were obtained at IPGG RAS, Saint-Petersburg with 57Co(Rh) 
source using SM-1201 spectrometer. All samples show iron both in ferric and ferrous state and iron oxidation 
states vary from 0.04 to 0.62. Mössbauer spectra of non-magnetic glasses have a characteristic form of 
asymmetrical, broad doublets and a few samples show iron in magnetic state presented in spectra by sextets with 
,6������PP�V��46�����±�����PP�V�DQG�+HII�DERXW����7��(OHFWURQ�SDUDPDJQHWLF�UHVRQDQFH�VWXGLHV�ZHUH�GRQH�XVLQJ�
Bruker Elexsys E580 spectrometer. Room temperature EPR spectra indicate ferric iron presents in a form of 
iron-bearing inclusions and as a dissolve component in glasses. Using information about possible coordination 
numbers of ferric iron from EPR a better fitting model were chosen for Mössbauer spectra, which helps to 
HYDOXDWH�WHWUDKHGUDO�RFWDKHGUDO�FRPSRQHQWV�UDWLR�IRU�VWXGLHG�VDPSOHV�

7KH�VWXG\�ZDV�VXSSRUWHG�WKURXJK�WKH�5)%5��JUDQW�������������Ⱥ���7KH�H[SHULPHQWV�ZHUH�FDUULHG�RXW�XVLQJ�
facilities of Resource Centers of St. Petersburg University.
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The aim of this study is a complex characterization of soils from industrial areas. In the areas where 
endemic iron compounds are being enriched by industrial emissions, iron compounds transformation could be 
very complex and unpredictable.

Air pollutants are associated partially with industrial emissions. The products of these emissions are results 
of high temperature processes and are identified as particulate matter and technogenic magnetic particles. Their 
accumulation in the environment is concentrated mainly in the upper layer of the soil. The highest absorption 
occurs in the humus-organic soil layer and this process could vary depending on the geology of the studied area. 
The analysis of the mechanism determining transformation is carried out in the context of the temperature 
stability of iron-containing compounds as a result of physical and chemical transformations such as: oxidation, 
weathering, grinding, and as a function of the depth of accumulation. The obtained results in correlation with 
atmospheric conditions prevailing in a given area will allow to determine the parameters significantly affecting 
the final identified phases containing iron in the studied materials. 

The main objective of this study was identification of iron (hydro)oxides occurring in soils being under 
deposition of industrial dusts for long time period. Topsoil samples collected in the vicinity of power station, 
metallurgical and coke plants were subjected to this investigation. After standard initial preparation, samples 
were divided into granulometric fractions (ø = 0.05-0.1; 0.1-0.25 and 0.25-0.5 mm) which then underwent the 
magnetic separation using the isodynamic magnetic separator operated on different currents. 

The factors which could affect the mechanisms of iron-containing phases will be investigated by magnetic, 
morphological and mineralogical analyses (e.g. Mössbauer Spectroscopy, bulk magnetic susceptibility, X-ray 
powder diffraction, scanning electron microscopy with energy dispersive spectroscopy). 

The obtained results confirmed the occurrence of technogenic particles in soils of investigated area affected 
by industrial emissions. Results of magnetic and mineralogical analyses revealed various iron-phases in soil 
separates with a dominance of magnetite and maghemite. Correlation of obtained results with atmospheric 
conditions prevailing in a given area will allow to determine the parameters significantly affecting the final 
identified phases containing iron in the studied materials. To assess the temperature stability of iron compounds 
under specific conditions, conclusions will be used regarding significant factors affecting the change in the 
qualitative and quantitative composition of urban soils.
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FeGe with a non-centrosymmetric B20-type structure is a chiral magnet with a period of 70 nm and a Curie 
temperature of 278 K1. The magnetic vortex lattice so-called Skyrmion is formed by competition of the 
exchange, Dzyaloshinsky-Moriya interaction and the external magnetic field2,3. Recently, two-dimentional 
skymion is discovered in an FeGe thin film4, which is expected to find application to the spintronics devices5. 
However, the difference of the magnetic property between thin films and the bulk of FeGe is not clarified yet. In 
this work, we prepared FeGe films epitaxial grown on Si(111) and measured the CEMS and the nuclear resonant 
scattering (NRS) with the synchrotron radiation. 

Thin films of FeGe and 57FeGe (95%-enriched) were grown on a clean Si(111) substrate by co-evaporation 
of Fe and Ge at a substrate temperature of 780 K under a vacuum of 1x10-8 Pa. The surface structure was 
characterized by reflection high energy electron diffraction, which confirmed [1-10] of FeGe(111) is parallel to 
[11-2] of the substrate in agreement with a previous work6. X-ray diffraction shows that the lattice constant of 
the FeGe film in the direction normal to the surface is 0.457 nm, which is compressed by 2% compared to 0.4679 
nm of the bulk. The surface roughness of the film is estimated at 1.6 nm in the area of 2.5 ȝm by atomic force 
microscopy. The composition ratio of Fe and Ge is 1 and the mixing of Si in FeGe is not detected by X-ray 
photoelectron spectroscopy. The results of NRS and AC magnetic susceptibility with SQUID suggest that 
transition from a paramagnetic to chiral magnetic phase occurs at a temperature lower than 200 K. The CEMS 
VSHFWUXP�DW�URRP�WHPSHUDWXUH�VKRZV�WKDW�WKH�TXDGUXSROH�VSOLWWLQJ�DQG�LVRPHU�VKLIW�DUH������DQG�������PP�V��
UHVSHFWLYHO\��ZKLFK�DUH�GLIIHUHQW�IURP�WKH�EXON�YDOXHV�RI������DQG�������PP�V��)XUWKHUPRUH��WKH�SRODU�DQJOH�RI�
the electric field gradient is estimated at 43.7º. We discuss the 2-D Skyrmion phase on the basis of the 
dependences of CEMS on the temperature and external magnetic field and the Hall effect.
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1) B. Lebech, J. Bernhard and T. Freltoft, J. Phys.: Condens. Matter 1, 6105(1989).
2) U. K. Rößler, A. N. Bogdannov and C. Pfleiderer, Nature 442, 797 (2006).
3) S-W. Cheong and M. Mostovoy, Nat. Mat. 6, 13 (2007).
4) X. Z. Yu, N. Kanazawa, Y. Onose, K. Kimoto, W. Z. Zhang, S. Ishiwata, Y. Matsui and Y. Tokura, Nat. Mat. 10, 106 (2011).
5) S. S. P. Parkin, M. Hayashi and L. Thomas, Sci. 320, 190 (2008).
6) A. S. Ahmed, B. D. Esser, J. Rowland, D. W. McComb and R. K. Kawakami, J. Cryth. Growth 467, 38 (2017).
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Rare earth doped lead borate glasses have luminescent properties which have applications as materials for 
radiation detection and scintillation. We have studied the valence state of europium in these materials using 121Eu 
Mössbauer spectroscopy. For certain applications, either Eu2+ or Eu3+ may be preferable over the other. Our goal 
was to gain a better understanding of what variables control the amount of Eu2+ versus Eu3+ in these lead borate 
glasses, so that we can tailor these glasses for specific applications such as photostimulable X-ray storage 
phosphors or light emitting diodes. We expect that the ratio of Eu2+ to Eu3+ changes as a result of variations in the 
composition and crystallinity of the glass.
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The refractory organic pollutants have attracted much more attention in the field of wastewater treatment, 
which intrigued researchers to explore novel treatment techniques apart from the traditional advanced oxidation 
processes. Peroxymonosulfate (PMS), as a new chemical oxidant, have been studied widely during the last 
decade, based on the ability to produce strong oxidized sulfate radicals. Among all the heterogeneous catalysts 
for PMS activation, iron-based nanocomposites, specially ferrites, were important and attractive catalysts taking 
advantages of easy recovery, high efficiency, and good stability. However, further studies still needed to be 
explored on the structure variation and mechanisms in PMS catalytic activation to design more efficient 
catalysts, which promoted us to apply advanced Mössbauer spectroscopy in the characterization of iron-based 
catalysts. In our research, zinc ferrite was prepared through an extended soft chemical solution process, and 
applied in the activation of PMS for Orange II degradation under visible light, where synergistic effect among 
ferrite, PMS and visible light were proposed to significantly enhance the catalytic activity. [1] Furthermore, 
different kinds of cobalt-iron compounds (alloys, oxides, nitrides) were obtained under different calcination 
atmospheres (nitrogen, air, ammonia), which were verified by the Mössbauer spectra and XRD patterns. When 
applied in PMS activation, the obtained alloy catalyst showed the highest activity but experienced a certain 
oxidation after reaction according to the Mössbauer and XPS spectra. [2] Catalytic performances can be further 
improved via design of well-defined multi-shelled cobalt ferrite to take full advantage of active Co2+, as well as 
GHFUHDVH�WKH�SDUWLFOH�DJJUHJDWLRQ��>�@�0ऺVVEDXHU�VSHFWUD�FOHDUO\�VXJJHVWHG�WKDW�%�VLWH�&R2+ was the main active 
site, since the lower amount of B-site Fe3+, i.e. higher amount of B-site Co2+ showed higher activity in Orange II 
GHJUDGDWLRQ��,Q�DGGLWLRQ��IURP�WKH�SRLQW�YLHZ�RI�DFWLYH�VLWHV�SURWHFWLRQ�DQG�HIIHFWLYH�XWLOL]DWLRQ��\RON�VKHOO�FREDOW�
IHUULWH�PHVRSRURXV�VLOLFD��P6L22) catalyst was synthesized, which showed higher efficiency, better stability and 
recyclability than the conventional supported catalyst and naked cobalt ferrite without mSiO2 [4]. The structure 
characterization of the fresh and used iron-based catalysts and the mechanism exploration in PMS-mediated 
organics degradation processes were realized by Mössbauer spectroscopy.

References
1) K. Zhu, J. Wang, Y. Wang, C. Jin and A. S. Ganeshraja, Catal. Sci. Technol. 6, 2296 (2016).
2) K. Zhu, C. Jin, Z. Klencsár, J. Wang, Catal. Lett. 147, 1732 (2017). 
3) K. Zhu, C. Jin, C. Zhao, R. Hu, Z. Klencsár, G. A. Sundaram, D. F. Srankó, R. Ge, J. Wang, Chem. Eng. J. 359, 1537 (2019).
4) K. Zhu, C. Jin, Z. Klencsár, A. S. Ganeshraja, J. Wang, Catalysts 7, 138 (2017).
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The M-type barium hexaferrite powders doped with Titanium (Ti) BaFe12-xTixO19 with (x = 0.0, 0.2, 
0.4, 0.6, 0.8, 1.0) were prepared by sol-gel method. Proper amounts of high purity iron and barium nitrates 
(Fe(NO3)3��+2O and Ba(NO3)2), and Titanium chloride (TiCl3) were used as starting materials. Portions of the 
powders were pressed into disks and sintered at 1100 ºC for 4h. The sintered samples were characterized and 
their structural parameters were calculated using X-ray diffraction (XRD). The hyperfine interactions and its 
hyperfine parameters were investigated via Mössbauer spectroscopy (MS).

The X-ray diffraction (XRD) pattern for the undoped sample revealed a single phase of BaFe12O19, whereas 
WKH�GRSHG�VDPSOHV�VKRZHG�WKH�IRUPDWLRQ�RI�%D0�KH[DIHUULWH�SKDVH�LQ�DGGLWLRQ�WR�KHPDWLWH��Į�)H2O3), Ilmenite 
(FeTiO3) and Barium Titanium Oxide (BaTiO3) as secondary phases.The Mössbauer spectra and its hyperfine 
parameters confirmed the phase formation detected by XRD patterns.The Mössbauer spectrum for the undoped 
sample (x = 0.0) shows pure BaM hexaferrite (BaFe12O19) with its five sextet components corresponding to the 
five iron sites (4f2, 2a, 4f1, 12k and 2b) of the BaM structure.The Mössbauer spectra for all doped samples show 
WKH�SUHVHQFH�RI�%D0�KH[DIHUULWH�DV�D�PDMRU�SKDVH�DQG�RWKHU�VHFRQGDU\�SKDVHV��Į�)H2O3 represented by sextet 
component with high hyperfine field and FeTiO3 represented by  quadrupole doublet)  as impurities.The average 
particle size for the BaM phase were calculated using Scherrer formula. Structure parameters (a, c, V and  ȡx) and 
Mössbauer hyperfine parameters (Bhf  and Relative Intensity) were illustrated as function of concentration x and 
their behavior was explained. The occupancy of Ti ions were also studied.Mössbauer spectroscopy revealed that 
the substitution of Fe3+ by Ti3+ ions occured at the 4f2 and (12k+12k1) sites at (x = 0.2-0.6) concentrations, while 
it occured at the 2b and (2a+4f1)  sites at (x = 0.8,1.0).
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Co1-xNixFe2O4 (x = 0, 0.25, 0.50, 0.75, 1.00) nanopaticles were synthesized by sol-gel method. The effects 
of content and annealing temperature on the structure, magnetic properties and cation distribution were studied 
at room temperature by using X-ray diffraction, field emission scanning electron microscopy, transmission 
electron microscopy, vibrating sample magnetometer, and Mössbauer spectroscopy. With increasing the Ni2+ 

content, the lattice constant and average crystallite size of Co1-xNixFe2O4 decreased. The coercivtiy and the 
saturation magnetization increased firstly and then decreased, showing the extremum value of 976.8 Oe and 59.7 
HPX�J�DW�x = 0.25. With annealing temperature increased for 500 to 900 °C, the lattice constant and average 
crystallite size of Co0.75Ni0.25Fe2O4 increased. The coercivtiy increased firstly and then decreased, showing a 
maximum of 1549 Oe at 600 °C. And the saturation magnetization increased with increasing annealing 
temperature. The Mössbauer spectra were fitted with two Zeeman sextets, indicating that all the samples were 
completely magnetically ordered and the cation distribution was discussed.

References
1) A. Mesbahinia, M. Almasi-Kashi, A. Ghasemi, A. Ramezani, J. Magn. Magn. Mater., 473, 161 (2019).
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    Ceram Int., 44, 9194 (2018).
3) L. Wang, S.S. Li, J. Li, M. Liu, S.C. Xu, H.B. Li, , RSC Adv., 6, 12497 (2016).
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Fluorite type crystals doped with iron grown on technology [1] Mössbaer spectra were obtained in the 
temperature range of 90-550 K. This study had two objectives:

i) Determination of local Debye temperatures of impurity ions for different placement positions. 
ii) Determination of the dependence of the probability of recoilless absorbsion on the mass of the impurity 

and the mass of the atoms of the matrix. 
The oscillation of a resonant atom depends on the phonon spectrum of the lattice.This relationship occurs 

through the probability of recoilless absorption. It is determined by the local Debye temperature for a given 
crystalline position with the given atom[2]. In connection with the foregoing, changes in the normalized areas of 
the spectra of different impurity ions from temperature were analyzed. The local Debye temperature for various 
crystallographic positions were found by the method of approximation of the curve of the change in the ratio of 
the normalized areas under the partial spectrum. The obtained data of local Debye temperatures are compared 
with the temperature change of the isomeric shift and broadening of the lines of partial spectra for replacement 
and interstitial iron ions [3]. As a result of the research, it was determined that the local Debye temperature for 
replacement iron ions in CaF2 is two times higher than that of SrF2. While these matrices, the Debye temperature 
differ by 20% [4]. Perhaps we should take into account the difference in “Metal-Ligand” distances. Moreover, 
this fact confirms the temperature change of the isomeric shift.  An increased value of the local Debye 
temperature was found for the interstitial two valence iron ions in the SrF2 matrix as compared with the same ions 
in the substitution position.This is easily explained if one considers that the density of atoms is higher in the 
interstitial position in the first two coordination spheres[5].
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Metallic iron (also termed zero valent iron) nanoparticles are of particular research interest due to their high 
magnetic susceptibility and potential biomedical applications in hyperthermia treatment and magnetic resonance 
imaging. In this work, metallic iron nanoparticles were synthesized through a room temperature reduction 
reaction of FeCl3 and NaBH4�ZLWKLQ�D�ZDWHU�HWKDQRO�PL[WXUH��$�0|VVEDXHU�VSHFWURVFRS\�VWXG\�ZDV�SHUIRUPHG�DW�
ERWK�URRP�WHPSHUDWXUH�DQG���.�DQG�UHYHDOHG�WKH�V\QWKHVL]HG�QDQRSDUWLFOHV�ZHUH�D���������FRPELQDWLRQ�RI�
metallic iron and amorphous iron. After three days of air exposure, subsequent Mössbauer measurements 
showed the nanoparticles oxidized significantly. X-ray diffraction (XRD) results confirmed a mixture of metallic 
iron and amorphous iron. Transmission electron microscopy (TEM) showed that the nanoparticles were of 
spherical morphology with diameters ranging from 10-80 nm. 
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 Spin canting, an effect that leads to a different net magnetization in small particles because of a different 
orientation of the surface ions’ spins, has been observed in a variety of spinels and it is still not absolutely clear 
whether spin canting in nanometer-sized particles occurs only at the surface but also in the inner core of these 
particles [1]. In this study, high-quality spinel cobalt-nickel ferrite nanoparticles were synthesized by undergoing 
a succession of synthesis routes comprised of chemical co-precipitation, hydrothermal treatment (HT), and 
HWFKLQJ�LQ�K\GURFKORULF�DFLG��(7��RI�FRQFHQWUDWLRQ�����PROH�/��7KH�SDUWLFOH�VL]HV�RI�ERWK�WKH�+7�DQG�(7�VDPSOHV�
were approximately 40 nm. Both saturation magnetization and coercivity were found to increase remarkably 
because of etching. A Mössbauer spectroscopic study of these ferrite nanoparticles in external magnetic field of 
B = 5 T at room temperature was carried out. Both HT and ET samples showed a superparamagnetic (SP) 
component, although etching decreased its proportion. The degree of inversion in the HT sample was 0.55, while 
that for the ET sample was 0.7. Spin canting occurs in both A and B-sites in both HT and ET samples (Fig. 1). 
The A site and B site canting angles of the HT sample were respectively 19° and 23°, while canting angle of 11° 
was observed for both the A and B sites in the ET 
sample. The area of the spin-canting component is 
higher in the HT sample than in the ET sample. 
Magnetic frustration due to the reduced numbers of 
magnetic neighbors at the particle surface may be 
responsible for the spin canting. However, since the 
particle sizes are approximately the same and the 
canting does not disappear completely with the 
removal of the fine particles observed by 
transmission electron microscopy existing in the HT 
sample, this strongly suggests that the canting is not 
only a surface effect but also occurs around defects in 
the interior of the particles [2]. This was also 
investigated by considering the cation distribution of 
these particles.

References
1) J. Marx, H. Huang, K.S.M. Salih, W.R. Thiel, W. R., and V. Schünemann, Hyperfine Interactions, 237(1), 41 (2016).
2) S. Mørup, E. Brok, and C. Frandsen, Journal of Nanomaterials, 2013, 720629 (2013).

Fig. 1 High field (5 T) Mössbauer spectra of (a) HT and (b) ET 
Co-Ni ferrite nanoparticles.
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The effect of Co addition in the magnetostructural properties after combined thermomechanical treatments 
is studied in a Ni-Mn-Sn metamagnetic shape memory alloy, by X-ray diffraction, powder neutron diffraction, 
calorimetry, magnetometry and 119Sn Mössbauer spectroscopy. The milling and the post-annealing processes do 
not produce any variation of transition temperatures and atomic order in the ternary alloy. However, the induced 
microstructural distortions affect greatly the martensitic transformation [1]. With Co addition, the saturation 
magnetization of Ni50Mn37Sn13 and Ni45Mn37Sn13Co5 samples decreases upon the presence of internal stress, this 
effect is accordingly reflected at atomic level. In the Ni50Mn37Sn13, the effect of the annealing at nanoscale is 
barely observed. However, when Co is added, the hyperfine field is notoriously enhanced, and as a result, in the 
Ni45Mn37Sn13Co5 sample the annealing of the internal-stress-related singlet component becomes clearly 
observable. This result suggests that in contrast to the ternary alloy [2], in Ni45Mn37Sn13Co5 alloy, 119Sn 
Mössbauer spectroscopy could be employed to track the evolution of the martensitic transformation as a function 
of the singlet component.
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Problem  of  unambiguous  determination  of  all  components  of  the  electric  field gradient and hyperfine 
magnetic field in case of mixed hyperfine interaction was solved for the first time. Determination the hyperfine 
parameters from the Mössbauer spectrum has been widely discussed in the literature, and it is known that all 
parameters cannot be estimated from a spectrum of a texture-free sample [1]. Only three independent invariants 
and the hyperfine magnetic field [2,3] can be determined. Measurement of a single crystal with polarized 
radiation allows estimation of all parameters [3,4,5]; however, use of unpolarized radiation has not been fully 
discussed yet.

The intensity tensor components [4,5] allows construction of the velocity moments [2,6], quantities 
composed of absorption line positions and their amplitudes, accessible in the experiment. Combination of the 
first moments are proportional to the electric field gradient, while the second moment is proportional to the 
tensor product of the hyperfine magnetic field. Isomer shift is just the first moment of the texture-free absorber. 
Few measurements of single crystal absorber with different orientations of the wave vector of the radiation with 
respect to the absorber frame results in determination of all components of the hyperfine field tensors. Thus full 
separation of the electric quadrupolar and magnetic dipolar hyperfine interactions with unpolarized radiation is 
possible. Construction of dedicated holder allowing easy adjustment of the absorber. is presented.

Characteristic feature and advantage of the presented method is that one does not need to  perform any 
orientation of the single-crystal absorber. Components the electric quadrupolar and magnetic dipolar hyperfine 
can be determined in arbitrary chosen reference frame of the absorber.

Application of the presented formalism is discussed for imaging of hyperfine interactions by use of intense 
synchrotron sources of nuclear resonant radiation.

Acknowledgments: This work was partly supported by the National Science Centre under grant OPUS no 
��������%�67��������
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Monocrystalline Y3Fe5O12 (YIG) is one of the potential spintronic candidate materials with capable spin 
wave propagation in few millimeters because of its high Curie temperature (Tc = 560 K, for bulk). In YIG, [Fe2]
(Fe3){Y3}O12, Fe is in the 3+ state at a ratio of 2:3 in the octahedral site (Oh.:16a) and the tetrahedral site 
(Th:24d). In this presentation, we report a local increase of Tc of YIG due to 57Mn ion implantation. The 57Mn 
ions generated by irradiating a UC2� WDUJHW�ZLWK� D�����*H9�SURWRQ�EHDP�DW� ,62/'(�&(51�ZHUH� VHOHFWLYHO\�
excited by laser ionization and accelerated to an energy of 50 keV before implantation into a YIG sample. 57Fe 
emission Mössbauer spectra (eMS) were simultaneously acquired while implanting 57Mn+ (T��� = 1.5 min, 
fluence = 2×108 Mn+��V��DSSUR[����-4 at.%). The eMS at RT, 434, 511, 605, 704, and 798 K were measured, of 
which four selected spectra are shown in Fig.1. The spectra were analyzed by least squares fitting with two 
sextets consisting of Pseudo-Voigt peaks. The sextets with large and small internal magnetic field, Bhf, are 
attributed to Fe3+ in the Oh and the Th sites, respectively, with a corresponding intensity ratio of 2:3. The Bhf of 
both sextets decrease with increase of temperature. The average Bhf analysed by the mean-field model via 
extrapolating the measured temperature 
range estimated the Tc to be 651 K, which is 
higher than in the bulk [1]. In the Bhf 
distribution, the low Bhf components are 
found to populate more at the Oh than at the 
Th, due to the distortion of local sites by the 
ion implantation. A doublet with large QS 
observed at high temperatures is assigned to 
paramagnetic Fe3+ in the Th, and a doublet 
with small QS to paramagnetic Fe3+ in the 
Oh. These results are considered to be due 
to the quick occupation of Fe3+ in the 
distorted Th and Oh by ion implantation. 

References
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Fig. 1 57Fe eMS of YIG implanted with 57Mn at RT, 511, 605 and 704 K.
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In-beam Mössbauer spectroscopy using a short-lived nucleus 57Mn is a useful tool to study a novel reaction 
in a solid material. We have previously reported the chemical state of the 57Fe atom after ȕ-decay of 57Mn in a 
solid Ar [1]. Though sulfur hexafluoride SF6 gas is generally inert and stable, it releases F atoms by the reaction 
of highly-energetic particles [2]. In this study, the reactions induced by implantation of 57Mn into solid SF6 are 
investigated.

The heavy iron synchrotron accelerator facility (HIMAC) at the National Institute of Radiological Science 
(NIRS) was utilized to perform the experiment. The 57Mn nuclei were produced by a projectile fragmentation 
reaction of the primary beam of 58Fe ions and a target of 9Be. A parallel-plate avalanche counter (PPAC) was 
employed as a detector. A solid SF6 sample was prepared by introducing the SF6 gas through a flow controller 
onto a brass plate cooled down to 9 K using a vibration-isolated pulse-tube helium refrigerator. In-beam 
Mössbauer spectra of 57Mn implanted into solid SF6 were measured at 9 and 65 K.

The in-beam Mössbauer spectrum of 57Mn implanted into the solid SF6 at 9 K is shown in Fig. 1. The 
spectrum was fitted into a combination of a singlet (A) and a doublet (B). The species A (į� �±��������PP�V��DQG�
B (į� �±��������PP�V��ǻEq� ���������PP�V��ZHUH�DVVLJQHG�WR�
divalent iron fluoride FeF2 and trivalent iron fluoride FeF3, 
respectively. The assignments were confirmed by the density 
functional calculations. The highly charged 57Mnn+ ions 
implanted into the SF6 induced the charge transfer process from 
SF6 to 57Mnn+. The 57Fem+ cations produced by the ȕ-decay also 
oxidized surrounding SF6 molecules. While the SF6 molecule is 
stable in neutral, the ionized SF6

+ cation easily decomposes 
releasing F atoms. These processes produced FeF2 and FeF3 
trapped in the SF6 matrix. The spectrum was also measured at 
65 K, and new species FeF4 was found as well as FeF2 and FeF3. 

References
1) Y. Yamada et al., Chem. Phys. Lett. 567, 14-17 (2013). 
2) Y. Yamada et al., Chem. Lett. 746 (2000).

Figure 1. In-beam Mössbauer spectrum of 57Mn 
implanted into the solid SF6 at 9 K.
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Iron in +6 oxidation state, called ferrate(VI) (FeVIO4
2-, FeVI), is an emerging environmental-friendly 

material, which can play role in processes like oxygen generation from water, synthesis of organic molecules 
with selectivity, and treatment of water and wastewater, which are also sustainable (Fig. 1) [1,2].

Research on ferrate redox chemistry is in progress to comprehend electron-transfer and oxygen-transfer 
mechanisms to advance industrial cleaner (“greener”) technology for organic syntheses, energy storage, and 
oxidative transformation of pollutants [3,4]. The basic theme of the on-going research is to seek the involvement 
of high-valent iron intermediate species, i.e., ferrate(V) (FeVO4

3-, FeV) and ferrate(IV) (FeIVO3
2-, FeIV) in order 

to accelerate the oxidations carried out by FeVI. FeV and FeIV have much higher reactivity than that of FeVI and 
can enhance the activity of FeVI in combination of one- and two-electron reducing additives [5].

In the presentation, examples will be given to demonstrate the high oxidation capacity of FeVI by tuning its 
chemistry and efforts being made to identify the FeV and FeIV species in various reactions of environmental 
importance. Different ferrate species can be distinctly identified by Mössbauer spectroscopy (Fig. 2).

Examples will include the advances made in understanding 
the reaction using Mössbauer spectroscopy in conjunction with 
other experimental and theoretical techniques.
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1) V.K. Sharma, R. Zboril, and R.S. Varma, Acc. Chem. Res. 48, 182-191 (2015). 
2) V.K. Sharma, L. Chen, and R. Zboril, ACS Sustainable Chem. Eng. 4, 18-34 (2016). 
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4) M. Feng, C. Baum, N. Nesnas, Y. Lee, C. Huang, V.K. Sharma, Environ. Sci. Technol. 53, 2695-2704 (2019). 
5) M. Feng, C. Jinadatha, T.J. McDonald, and V.K. Sharma, Environ. Sci. Technol. 52, 1319-11327 (2018). 

Fig. 1. Ferrate species, properties, and applications

Fig. 2. Mössbauer spectra of Fe(VI), Fe(V), Fe(IV) 
and Fe(III) species formed together during 
GLVSURSRUWLRQDWLRQ� RI� IHUUDWH�,9�� LQ� D�ZDWHU�HWKDQRO�
environment. The sample was treated by rapid-freeze 
technique and spectrum measured at 100 K. 
(reproduced from [1] with the permission of the 
American Chemical Society)
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Vitrified high level nuclear wastes (HLW) are susceptible to nepheline (nominally NaAlSiO4) 
crystallization, which reduces the chemical durability of the final waste form and causes volume expansion 
which leads to cracking and hence increased surface area for leaching. Crystallization of such glasses is a 
function of the composition of starting glass-forming melt. Iron plays an important role in nuclear waste glasses, 
since it is present in a variety of concentrations which can variously affect processing as well as long-term 
corrosion behavior of such glasses. However, only a few studies have been conducted on HLW glasses with 
higher Fe concentrations. Moreover, the structural role of Fe in glasses is still not well understood because Fe 
can occur as both Fe2+ and Fe3+��FDQ�DFW�DV�QHWZRUN�PRGLILHU�DQG�RU�QHWZRUN�IRUPHU��DQG�FDQ�FOXVWHU�ZKHQ�SUHVHQW�
at elevated concentrations. Therefore, a systematic study on the role of Fe in nuclear waste glasses for nepheline 
crystallization is necessary.

We have studied simplified HLW glass compositions along the NaAlSiO4–NaFeSiO4 join to assess the 
structural behavior of iron in nepheline-based aluminosilicates as a function of Fe-Al substitution, as it is known 
that Fe substitutes for Al sites in the nepheline structure. Glasses were prepared by a standard melt-quench 
method and then isothermally heat-treated to promote crystallization. Crystallization and thermal behavior of the 
prepared samples were investigated using X-ray diffraction (XRD) and differential scanning calorimetry (DSC), 
respectively. Back-scattered electron (BSE) images were obtained by scanning electron microscopy (SEM) to 
analyze the microstructure. Furthermore, coordination and redox state of iron for the glasses and crystals were 
determined using both Mössbauer spectroscopy and wet chemistry techniques.

The results show that Fe promotes the crystallization of nepheline over its high temperature polymorph 
(carnegieite) when substituted for Al in low additions. The glass transition temperature, Tg, and crystallization 
temperature, Tc, decrease with substituting Fe for Al, while staying within the range of 500 °C <Tg< 800 °C and 
700 °C <Tc< 850 °C, respectively. BSE micrographs demonstrate that Fe oxides (i.e. hematite and magnetite) are 
present in cases even when their fractions are below the XRD detection limit. Fe redox determination 
measurements reveal that Fe2+�Ȉ)H�LV�KLJKHU�IRU�WKH�DV�TXHQFKHG�JODVVHV�ZLWK�ORZHU�)H�FRQWHQW�DW�WKH�H[SHQVH�RI�
Al (Fe2+�Ȉ)H�a�����������IRU�1D�$O0.9Fe0.1)SiO4 glass). On the other hand, for high-Fe glasses, where there is not 
adequate Al in the structure to take the glass-forming role, iron tends to oxidize to Fe3+ and behave as a glass 
former, leading to lower Fe2+�Ȉ)H��0|VVEDXHU� VSHFWUD� DOVR� LQGLFDWH� WKH�SUHVHQFH�RI�)H�PDJQHWLF�R[LGHV� �L�H��
magnetite, hematite, and maghemite) in heat-treated crystalline samples, which is consistent with the 
microstructural images.
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Delafossites have characteristic layered structure, originally observed for the mineral CuFeO2 discovered in 
Siberia in 1873. In iron-based delafossites, i.e., CuFeO2 and AgFeO2, one layer consists of the close-packed 
monovalent Cu+ or Ag+ ions and the other one is formed by edge-shared Fe3+O6 octahedra with iron cations inside 
[1]. It was shown that delafossites can form two polytypic structures, depending on the orientation of planar layer 
stacking, i.e., the rhombohedral 3R type (space group R-3m) and the hexagonal 2H type (space group P63/mmc) 
[2]. Silver ferrite AgFeO2 and cooper ferrite CuFeO2 belong to type-II multiferroic materials in which 

magnetoelectric coupling exists in the low temperature range. 
The ferroelectric polarization in this class of multiferroics is 
generated by an unusual magnetic structure, mainly by 
noncollinear spin configuration [3, 4].   

A preparation of delafossites by wet-chemical methods 
provides material as a powder of nano-crystalline grain sizes. 
Room-temperature Mössbauer spectrum of CuFeO2 or AgFeO2 
exhibits one asymmetric paramagnetic doublet with isomer 
shift value corresponding to high-spin Fe3+ ions in an octahedral 
oxygen environment. To get more information on magnetic 
properties of the nanosized delafossites we have conducted  
57Fe Mössbauer spectroscopy in external magnetic fields up to 
6 T. We found a pronounced change in the hyperfine 
interactions parameters under the influence of the applied 
magnetic field (Fig. 1). The observed effect is tentatively 
ascribed to the coexistence of the 3R and 2H polytypes in our 
samples. 
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Fig. 1 Room-temperature Mössbauer spectra of AgFeO2 delafossite in magnetic fields of 0, 3, 5, and 6 T. 
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Contamination of radioactive cesium in rice has not become the subject of great consideration in Fukushima 
8 years after the nuclear disaster at the Fukushima Daiichi Nuclear Power Plant (FDNPP). However, the 
mechanism of radioactive cesium uptake by plants is important, and the investigations have been continued since 
FDNPP accident. The effect of potassium on the absorption of radioactive cesium into rice plant has been 
revealed, however, there are some points which deviate from the correlation.1 Contaminated rice was observed 
in the rice from the paddy field in Fukushima city, which is northwest, approximately 60 km far from FDNPP. 
The situation was investigated by Subcommittee Concerning Chemical Treatment, Japanese Society of 
Radiation Safety Management in 2013.2 The transfer factor of radioactive cesium from soil to rice ear was 
different among four fields. It was shown that the grain size distribution in the soil influences the transfer factor.3 
It was also suggetsted that the fallowing of fields affected the uptake of radioactive caesium into rice in other 
fields.4�7KH�R[LGDWLYH�UHGXFWLYH�DWPRVSKHUH�LQ�WKH�ILHOG�PD\�DIIHFW�WKH�IHDWXUHV�RI�WKH�VRLOV�DQG�WKHQ�WKH�VROXELOLW\�
of potassium and radioactive cesium in the field. In the present study we investigated the effect of oxidation state 
in the four paddy fields. 

The samples were taken at Fukushima city, about 60 km northwest far from FDNPP in 2014 and 2018. The 
paddy fields are chiefly irrigated from a nearby pond and very slightly from the Abukuma River. The samples 
were taken from 4 paddy fields which are marked as A, B, C, and D. 57)H�0ऺVVEDXHU�VSHFWUD�ZHUH�PHDVXUHG�IURP�
April to July, 2015 and from April to May, 2019.

Figure 1 shows the typical 57)H�0ऺVVEDXHU�VSHFWUD�
at the velocity scale of ±14.2 mm s-1. Divalent iron, 
trivalent iron, and hematite are shown. We also 
measured the spectra at the velocity scale of ±4.4 mm s-1 
at room temperature to compare divalent and trivalent 
irons. We checked the relative area of divalent and 
trivalent irons. The relative area of divalent iron was 
slightly lower in field B compared with other fields. 
Such oxidative atmosphere may affect the features of 
the field and then reduce the elution of potassium 
affecting the absorption of radioactive cesium by plant. Fig. 1 Typical 57)H�0ऺVVEDXHU�VSHFWUXP�
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Coupling of RE and Fe magnetic moments may lead to specific magnetic structures depending on the single 
ion anisotropy of the RE element and on the local atomic configurations around Fe. 

The different cases of Fe-Gd and Fe-Dy thin films (with Dy strongly anisotropic as compared to the 
isotropic Gd) of various RE concentrations crossing the compensation point are considered. The systems are 
prepared by RF-magnetron sputtering being partially enriched in 57Fe. The morpho-structural and compositional 
characterization was realized via Grazing Incidence X-Ray Diffraction, X-Ray Reflectometry, Transmission 
Electron Microscopy and Scanning Electron Microscopy coupled with Energy Dispersive X-Ray Spectroscopy. 
Atomic local configurations and magnetic interactions were studied via Conversion Electron Mössbauer 
Spectroscopy and Superconducting Quantum Interference Device magnetometry. Magneto-optic and 
magneto-transport functionalities have been investigated by Magneto Optic Kerr Effect and Physical Properties 
Measurement facilities. Specific magneto-functionalities consisting in reversing the MOKE loops and the 
monotonous variation of the magneto-resistance curves when crossing the compensation concentration have 
been explained in direct connections to specific atomic configurations around Fe and different relaxations of the 
involved magnetic sub-lattices (of Fe and RE, respectively), as evidenced by Conversion Electron Mössbauer 
Spectroscopy. Careful ab-initio calculations via Density Functional Theory on series of compounds of different 
RE contents sustain the specific behaviour of the Fe magnetic moments and give support for the proposed 
mechanisms.
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Electromagnetic properties (permittivity and permeability) of magnetic materials are important for the 
performances of many electronic devices operating at high frequency [1]. For example, the electromagnetic 
noise suppression in the field of anti-electromagnetic interference (EMI) requires the materials having large 
magnetic losses or dielectric losses. There are two categories of magnetic materials for electromagnetic 
applications: ferromagnetic alloys and ferrimagnetic oxides. Both materials contain Fe elements with different 
working frequency scopes, which enable Mössbauer spectroscopy as a powerful tool to study the physical 
properties at the atomic level [2]. In this contribution, we will show two examples: Fe-based nanocrystalline 
alloys and spinel ferrites. 

Firstly, we will show how both the Mössbauer spectra and the dynamic permeability spectra are related and 
vary with different volume fractions of ferromagnetic phases (e.g. Fig.1): Fe(Si) phase, Fe-based amorphous 
matrix phase and Fe-B phases under different annealing temperatures and time within the primary and secondary 
nanocrystalline temperature ranges. Our results show that Mössbauer spectra can tell us something new which 
cannot be learnt from other measurement techniques. 

Secondly, Mössbauer effect is used to explain the variation of magnetization and dynamic permeability of 
Ni-Mn-Zn spinel ferrites due to the cation substitution and distribution between ‘tetrahedral’ interstitial site and 
‘octahedral’ interstitial site, which are strongly affected by the sintering conditions [3]. According to the Snoek’s 
law, the dynamic permeability spectrum significantly depends on the saturation magnetization (Ms), 
magnetocrystalline anisotropy field (Hk). Both changes in Ms and Hk in our samples can be well explained using 
the Mössbauer effect. 

Fig.1 Mössbauer spectra of nanocomposites containing Fe(Si) nanocrystalline phase and Fe-based amorphous matrix phase. 

Acknowledgements: This work is supported by the Scientific Projects of Sichuan Province (Grant No. 
2013JQ0006). 

References
[1] M. Han, D. Liang, K. N. Rozanov, L. Deng, IEEE Trans. Magn. 49 (2013)982-985.
[2] W. Keune, Hyperfine Interactions, 204(2012)13. 
[3] A. Broese van Groenou, P. F. Bongers, A. L. Stuyts, Mater. Sci. Engin. 3(1969)317-392.



095

Contributed Lecture

C-29T06

Iron Speciation by Mössbauer Spectroscopy and Its Implications
in Various Studies on Petroleum Geosciences

Guodong Zheng*, Xiangxian Ma, Wang Xu, Wasim Sajjad, Qiaohui Fan
Lanzhou Center for Oil and Gas Resources, Institute of Geology and Geophysics, Chinese Academy of 

Sciences, 382 West Donggang Road, Lanzhou 730000, CHINA

As the fourth most enriched element in the crust and being chemically active, iron is generally significant 
to the studies of Earth sciences. Mössbauer spectroscopy is one of the reliable and valuable techniques to 
measure iron species by far and implied in various fields such as petroleum geology and geochemistry, 
particularly in the research on oil and gas generation, migration, and accumulation, the properties of petroleum 
reservoir rocks, and even the net-path for oil and gas releasing etc. In the last decade, we performed field 
investigation and laboratory experiments on the oil and gas emission from the mud volcano systems in southern 
margin of the Junggar basin and outcrops of Jurassic sandstone with or without oil seepage in the Minhe basin 
LQ�QRUWKZHVW�RI�&KLQD��DQG�DOVR�S\URO\VLV�H[SHULPHQWV�IRU�K\GURFDUERQ�JHQHUDWLRQ�ZLWK�LURQ�DQG�RU�LURQ�EHDULQJ�
components as catalyst under high pressure and temperature. All the study results are helpful and important for 
a better understanding of oil-gas-water-rocks interactions within mud volcanic systems, natural gas generation 
under critical conditions, physical properties and their variation of petroleum reservoir rocks. These research 
works with some publications indicated the suitable implication of Mössbauer spectroscopy in various studies 
on petroleum geosciences, which is significant for not only theoretical aspects but also for implications in 
petroleum industry.

Key words: iron speciation, Mössbauer spectroscopy, hydrocarbons generation, oil and gas seepage, reservoir 
rocks, mud volcano. 
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The Fe-Ni  alloys  are  known  to  have typical invar properties, which  shows  minimal thermal expansion 
coefficient at room temperature at around 36 wt% of Ni. For general use of steel materials, trace amount of 
carbon or other metallic elements is added to promote hardness or toughness for various purposes by controlling 
the doping amount and the process of heat treatment. The properties of these controlled steel materials are related 
WR� WKH�PLFURVWUXFWXUHV�RI�SUHFLSLWDWLRQ�RI�FDUELGH�DQG�RU�SDUWLDO� VWUXFWXUDO� WUDQVIRUPDWLRQ�VXFK�DV�0DUWHQVLWLF�
transformation. The Fe-Ni invar alloys can also be controlled by C doping to control not only the mechanical 
properties but also the invar properties. In the fcc Fe-Ni-C alloys, thermal expansion coefficient increases in the 
vicinity of the Curie temperature of about 180K, which is known as anti-invar property1). To understand the 
mechanism of anti- invar property, it is important to understand not only the microstructures of structural or 
component inhomogeneity but also the microstructure of magnetic property. In fact, the Mössbauer and 
small-angle neutron scattering experiments of fcc Fe-Ni-C alloys suggested the evolution of magnetic order with 
changing temperature resulted in anti-invar properties2).

In this study, the nuclear resonant small-angle scatting is attempted to an anti-invar fcc Fe- Ni-C alloy in 
order to investigate the morphology of magnetic microstructures. The nuclear resonant small-angle scattering is 
advantageous in element-specific feature to detect only Fe element. Moreover, this method is able to detect 
microstructures in the electronic states or magnetic properties corresponding to Mössbauer parameters by 
measuring delayed emission from resonant nuclei discerned by timing technique3,4). The angular profiles of the 
nuclear resonant small-angle scattering observed the evolution of the aggregation of the magnetic 
inhomogeneity in the size of a few tens of nm range as decreasing the temperature in the vicinity of the Curie 
temperature.

References
1) M. Acet, T. Schneider, H. Zähres, E. F. Wassermann, and W. Pepperhoff, J. Appl. Phys. 75, 7015 (1994).
2) V. M. Nadutov, S. G. Kosintsev, Ye. O. Svystunov, V. M. Garamus, R. Willumeit, H. Eckerlebe, T. Ericsson, and H. Annersten,
    J. Magn. Magn. Mater. 323, 2786 (2011).
3) Yu. V. Shvyd’ko, A. I. Chumakov, A. Q. R. Baron, E. Gerdau, R. Rüffer, A. Bernhard, and J.Metge, Phys. Rev. B 54, 14942 (1996).
4) S. Kitao, M. Kurokuzu, Y. Kobayashi, M. Seto, Y. Yoda, and S. Kishimoto, AIP Conf. Proc. 2054, 050013 (2019).
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Nanoglasses are metallic nanomaterials with nano-sized regions with a glassy structure. In these materials 
adjacent glassy nano-sized regions are joined together by interfaces. An enhanced free volume characterizes the 
atomic structure of these interfaces. The interfacial thickness is in order of a few interatomic spacing i. e. 
typically 1 nm or less. Nanoglasses are produced by evaporating glass-forming metallic materials in an inert gas 
atmosphere so that glassy droplets with a diameter of few (e.g. 2 or 3) nanometers are formed. These droplets are 
subsequently consolidated at pressure of up to 3 Gpa in ultra high vacuum. The resulting material is called a 
nanoglass. So far, nanoglasses have been prepared for a variety of chemical compositions (Fe-Si, Au-La, La-Si, 
Ni-Ti, Ti-P, NiPdP, Fe-Sc). The results of structural studies performed by WAXS, SAXS, Mössbauer 
spectroscopy, DSC, TEM (on the experimental side) and MD (on the theoretical side) show very interesting 
electronic and magnetic properties.

The aim of present investigation is to extend the knowledge and understanding of the magnetic properties 
of metallic nanoglasses, particularly the magnetic features of the interfacial regions. It will be demonstrated that 
the structural arrangement of atoms in the interfacial regions causes an unprecedented magnetic behaviour. The 
magnetic properties of Sc and Fe based nanoglass have been determined by Mössbauer and magnetisation study 
RYHU�WKH�WHPSHUDWXUH�UDQJH�����.�WR�����.�DQG�LQ�PDJQHWLF�ILHOGV�RI�����%ex�����7��7KH�DLP�RI�WKH�SUHVHQW�VWXG\�
is the detection and physical interpretation of the unexpected magnetic behaviour exhibited by nanoglass. 

Analysis of magnetisation data based on mean field theory has shown that nanoglass consist of magnetic 
clusters with extremely high magnetic internal magnetic fields.  The Pauli paramagnetic state has now been 
observed in the interfacial regions. The occurrence of Pauli paramagnetism is the decisive feature that indicates 
that the atomistic structure as well as electronic arrangement of atoms at the interface regions of nanoglass is 
different from amorphous alloys free of interfaces. In other words, the atomic arrangement of the interface is a 
novel class of structure. 

It will be shown that conduction electrons of nanoglass are tending to exhibit more wave character, which 
is in agreement with the wave-particle duality states. The consequence of the wave character on magnetic 
hyperfine field will be discussed in details. 



098

Contributed Lecture

T08C-32

 Picosecond Dynamics of Optically Excited Solids by Time-resolved
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Time-resolved pump-probe studies can provide insights into the dynamics and mechanism of light-driven 
phase transitions [1]. Nuclear inelastic scattering (NIS) is not bound by optical selection rules and provides the 
phonon density of states (pDOS) specific to Mössbauer-active nuclei, at the instant the resonant gamma photon 
is absorbed. Despite the suitability of NIS [2, 3], picosecond time-resolved optical pump-NIS probe (tr-NIS) 
studies are not yet reported. We developed a tr-NIS experimental setup (see figure 1) with a time resolution of 
100 ps at the beamline P01, PETRA III, DESY, Hamburg. It has been used to investigate the dynamics following 
the excitation of a 3 �m thick Fe foil and a Fe (II) spin crossover (SCO) complexes by 250 fs laser pulses of 
wavelength 515 nm. In figure 2, the timing scheme deployed is depicted. The laser source was triggered in a way 
to obtain laser pulses only at every 4th synchrotron radiation (SR) pulse. By performing NIS using only the SR 
pulse accompanied by the laser pulses, we have excess to the optically excited states. Upon laser excitation, in 
the case of the SCO complexes, we observe a sub-nanosecond spin-state transition. Aided by DFT calculations 
we identify the vibrational modes that help in the co-operative propagation of spin transition to regions of the 
SCO complex, which are not directly excited by the laser pulses. In addition, for iron we have obtained the time 
dependent variation of the thermodynamic parameters like e.g. the vibrational entropy and the mean force 
constant by evaluation of the time dependent pDOS.

Figure 1. A schematic of the optical pump – NRS probe 
experiment

Figure 2. Timing scheme for simultaneous measurement of 
the excited and the ground state in the optical pump-NRS 
probe experiments
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With the contemporary evolution of the research fields of spintronics, molecular electronics and quantum 
computing, single-molecule magnets (SMMs) arouse an immense amount of interest due to their intriguing 
magnetic and quantum properties combined on a nanoscale entity [1]. Lanthanide-based compounds and 
especially Dy-containing ones are among the best high-performance SMMs, characterized by long relaxation 
times of the magnetization reversal and high blocking temperatures [2]. For the currently required thorough 
characterization and understanding of these molecular materials, 161Dy time-domain Mössbauer spectroscopy, 
also known as Nuclear Forward Scattering, was recently shown by us to serve as an ideal method, yielding 
complementary information to conventionally applied magnetization measurement techniques [3]. 

Herein, we present the results of a 161Dy time-domain Mössbauer spectroscopy study carried out on 
polynuclear Dy6-based wheel compounds showing special features of single-molecule toroics (SMTs). SMTs 
exhibit a toroidal arrangement of magnetic moments and can be manipulated by external electric and magnetic 
fields or by current [4]. We report the Dy magnetic hyperfine fields of the Dy6-ring-system [Dy6(teaH)6

(NO3)6@��0H2+�>�@�DQG�RI�LWV�VWUXFWXUDOO\�DOPRVW�LVRPRUSKRXV�FRPSRXQG�GLIIHULQJ�LQ�D�VPDOO�OLJDQG�YDULDWLRQ�
[Dy6(Me-teaH)6(NO3)6@��0H&1�>�@�
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The molecular magnetism of Np(VI) coordination compounds is an attractive and valuable research area 
similar to that of Np(V) coordination complexes[1-3]. In the present work, 4-cyanopyridine coordinated 
neptunyl(II) complex was synthesized and measured by 237Np Mössbauer spectroscopy. We now report 237Np 
Mossbauer spectrum for [NpO2(acac)2(4-cyano-py)] I (Fig.1) and the crystal structure of similar [UO2(acac)2

(4-cyano-py)] II (Fig.2). The neptunium(VI) ion in I is coordinated by six oxygen atoms and the one nitrogen 
atom of 4-cyanopyridine in the same way of the Uranium(VI) ion in II. 237Np Mössbauer spectrum of the 
neptunyl(II) complex I has been measured at 10K, .with observation for the 16 absorption lines due to the 
magnetic interactions (Fig.1). The isomer shift value obtained for I�LV����������PP�V��ZKLFK�IDOOV�LQ�WKH�UDQJH�IRU�
the Np(VI) oxidation state. The relationship between the isomer shift and Np–O bond distance of the neptunyl 
group for oxygen coordination compounds is in good agreement with the crystal structure of I. The U-O 
distances of [UO2(acac)2(4-cyano-py)] II are resonable, being associated with the 237Np Mössbauer parameters 
liked to the Np-O bond distances.Minor sites in the spectrum might coexist due to by-products.

Fig. 1 237Np Mossbauer spectrum of I Fig. 2 Crystal Structure of  II
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The effect of the phase transformation of FePO4 catalyst material from the tridymite-like (tdm) FePO4 to the 
Į�GRPDLQ��Į�)H3(P2O7)2) during the direct selective oxidation of methane to methanol was studied using oxidant 
species O2, H2O and N2O. The main reaction products were CH3OH, carbon dioxide and carbon monoxide, 
whereas formaldehyde was produced in rather minute amounts. Results showed that the single-step non-syngas 
activation of CH4 to oxygenate(s) on a solid FePO4 phase-specific catalyst was influenced by the nature of 
oxidizer used for the CH4 turnover. Fresh and activated FePO4 powder samples and their modified 
physicochemical surface and bulk properties, which affected the conversion and selectivity in the partial 
oxidation (POX) mechanism of CH4, were investigated. Temperature-programmed re-oxidation (TPRO) profiles 
indicated that the type of moieties, utilised in the procedures, determined the re-oxidizing pathway of reduced 
multiphase FePO4 system. Mössbauer spectroscopy measurements along with X-ray diffraction (XRD) 
examination of neat, hydrogenated and spent catalytic compounds, demonstrated a variation of the phosphate 
into a mixture of crystallites, which depended on operating process conditions (for example time-on-stream). 
The Mössbauer spectra revealed the change of the initial ferric orthophosphate, FePO4 (tdm), to divalent metal 
form, iron(II) pyrophosphate (Fe2P2O7); thereafter, reactivity was governed by the interaction (strength) with 
individual oxidizing agents. Fe3+ļ� )H2+ chemical redox cycle can play a key mechanistic role in tailored 
multistep design, while the advantage of iron-based heterogeneous catalysis primarily lies in being inexpensive 
and comprising non-critical raw resources. When compared to the other catalysts reported in literature, the 
FePO4-tdm phase catalysts showed in this work exhibited a high activity towards methanol i.e, 12.3 × 10-3�ȝPRO�
MeOH gcat h-1 using N2O as an oxidant. This catalyst also showed a high activity with O2 as an oxidant 
(5.3 × 10-3�ȝPRO�0H2+�JFDW�K-1). Further envisaged investigations will include continuous reactor unit 
engineering optimization.
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Electric Explosion of Metallic Ribbons in Water
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Electric explosion of wires (EEW) is a known process: with a short, high current pulse a piece of wire is 
melted and evaporated in a few millisecond. The collapse of the instantaneous plasma bulb and the solidification 
of melted and the condensation of vaporized components is also fast in the liquid cooling medium afterwards [1]. 
Analogously, thin metallic ribbons can also be subjected to EEW. In the present study EEW of certain melt 
quenched iron containing ribbons is reported. Namely, crystalline Fe50Co50, amorphous Fe45Co45Zr7B3 
(Hipermet) and Fe73.5Si15.5B7Nb3Cu1 (Finemet) were exposed to EEW. Characterization of the structure and 
crystallinity of the starting amorphous ribbons and the solidified metallic globuli formed in secondary EEW 
process provides mean to compare the speed of the two quenching processes, that of the primary cooling at the 
production of amorphous ribbon and that of during the secondary solidification in EEW. At the comparison 
further processes should also be taken into account at EEW, e.g. the composition of the metallic phase may 
change due to chemical interactions with the cooling liquid. Another phenomena, formation of metal-oxide 
core-shell structures is also common. Characterization of the original ribbons and the formed nanosized particles 
was performed with Mössbauer spectroscopy, X-ray diffractometry (XRD), scanning- and high resolution 
electron microscopy (TEM). For illustration 300 K Mössbauer spectra of Finemet alloy before and after EEW 
are shown in Fig. 1.

As the evaluation of spectra attests, the crystallinity dominates the spectrum after EEW, with sextets 
characterizing of iron sites surrounded with Si neighbours of various numbers. Further, a minor part of the 
spectrum can still be characterized with distribution of hyperfine fields. Thus, the cooling rate at the formation 
of primary amorphous ribbon was greater than at the secondary condensation in the case of the Finemet alloy. 
Further important details can also be obtained from interpretation of the XRD and TEM studies.

Figure 1. Mössbauer spectra of Finemet alloy prior (top) and after EEW (bottom)
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Mössbauer, Structural, Optical and Magnetic Studies on Ternary
Nanohybrid Mn0.4Co0.6-xCuxFe2O4 (X= 0, 0.2, 0.4, 0.6) Spinel Ferrites 
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The present work is focused on the effect of substitution of Co2+ and Cu2+ ions on the structural, 
morphological, magnetic and optical properties of nanocrystalline ternary doped ferrite nanoparticles (NPs) 
having formula Mn0.4Co0.6-xCuxFe2O4 (x= 0, 0.2, 0.4, 0.6). The NPs were synthesized using sol-gel precursor 
methodology. Ferrite NPs characterized by XRD, FT-IR and Mossbauer spectroscopy. Alteration in surface 
morphology and surface area was studied using SEM-EDX, TEM and BET analyses. XRD patterns confirmed 
WKH�IRUPDWLRQ�RI�VLQJOH�SKDVH�IHUULWH�13V��7KH�VKLIW�RI�WKLV�SHDN�WRZDUGV�KLJKHU��ș�YDOXH�RQ�GRSLQJ�RI�&R2+ and 
Cu2+ ions in MnFe2O4 confirmed that dopant ions were successfully incorporated into spinel structure. Lowering 
in lattice constant was more on doping with Cu2+ ions as compared to Co2+ ions which was in accordance to their 
ionic radii.Variations in magnetic properties were assessed by VSM analysis. Doping of Cu2+ ions in MnFe2O4 
NPs led to slight increase in magnetization, whereas doping with Co2+ ions appreciably increased the 
magnetization. The results were correlated with magnetic moment of metal ions. Maximum saturation 
magnetization value 64.98 emu/g was observed for ternary ferrite NPs having formula Mn0.4Co0.4Cu0.2Fe2O4. 
Doping of MnFe2O4 with Co2+ and Cu2+ ions enhanced surface area. The change in Mossbauer parameters 
suggested the alteration in the  environment of Fe3+ ions in presence of different divalent ions. presence of Co2+ 
ions in MnFe2O4 ferrite NPs caused distortion in tetrahedral and octahedral site as Co2+ ions prefer octahedral site 
and have larger size than Cu2+ ions which might be probable cause of distortion. Optical studies revealed 
lowering in band gap upto 2.03 eV on doping and minimum band gap was observed in Mn0.4Co0.4Cu0.2Fe2O4 NPs. 
The results confirmed the improved magnetic and optical properties of ternary doped ferrite NPs as compared to 
pristine counterparts.
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Stoichiometric or non-stoichiometric Fe2Mn-based Heusler alloys exhibit multiple crystalline structures 
and their complex magnetic properties are often attributed to different atomic arrangements [1]. Fe2MnGa is a 
challenging system based on its half-metallic L21 state, which is expected to have a high spin polarization effect, 
but, on the other hand, due to its FCC-like state found in atomic ordered state. However, the total energy 
difference between the L12 (FCC-like) and L21 crystalline structure is only a few tens of meV [1], consequently 
a chemical pressure effect, caused maybe by atomic substitution, could lead to the desired FCC to L21 structural 
transition. From magnetic viewpoint, Fe2MnGa, with L12 structure, presents TC

Mn above 300 K, while the Fe 
sublattice (TC

Fe) orders below about 300 K, and a non-collinear coupling occurs at low temperature [2]. 
Alternatively, Fe2MnAl stabilizes in L21 structures, possesses two magnetic sublattices with TC

Fe and TC
Mn 

estimated at about 160 K and 50 K, respectively, and also the Fe and Mn sublattices couple non-collinearly at 
low temperature [3]. Based on these features, we have performed a systematic experimental study to investigate 
the structural transition from FCC to L21 phase and magnetic properties changes when Ga atoms are substituted 
by Al in Fe2MnGa. X-ray diffraction data have suggested that the lattice parameter of cubic structure reduces 
with the increase of Al content, while magnetization and 57Fe Mössbauer experiments have shown changes on 
magnetic and hyperfine properties of Fe atoms (isomer shift values scale with the lattice parameter when Al 
content increases, while the magnetic hyperfine field does not reduce linearly). A supercell L21 structure was 
used in the first principle calculations, based on Density Functional Theory, to explore changes of structural and 
magnetic properties of the Al-substituted Fe2MnGa. Our results have clearly revealed the structural transition 
from FCC to L21 concomitantly with magnetic and hyperfine properties changes. More precisely, in case of 
Fe2MnAl, two Fe-species were theoretically found in the L21 structure: Fe with non-zero magnetic moments and 
one set of Fe atoms with nearly nil moments. In-field and zero-field Mössbauer experiments, recorded at 15 and 
50 K, also have suggested presence of two Fe components (1:2 ratio) with different magnetic moments. The 
magnetic moments of these two Fe-species are pointing antiparallel and at different directions relatively to the 
applied field of 8 T.

References
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2) J. R. Andrez et al., J. Alloys  Compd. 701, 366 (2017).
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Iron(III) oxides are still capturing a significant attention due to their favorable physical, chemical and other 
properties. It is well known that iron(III) oxide shows a polymorphism with existence of   four stable crystalline 
polymorphs, Į-, ȕ-, Ȗ- and İ-Fe2O3, differing significantly in their crystal structure and hence physical features. 
Among them, İ-Fe2O3 is still considered as a rare iron(III) oxide phase that is hard to synthesize in a single-phase 
nature. Moreover, due to the thermodynamic reasons, it can be stable only in the nanosized form.1 As İ-Fe2O3 
shows a high coercivity at room temperature and coupled magnetoelectric features, it is widely regarded as a 
promising material for future generation of magnetic storage media and potential spintronic devices provided 
that it can be prepared in larger amounts with a definite level of purity and its properties can be fine tuned to meet 
the requirements of a given applications.2

In this contribution, we introduce a modified method to synthesize pure İ-Fe2O3 nanoparticles and 
İ-Fe2O3nanoparticles doped by Sc, Ga and Ru atoms employing a sol-gel approach in combination with high 
temperature heat treatments.3 Various factors influencing the preparation and thus the purity of the prepared 
nanoparticles have been studied and assessed. The influence of increasing temperature of heat treatment on 
increasing amount of İ-Fe2O3 phase inside prepared samples was observed. For determination of structure and 
composition, X-ray powder diffraction, electron microscopy techniques, 57Fe Mössbauer spectroscopy, and 
magnetization measurements were used. The values of coercive field were also determined for a series of 
synthesized İ-Fe2O3-based nanoparticles. From the results achieved, we identified optimized conditions for 
preparation of pure İ-Fe2O3 (over 93 wt. %) exhibiting large coercive field. Moreover, we properly understood 
the effect of doping on the alternation of magnetic features of İ-Fe2O3 and assessed its application potential.

$FNQRZOHGJHPHQWV��The authors gratefully acknowledge the support by the Operational Programme Research, 
Development and Education – European Regional Development Fund, Project No. 
CZ.02.1.01/0.0/0.0/16_019/0000754 of the Ministry of Education, Youth and Sports of the Czech Republic, and 
student project IGA_PrF_2019_023 of Palacký University in Olomouc, Czech Republic.
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Recently a new oxypnictide Ba2Ti2Fe2As42�ZLWK�VXSHUFRQGXFWLQJ�WUDQVLWLRQ�WHPSHUDWXUH�RI�7F�§����.�ZDV�
synthesized [1]. The crystal structure of Ba2Ti2Fe2As4O can be viewed as an intergrowth of BaFe2As2 and 
BaTi2As2O containing superconducting [Fe2As2] layers and conducting [Ti2O] sheets.

We have synthesized polycrystalline samples of Ba2Ti2Fe2As4O via a solid-state reaction method [1] using 
high quality starting materials of Ba, Ti, Fe, As and TiO2. The properties of the sample were characterized using 
57Fe Mössbauer spectroscopy in transmission geometry. The spectra were measured with a maximum Doppler 
velocity of 2.55 mm/s at temperatures between 77 and 320 K.

The aim of this work was to study the properties of the Fe atoms. Mössbauer spectra of Ba2Ti2Fe2As4O 
exhibit a broadened singlet-like line, due to a small unresolved quadrupole splitting of ~0.3 mm/s. By fitting the 
VHFRQG�RUGHU�'RSSOHU�VKLIW�WR�WKH�'HE\H�PRGHO��D�UDWKHU�ORZ�'HE\H�WHPSHUDWXUH�RI�Ĭ'�§�����.�LV�REWDLQHG��7KH�
LVRPHU�VKLIW�RI�)H�ZDV�a����PP�V�UHODWLYH�WR�Į�)H��ZKLFK�LV�FRPSDWLEOH�ZLWK�H�J��LQWHUPHGLDWH�VSLQ�GLYDOHQW�)H��
In fact, BaFe2As2 impurities present in some samples produced an identical spectral component as the target 
phase. The local surrounding of the Fe is very similar to that of Ba2Ti2Fe2As4O and chemically Fe should also be 
divalent in BaFe2As2. At 77 K BaFe2As2 is magnetically split and readily separated from the main phase. To the 
best of our knowledge, there are no Mössbauer study reports on Ba2Ti2Fe2As4O in literature.
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Double-cell perovskites RBaFe2O5 (R is a rare-earth metal) become antiferromagnets below TN�§�����.��>�@�
Iron atoms of average oxidation state +2.5 are charge- and orbital ordered below Verwey-transition temperatures 
TV between 220 and 290 K, depending on R. [2] This full order is preceded by a weak premonitory ordering at 
Tp > TV. Above Tp , the Fe pairs facing each other across the pyramidal basal planes fully mix into Fe2.5+ via their 
ordered dz2 orbitals. [3] Between TV and Tp, the orbital order is less apparent, and a weak, premonitory, 
checkerboard-like order of the two Fe charges emerges. [4] 

Powder samples of GdBaFe2O5 and PrBaFe2O5 have been investigated by nuclear forward scattering (NFS) 
between 5 K and 317 K at the ID18 beamline of the European Synchrotron Radiation Facility in Grenoble. The 
three phases of charge-ordered, intermediate and valence-mixed state of each of the two perovskites have a 
distinct pattern of the NFS data. Hyperfine parameters obtained from fitting with the Motif software correspond 
to those obtained from energy-domain (ED) Mössbauer measurements. The results show that an external field of 
4 T is able to push the charge-ordered GdBaFe2O5 sample partially into the intermediate state. An unexpected 
strong decrease in the count rate of the NFS signal occurs upon heating through TV, followed by an equally 
sudden recovery of the count rate upon crossing Tp into the valence-mixed state. The decrease in the NFS count 
rate correlates with the slight broadening of the ED spectra observed in the intermediate state. Various 
mechanisms behind this count rate loss are discussed in our presentation.  
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3) J. Lindén and P. Karen, J. Solid State Chem. 183, 2703 (2010).
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The crystal structure of the triple perovskite ErBa2Fe3O8+w [1] is related to the YBa2Cu3O7 superconductor. 
Its tetragonal unit cell [1] contains trivalent iron in one octahedral and two square-pyramidal coordinations. A 
Mössbauer-spectroscopy study [2] of ErBa2Fe3O8+w revealed that the Fe3+ in the octahedral coordination has a 
surprisingly large quadrupole coupling constant of 4.3 mm/s, compared to ~0 mm/s for the square-pyramidal 
Fe3+. Due to the spherical symmetry of high-spin Fe3+, the quadrupole coupling constant is expected to depend 
mainly on contribution from the ligand coordination. However, at first sight, the ligand coordination does not 
seem to justify such a profound difference.

In this study, ErBa2Fe3O8 characterized by synchrotron X-ray powder diffraction was studied by 
conventional 57Fe Mössbauer spectroscopy in transmission geometry at temperatures between 77 K and 320 K. 
The quadrupole coupling constants have been modeled with point charges, dipolar contributions from the 
induced polarization [3] and orbital-overlap contributions [4]. Only a combined model with a significant dipolar 
contribution explains the large difference in quadrupole coupling constants. The two iron sites also exhibit a 
relatively large variation in Debye temperature.
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Energy storage technologies, especially battery systems, play a key role in the global challenge for 
sustainable energy. Current lithium-ion batteries (LIBs) have surpassed previously competitive battery types due 
to their high energy and power capability. Nevertheless, developments in the field of electric vehicles and 
portable electronics encourage bring an intensive demands for further improvement in the field of energy 
storage. 

The performance of rechargeable batteries depends on the thermodynamics and kinetics of electrochemical 
reactions in all the components (i.e., anode, cathode, electrolyte, and separator). Several strategies have been 
proposed for designing post-LIBs battery systems including the new types of materials for electrodes as silicon 
anodes, Li-metal anodes or metal oxygen systems, etc. [1]. In addition, the use of different types of transport ions 
(Mg2+, Zn2+, Ca2+, and Al3+) have been increasingly investigated [2]. Unfortunately, all these technologies suffer 
from low cyclability connected with degradation of a material or low carrier mobility due to a bigger size of 
transporting ions.

,URQ�R[LGHV��VXFK�DV�Į�)H2O3��Ȗ�)H2O3, and Fe3O4, show a potential to function as very promising anode 
PDWHULDOV�IRU�/,%V�GXH�WR�WKHLU�KLJK�WKHRUHWLFDO�FDSDFLW\��§������P$KJ-1), non-toxicity and low cost [3,4]. In this 
contribution, we review applications of 57Fe Mössbauer spectroscopy for a complex understanding of processes 
of intercalation/deintercalation of Li-ions in the iron oxides matrices, which provides both structural and 
electronic information during the electrochemical cycling. Constructions of specific electrochemical cells are 
also highlighted [5], providing 57Fe Mössbauer spectroscopy measurements in operando mode. Other techniques, 
such as X-ray powder diffraction and electron paramagnetic resonance, are also mentioned to complement 
Mössbaeur spectroscopy data on structural and electronic changes during intercalation/deintercalation.

$FNQRZOHGJHPHQWV��The authors gratefully acknowledge the support by the Operational Programme Research, 
Development and Education – European Regional Development Fund, Project No. 
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Delafossites with ABO2 structure are a relatively well-recognized group of materials. They have a unique 
pseudo-two-dimensional crystal structure, initially observed for the mineral CuFeO2, formed by two alternating 
layers. One consists of the close-packed monovalent Cu+ or Ag+ ions, and the latter comprises edge-shared FeO6 
octahedra. The delafossite structure can form two polytypes depending on the orientation of layers in stacking, 
i.e., the rhombohedral 3R type (space group R-3m) and the hexagonal 2H type (space group P63/mmc) [1]. 
Despite being analogous compounds, iron-based delafossites, i.e., AgFeO2 and CuFeO2, exhibit completely 
different magnetic behavior below Néel temperatures. CuFeO2 has multiferroic properties under an external 
magnetic field or after chemical substitution by nonmagnetic ions. Without an applied magnetic field copper 
ferrite possesses two magnetic transitions, at TN1=14K from the paramagnetic state to spin density wave phase 
and at TN2=11K to a collinear 4-sublattice antiferromagnetic phase. In the case, of AgFeO2 changes in the 
magnetic ordering are dependent on polytype, they are seen at TN1=18 K and TN2=11K for 2H and at TN1=15 and 
TN2=9K for 3R polytype, respectively. However, the appearance of the cycloidal magnetic orderings for both 
polytypes below TN2 causes the emergence of the electric polarization without conditions required for CuFeO2 
[2]. Both materials are classified as II-type multiferroics [3].

In this work, we present the results of 57Fe Mössbauer spectroscopy study of iron-based delafossites, i.e., 
AgFeO2 and CuFeO2, prepared by the hydrothermal method. The spectra were measured in a wide range of 
temperatures, including the points of both magnetic phase transitions (at TN1 and TN2), as well as at room 
temperature. Structural investigations carried by X-ray diffraction confirmed obtaining pure delafossite phases 
of AgFeO2 and CuFeO2. According to Mössbauer measurements carried out at room temperature, both materials 
were in the paramagnetic state. Below TN1 for copper ferrite as well as the silver ferrite Zeeman sextets appeared. 
In the case of CuFeO2, spectra below TN2 were fitted with one component because of collinear magnetic ordering 
whereas spectra registered in the range TN2�� T� �� TN1 required distribution of hyperfine magnetic fields. A 
completely different situation is observed in the case of AgFeO2. All patterns below TN1 are complicated and 
cannot be considered as the superposition of several Zeeman components. Hence, both regions of collinear and 
non-collinear ordering are characterized by a distribution of hyperfine magnetic field with a relatively strong 
correlation between Bhf and 2İ.
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Zinc ferrite nano-crystals were successfully synthesized from its stoichiometric metal nitrates and glycine 
mixtures, using a microwave assisted combustion method. The as prepared sample was subjected to high energy 
ball milling for different periods of time. Structural and magnetic properties have been investigated by XRD, 
FTIR, VSM and Mössbauer spectroscopy. Results revealed that the as-prepared sample is a monophase zinc 
IHUULWH�SRVVHVVHV�KLJK�FU\VWDOOLQLW\��$�PLQRU�RI�Į�)H2O3 phase is detected after milling. The average crystallite 
size of the as prepared (AP) ZnFe2O4 powders is about 27 nm. This value decreased with milling time reach to 
around 9 nm after 330 min. FTIR spectra showed two absorption bands in the zinc ferrite structure related to 
octahedral and tetrahedral sites in the range of 400–600 cm-1. The room temperature Mössbauer spectra of the 
samples are representing the coexistence of both ferrimagnetic ordering and superparamagnetic phases. The 
magnetic measurement at room temperature confirmed the ferrimagnetic behavior of the samples. The saturation 
magnetization value of the as prepared ZnFe2O4 is 47 emu/g was observed and its value decreases to 29 emu/g 
after 330 min of mill.  
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Iron phosphates demonstrate rich crystal chemistry and numerous practical applications. Many of these 
“mixed-valence” compounds, which contain iron ions in formal oxidation states of +2 and +3, are interesting 
because they can show intervalence charge transfer. These compounds have been extensively investigated due to 
interesting features in the crystal and electronic structure, despite that their magnetic properties have not been 
studied. The present work reports the results of the detailed Mössbauer study of the mixed-valence ferric-ferrous 
Fe7(PO4)6 phosphate which exhibits two magnetic phase transitions at TN1 = 45.5 K and TN2 = 16 K marked by 
sharp singularities in both specific heat Cp and magnetization M. The Fe7(PO4)6 compound was synthesized by a 
solid-state method from a stoichiometric mixture of FePO4 and Fe by annealing at 1173 K for 130 h in evacuated 
sealed quartz tubes with several intermediate grindings. Hyperfine parameters of Fe7(PO4)6 phosphate were 
examined using 57)H�0|VVEDXHU�VSHFWURVFRS\�LQ�D�ZLGH�WHPSHUDWXUH�UDQJH�������7�������.��)RXU�GLIIHUHQW�LURQ�
sites were successfully detected: two for the high-spin Fe2+ and two for Fe3+ ions. Over the entire temperature 
range, Mössbauer data confirm the valence-localized nature of the distinct Fe2+ and Fe3+ sites (at least at time 
scales on the order of 10-8 s). 

Mössbauer spectra below TN1 were analyzed by diagonalization of the full nuclear-interaction Hamiltonian. 
The substantial difference between the saturated hyperfine field (Bhf) values for the 5-fold (~ 5.0 T) and 
octahedrally (~ 10.1 T) coordinated ferrous sites was related to the symmetry of the local crystal field. It was 
shown that it is necessary to consider an additional electronic contribution to the EFG related with different 
electronic population of iron 3d-orbitals. From these observations, we have developed a crystal field model, 
which accounts for the set of observed quadrupolar and magnetic hyperfine parameters. This model shows that 
the Fe2+ ions have a well-isolated ground orbital singlet and a small single ion magnetic anisotropy. Using a 
crystal field calculation of the ferrous energy levels based on the point symmetry of the (Fe2+O5) and (Fe2+O6) 
sites, the contribution of the electron orbital current and that of the intra-atomic magnetic dipolar contribution in 
the Bhf field were estimated. The observed line broadening below the second phase transition at TN2 is 
approximated by the distribution of hyperfine fields p(Bhf) with a bimodal profile that is characteristic of 
spin-modulated magnetic systems [1, 2]. 
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In the attractive research area of the valuable iron(II and/or III) spin crossover(SCO) systems, 57Fe 
Mössbauer spectroscopy is a very powerful tool to allow very important information on developing switching 
materials because the 57Fe Mössbauer parameters such as IS and QS are very sensitive for high and low spin 
states in the Hofmann-like SCO materials[1], as well as 237Np Mössbauer measurements being a very powerful 
tool for investigating the structures and chemical 
properties of Np coordination compounds due to 
hyperfine 237Np Mössbauer parameters having 
great sensitivities to the environment around the 
Np atoms[2]. As the hot atom chemistry, the 
nuclear-decay-induced excited spin state trapping 
(NIESST) for 57Co-labelled Hofmann analogous 
complex 57Co(py)2Ni(CN)4 was recorded using the 
emission Mössbauer spectroscopic study in 
nuclear probes for obtaining the local daughter site 
information [3]. We have recently demonstrated a 
soft X-ray–induced excited spin state trapping 
(SOXEISST) effect in the Hofmann-like SCO 
coordination polymers[4]. NIESST  might be 
associated  with SOXEISST in Hofmann-like SCO 
systems.  We report 57Fe Mössbauer spectra for a 
new Hofmann-like SCO compond based on [Pt
(CN)4]2- using Ethyl Isonicotinate as shown in 
Figure 1.
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4) A.Y.Mohamed, M. Lee, K. Kitase, T. Kitazawa, J-Y. Kim, D-Y.Cho, Soft X-ray Absorption Spectroscopy Study of Spin 
    Crossover Fe-Compounds: Persistent High Spin Configurations under Soft X-ray Irradiation. Crystals 2018, 8, 433. 

Fig. 1 57Fe  Mössbauer spectra of SCO Fe(Ethyl Isonicotinate)2[Pt(CN)4]
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The RNiAl compounds with R = Rare Earth (except Eu) crystallise in the hexagonal ZrNiAl-type structure 
with the P62m (#189) space group [1] and the series exhibits frustrated magnetism, magnetocaloric behaviour 
and complex magnetic structures [2, 3]. Within this series, GdNiAl orders ferromagnetically around 60 K with 
further magnetic transitions at 30 K and 14 K being reported [4]. In addition, an abrupt change in the unit cell 
parameters at around 205 K upon cooling was reported for GdNiAl [4].  We collected X-ray and neutron powder 
diffraction patterns of GdNiAl; the Rietveld refinements of the XRD patterns revealed that the change at ~ 205 
K is actually a transition between two different forms of the ZrNiAl-type structure; with these two forms 
coexisting over a temperature range from approximately 260 K down to 130 K. The Rietveld refinement of the 
neutron diffraction patterns revealed two different commensurate magnetic contributions: (1) A ferromagnetic 
component from ~ 60 K down to 32(2) K, and (2) a mixed Ferro/Antiferro-magnetic structure below 32(2) K. In 
the present work, GdNiAl is examined using 155*G�0ऺVVEDXHU�VSHFWURVFRS\��7KH�K\SHUILQH�SDUDPHWHUV�RI�WKH�
155*G�0ऺVVEDXHU�VSHFWUD�ZHUH�REWDLQHG�RYHU�WKH�WHPSHUDWXUH�UDQJH����.�WR���.�E\�ILWWLQJ�XVLQJ�D�OHDVW�VTXDUHV�
diagonalisation of the full nuclear hyperfine Hamiltonian [5]. The temperature dependence of the Gd magnetic 
hyperfine field follows that expected for a Brillioun curve with S = 7/2, below ~ 60 K. The magnetic hyperfine 
ILHOG�DV�7ĺ��LV�UHODWLYHO\�VPDOO��Bhf (0) = 16.9(3) T.  In addition, the signs of the second-order CEF parameters 
derived across the RNiAl series from the electric field gradient of GdNiAl reproduce the preferred magnetic 
ordering directions of the R3+ moments that were reported for the RNiAl series on the basis of neutron diffraction 
and inelastic neutron scattering.
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Recently, multiferroic materials have been the subject of intensive research because of their interesting 
physical properties as well as variety of potential applications. They may exhibit magnetoelectric coupling, 
which allows controlling of magnetisation by an external electric field, or induction of electric polarisation by 
applying an external magnetic field [1]. One of the most promising and most intensively studied multiferroic is 
BiFeO3. This is a rare example of a single-phase material in which ferroelectricity and antiferromagnetic 
ordering coexist at room temperature. BiFeO3 has a rhombohedrally distorted perovskite structure and exhibits 
antiferromagnetic ordering up to the Néel temperature of TN ～643 K due to superexchange interaction of Fe3+ 
ions. Simultaneously, it shows ferroelectric ordering with the Curie temperature of TC ～1103 K [1]. The iron 
magnetic moments belonging to antiferromagnetic sublattices are slightly canted due to structural deformation 
of the perovskite cell resulting in a net ferromagnetic moment. However, a cycloidal spin structure in which the 
antiferromagnetic axis rotates through the crystal with long-range period of about 62 nm is superimposed on the 
antiferromagnetic ordering. This cycloidal spin structure leads to cancelation of macroscopic magnetization and 
inhibits observation of linear magnetoelectric coupling. Thus, many current scientific efforts tend to destroy the 
spin cycloid and to release the inherent magnetization in order to improve multiferroic properties of BiFeO3. 

This work presents investigations of magnetic properties of BiFeO3 prepared by sol-gel method and  
subjected to subsequent annealing at various temperatures. X-ray diffraction studies proved formation of 
rhombohedral BiFeO3. Scanning electron microscopy investigations enabled the observation of microstructure 
of the samples and the estimation of the mean grain size. The model assuming an angular distribution of 
hyperfine magnetic field and of quadrupole shift values was applied for Mössbauer spectra fitting [2]. Mössbauer 
investigations enabled the observation of gradual quenching of cycloidal spin order with decrease of mean grain 
size. Moreover, measurements of magnetization showed gradual appearance of hysteresis loop with decrease of 
annealing temperature revealing weak ferromagnetic behaviour of fine-grained BiFeO3. 
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Oxide semiconductors doped with dilute magnetic ions have shown an interesting magnetic behavior at 
room temperature (RT). Diluted magnetism of SnO2 doped with a several % Fe ions (including 1% 57Fe) has been 
studied by Mössbauer spectrometry1),2).  The ferromagnetism of SnO2 powders codoped with dilute Co and Fe 
ions, Mn and Fe ions, Ni and Fe ions, V and Fe ions are enhanced compared with that of single ions doped SnO2 
powders. From previous studies 3), SnO2 films codoped with double metal ions prepared by spray pyrolysis were 
characterized by 57Fe conversion electron Mössbauer spectrometry (CEMS). CEMS spectra were taken at RT 
and low temperatures by a gas-filled proportional counter4). In CEMS spectra for all samples, any magnetic 
sextets were not observed even if these SnO2 films were measured at 20K by CEMS although the broad magnetic 
components were observed together with paramagnetic components in RT Mössbauer spectra of two metals 
codoped SnO2 powders prepared by a sol-gel and thermal decomposition method. Ab initio calculations on 
supercell models of SnO2 doped with Fe species have been also studied5). These results showed that the 
configuration of substituted iron and oxygen vacancy is important for the magnetic behavior. In this study to 
confirm the phenomena, SnO2 films codoped with Co and Fe ions, Ti and Fe ions, Cu and Fe ions were prepared 
on SnO2 film/silica glass substrate heated at 400 oC by a spray pyrolysis. In RT CEMS spectra, two kinds of Fe3+ 
species were observed; one Fe3+ with IS = 0.36-0.37 mm/s and QS = 0.69-0.75 mm/s (D1) and another doublet 
with small IS and large QS (D2), which were affected by the other metal ions. At low temperatures, the 
paramagnetic doublets were more distinguished among these films. Further, low temperature CEMS spectra of 
Co and Fe codoped SnO2 film showed a broad magnetic sextet.
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We have studied the electronic state and the local surrounding of 57Fe Mössbauer probe atoms within 
iron-doped two-dimensional systems La2Li0.5Ni0.5O4 and Ag2NiO2 containing nickel atoms in unusual formal 
oxidation states “+3”. The 57Fe Mössbauer measurements have shown that in both structures iron is stabilized as 
Fe3+ in oxygen octahedral surrounding. According to calculations within the cluster configuration interaction 
method, the electronic state of nickel is dominated by the d7(Ni) configurations corresponding to the ionic 
"Ni3+-O2-" state. In the oxide La2Li0.5Ni0.5O4 with the K2NiF4 like structure and with a cationic 1/1 (Ni/Li) 
ordering, two sub-spectra were observed: the first, Fe(1), associated with Fe3+ substituted to the Li+ sites due to 
the small local crystal field energy; and the second, Fe(2), corresponding to Fe3+ substituted to Ni3+ in the (NiO6) 
sites. Drastic thermal evolution observed for the Fe(1) subspectrum has been interpreted by the spin-crossover 
between high spin 6A1 (SFe = 5/2) and  intermediate spin 4A2 (SFe = 3/2) states. The experimental spectra measured 
in the entire range 77 - 300 K were described using the stochastic two-level model based on the assumption of 
the rapid electronic relaxation between two spin states related to the iron ions in the distorted [Fe(1)O6] centers. 
The relaxation frequencies and the activation energies of the corresponding spin fluctuations were estimated 
based on 57Fe Mössbauer spectra. The results are discussed assuming a temperature-induced change in the 
electronic state of the [NiO4]5- clusters in the layered perovskite La2Li0.5Ni0.5O4.

The observed in the Ag2Ni0.99
57Fe0.01O2 spectra (T > TN) the line-area asymmetry has been interpreted by the 

texture effects, i.e., preferred orientation of platy crystalline in the plane of sample surface. It was shown that the 
structural phase transition at TS�§����.�KDV�D�ZHDN�HIIHFW�RQ�WKH�ORFDO�VWUXFWXUH�RI�WKH�57Fe probe atoms, while the 
development of the magnetic order at T < TN induces a continuous distribution of hyperfine magnetic fields Hhf 
at 57Fe nuclei. This result is explained assuming that most of the Fe3+ spins behave as free spins with a weakened 
(frustrated) exchange interactions with its nearest magnetic environment, while small cluster spin glass behavior 
is observed for smaller part of iron probe atoms.

$FNQRZOHGJHPHQWV��7KH�UHSRUWHG�VWXG\�ZDV�IXQGHG�E\�5)%5��UHVHDUFK�SURMHFW�ʋ�������������
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Perovskite-type compounds with the general formula R3+B3+O3, where R3+ = Y and La-Lu and B3+ = V, Cr, 
Mn, Fe, Co, Ni and Ni0.5Mn0.5, have been attracting a lot of attention for decades because of their interesting and 
important physical and chemical properties. In the extended family of R3+B3+O3 perovskites we can find more 
peculiarities and interesting behaviors.

Perovskites with R3+ = Tl have peculiarities because of the strong covalency of the Tl3+-O bonds. Members 
with R3+ = Bi show distinct structural and physical properties in comparison with R3+ = Y and La-Lu because of 
the lone electron pair of Bi3+ and the covalency of the Bi3+-O bonds. Sc- and In-containing chromites consist of 
“small” A-cation were for the first time investigated by Mössbauer spectroscopy in details. A partial cationic 
inverse was shown for these two compounds. Mössbauer spectra of ACr0.95

57Fe0.05O3 (A = Sc, In, Tl, Bi) recorded 
at T > TN consist of quadrupole doublets with the isomer shift corresponding to the high spin Fe3+ ions. Spectra 
analysis exhibited several crystallographic sites for Fe3+ ions within ACr0.95

57Fe0.05O3 (A = Sc, In, Bi) structures. 
The BiCr0.95

57Fe0.05O3 spectra were satisfactory described as two unbroadened quadrupole doublets with 
approximately similar areas which are in agreement with the crystal structure of the compound. To explain the 
values of the quadrupole splitting of the doublets we calculated the EFG tensor using the crystal data for undoped 
ACrO3 (A = Sc, In, Tl, Bi) chromites. Mössbauer spectra recorded at T < TN consist of hyperfine Zeeman 
structures reflecting combined electric and magnetic hyperfine interactions. The hyperfine magnetic saturation 
field Bhf(0), superexchange integral JFe-O-Cr, and the values of the Néel temperature TN were obtained from the 
temperature dependence of hyperfine parameters. A comparison of the magnetic ordering temperature values and 
the saturation hyperfine magnetic fields Bhf(0) at 57Fe in chromites ACr0.95

57Fe0.05O3 (A = Sc, In, Tl, Bi) on cos2ș  
(where ș is Cr-O-Cr angle of superexchange interactions in perovskite-like chromites) revealed a dramatic 
changes in released values which are not coincide with rare-earth chromites. Possible explanation of such 
differences is discussed.

$FNQRZOHGJHPHQWV��7KH�VWXG\�ZDV�VXSSRUWHG�E\�WKH�5XVVLDQ�)RXQGDWLRQ�IRU�%DVLF�5HVHDUFK��ʋ�������������
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EuFe2As2 has been intensively studied in a member of the FeAs-based high-temperature superconductors. 
A commensurate stripe-type anitiferromagnetic (sAFM) transition in Fe sublattice occurs at To

Fe ~190 K with a 
simultaneous strucutural change from a tetragonal I4/mmm structure to an orthorhombic Fmmm structure [1-4]. 
Furthermore, Eu2+ magnetic moments show a simple A–type antiferromagnetic order at To

Eu = 19 K [2-4]. The 
To

Fe is reduced by applied pressure or substitution and then bulk superconductivity appears at 2.5 GPa and low 
temperature, while the To

Eu gradually increases without any anomalies at 2.5 GPa [5-7]. 
We report on a nontrivial coupling between superconductivity and new antiferromagnetic order under 

pressure in EuFe2As2 by the 57Fe and 151Eu nuclear forward scattering and dc-magnetic susceptibility using single 
crystals [7]. We find a microscopic coexistence between the antiferromagnetic order in the Fe and Eu sublattices 
and superconductivity below Tsc (=25 K) at 2.7 GPa. The magnetic structure of the Fe sublattice changes from 
the sAFM one in the normal conducting state to the modified antiferromagnetic one (mAFM) in the 
superconducting state. In the mAFM state, the directions of the magnetic hyperfine fields Hhf’s at the Fe nuclei 
modulate along the c-axis and these Hhf values are identical. Furthermore, the mAFM state develops with the 
superconducting volume fraction below Tsc, indicating a strong interplay between the new antiferromagnetic 
order in the Fe sublattice and superconductivity. For the magnetism in the Eu sublattice, the A-type 
antiferromagnetic structure is maintained up to 5 GPa, although the magnetic order in the Fe sublattice is 
suppressed around 3 GPa. In this presentation, we also discuss the coupling between the itinerant Fe and the 
localized Eu2+ moments in EuFe2As2 under pressure.
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In the current work the TMxCo1-xFe2O4 (TM = Zn or Cd) nanosized compounds with average particle size of 
about 9 nm were synthesized and investigated by Mössbauer and magnetization measurements. The 
concentrations of Zn2+ or Cd2+ ions and crystallite size have significant effects on the magnetic properties. The 
57Fe Mössbauer spectral studies show ordered magnetic spin state for x�������DQG�SDUDPDJQHWLF�SKDVH�IRU�������
x�������FRPSRVLWLRQV��7KLV�FDQ�EH�H[SODLQHG�E\�WKH�ZHDNHQLQJ�RI�VXSHU�H[FKDQJH�LQWHUDFWLRQV�EHWZHHQ�WKH�57Fe 
nuclei at tetrahedral (A) and octahedral (B) sites due to the increasing contents of nonmagnetic Zn or Cd atoms. 
The Mössbauer spectra for Zn- and Cd-based compounds are closely related due to the similar electronic 
configuration of Zn2+ and Cd2+ ions. The magnetization data reveal the superparamagnetic nature of the 
compounds investigated. An increase in coercive fields from about zero at room temperature to ~3 kOe at 10 K 
due to spin freezing has been observed. The temperature dependence of magnetization show blocking 
temperatures higher than 300 K. The variations of the magnetic parameters such as saturation magnetization, 
coercive fields are discussed on the basis of Zn or Cd contents and crystallite size.



130

Poster

T01P-19

Mössbauer Study of Dilute Fe & Nb Co-doped SrTiO3

Kiyoshi Nomura1,2��6K\XKHL�<DPDNDZD2��0LNL�.DVDUL2��<X\D�.RLNH2,
$NLR�1DNDQLVKL3��6KLUR�.XEXNL1

1 - Tokyo Metro Univ., Tokyo, Japan 
2 - Meiji Univ., Kawasaki, Japan

 3 - Shiga Univ. of Med. Sci.Seta, Shiga, Japan
 dqf10204@nifty.com

A diluted magnetic oxide semiconductor doped with magnetic ions is one of the candidate materials for 
spintronics application.  The doping magnetic ions into wide band gap semiconductors such as SnO2, TiO2, and 
ZnO have been studied [1]. A homogeneous sample doped with magnetic Fe3+ and Nb5+ is expected to increase 
the magnetism and semiconductor. To clarify the relationship between its magnetization properties and the local 
chemical state of iron in SrTiO3, Sr (Ti1-x-yFexNby)O3 doped with Fe and Nb (x = 0.005, 0.01, 0.02, 0.04, 0.05, 
0.08, 0.11, y = 0.05) were characterized by 57Fe Mössbauer 
spectroscopy, XRD, and VSM. The samples were prepared by 
using a complex formation and thermal decomposition method. 
Sr, Ti, Fe and Nb standard solutions, citric acid, and ethylene 
glycol solutions were mixed in a nominal ratio, stirred at around 
90 °C, and heated at 500 °C for 2 hours. After that, the samples 
were crushed and fired at 1000 °C for 4 hours.   XRD showed that 
the crystal structure of SrTiO3 is cubic (3.907 Å ≦ a ≦ 3.917 Å). 
All Fe and Nb ions are considered to be substituted in Ti site of 
the crystal since the impurity peaks were not detected. Some 
Mössbauer spectra of these samples are shown in Fig. 1. From the 
isomer shift, it is found that 57Fe species in the sample exist as 
Fe3+ ions. These spectra consist of a paramagnetic peak and a 
magnetic relaxation peak. The 1%Fe+5%Nb doped sample 
showed the smallest lattice constant and the largest 
ferromagnetism among these samples. When 1% Fe+5%Nb 
doped sample was prepared by annealing at 1000 °C for 2 hours, 
a magnetic relaxation peak increased as a major component. It is 
considered that the dilute magnetism in this system is related with 
surface defects.
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Fig. 1. 57Fe Mössbauer spectra of Fe and Nb 
doped SrTiO3 annealed at 1000 °C for 4 hrs.
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The nanocrystalline state obtained through the Mechanical Alloying (MA) process in Fe-Al system is 
usually a complex one and exhibits interesting physical and magnetic properties [1-2]. In recent study of Fe 
based nanocomposites it has been found that further selection of third metallic/non metallic elements as matrix 
or as reinforce has open further opportunities to create novel magnetic materials superior than conventional iron 
alloys [1-2]. We report theoretical/experimental study of magnetic properties of Fe3AlxSi(1-x) (x = 0.2-0.8) nanosystems. 
Theoretically calculated (using SPRKKR code within full relativistic spin polarized mode) hyperfine fields (Fig. 
2) of Fe-Al-Si systems revels that the spins are (@ two different sites of Fe) are perfectly collinear in direction 
of applied magnetic field and magnetic components of both the ferromagnetic sites coupled ferromagnetically 
which also reflects in theoretical calculations of bulk magnetization as it shows very high magnetic moments 
(Fig. 1). For experimental investigation of magnetic properties, Fe3AlxSi(1-x) nanosystems (x = 0.2-0.8) have been 
prepared by mechanical alloying (high-energy ball milling using a SPEX 8000M mixer/mill with tungsten carbide (WC) vials and balls (eight 

per vial, mass of the sample for ball to powder ratio(20:1, 5h). Room temperature bulk magnetization studies shows very high 
saturation magnetization (~ 178emu/g) and soft ferromagnetic behavior in MA samples (Fig. 3). The Curie 
temperature of these MA samples is in the range of 700 °C, combine with excellent bulk magnetization make 
them suitable candidate for high temperature applications.

Figure 1. Theoretically calculated values 
of Fe3AlxSi(1-x) nanosystems 

Figure 3. RT M-H of Fe3Al0.8Si0.2 
nanosystem

Figure 2. Theoretically calculated 
values of Hyperfine fields of 
Fe3AlxSi(1-x)nanosystems
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The BaFe2(As1-xPx)2 compounds represent ‘122’ iron-pnictide superconductors with superconductivity 
induced by isovalent chemical doping of the BaFe2As2 parent compound (e.g. the partial substitution of As by P) 
with simultaneous suppression of the spin-density wave SDW magnetic order. The samples with x = 0 (parent), 
x = 0.10 (under-doped), x = 0.31, 0.33, 0.53 (superconductors with Tsc�§����.�����.�����.��UHVSHFWLYHO\��DQG�[� �
0.70, 0.77 (over-doped) have been studied by the 57Fe Mössbauer spectroscopy versus temperature. A 
development of the electronic charge modulation is observed within the temperature region of the 
superconductivity. It is seen as the oscillations of the spectral line-width versus temperature. Under assumption 
that above modulation is due to the isomer shift variation solely one gets 0.5 el./(Bohr radius)3 electron density 
oscillation on the iron nuclei across formation of the superconducting state. The similar effect was observed 
previously for others iron-based superconductors [1]. No charge modulation is observed for over-doped samples. 
7KH�DYHUDJH�VSHFWUDO�OLQH�ZLGWK�LV�LQFUHDVHG�EHORZ����.�IRU�WKH�RSWLPDOO\�GRSHG�VXSHUFRQGXFWRUV�ZLWK�[�§�����
indicating traces of magnetic order due to the vicinity of the quantum critical point.

Fig. 1. 57Fe Mössbauer spectra of BaFe2(As1-xPx)2 compounds at 4.2 K.
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UMO-2018/29/N/ST3/00705.
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The perovskite rate-earth-element nickelates RNiO3 (R: Pr, Nd, …, Lu) display a first-order metal insulator 
(MI) transition with structural change and LaNiO3 behaves as metallic state without a MI transition. In the 
insulating phase at low temperature, Ni atoms occupy two crystallographically nonequivalent sites with slightly 
different valences (Ni��į) while Ni atoms at metallic state occupy one site with Ni3+. The transition temperature 
TMI depends on the tolerance factor which is defined as function of the ratio of the relative R-O and Ni-O bond 
length1) and is turned by external pressure2). The band gaps of these series are generated between Ni d-band and 
O p-band. In the insulating state at low temperature, RNiO3 show antiferromagnetic transitions. However recent 
researches report that single crystal LaNiO3 and pressure induced metallic EuNiO3 display antiferromagnetic 
behavior at low temperature 3,4). We have investigated the interplay between the magnetism of Ni ions of RNiO3 
(R: La, Eu, and Yb) and the conductivity using synchrotron radiation-based (SR-based) 61Ni Mössbauer 
spectroscopy to clarify the correlation between electronic states of Ni ions and metallic or insulating phase.

These SR-based 61Ni Mössbauer spectra observed at 2 K have a single line absorption feature. For the width 
of each spectrum, that of LaNiO3 (metallic) is smaller than others (insulating, AFM). That reflects the difference 
of the magnetic moments at Ni sites.
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Multiferroic materials have attracted a lot of attention in the last 10 years due to coexistence and interaction 
of ferroelectric and magnetic ordering [1–5]. One of the actively studied multiferroic systems is the rare-earth 
ferroborates RFe3(BO3)4 (R = Y, La-Lu). They have two magnetic subsystems of iron and rare-earth ions 
demonstrate various complex spin dynamics at low temperatures depending on the type of R elements in 
composition.

In this work, the structural and spin states of iron ions in RFe3(BO3)4 single crystals (R = Y, Nd, Sm, Gd, Ho) 
were studied using 57Fe Mössbauer spectroscopy and single crystal X-ray diffraction. The dynamics of the 
orientation of the spins in the subsystems of rare-earth elements and iron in the low-temperature region of 4.2 - 
40 K is studied and discussed.
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Multiferroic materials have attracted a lot of attention in the last 10 years due to coexistence and interaction 
of ferroelectric and magnetic ordering [1–5]. One of the actively studied multiferroic systems is the rare-earth 
ferroborates RFe3(BO3)4 (R = Y, La-Lu). They are interesting as model objects with two magnetic subsystems of 
iron and rare-earth ions and demonstrate the variety of properties and phase transitions depending on the type of 
R elements in the composition.

In this work, the comparative calculations of the Debye temperature according to X-ray structural and 57Fe 
Mössbauer spectroscopy measurements for the RFe3(BO3)4 single crystals (R = Y, Nd, Sm, Gd, Ho) were 
performed.
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Mechanical alloying method was applied to prepare iron-based Fe1-xGex solid solutions with x in the range 
����� �� x� �� ������ 7KH� WKHUPRG\QDPLF� SURSHUWLHV� RI� WKH� PDWHULDOV� REWDLQHG� LQ� DQ� SODQHWDU\� EDOO� PLOO� ZHUH�
investigated with the Mössbauer spectroscopy by measuring the room temperature spectra of 57Fe for samples 
after an annealing process at 1270 K for 2 h followed by slow cooling to room temperature during 6 h. They were 
analysed in terms of parameters of their components related to unlike surroundings of the iron probes, 
determined by different numbers of Ge atoms existing in the neighbourhood of iron atoms [1]. Basing on the data 
we determined the binding energy Eb between two Ge atoms in studied alloys [2]. The latter was done using the 
extended Hrynkiewicz-Królas idea [3, 4]. It was found that the energy is positive or the Ge atoms in Fe matrix 
interact repulsively. In the next step the extrapolated value of Eb  for x = 0, equal to 0.201(50) eV, was used for 
computation of the enthalpy of solution HFe-Ge of germanium in iron [5]. According to findings of the Eb(0) value 
is simply related to HFe-Ge : HFe-Ge = -z�Eb(0)/2, where z�LV�WKH�FRRUGLQDWLRQ�QXPEHU�RI�WKH�Į�)H�FU\VWDOOLQH�ODWWLFH��
amounted to 8. The obtained value for HFe-Ge, equal to  0.80(20) eV/atom, was compared with corresponding one 
derived from calorimetric studies [6] and resulting from the semiempirical Miedema’s model of alloys [7] as well 
as with that  0.88(19) eV/atom [8], derived from proper data for Fe-Ge solid solutions obtained by melting in an 
arc furnace.
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The interest in perovskite oxide with formula ABO3 increases due to their fascinating properties and also 
their applications in many areas (catalysis, solid electrodes and electrolytes of fuel cells and gas sensors) [1, 2]. 
It has been proved that the substitution of one or both A and B sites affect the properties of these perovskites [3]. 
(La0.8Ca0.2)1-xBixFeO3 (x = 0.0, 0.1 and 0.2) perovskites were prepared by the Sol-Gel method using a citric acid 
route, and then sintered at 800 ºC (batch LCBFO-800) and 900 ºC (batch LCBFO-900). X-ray diffraction patterns 
(XRD) showed that the compounds crystallize in an orthorhombic structure with a Pnma space group [4]. 57Fe 
Mössbauer spectra of LCBFO-800 show 3 magnetic subspectra, two related to magnetite which is was also 
observed by XRD, and the other one attributed to Fe3+ ions in a tetrahedral site.  The lines are large, related to a 
certain extent of superparamagnetism, due to the small grain size of the particles of samples annealed at 800 ºC. 
The spectra of LCBFO-900 compounds reveal two magnetic subspectra related to Fe3+ in octahedral sites. 
Furthermore, for both heat treatments, all spectra show a doublet that is more intense in the case of 900 ºC 
sintering. Meanwhile, for all compounds, the M(H) curves indicate a superposition of ferromagnetic and 
antiferromagnetic contributions. The overall magnetism of the LCBFO-900 samples was found to be weaker 
than those annealed at 800 ºC. The Curie temperature, determined both by M(T) and DSC curves, was found to 
be between 400 and 500 ºC, in good agreement to almost all the ferrite perovskites [5]. It is concluded that the 
choice of sintering temperature affects the magnetic properties of the studied perovskites.

$FNQRZOHGJHPHQWV�� CFisUC is supported by funds from FEDER (Programa Operacional Factores de 
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Composition series NixCo1-xFe2O4�� �1&)2��� ������� [��� �����ZHUH� SUHSDUHG�E\�6RO�JHO� DXWR� FRPEXVWLRQ�
method. The structure and sample stoichiometry of the as prepared NCFO were characterized by X-Ray 
Diffraction (XRD) and Scanning Electron Microscopy (SEM) techniques. Moreover, the influence of Ni 
substitution on the site occupancy in the NCFO series and on some magnetic properties have been examined by 
0ऺVVEDXHU�VSHFWURVFRS\�DQG�YLEUDWLQJ�VDPSOH�PDJQHWRPHWHU��7KH�IRUPDWLRQ�RI�SKDVH�SXUH�1L)H2O4 (NFO) was 
evident from the XRD patterns. The lattice constant obtained using MAUD program decreased from

8.368 Å to 8.334 Å for pure NFO. The crystallite size calculated was in the range of 29 - 43 nm. The average 
particle size was also measured using transmission electron microscopy (TEM) and it was found to be decreased 
IURP� ��� QP� DW� [ ���� WR� ��� QP� IRU� SXUH� 1)2� DW� [ ��� 0ऺVVEDXHU� VSHFWUD� PHDVXUHG� DW� ��� .� VKRZHG� WZR�
well-defined Zeeman sextets belonging to octahedral [B] and tetrahedral (A) sites, respectively. This result 
confirming the formation of NixCo1- xFe2O4VSLQHO�� 7KH� LVRPHU� VKLIW� �į�� YDOXHV� ZHUH� DVVLJQHG� WR� )H3+ ions 
GLVWULEXWHG�LQ�ERWK�$�DQG�%�VLWHV��7KH�TXDGUXSROH�VSOLWWLQJ��ǻ(Q) values were very small (almost zero) in the 
samples indicating that the local symmetry of the ferrites obtained is close to cubic. Hysteresis loops were 
measured at room temperature. A linear decrease in the saturation magnetization (Ms) and coercivity (Hc) with 
nickel concentrations were observed for NCFO nanoparticles. The abrupt decrease in blocking temperature was 
REYLRXVO\�REVHUYHG�IRU�WKH�VDPSOHV�ZLWK�[��������7KH�OLQHDU�LQFUHDVH�LQ�&XULH�WHPSHUDWXUH��7F��IURP�����WR�����. 
was observed, when nickel concentration was increased from x = 0.2 to x = 1.0.
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In this work, the MgFe2O4  particles were synthesised by a simple combustion method and followed by the 
high-temperature calcination. Here, we have used succinic acid as the fuel instead of using conventional 
urea/glycine. The prepared MgFe2O4 is characterised using X-ray diffraction, scanning electron microscopy, 
magnetization measurements and Mössbauer spectroscopy with a high-velocity resolution. The XRD pattern 
confirms the formation of highly crystalline cubic structured MgFe2O4. The lattice constant is calculated using 
Rietveld refinement analysis, and the obtained value is a = 8.378(1) Å. As well as the structural formula of the 
synthesised MgFe2O4 can be written as IV[Mg0.1Fe0.9]VI[Mg0.45Fe0.55]2O4 with the inversion parameter of ~0.9. The 
SEM analysis revealed the microstructure and morphological features of the MgFe2O4, where the particles are 
agglomerated with sub- micron sized particles in size range between 100–200 nm. The FT-IR spectra confirm the 
presence of Fe–O and Mg–O functional groups The VSM analysis confirms the soft ferromagnetic nature of 
MgFe2O4 with the high saturation magnetization moment (MS=23.5 emu/g) and the coercivity (HC=96.4 Oe). The 
room temperature Mössbauer spectrum of MgFe2O4 particles demonstrates typical asymmetric six-line pattern 
which was fitted using16 magnetic sextets. The 57Fe hyperfine parameters (hyperfine field Heff and isomer shift 
į��GHPRQVWUDWH�WKDW�DW�OHDVW�RQH�PLQRU�PDJQHWLF�VH[WHW�ZLWK�+eff  a����N2H�DQG�į ������PP�V�FDQ�EH�DWWULEXWHG�
WR�PDJKHPLWH�RU�KHPDWLWH��2WKHU�PDJQHWLF� VH[WHWV�ZLWK� � į� VPDOOHU� WKDQ�a�����PP�V�į� DQG�+eff  in the range 
~502–422 kOe can be associated with the 57Fe in tetrahedral (A) sites while magnetic sextets with larger values 
of  and Heff in the range ~493–382 kOe can be assigned to the 57Fe in octahedral (B) sites in MgFe2O4 particles. 
If we consider the variations in the local microenvironments of 57Fe in the A and B sites in inverse MgFe2O4 
spinel similarly to those in normal NiFe2O4 spinel (see [1]) we can calculate that, within the coordination sphere 
of 3.5 Å, all A sites have neighbouring both A and B sites while all B sites have neighbouring A sites only. 
Therefore, the distribution of Fe3+ and Mg2+ cations in both A and B sites may be a reason of the distribution of 
different local microenvironments around tetrahedral and octahedral positions in the inverse MgFe2O4 spinel and 
more than two magnetic sextets which can be expected for MgFe2O4  particles.
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)HGHUDWLRQ��FRQWUDFW�ʋ����$�����������
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Iron containing silica fibers have found wide applications as high temperature materials, especially as 
reinforcements for high temperature ceramic matrix composites due to their high tensile strength, Young’s 
modulus, excellent heat and oxidation resistance [1]. The Laser Floating Zone method (LFZ) is known to strongly 
impose non-equilibrium conditions promoting the formation of impurities in the ceramic fibers system [2].

The impact of pulling rate on the magnetic and structural properties of 50Fe2O3-50SiO2 and 90Fe2O3-10SiO2 
ceramics prepared by LFZ was studied. The pulling rates were varied being: 25, 50, 100 and 200 mm/h. Hereafter 
the fibers are labelled as xLFZy where x is the iron oxide content in the composition and y stands for the pulling 
rate. 

Various effects of the LFZ conditions on the phase composition, microstructural features and magnetic 
properties of as-grown fibers are analyzed and discussed. For the 90LFZ compounds some hematite is observed 
in the XRD spectra, which amount decreases with the increasing of pulling rate. All these observations are also 
supported by the obtained magnetic measurements. Moreover, it is not observed a change of crystallinity with 
decreasing pulling rate in the case of the 50LFZ compounds, but for 90LFZ samples the crystallinity increases 
with pulling rate decrease. 57-Fe Mössbauer measurements at room temperature show that in all samples the 
major component is magnetite, although some reaction with silica took place as it is found fayalite in a very 
small percentage.

The variation of magnetization as a function of pulling rate for 90LFZ showed that, the magnetic moment 
measured at 300 K has the highest value in 90LFZ100, while the maximum magnetization of 90LFZ ceramics 
was found for 90LFZ50 when the measurement is performed at 10 K. Inverse trend was observed in the case of 
fibers containing 50% of iron oxide; the maximum magnetization was found for samples 50LFZ50 and 
50LFZ100 when the measurement was carried out at 300 and 10 K, respectively. In addition, generally the 
90LFZ ceramics were more magnetic than the 50LFZ samples, as expected. The revealed behaviours can be 
described in terms of the temperature dependent interactions occurring between the magnetic clusters formed in 
the fibres.  

From this study, we can suggest that Mössbauer measurements at different temperatures below 300 K are 
required to truly distinguish the magnetic interactions taking place within the clusters formed in the LFZ 
ceramics.
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Abstract: Recent years of study about the Fe-based superconductors(FeSCs) indicates that the emergence of 
superconductivity is closely related to the ordered state such as antiferromagnetism and its fluctuation. Further 
investigation implies the existence of an electronic orbital ordered state, which is called the nematic phase, being 
adjacent to the region of antiferromagnetic phase transition. It makes a more intricate nature that distinct ordered 
states compete with each other in FeSCs and result in a complicated issue. Among FeSCs, the “122” series 
possesses the abundant physical properties, so we carried out the study of the representative BaFe2As2 by 
superseding Fe with Cu dopants in the aspects of the nematic phase, magnetic fluctuation, electronic correlation 
as well as the lattice dynamics. High quality of single crystal samples were synthesized by utilizing the FeAs 
self-flux method, the Cu doping levels of the compounds are 0.03 and 0.07 respectively in our research, and 
comparative analysis has been put into effect with different doping quantities involving the above mentioned 
physical characters.  Ba(Fe0.97Cu0.03)2As2 is at the boundary of nematic phase, antiferromagnetic phase and 
possible superconducting phase, while Ba(Fe0.93Cu0.07)2As2 is at the boundary of paramagnetic phase and nematic 
phase. The consequence of Moessbauer Spectroscopy(MS) makes it clear that strong magnetic fluctuation occurs 
instead of long-range antiferromagnetic ordered state at low temperature, and the Curie-Weiss temperature of the 
fluctuation behavior approaches the quantum critical point(QCP). The nematic phase transition(NPT) of Ba
(Fe0.97Cu0.03)2As2 happens at around 75K, which is identical to the phase diagram. The occurrence of the nematic 
phase transition breaks the symmetry of the iron 3d orbitals, and the quadrupole splitting(QS) below 75K behaves 
a steep increasing which is mirrored in the MS data. This phenomenon also affects the inner-shell electrons that 
the isomer shift(IS) performs separately above and below 75K.  We minutely analyzed the infection of the iron 
3d orbitals caused by the nematic phase, fitted the QS data within the framework of this model and further 
provided an order parameter describing the NPT. By comparing the MS data of Ba(Fe0.93Cu0.07)2As2 we discover 
that the increasing of the Cu doping level has the following effects: ① suppressing the magnetic fluctuation 
behavior in the sample and keeping the Curie-Weiss temperature away from the QCP, ② reducing the correlation 
effect among the electrons, ③ weakening the potential interaction in the lattice.
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Fe substituted Li2MnO3 is known as a novel positive electrode material for high-capacity Li-ion battery1).    
In  the  study  of  this  material,  high-valent  (4+ or over) Fe ions were observed2). In previous study, most of such 
high-valent Fe ions had been observed in octahedral site of perovskite structure, for example SrFeO3

3).    
However, Li2MnO3 has rock- salt related structure. To elucidate the origin of this high-valent Fe, we observed 
57Fe Mössbauer spectroscopy of Li1+x(Fe0.2Mn0.8)1-xO2.

The 20% Fe-substituted Li2MnO3 (Li1+x(Fe0.2Mn0.8)1-xO2) are prepared by coprecipitation- calcination 
method. For comparison, the samples were calcine at 750 °C in O2 or N2 atmospheres. The two samples are  
named as samples 750-O and 750-N, respectively. From the X-ray diffraction, the sample calcinated in O2 include 
more substitute Fe atoms in Li site than the sample calcinated in N2. 57Fe Mössbauer spectroscopy were done 
EHWZHHQ���DQG�����.��Į�)H�ZDV�XVHG�IRU�WKH�YHORFLW\�FDOLEUDWLRQ�

Figure 1 shows 57Fe Mössbauer spectra of 750-O and 750-N at 3K. The spectra were fitted by 3 magnetic 
components and 1 nonmagnetic component. We used 
pseudo-Voigt function for the magnetic components, 
which is due to assumption of Gaussian distribution of 
hyperfine magnetic field. Hyper fine fields of each 
magnetic components on 750-O are 45T, 22T and 12T, 
and isomer shifts are 0.45mm/s, -0.39mm/s and 
0.07mm/s, respectively. First magnetic component is 
main component, which due to the normal Fe in Li1+x

(Fe0.2Mn0.8)1-xO2, and this component can be assigned as 
Fe3+. Second and third magnetic components have 
slightly small isomer shift. These values can be assigned 
as Fe5+ and Fe4+ respectively. The ratio of these  high- 
valent Fe ions in 750-N are less than 750-O, thus they are 
owing to the substitute Fe ions in Li site. And this Fe5+ 
component was detected in the spectra of only magnetic 
ordered state.

References
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Fig. 1 57Fe Mössbauer spectra of Li1+x(Fe0.2Mn0.8)1-xO2 at 3K.



143

Poster

P-32T01

Synchrotron Mössbauer Spectroscopy in 151Eu and 161Dy
under High Pressure

Wenli Bi1, 2, Jiyong Zhao1, Esen E. Alp1, Michael Y. Hu1, Jing Song3

Changqing Jin4, and James S. Schilling3

1 - Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439, USA
2 - Department of Geology, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
3 - Department of Physics, Washington University, One Brookings Dr., St. Louis, MO 63130, USA
4 - Institute of Physics, Chinese Academy of Sciences, Beijing 10090, People’s Republic of China

ZEL#DQO�JRY

Synchrotron Mössbauer spectroscopy (SMS) (aka. nuclear forward scattering) is a time-domainMössbauer 
spectroscopy utilizing a synchrotron radiation source to excite the nuclei. The focused and intense synchrotron 
x-ray beam makes the technique compatible with complex sample environment such as high pressure and low 
temperature. In this talk I will discuss two case studies by 151Eu in EuFe2As2 and 161Dy in Dy metal to investigate 
the evolution of magnetism and valence under high pressure in diamond anvil cell.

EuFe2As2 exhibits complex phase diagram under pressure including magnetic orderings from both Eu and 
Fe sublattices and pressure-induced superconductivity at pressure of 2.5-3 GPa [1-7]. More recently, the 
magnetic ordering from Fe sublattice was found microscopically coexistwith superconductivity under pressure 
from SMS experiments [8]. To investigate the evolution of magnetic and valence state of Eu sublattice, we have 
performed SMS experiment up to 37GPa. The local magnetism in Eu sublattice persists up to 21.6 GPa with a 
drastic increase of magnetic ordering temperature and hyperfine magnetic field. At higher pressure the 
magneticordering of Eu is completely suppressed, possibly due to a significant increase of valence.

The magnetism in Dy has been investigated under high pressure up to 141 GPa using SMS. With increasing 
pressure Dy’s magnetic ordering temperature changes drastically. At 10 K the hyperfine magnetic field of Dy 
remains almost constant with increasing pressure up to 141 GPa, showing the robustness of the local magnetism. 
At 120 GPa magnetic ordering temperature increases sharply to ~280 K and drops at higher pressure, in good 
agreement with the Doniach scenario proposed by previous electrical resistivity studies [9].
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Single-phased Nano-series Ni1-xMgxFe2O4 (x = 0.0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0), prepared by the microwave 
combustion method were investigated to determine their structural and magnetic properties using X-ray 
diffraction (XRD), Mössbauer spectroscopy (MS), and vibrating sample magnetometer (VSM). XRD pattern 
showed the cubic spinel structure with crystallite size variation within the range 20-45 nm. The different 
structural data obtained were discussed in the view of ionic radii of the entire ions and their distribution within 
the lattice. For instance, the obtained lattice constant showed an increase with increasing the Mg2+ contents 
which, is attributed to the large ionic radius of Mg2+ ions compared to Ni2+. The Mössbauer measurements at 296 
K and 78 K for all studied samples showed two well-resolved magnetic patterns corresponding to the tetrahedral 
A-site and octahedral B-site. The cation distribution among the two crystallographic sites driven from the 
Mössbauer measurements are consistently in good agreement with that obtained from the analysis of X-ray 
pattern. The magnetic hyperfine field of the B-site as well as of the A-site are clearly decreasing as the content of 
Mg2+ is increased which are expected since the Mg2+ ions with zero magnetic moment tend to replace Ni2+ ions 
with magnetic moment of 2.8�B in the octahedral sites. This situation is quite supported by the increase of the 
lattice parameter. The saturation magnetization (MS), coercivity and magnetic moment per formula unit �exp. are 
decreased with increasing Mg-concentration; a result which is in good agreement with the reduction of the 
magnetic hyperfine fields obtained from the Mössbauer measurements.
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The influence of Fe-doping on the structural and magnetic properties of Nd0.6Sr0.4FexMn1-xO3�������[��������
was investigated. The samples were synthesized by auto-combustion Sol-Gel method. XRD refinement indicates 
that all samples are crystallized in orthorhombic single-phase perovskite with Pnma space group. The Scanning 
Electron Microscopy (SEM) micrographs showed aggregates of stacked grains of about (0.2 ～ 5.0 �m). 
5RRP�WHPSHUDWXUH� �����.�� DQG� OLTXLG�QLWURJHQ� ����.�� WUDQVPLVVLRQ�0ऺVVEDXHU� VSHFWUD� IRU� DOO� VDPSOHV�ZHUH�
FDUULHG� RXW��7KH� VDPSOHV�ZLWK� ������� [��� ����� DW� ����.� DQG�ZLWK� ������� [��� ����� DW� ���.� FRQVLVWHG� RI� SXUH�
SDUDPDJQHWLF�GRXEOHW�ZLWK�DOPRVW�VLPLODU�LVRPHU�VKLIW��į��DW�����.��+RZHYHU��WKH�VDPSOHV�VSHFWUD�ZLWK�[�������DW�
295 K and with x=0.4 at 78 K started to show the presence of a paramagnetic component superimposed on 
broadened magnetic sextets. This behaviour can be attributed to the presence of superparamagnetic domains in 
the samples which can be associated to the competition between double exchange (DE) interaction and super 
exchange interaction (SE) in perovskite lattice due to replacement of Mn2+ ions in B sites by Fe3+ ions. However 
DW����.��DOO�VDPSOHV�ZLWKLQ�WKH�UDQJH��������[��������VKRZHG�ZHOO�UHVROYHG�PDJQHWLF�VSHFWUD���
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6LQJOH�SKDVHG��FRUXQGXP�UHODWHG��QHHGOH�VKDSHG�Į�)H2O3�DQG�Į�)H2O3@C nanorods(Figure. 1) (radius: 80-100, 
OHQJWK����������QP��ZHUH�SUHSDUHG�ZLWK�WKH�K\GURWKHUPDO�PHWKRG�DQG�FKDUDFWHUL]HG�ZLWK�;5'��6(0��0ऺVVEDXHU�
spectroscopy and magnetic measurements. The lattice constant (a = 5.02 Å) does not change for both samples with a 
VPDOO�GHFUHDVH�LQ�F��������WR��������IRU�WKH�Į�)H2O3@C[1].

7KH�0ऺVVEDXHU�PHDVXUHPHQWV�WDNHQ��DW�����.��DQG����.��LQGLFDWH�WKH�VXSSUHVVLRQ�RI�0RULQ�WUDQVLWLRQ�IRU�
Į�)H2O3�EXW�LW�SUHVHQW�LQ�Į�)H2O3@C. The hyperfine field of Fe2O3@C was (51.1) which is very close to the bulk 
������7���+RZHYHU��IRU�Į�)H2O3 it was smaller (50.4) like which is comparable with what observed for this shape 
of particles with similar size. [2]

Magnetic study (at temperatures of 2-900 K and fields from 10-200 Oe) showed interesting magnetic 
behaviors like field dependent 
magnetization at same warming–cooling 
rates. Thermal hysteresis (15-30 K), and 
field dependence (H= 10,50,100,200 Oe) 
of the Morin temperature were also 
observed in warming–cooling cycles 
(Figure. 2(a)) due to the first order phase 
transition as a result of the relaxation of 
the magnetic moment of hematite 
particles in the weak-ferromagnetic 
phase. Some of These behaviors alters 
considerably when C is implanted into 
Į�)H2O3 nanorods. Hysteresis loops (at 
fields -9 t0 9 Tesla and at different 
temperatures between 2-400 K) (Figure. 
2(b)) indicate field dependent 
magnetization of both samples.  
+RZHYHU�� Į�)H2O3@C has very small 
values of M compared to the one without 
carbon. This study add a value in 
explaining the suppression of Morin 
transition for nanosized particles and 
what is the effect of shape, size, and 
surface layer on the magnetic properties 
RI�Į�)H2O3 nanorods. 
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Figure 1.�6(0�LPDJHV�RI�DV�SUHSDUHG��D��Į�)H2O3���E��Į�)H2O3@

Figure 1. (a): change of magnetic moment (emu/g) with temperature (K) for 
Į�)H2O3#&� �E��� K\VWHUHVLV� ORRS� IRU� �5HG� DQG� %OXH�� Į�)H2O3 at indicated 
WHPSHUDWXUH�DQG�*UHHQ��Į�)H2O3@C).
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Various kinds of FeII-AgI and FeII-AuI Hofmann-like spin crossover(SCO) complexes have been found 
recently.(1-3) We now have synthesized and characterized a novel Hofmann-like SCO coordination polymer 
complex Fe (3-cyano-4-methylpyridine)2[Ag(CN)2]2 (1). 1 has been prepared using FeSO4・(NH4)2SO4・6H2O, 
K[Ag(CN)2] and 3-cyano-4-methylpyridine. The color of 1 is yellow at RT and red at 78 K due to the SCO 
behavior. The crystal structure of 1 is shown in Fig.1. The space group of 1 is Pbca. The octahedral Fe(II) ion is 
coordinated by two pyridine-like ligands and four [Ag(CN)2]- moieties. The temperature dependence of 
magnetic susceptibility of 1 is measured by using SQUID 
measurement, which indicate one step spin transition without 
hysteresis (T1/2 = 180 K). Fig.2 shows Mössbauer spectra of 1. 
While a spectrum at RT consists of a single doublet of large 
quadrupole splitting due to the FeII high spin state. A spectrum at 
78K consists of one doublet of small quadrupole splitting, 
indicating the FeII low spin state.

Fig. 1. Geometry around the iron(II) ion in 1. Fig. 1. Mössbauer spectra of 1 Upper :RT Lower:78K.
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Zn-ferrite nanoparticles are widely studied on account of their intriguing electronic, magnetic and 
biology-related properties that make these materials promising candidates for being used in diverse applications 
such as hyperthermia therapy [1], MRI contrast agents [2], Li ion batteries [3], photocatalysis [4], as well as 
radar-absorbent [5], antimicrobial and anticancer materials [6]. While Zn2+ is known to have an affinity to be 
situated at the tetra-hedral site of the spinel, when prepared in the nanoparticle form considerable levels of 
inversion are usually found, with corresponding changes in the magnetic properties of the material [7]. In the 
present work we investigate and compare structural and magnetic properties of two different Zn-ferrite 
nanoparticle powder samples, prepared via coprecipita-tion process, displaying similar (～ 5 nm) particle size 
along with a considerable difference in crystallinity. Elemental composition of the samples is assessed by 
ICP-OES, whereas their structural and magnetic properties are explored through TEM, SAED, XRD, and 
FC/ZFC magnetization measure¬ments, as well as electron magnetic resonance spectroscopy and 57Fe 
Mössbauer spectroscopy measurements performed at various temperatures. Via comparison of the 
experi¬mental results relations among structural and magnetic properties are going to be discussed.

$FNQRZOHGJHPHQWV�� This work was supported by the Hungarian National Research, Development and 
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Amorphous Fe90-xCoxSc10 alloys, hereafter denoted as a- Fe90-xCoxSc10, haven been produced by rapid 
quenching from the melt. The Curie temperature, TC, was verified using mean filed theory as well as Landau’s 
theory of second-order phase transitions in zero and nonzero external fields. The atomic spacing dependence of 
TC can be clarified by the empirical Bethe-Slater curve. The theoretical TC of a-Co85Fe5Sc10 is TC =1150 K, which 
is the highest TC among amorphous alloys. The flattering of the measured reduced magnetization, M(T)/M(0),  
as a function of reduced  temperature, T/TC,  is explained in the framework of Kobe- Handrich model. According 
to this model is the exchange integral fluctuation, the main reason for the flattering of M(T)/M(0). In the case of 
a-Fer90Sc10, however, the exchange integral fluctuation is dominant only at zero external filed, Bex=0. At Bex=9 
T, however, the exchange integral fluctuation has no conspicuous effect on reduced magnetization. From the 
Mössbauer data it can be concluded that at Bex=9 T, the frozen magnetic clusters control the behavior of reduced 
magnetization as function of T/TC .

 In opposite to ferromagnetic solids where the flattering of M(T)/M(0) is a characteristic indication of 
amorphous alloy,  a- Co85Fe5Sc10  does not exhibit any trace of the exchange integral fluctuation. 
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In this paper, Co50Fe50/Al2O3 nanocomposites with different Al2O3 contents were prepared by H2 reduction 
of the precursor synthesized by sol-gel method. was used to prepare. The microscopic magnetic structure was 
studied by Mössbauer. The results show that the content of Al2O3 in the composite has an important effect on the 
grain structure and magnetic structure of CoFe alloy. When the content of Al2O3 increases from 0 wt% to 50 wt%, 
the Mössbauer spectra of each sample are composed of only one set of magnetic hyperfine sextet. For the sample 
with the Al2O3 content of 70 wt%, the Mössbauer spectra of the sample become two sets of peaks, one of which 
is magnetic hyperfine sextet and the other is quadrupole split doublet. Combined with the analysis results of 
XRD and TEM, it can be determined that the magnetic hyperfine sextet comes from the ferromagnetic CoFe 
grains, while the quadrupole split doublet comes from the superparamagnetic CoFe grains.

.H\ZRUGV��Co50Fe50/Al2O3; composites; sol-gel method; Mössbauer.
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In Fe-Co PBA the high-spin Fe2+ ions are perfectly magnetically isolated from each other. They are 
separated by the nm-range long links –NC—Co(III)—CN–, in which Co(III) is fully diamagnetic. In such a 
situation, the magnetic exchange between Fe2+ ions may come into play only at very low temperatures, below 
2K. We have started our magnetic measurements from 2K and found no sign of exchange interactions. Thus, the 
low-temperature magnetic properties bear the clear information on zero-field splitting (ZFS) and spin-orbit 
coupling (SOC) in these purely paramagnetic materials. A variety of ligand configurations occurs in Prussian 
blue [1] and its analogues, as H2O replaces easily the CN-linker, creating the network of extremely high porosity. 
The degree of randomness in the distribution of CN and H2O ligands around Fe2+ is the degree of freedom that 
we can vary by choosing a preparation method (precipitation, ionic exchange, alkali-intercalation). Passing from 
axially symmetric to asymmetric configurations of ligands around Fe2+ we observe the changes in Fe Fenton 
FDWDO\WLF�DFWLYLW\��LQ�FRUUHVSRQGLQJ�0|VVEDXHU�VSHFWUDO�VLJQDWXUHV��ǻ(Q), and in low-temperature parameters of 
ZFS and SOC. The SOC coupling constants are strongly reduced (see Figure caption) compared to the free-ion 
YDOXH�Ȝ0= -100 cm-1 owing to nephelauxetic (delocalization) effect, which consist of the radial orbital expansion 
RZLQJ�WR�ʌ�EDFN�GRQDWLRQ�RI�WKH�HOHFWURQ�GHQVLW\�IURP�WKH�OLJDQG�ʌ�RUELWDOV�WR�WKH�G�RUELWDOV�RI�)H2+.

Figure 1.  7RS� low-temperature magnetization in 
various applied dc fields. The parameters D and E are 
indicative of frozen orbital motion of a mononuclear 
single-molecule magnet (MSMM). The positive D 
suggests an easy-plane MSMM. The orbital degeneracy 
LV� FRQVLVWHQW�ZLWK� WKH� ODUJH�ǻ(Q in Mössbauer spectra. 
%RWWRP��7KH�SDUDPHWHU�RI�VSLQ�RUELWDO�FRXSOLQJ�Ȝ�RI�����
and -70 cm-1 are determined in AFeCo(CN)6 (A=Rb, Cs) 
via fitting the temperature dependencies of the Fe2+ 

magnetic moment. In the last PBA compound, the fitting 
curve (C) is the average of (D) and (E) with the weight 
factors given by the abundances of corresponding 
Mössbauer doublets. 
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Among the rare-earth-free systems that are currently investigated in search for novel permanent magnet 
solutions for various applications, with special emphasis on the magnets required to operate in extreme 
conditions, the FePt binary system, where the tetragonal hard magnetic L10 phase can be formed by suitable 
microstructure processing via annealing, has been extensively studied. A variation of this system, the ternary 
FeMnPt system, has been also recently shown to exhibit good permanent magnet behavior due to the suitable 
formation of the L10 phase. In addition to be likely to form the L10 phase as its parent binary system, the ternary 
FeMnPt benefits from the reduced costs due to the reduced amount of Pt and may exhibit particular magnetic 
structure due to the influence of the antiferromagnetic Mn. In the present work, we have employed a mixed 
sputtering technique, based on the use of both elemental and compound target for developing L10 FeMnPt thin 
films with specific structural features, that triggers better magnetic performances in terms of coercivity and 
maximum energy products. The as-obtained films have been thermally annealed and characterized by means of 
transmission electron microscopy, X-ray diffraction, Mössbauer spectroscopy, magneto-optic Kerr effect 
(MOKE) and SQUID magnetometry. The aim is to correlate the Mn induced microstructural and lattice changes 
with the magnetic properties and to optimize the microstructure for an early formation of the ordered L10 phase 
and increased coercivity compared to the as-prepared, structurally disordered, face centred cubic initial state of 
the films. The structural characterization by means of high resolution electron microscopy and X-ray diffraction 
indicates the formation of highly ordered L10 phase regions in the samples annealed at 550 ºC as revealed by long 
ordered (001) superlattice planes of the L10 structure. The high degree of ordering is confirmed by the large value 
of c/a ordering parameter (0.97). Evidence of existing several magnetic sublattices has been revealed by 
Mössbauer spectroscopy studies. Aside the evidence for the existence of very few, small regions of bcc Fe-rich 
areas, the annealed sample contains two magnetic sublattices, that are assigned to the L10 FePt and L10 FeMnPt 
phases, as proven by the hyperfine parameters of the Mössbauer sextets. Magnetic measurements confirms the 
Mössbauer spectroscopy studies. The hysteresis loops show strong coercive fields and also an inflection point 
that hints to the existence of two magnetic components with different coercive fields. These components are 
assigned to soft magnetic Fe-rich areas and to hard magnetic L10 phases. There are good premises for developing 
novel exchange spring nanocomposite magnets due to both strong coercivity and the co-existence of soft and 
hard magnetic phases.
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CsCl-type equiatomic Fe-Rh alloy exhibits a first-order transition from antiferromagnetic (AFM) order to 
ferromagnetic (FM) order around 350 K. In the FM state (Curie temperature is about 700K), the Fe and Rh atoms 
FDUU\�SDUDOOHO�PDJQHWLF�PRPHQWV�RI�a���ȝb�DQG�a���ȝb [1]. The AFM-to-FM metamagnetic transition is triggered 
by a ~1% change in the unit cell volume, as a consequence of the coupling between magnetic and structural 
properties. In addition, strong changes in the electronic structure have been reported between both magnetic 
states, with an unusually low carrier density in the AFM phase [2, 3]. These two features suggest that FeRh is a 
good candidate for the electrical control of magnetism using ferroelectrics through piezoelectricity [4], creating 
novel multiferroic materials.

In this work we present the variation of hyperfine parameters in FeRh thin film deposited on BaTiO3 (100) 
ferroelectric substrate in the temperature range between 25 °C and 165 °C. Nuclear resonant scattering at 
different grazing angles was used to determine the depth resolution of magnetic configuration in the FeRh layer. 
In room temperature the main magnetic component was found to be antiferromagnetically ordered (about 80%), 
which gradually turned into ferromagnetic with increasing temperature. During temperature reversal, different 
metamagnetic transition path was observed, resulting a hysteresis in hyperfine parameters.
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For an individual atom, virtual photons emitted and reabsorbed by this given atom contribute to Lamb shift. 
In the presence of two (or more) atoms, virtual photons can be emitted by one atom and absorbed by the second 
one, leading to an exchange-type interaction [1]. This interaction will give rise to a split, and show a 
spacing-dependent signature [2]. In optical system, exchange interaction between atoms are of fundamental 
importance in quantum optics, quantum simulations, and quantum information processing [3]. In x-ray region, 
this kind of interaction between two nuclear ensembles has been used to achieve electromagnetically induced 
transparency (EIT) [4] and mimic Rabi oscillations [5]. 

In the situation of two atoms interacted with continuum of modes [2], exchange-type interaction has a 
typical feature that its strength shows periodic characteristic with J~Jmaxsin(ĳ), where ĳ is the phase difference 
depended on the spacing between two atoms. So far, the spacing-dependent behavior is not studied for two 
nuclear ensembles in x-ray region. Here, a thin-film open-end planar cavity embedding two ensembles of 
resonant Mössbauer 57Fe is designed. The present work 
proves that this kind of structure is a good candidate with 
continuum modes for x-ray cavity, and the perodic feature 
is also observed.

The calculated results are depicted at Fig. 1(b) and 
(c), obvious and negligible splittings are shown 
respectively. In the case of (b) for kzGaʌ, the splitting is 
almost zero. And in the case of (c) for kzGaʌ/2, the 
VSOLWWLQJ� WDNHV� LWV� PD[LPXP� ���� Ȗ0 according to the 
reflectivity curves which is accessible to be obtained from 
the experiment. So the splitting takes its maximum when 
ĳ=ʌ/2 or any odd multiple, and takes its minimum when 
ĳ=ʌ or any odd multiple, this phenomenon agrees well 
with the prediction that J~Jmaxsin(ĳ).
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Figure 1. Thin film with embedded two layers of 57Fe with 
spacing d and (a) the schematic of measurement. The thin 
film has only bottom Pt mirror layer in this configuration. (b) 
The numerical energy-resolved reflectivity curves in d=15.7 
nm and (c) in the case of d=7.4 nm, both of (b) and (c) have 
FRQYROYHG�D�*DXVV�IXQFWLRQ�ZLWK���Ȗ0 energy resolution.
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Iron(II) spin crossover (SCO) complexes display a reversible transition from the low-spin state (LS, S=0) 
to a high-spin state (HS, S=2) by e.g. variation of temperature, pressure or by irradiation with light [1]. 
Therefore, these systems are promising candidates for information storage materials [2]. For practical device 
applications thin films of these properties are interesting. The SCO-compound [Fe(Htrz)2(trz)] (BF4) (1) switches 
between the LS and the HS state with a 30 K wide thermal hysteresis loop above room temperature [3]. We have 
prepared thin films of 1 on a SiO2 substrate by spin coating. The spin states of the films have been characterized 
by Mössbauer spectroscopy in reflection mode using a MIMOS II spectrometer. A low quadrupole splitting (LS 
state) at 300 K and a high quadrupole splitting (HS state) at 400 K were found for the film, as well as for bulk 
powder of 1. This confirms a LS – HS transition above room temperature. Furthermore, synchrotron based 
nuclear resonance scattering measurements from 80 K to 400 K indicate that the hyperfine parameters are similar 
to those of the bulk powder of 1. DFT calculations reproduce the calculated Fe-vibrational density of states of 
the bulk and the thin film sample of 1 and indicate a higher amount of HS Fe atoms being present in the film of 
1 than in the bulk powder of 1. These studies show that the SCO films prepared by spin coating have similar SCO 
properties as the bulk complex.
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Atomic diffusion at nanometer length scale may differ significantly from bulk diffusion, and may 
sometimes even exhibit counterintuitive behavior. In the present work, taking Cu/Ni as a model system, a general 
phenomenon is reported which results in sharpening of interfaces upon thermal annealing, even in miscible 
systems. Anomalous x-ray reflectivity from a Cu/Ni multilayer has been used to study the evolution of interfaces 
with thermal annealing. Annealing at 423 K results in sharpening of interfaces by about 38%. This is the 
temperature at which no asymmetry exists in the inter-diffusivities of Ni and Cu. Thus, the effect is very general 
in nature, and is different from the one reported in the literature, which requires a large asymmetry in the 
diffusivities of the two constituents [1, 2]. General nature of the effect is conclusively demonstrated using 
isotopic multilayers of 57Fe/naturalFe, in which evolution of isotopic interfaces has been observed using nuclear 
resonance reflectivity. It is found that annealing at suitably low temperature (e.g. 523 K) results in sharpening of 
the isotopic interfaces. Since chemically it is a single Fe layer, any effect associated with concentration 
dependent diffusivity can be ruled out. The results can be understood in terms of fast diffusion along short-circuit 
paths like triple junctions, which results in an effective sharpening of the interfaces at relatively low 
temperatures. 

X-ray reflectivity of Cu/Ni multilayer annealed at 
423 K for 0.5 h. Inset compares the reflectivity at 
the Bragg peak of samples annealed at different 
temperatures.

Concentration profiles as obtained from the best 
fit of the nuclear resonance reflectivity data of the 
isotopic multilayer of 57Fe/naturalFe, showing 
interface sharpening at 523 K.
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Iron oxide nanoparticles (NPs) with different phases possess immense application potential, mainly when 
crystallite sizes of their particles fall below 100 nm. These can be categorized into different forms according to 
their oxidation state. X-ray diffraction studies cannot clearly distinguish different phases of iron oxide. 
Mössbauer spectroscopy is an effective technique to study the different phases of iron oxide and the underlying 
transformation mechanism. In wustite (FeO), iron is present in the divalent state having Fm3m space group. Iron 
LQ� WULYDOHQW� VWDWH� FDQ� KDYH� GLIIHUHQW� SKDVHV� VXFK� DV� Į�)H2O3� �KHPDWLWH��� ȕ�)H2O3�� Ȗ�)H2O3 (maghemite) and 
İ�)H2O3��%RWK�ȕ�)H2O3�DQG�İ�)H2O3 are regarded as a rare iron oxide phases. They are thermally unstable and 
HDVLO\�WUDQVIRUPHG�LQWR�Į�)H2O3 upon thermal treatment. In Fe3O4, iron is in both divalent and trivalent state. It 
possesses inverse spinel structure having point group Fd3m. Long term exposure of bulk Fe3O4 to air atmosphere 
DW� URRP� WHPSHUDWXUH� OHDGV� WR� WKH� PLOG� R[LGDWLRQ� LQWR� Ȗ�)H2O3 due to valence alteration of iron atoms. On 
DQQHDOLQJ�Ȗ�)H2O3 transforms into Į-Fe2O3�YLD� LQWHUPHGLDWH�İ�)H2O3 formation. On increasing the calcination 
WHPSHUDWXUH��Ȗ�DQG�İ�IRUPV�ZHUH�QRW�GHWHFWHG��:LWK�DQ�LQFUHDVH�LQ�WKH�KHDWLQJ�WLPH��ȕ�)H2O3 is also transformed 
into Į-Fe2O3. This polymorphic change is confirmed by an increase of the sextet areas in the Mössbauer spectra. 
However in nanophase Fe3O4�LV�UHSRUWHG�WR�EH�XQVWDEOH�DQG�WUDQVIRUPV�WR�Ȗ�)H2O3. Mössbauer spectroscopy can 
help in exploring differences in nanophase and bulk Fe3O4 and predicting its stability.

Figure RT Mössbauer spectra of iron oxides prepared by the thermal conversion of Fe2(SO4)3 in air: (a) at 520 °C for 5h; 
(b) at 600 °C for 2 h (Adapted from Reference no. 1 with permission of American Chemical Society)
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Ferrite nanoparticles (NPs) are in the limelight of current nanoscience because of enormous application 
potential. Excellent magnetic properties along with other functional properties, such as catalytic activity are 
VRPH� RI� WKH� LQWHUHVWLQJ� DVSHFWV� RI� WKH� IHUULWH� 13V�� �VVEDXHUۼ0 VSHFWURVFRS\� SURYH� WR� EH� SRZHUIXO� WRRO� LQ�
elucidation of structural and magnetic properties as a function of cationic size and substitution of one cation by 
another. The magnetic properties of the ferrites are related to relative strengths and types of intersublattice and 
intrasublattice interactions. Mössbauer spectroscopy can provide information on mechanically induced cation 
redistributions, superparamagnetic relaxation and changes of nearest-neighbor configurations. In most ferrites, 
the intersublattice and intrasublattice interactions compete with each other resulting in defects leading to 
different magnetic properties depending on the site occupancy. The study of combination of low-temperature, 
URRP�WHPSHUDWXUH�DQG�LQ�ILHOG�0ۼVVEDXHU�WHFKQLTXHV�SURYLGHV�WKH�VWUXFWXUDO�LQIRUPDWLRQ��7KH�LGHQWLILFDWLRQ�RI�
different chemical and magnetic phases can be done by comparing hyperfine values, peak widths, relative peak 
areas and isomer shifts. The influence of the copper doping on the structure of Mn-modified ferrites had been 
H[DPLQHG�XVLQJ�0ۼVVEDXHU�VSHFWURVFRS\��:LWK�LQFUHDVLQJ�0Q�FRQWHQW��WKH�)H2+ ions present at Oh sites undergo 
substitution by Mn2+ ions due to which relative area of the Fe2+ ions decreases whereas the relative area of Fe3+ 
ions increases accordingly.

Figure Mössbauer spectra of activated Cu codoped modified ferrites at room temperature (Adapted from the reference 1 
with the permission of American Chemical Society)
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Magnetic nanoparticles have attracted great interest in a wide range of disciplines. However, pure 
(uncoated) magnetic nanoparticles tend to oxidize under the influence of the environment, which leads the 
deterioration in their properties, imposing restrictions on their use. Various ways have been invented to protect 
nanoparticles from environmental influences. One of them is the coating of nanoparticles with carbon shells, 
since carbon is an inexpensive, biocompatible and easily functional material. In particular, much attention was 
paid to the study of various carbon-coated magnetite nanostructures, since they are widely used in many fields, 
such as microwave absorption, biomedical applications, lithium-ion batteries, and absorption of some heavy 
metals.  

The influence of synthesis temperature on the structural and magnetic properties of FexOy@carbon 
core-shell nanoparticles was investigated by X-ray diffraction, transmission electron microscopy (TEM), Raman 
and Mössbauer spectroscopy, as well as by magnetic measurements.

The Mössbauer spectra indicate that in the octahedral B-sites of magnetite there is an excess of [Fe3+]B ions, 
which are located on the particle surface. These ions do not participate in the electron hoping [Fe3+  Fe2+]B 
above the Verwey transition. The wüstite phase appears and grows with a corresponding decrease in the fraction 
of [Fe3+]B that does not undergo the electronic exchange. This proves that the wüstite phase is generated and 
formed on the surface of magnetite particles under the influence of carbon. The Mössbauer data allow one to 
monitor the dynamics of reduction of iron oxide from Fe3O4 to FeO under the influence of carbon.[1]
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and by the Russian Science Foundation (Project No.14-12-00848-P) in part of Mössbauer spectroscopy 
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Inorganic clays are natural ordered materials. Their fundamental units are multiple layers of stacked silicate 
platelets with average distance 10-15 Å and crystalline defects with ionically exchangeable divalent counter ion 
species. When intercalating clay, the distance between the platelets increases and the space between them is 
filled with solvent. The surface of the plates can interact with the solvent forming various hybrid materials.

Montmorillonite (MMT), one of layered aluminosilicate minerals, can provide a superior matrix to 
hybridize the magnetic nanoparticles (NP) because of its unique physicochemical properties such as tunable 
large interlayer space and cation exchange capacity [1]. Several types of metal oxide nanoparticles have been 
successfully introduced to the interlayer space via an intercalative route [2]. A number of recent studies show that 
such materials have unique magnetic properties that are not attainable in individual clay or iron oxide particles 
[1, 3]. Such properties are associated with a special magnetic order, which is formed as a result of the magnetic 
interparticle interaction of superparamagnetic particles embedded in a clay matrix, which makes it possible to 
successfully investigate NP-clay hybrid materials using 
relaxation Mössbauer spectroscopy. The

method is based on the nearness of the characteristic time 
of thermal fluctuations of the magnetic moment of 
superparamagnetic nanoparticles to the lifetime of the excited 
state of the Mossbauer nucleus.

We  syntesized  a  hybrid  material  based  on  iron-oxide  
nanoparticles  and  Na+- montmorillonite. The synthesis was 
carried out using the precipitation of iron salts in aqueous 
solutions of clay with different concentrations. The effect of 
synthesis parameters on the magnetic properties of the 
obtained hybrid materials was analyzed. The magnetic 
behavior of the dipole- bounded ensembles of 
superparamagnetic nanoparticles in the obtained magnetically 
ordered materials was compared with magnetic behavior of 
powder particle samples.

Acknowledgements: The work was supported by the Russian 
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References
1) Son, Y. H. et al. Chemistry of Materials, 22(7), 2226-2232, (2010).
2) Hur, S. G et al. The Journal of Physical Chemistry B, 110(4), 1599-1604, (2006).
3) Latif, M. H. A. et al. Chemistry and Materials Research, 7(8), 2224- 3224, (2015).

Figure 57Fe Mössbauer spectra of superparamagnetic 
iron oxide nanoparticles, embedded in montmorillonite, 
at 300 K.
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The unique combination of magnetic, optical and chemical properties of magnetic nanoparticles (NP) 
reveals broad prospects for practical applications in various 
areas [1]: genomic analysis, targeted drug delivery, 
hyperthermia, contrast agents for magnetic resonance imaging 
(MRI) [2,3]. For applications, it is important to consider not 
only the chemical composition, but also the size, morphology, 
crystal structure, methods of sample preparation. 

In the present work, a detailed study of the structural, 
magnetic, and electronic properties of iron oxide nanoparticles 
functionalized by HSA protein (human serum albumin) by 
X-ray diffraction, transmission electron microscopy, Raman 
spectroscopy, 57Fe NMR and Mössbauer spectroscopy were 
conducted. Iron oxide NPs reveal a spherical shape with the 
mean size of 5-6 nm (Fig. 1) and a cubic spinel crystal structure 
according to XRD. A phase composition was determined by 
Raman, Mossbauer and NMR spectroscopy. 
Superparamagnetic behavior and interactions between NPs 
were observed. 

Acknowledgements: This work was supported by the Russian Science Foundation (Project No. 19-72-00095) 
in part of Mossbauer spectroscopy measurements and analysis, by the Ministry of Science and Higher Education 
within the State assignment FSRC “Crystallography and Photonics” RAS in part of the TEM measurements and 
data analysis.
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Fig. 1. TEM image of iron oxide nanoparticle
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Today, much attention is attracted to the synthesis and properties of magnetic nanowires (NWs) [1] due to 
their possible applications for magnetic sensors, spintronic devices, hydrogen fuel cell electrodes, and 
biomedical technologies, including antitumor therapy.

In this work, we obtained arrays of Fe1-xNix NWs by electrochemical deposition in the pores with diameters 
of 30 and 70 nm of polymer track membranes and studied their phase composition and magnetic properties. A 
generalized theoretical Stoner-Wohlfarth model [2,3] of the magnetic dynamics of nanocomposites was used to 
describe the magnetic properties and calculate the basic physical parameters of NWs. NWs demonstrate the 
formation of spontaneous magnetization during the synthesis process without the application of an external 
magnetic field and have ferromagnetic properties and high magnetic anisotropy substantially different from the 
bulk phases of the Ni-Fe solid solution. Quasi-one-dimensional magnetic ordering is observed in NWs with a 
diameter less than 60 nm.

Acknowledgements: This work was supported by the Ministry of Science and Higher Education within the 
State assignments FSRC «Crystallography and Photonics» RAS in part of «NWs electrochemical deposition, 
;�UD\� GLIIUDFWLRQ�� HOHFWURQ�PLFURVFRS\� DQG�0ऺVVEDXHU� VSHFWURVFRS\�PHDVXUHPHQWVª� DQG�9DOLHY� ,QVWLWXWH� RI�
Physics and Technology RAS in part of «magnetic measurements and theoretical calculations», Russian 
)RXQGDWLRQ�IRU�%DVLF�5HVHDUFK��3URMHFW�1R��������������PROBD�� LQ�SDUW�RI�©0ऺVVEDXHU�PHDVXUHPHQWVª�7KH�
equipment of the Center of collective usage of the Shubnikov Institute of Crystallography FSRC 
"Crystallography and Photonics" RAS was used.
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Iron carbides have been extensively studied because of their various useful industrial applications. Hägg 
carbides (Fe5C2) and Eckstrom-Adcock carbides (Fe7C3) are known as metastable iron carbides. Although it has 
been reported that the metastable iron carbides were able to be synthesized in a form of nanoparticle [1], the 
particles consisted of a mixture of iron oxides and other iron carbides. Generally, it is hard to obtain pure 
metastable iron carbides. Pulsed Laser Deposition (PLD) is a very useful technique to produce films with 
controlled composition. This technique can produce iron carbide species unobtainable under normal conditions. 
We have previously reported iron carbide films produced by PLD of iron in the C2H2 atmosphere [2], where the 
mixture of iron carbides, Fe3C, Fe7C3, and paramagnetic amorphous Fe-C, were produced. In this study, we 
employed CH4 as a reactive gas, because CH4 is less reactive than C2H2 and the composition of C atoms can be 
easily controlled.

Pulsed laser light from a Nd:YAG laser (NewWave Research, Tempest 10; wavelength: 532 nm; pulse 
energy: 85 mJ; pulse duration: 5ns; repetition rate: 10 Hz) was focused by a convex lens onto a 57Fe metal block 
in the CH4 atmosphere (0.5 - 40 Pa). Laser-evaporated Fe atoms were deposited on Al substrates. The substrate 
temperature was maintained at 573 K using a resistive heater. The samples were measured by transmission 
Mössbauer spectroscopy, and X-ray diffraction (XRD).

Various iron carbide films were produced varying the temperature of the Al substrates and the pressure of 
CH4 atmosphere. When the substrate temperature was low (below 573 K), the films consisted of amorphous Fe-C 
or iron carbide with large defects. Thus, the substrate temperature was fixed at 573 K and the effects of the CH4  
pressure was investigated. The film produced in CH4 atmosphere below 4.0 Pa consisted of a combination of 
Fe5C4 and Į-Fe; showing the three sets of sextets of Fe5C2 and one sextet of Į-Fe. The film produced at 4.0 Pa 
(thickness of 380 nm) was fitted into a combination of three sextets, which was assigned to pure Fe5C2 without 
any impurity. When the film was produced at 6.0 Pa (thickness of 380 nm), the film consisted of pure Fe7C3; the 
Mössbauer spectrum was fitted into a combination of five sextets of Fe7C3 without any other impurity. When the 
film was produced at 13 Pa of CH4, the Mössbauer spectrum showed a combination of Fe7C3 and an extra 
doublet; the doublet was assigned to paramagnetic amorphous Fe-C containing a large amount of C atoms. The 
film produced at the highest pressure of 40 Pa of CH4, only the double of amorphous Fe-C was observed. The 
above results indicated that the CH4 pressures 4.0 Pa and 6.0 Pa were the best conditions to produce pure Fe5C2 
and Fe7C3, respectively. The XRD patterns of the films were also measured, and the results were in agreement 
with the results obtained by Mössbauer spectroscopy. The metastable iron carbide (Fe5C2 and Fe7C3) films 
without impurity might provide useful materials for the catalytic applications.
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The effect of particle size on the structural electrical and magnetic properties of MFe2O4 (M= Co and Mn) 
are investigated. The series were prepared using sol-gel method and studied using X-Ray diffraction, infrared 
(IF), Mossbauer (MS) spectroscopies, and vibrating mass spectrometer (VSM). XRD refinement reveals that 
each sample has single phase with the well-known spinel cubic structure. The X-ray analysis together with IR 
spectra confirmed that the synthesized powder is well crystallized. The crystalline size is in the range of 9nm - 
15nm. The electrical properties showed semiconducting behavior. The magnetic properties of these compounds 
have been studied and showed ferrimagnetic ordering. The magnetic hysteresis loop is an indication to the degree 
of softness where the value of the measured coercivity HC is 910 G. Mössbauer Measurements of the series are 
conducted at both 78 K and 295 K, and the performed data analysis are used to confirm the magnetic 
measurements findings, as well as the cations distribution between the tetrahedral and octahedral crystallographic 
sites.
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Iron oxide nanoparticles (NPs) are developed for magnetic fluids for a long time. There are numerous 
studies by various techniques including Mössbauer spectroscopy of the effect of different NPs’ preparations, size 
distribution, surface functionalization, coating, etc. In this study we consider the effect of the NPs surface 
functionalization. Iron oxide NPs were synthesized by co-precipitating Fe2+ (0.1 mol/L) and Fe3+ (0.2 mol/L) ions 
in hydrochloric acid (HCl) aqueous solution at room temperature. Ammonium hydroxide (1 mol/L) aqueous 
solution was added to the acidified metal ions solution to perform the NPs’ precipitation. The resulting precipitate 
was boiled with iron nitrate (Fe(NO3)3) solution (0.5 mol/L) for 30 min. The resulting precipitate (sample FM) 
was thoroughly washed with acetone and dried for analyses. For surface functionalization with citrate, sample 
FM was dispersed in water and treated with excess of sodium citrate (Na3C6H5O7) aqueous solution under 
sonication for 10 min. The resulting sample (FMC) was thoroughly washed with distilled water for purification 
DQG�GULHG�IRU�DQDO\VHV��6DPSOHV�)0�DQG�)0&�FRPSULVH�PDJKHPLWH��Ȗ�)H2O3) NPs as the magnetically-ordered 
phase with average diameter of about 11 and 13 nm, respectively. Both samples were examined at room 
temperature using Mössbauer spectroscopy with a high velocity resolution as a method allowing to extract more 
spectral details than the conventional one. The Mössbauer spectra of FM and FMC measured in 4096 channels 
are shown in Fig. 1 and demonstrate visible differences. These spectra were fitted in different ways to explain the 
observed differences and results are compared with related data from the literature.

  

FM FMC 

Fig. 1. Mössbauer spectra of nanoparticles without (FM) and with functionalization (FMC).
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Various kinds of iron nitrides have been studied because of their important industrial applications. 
Generally, iron nitrides with high nitrogen contents are metastable and hardly obtainable as bulk solid forms. The 
metastable iron nitride is able to be stabilized in the form of a fine particle or a thin film. The arc-discharge of 
iron metal can generate an iron plasma even under an atmosphere with relatively high pressure, and thus, it 
provides convenient method to produce thin films consisting of iron compounds. In this study, we report 
SURGXFWLRQ�RI�WKH�İ�)H3-21�DQG�ȗ�)H2N using an arc-plasma deposition of iron in the nitrogen atmosphere.

An 57Fe-enriched metal was employed as an evaporation source. An iron plasma was generated using the 
arc-plasma-gun (ULVAC ARL-300; Discharge voltage 100 V; repetition rate 1 Hz; 10000 pulses), and the 
nitrogen gas was introduced to the space between the discharge electrodes controlling the flow rate (10 – 30 
VFFP��� 7KH� LURQ� QLWULGHV� ZHUH� GHSRVLWHG� RQWR�$O� VXEVWUDWHV�� 7KH� WKLFNQHVV� RI� WKH� ILOPV� ZDV� ���� QP� �Į�)H�
equivalent thickness), and the substrate temperature during deposition was maintained at a constant temperature 
(298 K or 573 K). The samples were measured by transmission Mössbauer spectroscopy, and X-ray diffraction 
(XRD).

First, the arc-deposition of Fe was performed under an atmosphere of N2 while keeping the temperature of 
the Al substrate at 298 K. When the flow rates of N2�ZHUH�EHORZ����VFFP��WKH�ILOPV�FRQWDLQHG�RI�Į�)H�ZLWKRXW�
any iron nitrides. When the N2 flow rate was increased to 20 and 30 sccm, the Mössbauer spectra of the films 
VKRZHG�GLVWULEXWHG�K\SHUILQH�PDJQHWLF�ILHOGV��DV�ZHOO�DV�D�VH[WHW�RI�Į�)H��7KH�GLVWULEXWHG�K\SHUILQH�PDJQHWLF�
ILHOGV�KDYLQJ�WZR�PD[LPD�DW�a���7�DQG�a���7�ZDV�DVVLJQHG�WR�İ�)H3-2N with a large amount of defects. The 
assignment was confirmed by the XRD pattern. Next, the arc-deposition was performed while heating the 
substrate at 573 K to promote crystal growth on the substrate; When the N2 flow was kept at 15 sccm while 
GHSRVLWLRQ��WKH�ILOP�ZDV�D�PL[WXUH�RI�İ�)H3-21�DQG�ȗ�)H2N. The films produced while keeping the N2 flow rates 
DW����VFFP�DQG����VFFP�ZHUH�FRQVLVWHG�RI�SDUDPDJQHWLF�ȗ�)H2N with a few lattice defects. It became obvious that 
İ�)H3-21� VWDELOL]HG� DW� D� ORZHU� VXEVWUDWH� WHPSHUDWXUH� ����� .�� ZKLOH� ȗ�)H2N stabilized at a higher substrate 
temperature (573 K). 

It was demonstrated that iron nitride films were successfully produced by arc-deposition of Fe under N2 
DWPRVSKHUH��7KH�FRPSRVLWLRQ�RI�İ�)H3-21�DQG�ȗ�)H2N was able to be controlled by changing the N2 flow rate and 
the temperature of Al substrate.
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�:H�SUHVHQW�QXFOHDU�UHVRQDQFH�VFDWWHULQJ�PHDVXUHPHQWV�SURELQJ�WKH�K\SHUILQH�LQWHUDFWLRQV�RI�ȕ�6Q�DQG�LWV�
oxide, SnO2, prepared as thin films in confined structures. Thereby, we excite the Mössbauer isotope Sn, which 
is isotopically enriched in the tin layers, at its resonant energy of 23.88 keV with short synchrotron X-ray pulses. 
As the subsequent nuclear decay is a fingerprint of the nuclear energy level structure, the emitted photons are 
measured time- resolved. For certain geometries, e.g. thin film cavities, a direct measurement of the energy 
spectrum can be achieved with an additional Mössbauer drive. This method is well established for the Mössbauer 
isotope 57Fe, e.g., to investigate electric field gradients [1], magnetic spin textures [2] or magnetization dynamics 
[3]. Moreover the direct measurement of energy spectra led to the research of hard X-ray quantum optics effects, 
e.g. the collective Lamb shift [4]. By applying the method to 119Sn isotopes the research field can be 
IXUWKHUH[WHQGHG��6LQFH�ȕ�6Q��DV�ZHOO�DV�LWV�R[LGHV��LV�QRQ�PDJQHWLF��6Q�ILOPV�FDQ�EH�XVHG�IRU�SURELQJPDJQHWLF�
environments [5] and for designing new thin film structures for the investigation ofquantum optic effects. 
Experiments on thin Sn films, however, are rare since a drawback is their challenging preparation with the 
desired smoothness.

+HUH��ZH�UHSRUW� WKH�VXFFHVVIXO� IDEULFDWLRQ�RI�ȕ�6Q�ILOPV��:LWK�WKDW��ZH�SUHVHQW�RXU� � UHVXOWVPHDVXUHG� �DW��
PETRA  III  on  Sn  films,  embedded  in  different  layered  structures.  Weinvestigated  the  hyperfine  
LQWHUDFWLRQV���ZKHQ��ȕ�6Q��LV��LQ��FRQWDFW��ZLWK��D��PDJQHWLF��OD\HU�³SHUPDOOR\´��1L��)H����RU�QRQ�PDJQHWLF�OD\HU�
(tantalum). Thereby, we found an enhancementof the Lamb-Mössbauer factor by a factor of 10 in ultra-thin 
films. By using the oxide form, SnO2, we looked at changes of the energy resonance line, when SnO2 is placed 
inside of a thin film cavity structure. We achieved to measure the collective Lamb shift, even for 8 nm SnO2 
films. The results should be beneficial to future thin film experiments regarding tin as a probe for its magnetic 
environment and for nuclear quantum optics. The goal is to extend the application of nuclear resonance 
scattering to higher energy, higher sensitivity in magnetic heterostructures and pronounced nuclear quantum 
optics effects.
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We report on the mecahosynthesis, structural and magnetic characterization of 10 at% Nd-doped 
perovskite-related SrFeO��į� nanocrystalline particles (~80 nm) using XRD, Mössbauer spectroscopy and 
vibrating sample magnetometry (VSM). The material is formed starting from a stoichiometric mixture of 
Į-Fe2O3, Nd2O3 and SrCO3 at 800 oC which is ca. ~ 300 oC lower than those at which Nd-doped SrFeO��į bulk 
modifications are conventionally prepared. Rietveld refinement of the XRD data and 57)H�0ऺVVEDXHU�VSHFWUD�
have revealed the nanocrystalline particles to be composed of cubic Nd0.1Sr0.9FeO3 and tetragonal 
Nd0.1Sr0.9FeO2.875� SKDVHV� LQ� WKH� UDWLR� RI� a� ��� �� ����7KH�0ऺVVEDXHU� UHVXOWV� DOVR� VKRZ� WKH�1G�GRSHG� 6U)H2��į 
nanoparticles to be superparamagnetic with blocking temperatures below 78K. A complex magnetic behavior, 
associated with the coexistence of the cubic and tetragonal phases, is detected for the nanoparticles wherein an 
antiferromagnetic-to-paramagnetic transition and an antiferromagnetic-to-weak ferromagnetic transition are 
detected at  takes place at ~ 61 K and ~24 K,respectively. XPS measurements show a complex surface structure 
of the nanoparticles where traces of the initial reactants, viz. Į-Fe2O3 and SrCO3, were detected. 
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Ferric oxide belongs to the most important nanomaterials because of its benefits to fundamental research as 
well as its application potential spanning over a large variety of fields of human activities [1]. Additionally, iron
(III) oxide exhibits polymorphism – a feature manifested by an existence of various structural forms differing in 
physical properties and thus with diverse potential applications of individual polymorphs [2]. Moreover, upon 
exposing to increased temperature/pressure, ferric oxide undergoes a polymorphic transformation, which can be 
of topotactic or non-topotactic nature. Therefore, these transformations provide a route to prepare different iron
(III) oxide polymorphs with tailored physical properties tuned by a size, morphology and dimensionality [2]. 
Additionally, the course of a polymorphic transformation can be governed by atmosphere under which the 
transformation occurs while favouring emergence of rare and intermediate phases with interesting features. So 
far, phase transformations in oxidative atmospheres have been well studied in the literature [2]. On the other 
hand, less attention has been devoted to the transformations in reductive or inert atmospheres.

Herein, we present a study of thermally induced transformations of three different iron(III) oxide phases 
�L�H���Į�)H2O3��Ȗ�)H2O3, and amorphous Fe2O3) under reductive/inert atmospheres, i.e., the issue that has not been 
addressed in the literature yet [3]. The transformations were studied in situ by X-ray powder diffraction (XRD) 
technique in the temperature range from 25 to 900 °C. The transformation products were characterized by 57Fe 
Mössbauer spectroscopy, XRD, and magnetization measurements. It was found out that some rare intermediate 
phases, such as Haag’s carbide or magnetite of different stoichiometries, were formed during the reduction 
pathways. The presented experimental results open a journey to a more detailed knowledge on iron(III) oxide 
reduction paths. Identification of intermediate phases provides an option to further study them with respect to 
search for optimal conditions for their stabilization, to characterize their physicochemical properties and to 
assess their application potential.
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$FDG��*��%RQFKHY�VWU���EO���������6RILD��%XOJDULD
����,QVWLWXWH�RI�*HQHUDO�DQG�,QRUJDQLF�&KHPLVWU\��%XOJDULDQ�$FDGHP\�RI�6FLHQFHV��

$FDG��*��%RQFKHY�VWU���EO����������6RILD��%XOJDULD
QLNLYHOLQRY#LF�EDV�EJ

6SLQHO�IHUULWHV�FDQ�EH�GHQRWHG�E\�WKH�JHQHUDO�IRUPXOD��ɆɟxFe1-x)tetra[MeyFe2-y]octaO4, where Me is divalent 
metal ion occupying tetrahedral and octahedral sites in the unit cell. According to the location of divalent metal 
ion in crystalline lattice, ferrites can be classified as normal spinel, inverse spinel and partially inverse one. As it 
is known, different metal cations have preference to occupy differently coordinated positions. On the other side, 
the cation distribution in the spinel depends on the method of synthesis. In this way, the synthesis method has 
significant contribution in the control of the catalytic properties of these materials. 

The aim of present work is to obtain C ferrite materials with different structural characteristics by variation 
of method of synthesis and to study their behaviour in catalytic VOCs removal. 

Materials with nominal composition Cu0.5Ni0.5Fe2O4 was prepared by sol-gel auto-combustion technique 
using corresponding metal nitrates and citric acid as complexant/fuel agent. Different ratio between nitrates and 
citric acid was used to control combustion reaction. For comparison, Cu0.5Ni0.5Fe2O4 ferrite was synthesised by 
co-precipitation. Mössbauer spectroscopy at room and liquid nitrogen temperature was used for analysis of 
synthesised samples. Iron distribution in tetrahedral and octahedral position of spinel lattice was determined. 
Different degree of agglomeration of ferrite phase was estimated by superparamagnetic behaviour of samples. In 
addition, methods of X-Ray Diffraction, UV-Vis, FTIR, nitrogen physisorption, TPR with hydrogen were 
applied for structural characterization of the materials. Some quantity of secondary phases (metal alloys and 
hematite) was found in samples prepared by auto-combustion method. The catalytic activity of the samples in 
ethyl acetate oxidation strongly depended on the variations in the structural and texture characteristics of the 
samples. The sample synthesized at the lowest ratio of nitrates to citric acid is characterized with the smallest 
ferrite crystallite size, the higher surface and the best catalytic activity.
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Li2FeSiO4 has attracted great attention in the search of cathode materials for high-capacity lithium-ion 
EDWWHU\�IRU�ODUJH�VFDOH�HQHUJ\�VWRUDJH��,W�SRVVHVVHV�KLJK�WKHRUHWLFDO�FDSDFLW\��DSSUR[LPDWHO\�����P$K�Jí�), good 
thermal stability and cycling performance, nontoxicity, environmental friendliness and is of low cost. 
Unfortunately, Li2FeSiO4 suffers from low intrinsic electronic conductivity and slow lithium ion diffusion ability 
from slow Li+ diffusion and low electronic conductivity. Several strategies have been proposed to overcome 
these obstacles to allow its use in practical applications, including creating conductive carbon coating on 
Li2FeSiO4 particle surface and doping with some transition metal cation in Fe and Si sites, including Mg2+. 

Mg-doped Li2FeSiO4/C of monoclinic structure 3��/n have been synthesized by a citric acid assisted sol-gel 
method [1] and by using a hydrothermal method with Fe2O3 nanoparticle as Fe source [2]. This Mg-doped 
Li2FeSiO4/C delivers high discharge capacity and its capacity retention is good. Mg-doping help to decrease the 
charge-transfer resistance and increase the Li+ diffusion capability. By using a solid-state method, Huang et al. 
[3] prepared a Li1.97Mg0.03FeSiO4/C composite with orthorhombic structure indexed to the Pmn21 space group. 
Mg-doping in Li sites provided an enhanced electronic conductivity of Li2FeSiO4, resulting in the improved 
capability. Recently [4], a series of Mg-doped Li2FeSiO4/C composites were prepared through a solid-state 
reaction. The dominant crystal phase of all the samples is the monoclinic structure 3��/n, but Li2FeSiO4 and 
metallic iron were detected as impurities. The results showed that Li2Fe����Mg0.02SiO4/C has the higher specific 
FDSDFLW\��EHWWHU�F\FOH�VWDELOLW\�DQG�UHYHUVLELOLW\��$Q�LQLWLDO�GLVFKDUJH�VSHFLILF�FDSDFLW\�RI�������P$K�Jí� at 0.1 C 
was observed. In this work, a 2 mol% Mg-doped Li2FeSiO4/C composites was prepared via a solid-state 
ball-milling process, using citric acid as a source of carbon. The crystal structure of Mg-doped material was 
characterized by Mössbauer spectroscopy, XRD, FTIR-ATR, and XPS. Samples were also investigated by SEM, 
TEM, EDX, cyclic voltammetry, the charge-discharge test and electrochemical impedance spectra 
measurements. This work aims to provide understanding of structural changes upon Mg doping, the material 
purity and the effect on the electrochemical performance of Li2FeSiO4/C. Our results are in agreement with those 
of Li et al. [4].
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The RPV (reactor pressure vessel) is a crucial component of NPPs (Nuclear Power Plant), which defines 
basic safety and limits the whole lifetime and operation parameters of the nuclear facility. Any change of 
physical-mechanical parameters of RPV must be closely monitored due to its direct impact on the operation of 
NPPs. That is the reason why it is so important to put an accent on a high quality of RPV materials. The 
microstructure and consequently mechanical properties of RPV steels are affected during NPP operation by 
chemical processes, radiation damage and temperature variations. Especially for safety and operational reasons, 
it is essential to examine the microstructure of materials in order to know what influence are having all these 
effects to RPV steels under long-term stress and what design improvements it is possible to make for next 
generations of structural materials. Accumulated defects and changes of the mechanical properties of the RPV 
can reach a critical limit, where the NPP is not able to be operated any longer and must be shut down. An 
effective way to restore the plastic properties of the RPV and reduce the amount of defects in the crystal lattice 
is annealing. 

In this paper, the specimens from JRQ (Japan Reference Quality) and JPA family of RPV steels, which 
correspond to the specification of ASTM A533B cl.1 steels were investigated.  They were manufactured by 
Kawasaki Steel Corporation in Japan according to the order of the International Atomic Energy Agency (IAEA) 
and were used in various studies focused mainly on neutron embrittlement of various levels of irradiation and 
DQQHDOLQJ�FRQGLWLRQV�VLQFH�WKH�����V��7KH�PDLQ�GLIIHUHQFH�RI�WKHVH�VWHHOV�LV�LQ�&X�FRQWHQW��ZKLFK�LV�LQ�ERWK�FDVHV�
KLJKHU�WKDQ�WKH�DFWXDO�UHFRPPHQGHG�OHYHO���������-54�ZDV�SURSRVHG�DV�D�FRUUHODWLRQ�PRQLWRU��ZKLFK�PHDQV�D�
material with medium sensitivity to radiation damage (simulation of RPVs steels of older NPPs). JPA steel, 
designed as a special model alloy (Cu content of 0.29 wt% was chosen to represent steels with increased Cu 
content for research conducted on high-Cu RPV steels).

The irradiation of studied Japan model steels was performed in a prototype reactor VVER-210 in 
Rheinsberg (Germany) at a temperature of 255 ± 5 °C up to three different neutron fluencies for both materials 
�a������������[����� cm-2 (E > 0.5 MeV)). The specimens of JRQ were subsequently annealed for 10 h at 6 
different temperatures ranging from 350 to 475 ºC in order to follow the recovery of the irradiated 
microstructure.

The changes in the microstructure irradiated/annealed steels by neutrons has been characterized by 
Mössbauer spectroscopy technique in scattering geometry and evaluated by NORMOS and CONFIT programs. 
Additionally, the gamma spectroscopy analyses were performed on neutron irradiated specimens.

Acknowledgements: This work was supported by VEGA 1/0477/16.



173

Poster

P-62T03

0|VVEDXHU�6SHFWURVFRS\�6WXG\�RI�<�W\SH�+H[DIHUULWH��%D2Co2Fe12O22)
3UHSDUHG�E\�WKH�&RSUHFLSLWDWLRQ�0HWKRG

/HKORRK�$�)� 1��$OJKD]R�5�0� 1��5DZZDJDK�)�+� 1��+DPPRXGHK�$�<� 2��0DKPRRG�6�+� 3

����'HSDUWPHQW�RI�3K\VLFV��<DUPRXN�8QLYHUVLW\��,UELG�-RUGDQ
����'HSDUWPHQW�RI�&KHPLVWU\��<DUPRXN�8QLYHUVLW\��,UELG�-RUGDQ

����'HSDUWPHQW�RI�3K\VLFV�7KH�8QLYHUVLW\�RI�-RUGDQ��$PPDQ�-RUGDQ
aflehlooh@yu.edu.jo

In this work we report the results of structural and Mössbauer spectroscopy studies for Ba2Co2Fe12O22 
samples prepared by the Coprecipitation method in which the preparation conditions (pH, Precipitation Agent 
and the Agent Addition method) were changed in four procedures: Procedure A (pH=10, Precipitation Agent: 
NaOH + Na2CO3, Adding method: dropwise), procedure B (pH=14, Precipitation Agent: NaOH + Na2CO3, 
$GGLQJ� PHWKRG�� RQH� VKRW��� SURFHGXUH� &� �S+ ��� 3UHFLSLWDWLRQ�$JHQW�� 1D2CO3, Adding method: one shot), 
procedure D (pH=14, Precipitation Agent: NaOH, Adding method: one shot).

The samples prepared by procedures A and B were sintered for 4 hours at different temperatures (700 °C-1100 °C), 
while those prepared by procedures C and D were sintered also for 4 h but at one temperature (1100 °C). The XRD 
patterns and room temperature Mössbauer spectra were recorded for the prepared samples.  

By applying the Scherrer Equation, the average particle size for the Co2Y phase was estimated wherever it 
appeared clearly in the XRD patterns for the samples.  

The XRD patterns and the Mössbauer spectra for the samples prepared by procedure A showed no 
formation of Co2Y type phase at 700°C, but spinel phases (CoFe2O4 and/or Fe3O4), BaCO3 and BaM-type phase 
were formed. The Co2<�SKDVH�LV�GHYHORSHG�LQ�WKH�VDPSOHV�VLQWHUHG�DW�����&�DQG�����&�ZLWK�VSLQHO�VSHFLHV�DV�
impurities. However, single (pure) Co2Y phase was formed at 1000 °C and 1100 °C. 

The XRD patterns and the Mössbauer spectra for the samples prepared by procedure B showed different 
outcomes than those of  procedure A: The sample sintered at 700 °C shows only spinel phases. The Co2Y phase is 
GHYHORSHG�DW�WHPSHUDWXUHV������&�DQG�DERYH�ZLWK�VLJQLILFDQW�DPRXQWV�RI�LPSXULWLHV��7KH�LPSXULWLHV�ZHUH�%D�VSLQHO�
DW������&���&R)H2O4 and/or Fe3O4) spinels at 900 °C and 1000 °C, and (CoFe2O4 and/or Fe3O4) spinels with traces 
of BaM-type phase at 1100 °C. Hence, no single (pure) Co2Y phase was developed through procedure B.  

The XRD pattern and the Mössbauer spectrum for the sample prepared by procedure C and sintered at 1100 °C 
showed no single (pure) Co2Y phase but the formation of Co2Y as a major phase, in addition to spinel species and 
BaM-type as minor phases. However, the sample prepared by procedure D and sintered at 1100 °C showed pure 
single Co2Y phase, which was confirmed by both XRD patterns and the Mössbauer spectrum.
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Fe-based metallic glasses have been extensively studied as new and advanced engineering materials for 
different applications due to their superior properties and potential. Wide variety of chemical compositions, 
possibilities for preparation of ternary and quaternary alloys, relatively low material cost and environmental 
friendly nature lead to great attention on their new applications in everyday life and industrial field. Recently 
metallic glasses have been also considered as good catalysts, including wastewater remediation where easy 
separation of catalytic material is also very important issue. 

On the other hand sustainable industry and circular economy are being connected with reuse of fresh and 
spent materials. In case of purification catalytic processes of contaminated wastewaters Fe-based metallic 
glasses could be successfully applied. However, number of questions focused on the impact of crystallization 
processes, including nanocrystallization and cluster formation, change of physical and chemical properties on 
the catalytic properties should be determined. This will reveal further abilities of their exploitation and practical 
application, as well as will improve their catalytic performance. 

The aim of the paper is to investigate the impact of partial crystallization of spent Fe-based metallic glasses 
on their photocatalytic behavior. In this regard four iron-based amorphous alloys containing critical raw 
materials (CRM) were investigated. Test reaction was photocatalytic degradation of Methyl orange (MO) azo 
dye. Metallic glasses with chemical composition Fe��B13.5Si3.5C2, Fe��B15Mo2Si5, Fe67B14Co��Si, and 
Fe40B16Ni40Mo4 were prepared by melt spinning method, when nucleation and growth of crystalline phases are 
suppressed during cooling of liquid alloys. Samples were thermally treated in order to simulate spent materials 
DW�WHPSHUDWXUH�RI����.�IRU����PLQ�LQ�$U�IORZ��7KHVH�FRQGLWLRQV�DUH�EDVHG�RQ�WKHUPDO�in situ analysis of materials. 
Characterization of samples was done by Mössbauer spectroscopy at room and liquid nitrogen temperature, 
Conversion electron Mössbauer spectroscopy, X-Ray Photoelectron Spectroscopy, Thermal analysis, as well as 
RT and in situ high temperature X-Ray Diffraction analysis. Difference between the photo-catalytic properties of 
initial iron-based metallic glasses with homogeneous amorphous structure and thermally treated samples (their 
counterparts) was registered. This difference was explained by the presence of additives (Mo, Co and Ni), 
different degree of crystallization in studied materials and with formation of different oxide layers at the 
metal–water interface.

Acknowledgements: The authors gratefully acknowledge the financial support of the Bulgarian National 
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Nanomaterials can be characterized by various experimental techniques utilizing laser irradiation of 
samples (e.g. Raman spectroscopy, photoluminiscence, dynamic light scattering, laser scanning microscopy, 
fluorescence correlation spectroscopy and others) [1]. It can happen that nanomaterials transform during the 
laser irradiation resulting to more or less changes of phase composition, particle size and/or their other 
properties. Therefore, techniques utilizing laser irradiation can become destructive and the changes of 
nanomaterial properties have to be taken into account [2]. 

In this study, we performed a series of experiments where zero valent iron nanoparticles (nZVI) were 
irradiated by a laser beam with given wavelength and power. Particularly, two lasers with the wavelengths of 527 
nm (Nd:YLF laser) and 1064 nm (Nd:YAG laser) were employed. The power of the lasers was systematically 
UDLVHG�XS�WR�����:DWW��7KH�GXUDWLRQ�RI�RQH�ODVHU�SXOVH�ZDV�����PV��7KH�SKDVH�FRPSRVLWLRQ�RI�WKH�LQLWLDO�Q=9,�
sample was determined by 57Fe Mössbauer spectroscopy and X-ray powder diffraction. In addition to major Fe
(0) (approx. 95 at% Fe) superparamagnetic ferric oxide (approx.. 5 at% Fe) as oxidized particle shell was 
identified. This nZVI sample was used as the initial for all the laser irradiation experiments. 

Samples obtained after the laser irradiation were characterized by Mössbauer spectroscopy, X-ray powder 
diffraction, and transmission electron microscopy. FeO, Fe3O4�� Ȗ�)H2O3�� DQG� Į�)H2O3 were identified as the 
transformation products after the laser irradiation. The relative contents of these phases in the samples depend 
on the experimental conditions. In the presented poster, an attention will be paid to evaluation and interpretation 
of Mössbauer spectra of the transformed samples. The results will be discussed with respect to used experimental 
conditions during the laser irradiation.
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Effect of Li on the synthesis of Barbosalite [Li : Fe3(PO4)2(OH)2] have been investigated. Solvothermal 
method was adopted. FeCl3��+2O, FeSO4��+2O, H3PO4��/L2+�+2O, and ethylene glycol (Sigma-Aldrich) were 
used with no further purification.

The samples are marked as Fe(II)-x and Fe(III)-x, where II and III represent the oxidation state of precursor 
)H� DQG� [� WKH�ZHLJKW� RI� /L2+�+2O in grams. Few planes in the XRD spectra were found to be merged at 
/L2+�+22� FRQFHQWUDWLRQ� RI� ���� J��$GGLWLRQDO� SHDNV� DULVHV� IURP� /L2+�+22� �� ���� J�� ZKLFK� LV� DVVLJQHG� DV�
LiFePO4. Magnetic properties of the particles were characterized by Mössbauer and squid magnetometer.  Li 
intercalation in the Barbosalite affects the Fe3+ sites and the Fe2+ remains undistorted till 0.9 g. Higher Li content 
leads to structural transformation to LiFePO4. The change in the magnetism is a step ahead than the structural 
transition.

Figure 1. (I) XRD for (a) Fe(III)-0 (Fe3(PO4)2(OH2)), (b) Fe(III)-0.3, (c) Fe(III)-0.6, (d) Fe(III)-0.9, (e) Fe(III)-1.2, (f)Fe(III)-1.5 
(Fe3(PO4)2(OH2) + LiFePO4��DQG��J��)H�,,,�������/L)H324), (II) Room temperature (RT) Mössbauer spectra of Fe(II)-0 (a), 
)H�,,,���� �E���)H�,,,������ �F���)H�,,,������ �G���)H�,,,������ �H��)H�,,,������ �I���)H�,,,������ �J��DQG�)H�,,,������ �K��� (III) Qadrupole 
splitting of the Fe2+ and Fe3+ in barbosalite.
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LiFePO4 were synthesize using solvothermal method. FeSO4��+22� ��� JP��� /L2+�+22� ������ J�� ZDV�
dissolved in 15 ml ethylene glycol respectively. To the mixture of the solutions, x g of H3PO4 were introduce. 
$IWHU�WKRURXJK�PL[LQJ��WKH�VROXWLRQ�ZDV�WUDQVIHUUHG�LQWR�D�7HIORQ�OLQH�DXWRFODYH�DW����R&�IRU����KU�

The XRD (Figure1(I)) shows that, the diffraction  pattern matched with the LiFePO4��-&3')�QR������������
A close observation on the intensity reveals the variation in the peak intensity as the H3PO4 amount increases 
IURP�������J�WR������J��7KH�LQWHQVLW\�RI�WKH�SODQH�������GHFUHDVHV�DV�+3PO4 increases. The decrease in the peak 
deviates from the ideal LiFePO4 reported. These indicate a preferential plane growth in LiFePO4. Mössbauer 
studies indicate the amount of Fe2+ having parameters of LiFePO4�LQFUHDVHV�IURP������WR������ZKHQ�+3PO4 
LQFUHDVHV�IURP�������J�WR������J��7R�YHULI\�WKH�DFLGLF�HIIHFW�RQ�WKH�QXFOHDWLRQ�RI�/L)H324, H2SO4 was introduced 
during the preparation of solution. The presence of H2SO4 prevents the nucleation of LiFePO4.

Figure 1 XRD (I); Mössbauer spectra (II) for the LiFePO4 synthesized with varying H3PO4. Mössbauer spectrum of the sample 
synthesized in the presence of H2SO4 (II*).
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Selective laser melting (SLM), as one of additive manufacturing (AM) technologies, enables quick 
production of complex shaped three-dimensional (3D) specimens directly from metal powder [1]. In a 
layer-by-layer fashion, the SLM process creates bulk specimens by selectively melting and consolidating thin 
layers of powder using a laser beam, which scans over the surface. Various metal powders, including different 
steels, are used in this technology. Each steel powder is characterized by a concrete phase composition.

The influence of SLM process on phase composition final 3D specimen has been examined. Generally, the 
difference of phase composition between the original metal powder and final specimen can exist and 
consequently effects the utility properties of final specimen. There is a wide range of steels that are suitable to be 
processed by SLM. The maraging steel (CL50WS), an iron-nickel steel alloy, which is often used in applications 
where high fracture toughness and strength are required and the 316 L stainless steel (CL20ES), which is an 
iron-chromium steel alloy with high corrosion-resistance and high tensile strength have been investigated.

The influence of the SLM process on the phase composition, surface quality and hardness of the CL50WS 
and CL20ES steel specimens was examined using Mössbauer spectroscopy (MS), scanning electron microscopy 
(SEM), positron Doppler broadening spectroscopy (DBS) and micro hardness measurement. The difference 
between phase compositions of the initial CL50WS powder and final specimen displayed on martensitic to 
austenitic phase transformation was identified via MS [2]. This transformation proceeds during the SLM process. 
SEM presented imperfections of surface of final specimen. The spherical and irregular pores were observed as 
well as the particles of initial powder bonded on surface. The growth of vacancy defects in surface layer after 
consequent cutting was identified via DBS. 

No difference between phase compositions of the initial CL20ES powder and final specimen was observed 
[3]. However the phase transformation of surface layer via cutting was identified by MS. The surface quality of 
the CL20ES specimen appeared to be better than this one of the CL50WS specimen. No spherical and irregular 
pores were identified by SEM, but the trails of SLM process on surface as crossing of weld metal layers were 
clearly seen.
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Supported gold nanocatalysts have been treated as extraordinary effective catalysts because of their unique 
properties; however, their poor thermodynamic stability during the reaction remains to be resolved for the 
practical applications. Herein, we reported a sintering-resistant Au nanocatalysts by localizing the Au NPs in the 
interfacial regions between Fe2O3 and hydroxyapatite. Owing to the strong metal-support interaction, the Au NPs 
was not only partially encapsulated but also partially exposed. The resulting Au nanaocatalysts are resistant to 
sintering and present excellent activity and durability after calcination at 600 oC. 

HRTEM shows that HAP migrated onto the top surface of gold nanoparticles was observed, consistent with 
our previous discovery, indicating the pretty SMSI between gold and HAP. However, for Au/F-600 samples, no 
encapsulation of Au NPs was observed, suggesting that Fe2O3 couldn’t stabilized Au NPs in oxidative 
atmospheres. And there was no large Au NPs in Au/FH-600 samples, which was different from that of Au/F-600 
sample. It was worth noting that Au NPs were located in the interface between Fe2O3 and HAP, which was 
analogous to our previous report. And Au NPs were partially encapsulated by a thin layer, which should come 
from HAP. Line scan has also been examined to identify the composition of support approaching to Au NPs. The 
support in contact with the uncovered Au was composed of Fe and O while the other side in contact with covered 
Au was composed of Fe, Ca and O, indicating that the support was mainly Fe2O3 and a mixture of Fe2O3 and 
HAP, respectively. 57Fe Mössbauer spectroscopy at 4.2K was also performed to identify the effect of calcination 
temperature on the crystal phase of FeOx. The main phase of FeOx in the Au/F-UC and Au/FH-UC was 
maghemite. After calcination at 600 oC, the maghemite turned to hematite totally in Au/F-600. While it was not 
in this case for Au/FH-600, in which the ratio of hematite only increased from 11.1% to 14.5%. 

  In conclusion, an ultrastable and highly activite Au catalysts has been developed by tuning the SMSI 
between Au and supports. HRTEM proved that Au was primarily located at the interface between Fe2O3 and 
HAP, covered a thin layer which was from HAP. This unique structure enabled that catalyst have the high 
catalytic activity and excellent sintering-resistance and stability ability. Compared with commercial RR2Fe 
catalyst, Au/FH-600 catalyst was higher sintering-resistant and higher stable, demonstrating the importance of 
the strong metal-support interaction between Au and support, which provide a new synthetic way to develop 
untrastable Gold catalysts with highly activity.

.H\�:RUGV��Au Catalysts, Sintering-Resistant, Strong Metal-Support Interaction, Mössbauer Spectroscopy
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Due to their high stability, low toxicity, abundance and low cost, iron oxides are desirable materials for 
GLIIHUHQW�DSSOLFDWLRQV��+HPDWLWH��Į�)H2O3) is an especially stable iron oxide compound and a semiconducting 
material ((g� �����H9��ZLWK�VWURQJ�DEVRUSWLRQ�RI�89�DQG�YLVLEOH�OLJKW�ZLWK�Ȝ�������QP��+HPDWLWH�FDQ�EH�UHJDUGHG�
as suitable material for application as a photoelectrode for hydrogen production by water splitting using solar 
energy [2] or as a photocatalyst for decomposition of toxic compounds [3]. Photoelectrochemical and 
photocatalytic properties of hematite can be significantly improved by doping with various metal cations and/or 
by morphology modification [2,4].

A significant effect of tin doping on the photoactivity of hematite photoanodes for photoeletrochemical 
ZDWHU�VSOLWWLQJ�ZDV�UHSRUWHG�LQ�VHYHUDO�UHFHQW�SXEOLFDWLRQV�>���@��7KLV�HIIHFW�ZDV�H[SODLQHG�E\�PRGLILFDWLRQ�RI�
optical, electronic and electrical properties of hematite by incorporation of Sn4+ ions as an n-type dopant. Also, 
a strong effect of nanoparticles morphology on the hematite photocatalytic activity has been reported. A higher 
activity of hematite nanorods compared to nanocubes or nanoplates was observed in decomposition of 
rhodamine B dye by heterogeneous photo Fenton reaction [4].

In the present work, structural and optical properties of hematite nanoparticles of elongated shape 
(nanorods) doped with tin were investigated. Sn-doped hematite nanorods were prepared by calcination of 
Sn-doped goethite nanorods obtained by precipitation in alkaline aqueous solution. Influence of Sn doping on 
the structural properties of hematite was studied using X-ray powder diffraction (XRPD), field emission 
scanning electron microscopy (FE-SEM) and Mössbauer spectroscopy. Incorporation of tin into the crystal 
structure of hematite was confirmed by measuring unit cell expansion by XRPD and hyperfine magnetic field 
reduction by Mössbauer spectroscopy. Also, the size and shape of hematite nanorods significantly changed by Sn 
doping. Optical properties were investigated using diffuse reflectance UV-Vis-NIR spectroscopy. A shift of 
absorption edge to higher wavelengths by Sn doping was observed in recorded spectra. A reduced direct and 
indirect optical band gap in Sn-doped hematite were estimated using Tauc plots.

Acknowledgements: This research has been supported by the Croatian Science Foundation (project number 
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+HPDWLWH��Į�)H2O3) is the most stable and the most common iron oxide phase [1]. Due to high stability in aqueous 
solutions, low toxicity, abundance and low cost, it has been extensively investigated for possible applications. Hematite 
strongly absorbs UV and visible light with energies above its band gap of 2.2 eV. For this reason, it has been investigated as a 
photoelectrode for photoelectrochemical water splitting [2] and as a photocatalyst for decomposition of organic pollutants [3]. 
The performance of hematite in these applications can be improved by using nanostructured hematite samples doped with 
different metal cations [2,3].

Electrospinning is an excellent method to produce nanostructured hematite fibers possessing a high specific surface area 
[4,5]. This property is essential in many applications (catalysts, photocatalysts, photoelectrodes, battery electrodes, 
supercapacitors, adsorbents, etc). Due to the same charge and similar effective ionic radius of Fe3+ and Cr3+ ions (64.5 and 61.5 
SP��UHVSHFWLYHO\���VROLG�VROXWLRQV�Į��)H1-[Cr[)2O3�FDQ�EH�SUHSDUHG�LQ�WKH�ZKROH�)H�&U�FRQFHQWUDWLRQ�UDQJH������[������>���@�ZLWK�
a gradual reduction of unit cell as Cr content increases. Optical spectra of Cr-doped hematite showed a reduction of the direct 
DQG�LQGLUHFW�RSWLFDO�EDQG�JDS�WR�ORZHU�HQHUJLHV�FRPSDUHG�WR�SXUH�KHPDWLWH�>���@��,Q�WKHVH�ZRUNV�WKH�DXWKRUV�SUHSDUHG�&U�GRSHG�
KHPDWLWH�WKLQ�ILOPV�XVLQJ�SXOVHG�ODVHU�GHSRVLWLRQ�>�@�DQG�R[\JHQ�SODVPD�DVVLVWHG�PROHFXODU�EHDP�HSLWD[\�>�@�

$LP�RI�WKH�SUHVHQW�ZRUN�ZDV�WR�SUHSDUH�KHPDWLWH�QDQRILEHUV��&U�GRSHG�KHPDWLWH�DQG�HVNRODLWH��Į�&U2O3) nanofibers using 
electrospinning method. Viscous solutions containing dissolved polyvinylpyrrolidone PVP (Mw = 1 300 000) and nitrate salts 
(Fe3+, Cr3+) in ethanol were electrospun, dried and calcined to obtain desired metal oxide nanofibers. Thus obtained fibers were 
characterized by several methods. XRD patterns shoved the presence of corundum-type structure in all samples. Cr-for-Fe 
substitution in hematite nanofibers was confirmed by measuring unit cell reduction using XRD and hyperfine magnetic field 
reduction using 57Fe Mössbauer spectroscopy. Field emission scanning electron microscopy (FE-SEM) showed the presence 
of 1D nanofibers in all prepared samples. Cr doping caused a shift of hematite absorption edge to higher wavelengths in 
UV-Vis-NIR spectra. A reduction of the direct and indirect optical band gap by Cr doping was estimated using Tauc plots. 
Visible light photocatalytic activities of the prepared samples were tested by decomposition of rhodamine B dye in the 
presence and H2O2 under visible light illumination. Hematite nanofibers showed a much better photocatalytic activity 
compared to Cr-doped hematite nanofibers and commercial hematite.
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The orbital-triplet (OT) states of the high-spin Fe2+ ion in inorganic and metal-organic substances are very 
rare. This rare case of the isotropic OT state was reported previously in Fe[Pd(CN)6] and Fe[Pt(CN)6] [1], 
however, it was not known in hexacyanometallates of the 3d series. The triply degenerate t2g level is the 
energy-lowest one in a crystal field of cubic symmetry, but the triple degeneracy of the dxy, dxz, dyz orbitals gets 
lost usually owing to spin-pairing energy, which splits the t2g level, when the sixth electron of the d6 (Fe2+) ion 
supervenes to the symmetric semi-closed shell of the high-spin d5 configuration. The most obvious localization 
of the sixth electron on a single d-orbital (e.g., on dxy) downshifts and sets aside the dxy energy level, so that the 
dxy orbital singlet state (OS) gets lowest in energy. In the Prussian Blue and its analogues (PBA), the degeneracy 
of the t2g orbitals lifts off due to an effect of ligand replacement. Large quadrupole splitting (QS) of Fe2+ is an 
indication of the degenerate t2g  level. When a H2O ligand replaces one (or a few) of six CN¯ ligands, the 
octahedral coordination polyhedron Fe(CN)5(H2O) loses its cubic symmetry both in PB [2], and in PBA, and this 
event would allow the t2g splitting for Fe2+��,Q�IDFW��WKH�&R�,,,��YDFDQFLHV��GHQRWHG�KHUH�Ƒ��DQG�FRRUGLQDWLRQ�ZDWHU�
molecules enter the structure of Fe[Co(CN)6]0.67�>Ƒ
(H2O)6]0.33��+2O to allow the Fe2+ ions having the 
large QS values. The charge compensation can be 
achieved, in principle, without Co(III)-vacancies, but 
DFT calculation shows that the hypothetical PBA 
structures with Fe2+ having zero QS, such as cubic KFe
[Co(CN)6@�+2O [3], are energetically unfavorable. 
However, it is an interesting and surprising feature of 
Fe2+ ion stabilized in the cubic structure of Prussian 
blues that its orbital degeneracy can be preserved for 
some part of the Fe2+ species, which looks in 
Mössbauer spectra as if we succeeded to drive a 
fraction of the sample to crystallize in the hypothetical 
phase of Keggin and Miles[3].

Figure 1. Mössbauer spectrum of RbFe[Co(CN)6@�+2O. The spectrum is fitted with 
IRXU�GRXEOHWV��WKH�PDLQ�������GRXEOHW�LV�DWWULEXWHG�WR�WKH�RUELWDO�GRXEOHW��2'��VWDWH�
with IS of 1.13, QS of 1.01 and FWHM of 0.50 mm/s; the central singlet-like doublet 
(10%) is assigned to OT state with IS of 1.12, QS of 0.09 and FWHM of 0.26 mm/s.
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Spintronics materials that control electron spin in addition to electric charge by doping magnetic ions to an 
oxide semiconductor with a wide band gap are fascinating. Fluorine-doped tin oxide (FTO) with band gap Eg = 
4.4 eV is used as more stable transparent electrode in solar cells than SnO2 with Eg = 3.62 eV at room 
temperature. We have studied the crystal structure, chemical state and magnetic properties of tin oxides doped 
with Fe [1], and present here the results of FTO doped with Fe, prepared by a chemical method. 

 FTO samples with different doping amounts (Sn1-xFexO2-yF2y): x = 0.01 to 0.04, y = 0.10 and 0.20 ) were 
prepared by mixing 0.1 M NH3F, 0.2 M SnCl4, 0.01 M FeCl3 and 0.01 M 57Fe solutions, heating to dryness, 
grinding and calcinating. The obtained samples were analyzed by X-ray diffraction (XRD), sample vibration 
type magnetometer (VSM), and 57Fe Mössbauer spectroscopy for estimating the crystalline distortion, magnetic 
properties, and chemical states, respectively.

  XRD patterns of all Fe doped FTO samples showed a rutile crystal structure containing no precipitated iron 
oxide. VSM showed weak ferromagnetism for the strained samples. The Mössbauer spectra were decomposed 
into two doublets of Fe3+ (D1 and D2). The isomer shift (,6) and quadrupole splitting (46) values of FTO 
changed due to the annealing temperature. The doublet  with 
the small electric field gradient (D1) is assigned to Fe3+ in 
coordination site with small strain, and another doublet (D2) 
is to Fe3+ in large distortion site due to F- ion and oxygen 
defect. These ratios change slightly depending on the 
doping rate of Fe3+ that substitutes the Sn atoms of FTO. 
Moreover, since the ,6 values tended to decrease as the 
temperature was increased, the Fe3+ bond is considered to 
be doped more strongly covalent than ionic as shown in Fig. 
1. The defect structures of Fe doped FTO are discussed, 
using the oxygen defect model [2].
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Fig. 1 Relationship between ,6 and 46 of Fe doped FTO.  
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0DQ\�UHVHDUFKHUV�DUH�IRFXVHG�WR�WKH�LQYHVWLJDWLRQ�RI�WKH�V\QWKHVLV�DQG�SURSHUWLHV�RI�PDJKHPLWH��Ȗ�)H2O3) 
due to its possible applications in various fields. This magnetic material can be used as ferrofluid, catalyst or 
adsorbent as well as in biomedicine in diagnostic and cancer therapy. Generally it is known that doping of 
maghemite with various metal cations can pronounce some specific properties of this material.

In the present work we report a simple one-pot synthesis of maghemite as a single phase and also of 
Mn-doped maghemite. Starting chemicals were Mn(acac)2 and Fe(acac)3, where ac is acetylacetonate. A proper 
amount of Mn(acac)2 were added to Fe(acac)3� WR� REWDLQ� ����������� DQG� ��� PRO�� 0Q� LQWR� Ȗ�)H2O3. The 
corresponding mixtures Mn(acac)2/Fe(acac)3 were strongly mixed in achat mortar and heated at 300°C in 
laboratory furnace for a proper time. The prepared samples were characterized with XRD, 57Fe Mössbauer, 
)7�,5�DQG�)(�6(0��;5'�SDWWHUQV�RI�UHIHUHQFH�DQG�0Q�GRSHG�VDPSOHV�FRUUHVSRQG�WR�Ȗ�)H2O3 phase. Gradual 
GRSLQJ�RI�Ȗ�)H2O3 with Mn ions slightly shifted diffraction lines and crystallite sizes varied between 24 and 35 
nm, as determined by the Scherrer method. 

0|VVEDXHU�VSHFWUD�UHFRUGHG�DW�57�DQG���.�VKRZHG�GHFUHDVH�RI�+0)�YDOXHV�ZLWK�LQFUHDVH�RI�0Q�GRSLQJ��
Fig. 1 shows Mössbauer spectra at RT of reference samples and those doped with 5 and 10 mol% (column 1) and 
0|VVEDXHU�VSHFWUD�DW���.�RI�WKH�VDPH�VDPSOHV���FROXPQ�����)(�6(0�LPDJHV�VKRZHG�QDQRVL]H�SDUWLFOHV�RI�JRRG�
uniformity for all samples prepared at 300°C. Additional heating at 500°C produced phase transformation to 
UHIHUHQFH�Į�)H2O3�SKDVH�DV�ZHOO�DV�0Q�GRSHG�Į�)H2O3 phase (SEM images - column 3, Mössbauer-column 4). 
7KLV�ZRUN� VKRZHG� WKDW� UHSURGXFLEOH�0Q�GRSHG� Ȗ�)H2O3 nanoparticles can be produced by a simple one-pot 
synthesis thus avoiding additional solvents and surfactants.

Fig. 1. Mössbauer spectra of the selected samples and corresponding FE SEM images
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Iron deficiency anemia is caused by insufficient iron in the human body [1,2]. A common way of treating 
this disease is through oral iron supplementation, and there are several types of iron-containing supplements on 
the market. We have used 57Fe Mössbauer and Raman spectroscopies to the study of physico-chemical properties 
of six commercial iron compounds for oral supplementations [3,4]. The supplements are based on ferrous 
sulfates and on ferrous fumarates. The RT Mössbauer spectra of the samples were fitted with a dominant 
quadrupolar doublet that confirms the presence of the desired iron components, but for some samples, another 
weak doublet was required, that suggested the formation of little amounts of ferric impurities. We determined the 
amount of ferrous content in one supplement, taking into consideration the room-temperature relative recoilless 
f-fractions calculated for the other ferrous compounds [3]. 77 K Mössbauer spectra of the samples were fitted 
with two dominant quadrupolar doublets. The physical origins of the doublets were interpreted as due to the 
presence of several hydrated ferrous compounds [4]. Raman spectroscopy confirmed the presence of the 
hydrated phases. 

References
1) J.M. Powers, G.R. Buchanan, Hematol. Oncol. Clin. N. Am. 28 (2014) 729.
2) S.F. Tsai, S.J. Chen, H.J. Yen, G.Y. Hung, P.C. Tsao, M.J. Jeng, Y.S. Lee, W.J. Soong, R.B. Tang, Pediatr. Neonatol. 55 (2014) 466. 
3) P.I. Arredondo, C.A. Barrero, K.E. García, J.M. Greneche, Polyhedron 105 (2016) 27.  
4) P.I. Arredondo, C.A. Barrero, K.E. García, J.M. Greneche, Hyperfine Interact. (2018) 239:1. DOI 10.1007/s10751-017-1428-4.
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Due to the growing number of multiresistant strains of Mycobacterium tuberculosis (Mtb), tuberculosis 
threatens to become a serious health risk both in industrial and developing countries again [1, 2]. In bacteria a 
highly evolved cytochrome P450 mono-oxygenase (CYP) system is essential for the survival of the organism. 
Ensuring the viability and pathogenicity of Mtb, CYP-enzymes are targets for the development of new 
anti-tuberculosis drugs [2]. For their catalytic reactivity CYP-enzymes need electrons provided by ferredoxins 
(Fd) which act as electron transfer proteins. However, only few of the Fds involved in the CYP system of Mtb, 
have been characterized so far [2]. 

Here we present the first Mössbauer spectroscopic characterization of a Mtb ferredoxin (CNL73887.1). The 
0|VVEDXHU�VSHFWUXP�WDNHQ�DW����.�VKRZV�WZR�FRPSRQHQWV�ZLWK�D�����UDWLR��&RPSRQHQW���KDV�į1 = 0.27 (± 0.02) 
mms-1�DQG�ǻ(Q1  ���������������PPV���DQG�FRPSRQHQW���VKRZV�į2 = 0.44 (± 0.02) mms-1�DQG�ǻ(Q2 = 1.47 (± 0.03) 
mms-1. These parameters are characteristic for a Fe3+ and two Fe2.5+ ions present in a [3Fe-4S]0 cluster. Analysis 
of the field dependent spectra by means of the spin Hamilton formalism assuming a total spin of S = 2 supports 
this finding. The experimental results are compared to a density functional theory calculation based on a crystal 
structure of Rhodopseudomonas palustris ferredoxin (pdb: 4ov1) [3].

Fig.1 Mössbauer spectra taken at 77 K of M. tuberculosis Fd (a) and at T = 4.2 K with an external magnetic field of B = 5 
7�DSSOLHG�SDUDOOHO�WR�WKH�Ȗ�EHDP��E�
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Ferritin is the most important iron storage protein in the body containing bioavailable iron in the nontoxic 
form. Therefore, its synthetic analogues were developed for treatment iron deficiency anemia and appeared to be 
very good pharmaceutical products. Ferritin consists of a protein sphere with 24 subunits which cover a cavity 
of 8 nm. This cavity carries the nanosized iron core in the form of ferrihydrite (5Fe2O3×9H2O) with inorganic 
phosphates. The size of the core in human ferritin usually is of 4–6 nm. Ferritin analogues consist of 
SRO\VDFFKDULGH�VKHOO�VXUURXQGLQJ�QDQRVL]HG�LURQ�FRUH�LQ�WKH�IRUP�RI�DNDJDQpLWH��ȕ�)H22+��PDLQO\��:H�KDYH�
studied a set of commercial iron-polymaltose complexes and human liver ferritin using transmission electron 
microscopy (TEM), magnetization measurements and Mössbauer spectroscopy. Magnetization and Mössbauer 
spectra measurements were done in the temperature range of 295–5 K. All studied samples demonstrated similar 
unusual Mössbauer line broadening with decreasing temperature in the range of 295–90 K, while both: the 
blocking temperatures and the slowing down of the magnetic relaxation, appeared to be at much lower 
temperatures [1]. These and other features of the iron cores in ferritin and its analogues, were considered as a 
result of the complex iron core structure, probably caused by variations in the regions/layers with more or less 
FeOOH close packing [2, 3]. TEM analysis confirmed this suggestion. Further investigations are on the way.

Acknowledgements: This work was supported by the Ministry of Science and Higher Education of the Russian 
)HGHUDWLRQ� �WKH� 3URMHFW�ʋ� ����������������� DQG� E\�$FW� ���� RI� WKH�*RYHUQPHQW� RI� WKH� 5XVVLDQ� )HGHUDWLRQ��
FRQWUDFW�ʋ����$�����������
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Currently, great importance has the design of complicated nanocomposites as parts of the biomaterials 
suitable for targeted drug delivery. The efficiency of nanoparticles-assisted drug delivery for already known and 
developed chemicals to biological targets is low. Only 0.7% of the administered nanoparticles dose is found in 
the tumor. Such a low efficiency is an obstacle to use nano drugs in the area of clinical research.

In this paper we consider the possibility of synthesis of transport composites with an efficiency coefficient 
above 1%. For this reason, we developed the composite nanoparticles mesoporous silica/magnetite with a 
magnetic decapsulation system. We developed a new method of synthesis of nanoscale mesoporous 
mesostructured silica MCM-41 of the size less than 80 nm. The  size is important for the absorption of particles 
by living cells (macrophages) and their transfer to the desired body area. The possibility is shown of 
heterocoagulation in mixed sol particles carrying the opposite charge – MCM-41 (SiO2) and Fe3O4. The magnetic 
properties of composites suggests that nanoparticles are superparamagnetic.

The selection of the medium for suspending the developed particles was also carried out. This allows to 
effectively introduce particles into the cell cytoplasm without cell death of macrophages. We have shown that 
nano-suspension retains its magnetic properties for a long time (up to 4 weeks of observation at room 
temperature). Cytotoxic studies have shown that the use of MCM-41/(Fe3O4) nanoparticles did not cause cell 
death.

Acknowledgements: 7KH�ZRUN�LV�VXSSRUWHG�E\�WKH�5%)5�JUDQW��1R��������������ɚ��
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A long time before the terms ”nanoparticles” and ”nanostructured materials” came into use in the 1980s. A 
few years after the discovery of the Mössbauer effect that the technique is extremely sensitive to some of the 
size-dependent properties of very small particles. In particular, the application of Mössbauer spectroscopy to 
studies in magnetic nanoparticles of superparamagnetic relaxation and magnetic structure became the subject of 
a large number of publications. The purpose of this work was to investigate the phase state, spin structure in the 
bulk and on the surface of MNPs of different MFe2O4 spinel ferrites and to find the technology for producing 
MFe2O4 MNPs optimized for biomedicine.
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Ruthenium exits as ruthenium nitrosyls, [Ru(NO)]3+, in nitric acid solution and the composition is varied 
depending on concentrations of NO3

– and OH– ions.1 The characterization of [RuNO] species in nitric acid 
solution was a challenging task and has been required in the field of nuclear fuel reprocessing because a recent 
report suggested that the extracted [RuNO] complex into organic phase obtained by solvent extraction maintains 
the first coordination sphere in the initial aqueous condition. As the first step to understand their chemical 
properties, we focus on several ruthenium nitrosyl complexes with fundamental ligands, namely, [Ru(NO)L5] (L 
= Br–, Cl–, NH3, CN–; Figure 1), and discuss the metal-ligand coordination bonds by combining density 
functional theory (DFT) with the experimental data, especially 995X�0|VVEDXHU�LVRPHU�VKLIW�YDOXHV��įRu) reported 
by Greatrex et al.3

Scalar-relativistic DFT method, ZORA-BP86/SVP//DKH2-B3LYP/TZVP, was employed for [Ru(NO)L5] 
complexes. We calculated the Mössbauer isomer shift by using linear regression analysis as previous study 
reported4 and showed in Table 1. This result indicated that the absolute values and the increased tendency 
from the complex with L = Br– to CN– were consistent with those of experiment. Assuming that the complexes 
[Ru(NO)L5@� KDYH�RFWDKHGUDO� V\PPHWU\��ZH� DOVR� HVWLPDWHG� WKH� OLJDQG� ILHOG� VSOLWWLQJ�YDOXHV� �ǻo), which were 
calculated by using Ru d-orbital based MO analysis reported by Ishii and coworkers.5 This comparable 
FRUUHODWLRQ�EHWZHHQ�įRu�DQG�ǻo values indicated that the stronger the ligand field becomes, the greater the back 
donation of Ru d-electrons to the ligands becomes. We will discuss the bonding nature of Ru d-orbital by using 
MO overlap population analysis.

įRu / mm s–1a ǻo / eV
[Ru(NO)L5] Calc. Exp.b Calc.

L=Br– –0.45(8) –0.47(3) 4.8
L=Cl– –0.41(8) –0.37(3) 5.1
L=NH3 –0.20(8) –0.20(3) 6.4
L=CN– 0.14(8) –0.12(3) 7.6

Table 1�įRu�DQG�ǻo values for [Ru(NO)L5] complexes

aRelative values to Ru metal at 4.2 K. bReference 2. Figure 1 Structure of [Ru(NO)L5].

Ru

NO
L

L

L

L
L
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The design of coordination polymers with switching and memory functions is an important subject for the 
search of new advanced materials for potential spintronic applications. Among these materials spin crossover 
(SCO) compounds are an important class [1]. The SCO effect depends critically on the vibrational properties of 
the material, which can be uniquely derived by nuclear inelastic scattering (NIS).[2] Here we report on first results 
of a NIS study of the 2-dimensional (2D) polynuclear SCO complex Fe(pyridine)2[Ni(CN)4].[3] The vibronic 
properties of this complex were characterized by NIS of the sample in its high-spin (room temperature) and 
low-spin (167K) states. The results shown in Fig 1a reveal a complete change in vibrational pattern. In order to 
assign the vibrational modes the system was modelled with density functional theory (DFT) calculations. The 
infinite 2D sheet was calculated for a model containing 13 Fe and 12 Ni centres (see Fig 1b.). The calculations 
for the high-spin isomer were obtained using a model with the iron centres replaced with the Zn atoms.  In this 
way vibrational bands in the partial density of phonon states (pDOS) were assigned to particular modes and the 
vibrational contributions to entropy were calculated for the low-spin and the high spin phase.

Figure 1. a) Experimental pDOS of the low-spin and high-spin isomers of 57Fe(pyridine)2[Ni(CN)4] and the pDOS of the low-spin 
phase calculated with DFT b) Molecular representation of the system used for the DFT calculations.
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PVC-plasticized membrane sensors are very popular analytical tool for quantification of various ions in 
aqueous media. While the thermodynamic theory behind the functioning of these sensors is quite well 
developed, there is a certain lack of instrumental studies of polymeric membrane ion sensors that would allow 
insights into their response mechanism at molecular level. Such studies are quite challenging due to the low 
content of species of interest in the membrane material and due to specific features of plasticized polymeric 
sensor membranes that do not allow using analytical methods requiring high vacuum. Mössbauer spectroscopy 
is a powerful tool for studying local chemical environment of the probe atom, however, the potential of 
Mössbauer spectroscopy for this particular application was not explored so far.    

In this research we have studied the forms of iron existence in different PVC-plasticized membranes. 
Sensor membranes with octyl(phenyl)-N, N-di-isobutylcarbamoylmethyl- phosphine oxide (CMPO) ligand were 
studied. These membranes have shown the pronounced sensitivity towards Fe3+ ions in acidic media [1]. Three 
types of membranes were prepared: 1) dummy membrane containing poly(vinyl chloride) (PVC) and 
solvent-plasticizer o-nitrophenyl octyl ether (NPOE) only; 2) membrane with 10 mmol/kg of potassium tetrakis
[3,5-bis(trifluoromethyl)phenyl]borate (TFPB) cation-exchanger; 3) membrane with 10 mmol/kg of TFPB and 
50 mmol/kg of CMPO. In order to be able to observe Mössbauer effect we employed 57Fe-enriched sample 
solutions to soak the membranes and performed the measurements at 80K to increase the recoil-free factor. Also 
it was necessary to employ the stack of three standard membranes (each ca. 0.5 mm thick) in order to increase 
the absolute amount of 57Fe for reliable signal. Each spectrum was accumulated using 25 mCi 57Co(Rh) source 
during 144 hours. Fitting of the Mössbauer spectra was done by superposition of Lorentz functions using the 
standard Levenberg-Marquardt algorithm. We have found that the chemical forms of iron vary in membranes 
having different compositions. We also have estimated the relative content of iron in various forms. These 
findings are the first attempt of Mössbauer spectroscopy application to study the polymeric chemical sensors.
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In this report, we present a DFT calculations based on the microwave spectroscopy, IR-, NMR-, 
ESCA-spectra, a nuclear quadrupole resonance and Mössbauer investigation of the donor-acceptor complexes 
formed from acceptors of 11, 13, 14, 15, 17 and 18 groups. On the other hand the aim of this work is to provide 
D�UDWKHU�VLPSOH�LQWHUSUHWDWLRQ�RI�WKH�REVHUYHG�PDLQ�WUHQGV�LQ�WKH�YDULDWLRQV�RI�0RVVEDXHU�FKHPLFDO�VKLIW��į��IRU�
usual and donor-acceptor complexes metal compounds based on a density functional theory calculation of the 
HOHFWURQ�GHQVLW\�DW�WKH�QXFOHXV�>ȡ���@�

The geometries were first optimized at the DFT level by using the cam-B3LYP/DGDZVP within the 
GAUSSIAN'09 program. The use of all-electron basis set DGDZVP for all atoms is better with respect to 
accuracy and efficiency. These optimized geometries of the molecules have also been studied using the ADF 
program. We have used the OPTX exchange functional combined with PBE correlation functional with an 
XQFRQWUDFWHG�672�WULSOH�ȟ��SRODUL]DWLRQ�EDVLV�VHW�XVLQJ�WKH�IUR]HQ�FRUH�DSSUR[LPDWLRQ�WR�WUHDW�WKH�LQQHU�HOHFWURQV��
There are bases to consider, that the relativistic effects basic for such heavy atoms should be considered by the 
zero order regular approximation (ZORA) that is more reliable than the widely used Pauli formalism. These 
results have been used to calculate the geometrical parameters, nuclear quadrupole couplings, rotational 
constants, vibrational frequencies, NMR shifts and Mössbauer data [1].

The main observed trends in the variations of the Mössbauer isomer shift for 119Sn, 121Sb, 127I, 131Xe, 197Au, 
195Pt, 187Os, 57Fe, 193Ir compounds are interpreted in terms of the valence electronic populations, and are related 
to changes in the metal local environment. These series correspond to different ranges of experimental values for 
į� ZKLFK� KDYH� EHHQ� FRUUHODWHG� WR� WKH� FDOFXODWHG� YDOXHV� RI� ȡ���� DQG� WKH� PHWDO� YDOHQFH� HOHFWURQ� SRSXODWLRQV��
Besides, linear correlations between Mossbauer and X-ray photoelectron spectroscopy shifts were obtained for 
some compounds.

2Q�WKH�RWKHU�KDQG��WKH�YDOXHV�RI�WKH�YDOHQFH�HOHFWURQ�FKDUJH�GHQVLW\�DW�WKH�QXFOHXV�ȡ����KDYH�EHHQ�HYDOXDWHG�
from ZORA calculations for a number of metal compounds in order to check the accuracy of the theoretical 
DSSURDFK��7KH�OLQHDU�FRUUHODWLRQV�EHWZHHQ�WKH�H[SHULPHQWDO�YDOXHV�RI�į�DQG�WKH�FDOFXODWHG�YDOXHV�RI�ȡ����DUH�
obtained.
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Characterization of Iron Ligand Vibrations in Two Dimeric Iron(II)
High-spin Complexes by Nuclear Resonance Scattering
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The investigation of the vibrational properties of iron (II) high-spin complexes is of interest as they are 
of general importance for the iron-ligand bond strength which determines the catalytic performance of these 
complexes in homogenous catalysis [1]. On our road to investigate such catalysts we have studied two different 
Fe(II) containing complexes. The dimeric structure [5CpFeX]2 consists of two iron cyclopentadienyl units 
(5Cp = Pentaisopropylcyclopentadienyl, X = Br-, OH-) bridged over two bromine or hydroxide ions.

The vibrational properties of these complexes were investigated using nuclear inelastic scattering (NIS). 
Fig. 1a and 2a show the experimentally determined partial density of states (pDOS) of iron-centered ligand 
vibrations of both complexes. In addition, we performed nuclear forward scattering (NFS) experiments on these 
complexes. The NFS data (not shown) displays quantum beat structures which are indicative for a ferrous 
high-spin state for all iron centers. To allocate the experimentally observed bands in the pDOS, theoretical 
calculations using density functional theory (DFT) have been performed based on structural data obtained by 
X-ray crystallography. The calculated pDOS shown in Fig. 1b and 2b reproduce the experimental data very well. 
In this way, we are able to assign almost each of the experimentally observed NIS bands to their corresponding 
molecular vibrational modes.

Fig. 1. Experimental pDOS of the Br-bridged Fe(II) 
complex (a) and DFT based simulation (b). 

Fig. 2. Experimental pDOS of the OH-bridged Fe(II) 
complex (a) and DFT based simulations (b). 
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Fe(II) octahedral assembled complexes can take two spin (high-spin and low-spin) states and spin-crosover 
(SCO) phenomenon appears between the two spin states by external stimuli, such as temperature, pressure, and 
light-illumination in intermediate ligand field. Fe(II) complexes bridged by 1,4-bis(4-pyridyl)benzene show 
SCO,1 while the complexes bridged by 9,10-bis(4-pyridyl)anthracene do not show it.2 The difference is thought 
to be due to the difference in intermolecular interaction. In the present study, iron (II) assembled complexes 
[Fe(NCX)2(L)2]n (X = S, Se, BH3 ; L = bridging ligand) were synthesized 
using m,n-bpna (= m,n-bis(4-pyridyl)naphthalene; (m,n) = (1,4), (1,5), 
(2,7)) (Fig. 1) to reveal the effect of intermolecular interaction on SCO. 

SQUID and Mössbauer spectroscopy revealed that the SCO 
phenomenon depended on the bridging ligand and guest molecule for [Fe
(NCX)2(m,n-bpna)2]n. [Fe(NCX)2(1,4-bpna)2]n and [Fe(NCX)2(1,5-bpna)2]n 
showed SCO, while [Fe(NCX)2(2,7-bpna)2]n showed only high-spin state 
independent of temperature. [Fe(NCS)2(1,5-bpna)2��WROXHQH�@n showed 
temperature-independent high-spin state, while the corresponding guest free 
complex showed SCO. The local structure was the parallel type of 
coordinated pyridines for [Fe(NCS)2(1,5-bpna)2��WROXHQH�@n. There was 
&+�ʌ� LQWHUDFWLRQ�EHWZHHQ� WROXHQH�DQG�QDSKWKDOHQH� LQ� WKH�EULGJLQJ� OLJDQG��
[Fe(NCS)2(2,7-bpna)2]n has racemic structure. The local structure was 
SDUDOOHO� W\SH�RI�FRRUGLQDWHG�S\ULGLQHV�DQG�WKHUH�ZDV�ʌ�ʌ�VWDFNLQJ�EHWZHHQ�
ODWWLFHV��7KH�FRPSOH[�GLG�QRW�VKRZ�6&2�SKHQRPHQRQ��%HFDXVH�ʌ�ʌ�VWDFNLQJ�
forced the unstable parallel structure and it was difficult for the complex to 
change the structure to become low-spin state with decreasing temperature. 
It was revealed from the present study that intermolecular interaction has the 
roll of the stabilization of one local structure to control the spin state in the 
Fe(II) assembled complexes.

References
1) X.-R. Wu et al., Inorg. Chem., 54, 3773 (2015).
2) S. Iwai et al., Inorganics, 5, 61 (2017).

Fig. 1 Bridging ligand
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57Fe Mössbauer spectroscopy was applied to study the spin-crossover (SCO) transition in the metal-organic 
framework (MOF) of the Fe(1,2,3-triazolate)2. The spectra at room temperature and up to 280 °C have a shape 
of pseudo-single line with isomer shift typical for the low-spin (LS) divalent iron. The spectrum at 300 °C during 
heating shows partial spin transition with about half of iron transformed to the high-spin (HS) state. One can 
observe two sub-spectra related to Fe(II)-HS and they could be assigned to the Fe1-HS and Fe2-HS atoms 
according to the crystallographic properties of the Fe(1,2,3-triazolate)2 with two inequivalent iron sites. The 
spectrum at 320 °C shows almost full SCO to the HS state. The isomer shifts for the  Fe1-HS and Fe2-HS are 
almost the same which means that the electron charge densities are almost the same for both irons. On the other 
hand, the Fe1-HS site has quadrupole splitting of about 1.5 mm/s due to large electric field gradient (EFG) typical 
for the HS divalent iron, but for the Fe2-HS site there isn’t quadrupole splitting thus there is null EFG. The lack 
of the EFG suggests that the Fe2 site keeps the Oh symmetry in the HS state with lack of a static Jahn-Teller 
distortion. Another and more likely explanation of this phenomenon may be the dynamic Jahn-Teller distortion 
with the rapid inversions of the t2g orbitals. The Mössbauer spectra during cooling show the HS iron down to 200 
°C confirming the wide temperature hysteresis of the SCO. The spectrum at 160 °C shows the LS iron (with 
some traces of decomposition products) confirming reversibility of the SCO transition.

Fig. 1. 57Fe Mössbauer spectra for the Fe(1,2,3-triazolate)2 during heating (top row) and cooling (bottom row).
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In-beam  Mössbauer  spectroscopy  using  a  short-lived 57Mn (T1/2  = 
1.45 m) implantation is a powerful tool to study  the  characterization  of  
localized  57Fe  atoms  insolids [1]. Lithium fluoride is used widely as an 
optical material. It is important to investigate the occupied position and the 
chemical states of the dilute Fe atoms in LiF. Kowalski et al. reported that 
57Fe implanted on the surface of LiF was in Fe2+  and Fe3+  states being 20% 
and 80%, respectively, by CEMS [2]. In this study, the in-beam Mössbauer 
spectroscopy and DFT calculations were carried out to study the 
temperature-dependent site distributions of 57)H�DWRPV�DULVLQJ�IURP�WKH�ȕ–- 
decay of 57Mn in LiF.

The detailed experimental  procedures  were described in our 
previous reports [3]. The in-beam Mössbauer spectra of LiF observed from 
7 K to 873 K are shown in Fig. 1. It was considered that single absorption 
lines observed at high temperatures were corresponding to Fe atoms 
replacing at Li+ sites. The assignments of the components were determined 
by the DFT calculations. The temperature dependent site distributions of 
57)H�DWRPV�DQG�WLPH�UHVROYHG�VSHFWUD�E\�ȕ�Ȗ�FRLQFLGHQW�PHDVXUHPHQW�ZLOO�
be discussed.

References
1) Y. Kobayashi, In-beam Mössbauer spectroscopy using a radioactive beam and a neutron capture reaction, ed. by V. K. Sharma
    et al., Mössbauer Spectroscopy – Applications in Chemistry, Biology, Industry, and Nanotechnology, p58-69, John Wiley &
    Sons (2013).
2) J. Kowalski et al., Nucl. Inst. Meth. 209/210, 1145-1152 (1983).
3) T. Nagatomo et al., Nucl. Inst. Meth. B 269, 455-459 (2011).

Fig. 1 In-beam Mössbauer spectra of 57Fe after 
57Mn implantation into LiF between 7 K and 873 K.
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The development of new materials and latest technologies is mainly focused on the improvement of their 
performances; less concern is inscribed in the development of more ecofriendly and low-cost synthetic 
procedures.1-4 A universal method for preparing distorted octahedral iron(III) oxide surface implanted on titania 
(FeO6:TiO2) nanoparticles (NPs) at first time, which are designed by a novel photochemical method. Different 
implanting level in FeO6:TiO2 NPs are prepared at dosage of visible light in terms of different irradiation times, 
in which visible light is mediated reduction of [Fe(bipy)2Cl2][FeCl4] precursor complex on TiO2 NPs surface. In 
combination with all the conventional techniques, the structure-activity relationships and photochemically 
formation of single-site FeO6:TiO2 NPs mainly explored by electron paramagnetic resonance, 57Fe Mössbauer 
spectroscopy and X-ray absorption fine structure. Such materials have behaved as soft ferromagnetic character 
at room temperature. The NPs are soft ferromagnetic, having their hysteresis loops in the range -5 kOe < H < +5 
kOe with the specific magnetizations of (2.70 to 23.10) × 10-3 emu g-1 at room temperature. However, the 
magnetic property depends critically on oxygen vacancy, structural defects, chemical states of Fe and content. 
This strategy provides an alternative route to synthesize nanosized phase pure anatase x%FeO6:TiO2 NPs 
showing room temperature ferromagnetism. This work is expected to open up a general method for the synthesis 
of other transition-metal-surface implanted-metal oxide semiconductor with magnetic behavior. 
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We report the Co-Fe Prussian blue analogue (Co-Fe PBA) as highly efficient Fenton-like catalyst for sulfate 
UDGLFDO� �62��-) production to degrade Bisphenol A (BPA). Mössbauer spectroscopy in connection with the 
theoretical calculation show that the largely elongated SO4-OH bond length, strengthened adsorption and 
facilitated electron transfer for peroxymonosulfate (PMS) activation catalyzed by high-spin (HS) CoII are the 
main factors for the excellent activity.

Fig. Proposed reaction scheme for the degradation of BPA by Co-Fe PBA
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Controllable synthesis of metal-organic frameworks with well-defined morphology, composition, and size 
is of great importance toward understanding their structure-property relationship in various applications. Herein, 
we demonstrate a general strategy to modulate the relative growth rate of the secondary building units (SBUs) 
along different crystal facets for the synthesis of Fe-Co, Mn0.5Fe0.5-Co, and Mn-Co Prussian blue analogues 
(PBAs) with tunable morphologies. The same growth rate of SBUs along the {100}, {110}, and {111} surfaces 
at 0℃ results in the formation of spherical PBA particles, while the lowest growth rate of SBUs along the {100} 
surface resulting from the highest surface energy with increasing reaction temperature induces the formation of 
PBA cubes. Fenton reaction was used as the model reaction to probe the structure-catalytic activity relation for 
the as-synthesized catalysts. The cubic Fe-Co PBA was found to exhibit the best catalytic performance with 
reaction rate constant 6 times higher than that of the spherical counterpart. Via density functional theory 
calculations, the abundant enclosed {100} facets in cubic Fe-Co PBA were identified to have the highest surface 
energy and favor high Fenton reaction activity.

Keywords: secondary building units, shape-controlled, Prussian blue analogue, DFT calculation, Fenton 
reaction.
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Phosphates exhibit many useful properties for industrial applications. However, according to the World 
Health Organization, the current processes in the phosphate industry generate significant amounts of solid waste 
containing dangerous substances that, beyond the authorized concentrations, are known to be very harmful for 
the environment and the health [1]. The need for novel phosphate-based materials and new production 
techniques that might reduce the environmental and health impact is therefore well recognized worldwide. 
Morocco is one of the major producers of phosphates worldwide, and the present work is in line with the national 
strategic plan for the valorization of phosphates [2].

Different types of phosphates have different magnetic properties, so that the study of their magnetism is 
desirable. In this study, we have focused on [ZnII

5FeIII
2(P2O7)4], a Zn2+ compound belonging to the pyrophosphate 

(diphosphate) family of compounds, for which the mixed-valence iron species FeII
5FeIII

2(P2O7)4 (or, in a 
simplified way, Fe7(P2O7)4 can be considered the parent species. The sample was prepared by a solid state 
reaction route at high temperature in air [3]. 

X-ray diffraction patterns revealed an orthorhombic structure with a C2221 space group. The sample is thus 
isostructural with the parent Fe7(P2O7)4. Magnetometry measurements showed an antiferromagnetic-paramagnetic 
transition with TN= 15.4(1) K, smaller than that of Fe7(P2O7)4 which has TN= 25 K [4]. 

57Fe Mössbauer spectrometry showed that the substitution of Fe2+ ion sites was successful, but a small 
percentage (3.6%) of Fe2+ still remain. The room temperature (RT) spectrum is composed of a major Fe3+ doublet 
plus another Fe3+ doublet with a higher QS, probably due to the interaction of Fe ions with Zn. At 4.2 K a small 
Fe

3+
 doublet with a small QS is found together with a dominant sextet whose hyperfine parameters are close to 

the ones of Fe7(P2O7)4, but with a smaller hyperfine magnetic field of B = 52.8 T  instead of B = 54.6 T for Fe7

(P2O7)4 [4]. The doublet can be ascribed to a small impurity (about 7% of the total spectrum). The magnetic 
hyperfine splitting of the doublets found at RT to a sextet at 4.2 K is in agreement with the results obtained by 
magnetometry.
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Nowadays, the scarcity of fresh water resources and the ever-growing environmental pollution have been 
attracting increased concern. The Fenton-like process has been widely investigated due to its high efficiency in 
UHPRYLQJ�SHUVLVWHQW� RUJDQLF� FRQWDPLQDQWV� E\� LQ�VLWX� SURGXFWLRQ�RI�62��-� RU�+2�� UDGLFDOV��+RZHYHU�� OLPLWHG�
mechanism understanding hinders any significant advances in Fenton chemistry. In the past several years, our 
group has made a series of progress in investigating the mechanism of Fenton-like reaction, by using Mössbauer 
technique determine the coordination environment, spin state and oxidation state of iron ions. Herein, we 
systematically reviewed the application of Prussian blue analogues (PBAs) in the research fields such as 
shape-controlled synthesis of multi-metal nitrides (oxides), and their applications in catalytic activation 
H2O2/PMS based Fenton-like reactions for the removal of organic pollutants. Mössbauer technique was applied 
to investigate the mechanism of the Fenton-like reaction, as well as the structure-function relationship between 
the catalysts and their activities. 
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The biogeochemical cycle of iron in gleys of continental aquifers or maritime marshes, having shades from 
bluish-green to ocherous, is understood since the discovery of minerals fougèrite F, trébeurdenite T and 
mössbauerite M, that constitute the fougèrite group within the hydrotalcite supergroup (IMA 2012-049). All 
have a double layered hydroxide (DLH) structure with intercalated CO3

2- anions. Since divalent and trivalent 
cations are from the same element, i.e. iron, the commonly named “carbonated green rust” GR(CO3

2-), which is 
an intermediate compound during the corrosion of steels, can oxidize in situ with a strong oxidizer such as H2O2 
according to FeII

6(1-x)FeIII6xO12H2(7-3x)CO3�nH2O where x is the ferric molar ratio x = {[FeIII]/[Fetotal]}. Long-range 
order of Fe3+ ions in the brucite-like layers is obtained at x = 1/4 and 1/3, but the mineral starts at x = 1/3 for 
F, then 2/3 for T and 1 for M. Oxidation proceeds topotaxically and X ray diffraction (XRD) shows that lines of 
F are shifting towards higher angles and broaden, e.g. (00.3) line, as due to the deprotonation of OH- ions into 
O2-. Mössbauer spectroscopy with a Co57 source was used to follow the oxidation process and the existence of 
these minerals could not have been guessed without it. The same situation in the case of nickel, another transition 
element that is also di- or trivalent, is suspected. However, it would be a long-range order of cations with x = 
{[NiIII]/[Nitotal]}. The reason is by analogy: hydrotalcite has an x value {[AlIII]/[MgII+AlIII]} of 1/4 as well as 
pyroaurite with x = {[FeIII]/[MgII+FeIII], but the most striking is NiII

6AlIII
2(OH)16CO3�nH2O for takovite observed 

in many places over the world. If NiII
6NiIII

2(OH)16CO3�nH2O is prepared where x = 1/4 by coprecipitation the way 
all LDHs are, then by pouring enough hydrogen peroxide, a completely oxidized phase NiIII

8O6(OH)10CO3�nH2O 
is synthesized. Even though lines are weak, one can check by XRD that the stacking is identical to that of the 
fully ferric equivalent mössbauerite, e.g. lines (00.3) and (01.2) are at the same positions. A program as that done 
for iron should use Ni61 Mössbauer spectroscopy to distinguish divalent from trivalent Ni cations but also 
various sites of NiII as seen for FeII. It involves a synchrotron to excite Ni61. Such experiments must validate the 
existence of four phases: (i) NiII

6NiIII
2(OH)16CO3�nH2O at x = 1/4, (ii) NiII

4 NiIII
4O2(OH)14 CO3�nH2O at x = 1/2, 

(iii) NiII
2NiIII

6O4(OH)12CO3�nH2O at x = 3/4 and (iv) NiIII
8O6(OH)10CO3�nH2O at x = 1 leading to 

NiII
8(1-x)NiIII

8xO16H2(9-4x)CO3�nH2O. Moreover, a phase can be predicted, NiII
8H2(OH)16CO3��nH2O with only Ni2+ 

ions obtained by voltammetric cycling. Minerals, which are produced by bacterial reduction of NiIIIOOH 
minerals in waterflooded soils with anoxic conditions and organic matter intervene obviously in the 
biogeochemical cycle of Ni.
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Using the methods of Mössbauer spectroscopy on 57Fe nuclei, scanning electron microscopy and X-ray 
GLIIUDFWLRQ��WKH�VWXGLHV�RI�FHQRVSKHUHV�H[WUDFWHG�IURP�IO\�DVK�³ɋ´�W\SH�ZHUH�FDUULHG�RXW��7KH�0|VVEDXHU�VSHFWUD�
of the samples were recorded in transmission geometry on the spectrometer MS-1104Em at room temperature; 
WKH� VRXUFH� RI� Ȗ�TXDQWD�ZDV� 57Co in the chromium matrix. The Mössbauer spectra were processed using the 
SpectrRelax software. The micrographs of the cenospheres were produced by the scanning electron microscope 
JEOL JSM-6610. The elemental composition was calculated to the oxides, the amount was reduced to 100%. 
7KH�;�UD\�GLIIUDFWLRQ�VWXGLHV�ZHUH�SHUIRUPHG�RQ�WKH�GLIIUDFWRPHWHU�'�$'9$1&(�ZLWK�WKH�HPLWWHU�&X.Į�LQ�WKH�
Bragg-Brentano geometry.

The cenospheres were extracted by magnetic and granulometric separation from fly ash, the precursor of 
which is pyrite. The cenospheres are the ensemble of spherical microcrystallites consisting of aluminosilicates 
with the admixtures of iron oxides. The size of the globules is less than 25 �m. Figure 1 shows the Mössbauer 
spectrum of the cenospheres. The spectrum has a complex phase composition and contains Fe2O3 (6.0±0.5%), 
Fe3O4 (4.6±0.2%), mullite Fe3+ (77±4%), Fe2+ (7±1%) and aluminosilicates in the paramagnetic state (6±3%). 
The X-ray diffraction analysis shows the reflexes of these phases. Figure 2 shows micrographs of the 
cenospheres. The chemical composition of the marked spheres is almost the same as average values: Al2O3 – 
25.77 %, SiO2 – 38.07 %, Fe2O3 – 4.87 %, Na2O – 2.25 %, MgO – 4.8 %, P2O5 – 2.77 %, SO3 – 0.56 %, K2O – 
0.26 %, CaO – 19.38 %, TiO2 – 1.27 %.
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Figure 1 Mössbauer spectrum of cenospheres Figure 2 SEM image of cenospheres

This work was supported by the Science Committee of the Ministry of Education of the Republic of 
Kazakhstan (project AP05130144).
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Arsenic is a carcinogenic element to humans and usually enters the human body via drinking water. It is 
released into water sources in the form of both As(III) species (i.e., arsenites such as H3AsO3, H2AsO3

–, HAsO3
2–) 

and As(V) species (i.e., arsenates such as H3AsO4, H2AsO4
–, HAsO4

2–) by natural processes and anthropogenic 
activities. Arsenic poisoning are frequently reported to occur in various countries of the World, where the arsenic 
FRQFHUWDWLRQ�LQ�GULQNLQJ�ZDWHU�����±������ȝJ�/��VLJQLILFDQWO\�H[FHHGV�D�OHYHO�UHFRPPHQGHG�E\�WKH�:RUOG�+HDOWK�
2UJDQL]DWLRQ�����ȝJ�/��

In this contribution, we present two strategies to treat arsenic-polluted water sources by zerovalent iron 
(ZVI) and ferrate(VI) nanoparticles, acting as reducing and oxidizing agents, respectively [1,2]. For both 
approaches, the reaction pathways were studied employing 57Fe Mössbauer spectroscopy at low temperatures 
and under external magnetic fields. Moreover, the Mössbauer spectroscopy results were complemented by X-ray 
photoelectron spectroscopy. In the case of ZVI nanoparticles, it was shown that under anoxic conditions, the 
removal of As species proceeded with an enhanced efficiency, significantly dependent on absence/presence of 
the oxide shell. Two reaction pathways have been proposed through which As species are removed under anoxic 
conditions. More importantly, the reduced As species were found to be firmly locked on the surface of ZVI 
nanoparticles and covered by an iron(III) oxide shell, forming a compact superstructure that seems to prevent 
leaching of the sorbed As [1]. It was also demonstrated that if an iron(III) oxide shell forms on the surface of ZVI 
nanoparticles, it negatively affects the removal efficiency, significantly decreasing under anoxic conditions. In 
the case of ferrate(VI), an influence of inorganic ions and natural organic matter was studied on the removal of 
As species [2]. More specifically, the results showed three crucial effects of phosphates on arsenate removal 
mechanisms, including partial incorporation, competition between arsenates and phosphates sorption and 
complexation of iron(III) ions with phosphates ions, all affecting significantly the As removal efficiency.

References
1) -��7XþHN��5��3UXFHN��-��.RODĜtN��*��=RSSHOODUR��0��3HWU��-��)LOLS��9��.��6KDUPD�DQG�5��=ERĜLO��$&6�6XVWDLQ��&KHP��(QJ�����������������
���-��.RODĜtN��5��3UXFHN��-��7XþHN��-��)LOLS��9��.��6KDUPD�DQG�5��=ERĜLO��:DWHU�5HV������������������
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Environmental pollution caused by heavy metal ions has become an issue of serious concern. Ni(II) ion is 
a typical contaminant that is crucial to the human health as well as ecosystem. Adsorption is considered as an 
effective approach for avoiding secondary pollution. In the present study, MgFe2O4@NGO and CaFe2O4@NGO 
nanocomposites (NCs) were synthesized by the ultrasonic treatment. The synthesized NCs were analysed by 
XVLQJ�GLIIHUHQW�FKDUDFWHUL]DWLRQ�WRROV��0ऺVVEDXHU�VSHFWUD�RI�1&V�ZHUH�VLPLODU�WR�WKH�SULVWLQH�13V�WKXV�FRQILUPLQJ�
the presence of ferrites in NCs. The doublets obtained in the spectra can be assigned to the superparamagnetic 
fraction in NCs. The isomer shift values are characteristics of Fe3+ state. These nanocomposites were evaluated 
for adsorption of Ni(II) ions. Effect of pH, adsorbent dose, initial metal ion concentration and temperature on the 
percentage removal of Ni(II) ions was studied. pH 6 was observed as an optimum pH for the study. 
MgFe2O4@NGO displayed higher adsorption potential for Ni(II) ions as compared to CaFe2O4@NGO. 
Synergistic adsorption of Ni(II) ions and photocatalytic degradation of p-nitrophenol was also studied using 
synthesized NCs. MgFe2O4@NGO NC displayed better adsorptive and photcatalytic potential as compared to 
CaFe2O4@NGO .

Fig. Mössbauer spectra of (a) MgFe2O4@NGO and (b) CaFe2O4@NGO nanocomposite at 300K.
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Minerals containing radioactive elements thorium and uranium, which were exposed to nuclear radiation 
over millions of years can serve as natural analogues to provide fundamental data for the confirmation of extra- 
and interpolated behavior of nuclear waste forms proposed for high-level waste disposal [1]. Prolonged 
irradiation, due to alpha-decay of Th and U contained in the mineral, can cause metamictization or degradation 
of the minerals crystal structure and may affect its physical integrity and stability [2-5]. A better understanding 
on the hyperfine parameters including valence states of natural analogue, due to alpha-irradiation effects in the 
mineral can provide useful information for studying long-term alpha-particle damage accumulation. Allanite, 
with a general chemical formula, (Ca,REE)2(Fe2+,Fe2+)(Al,Fe3+)2O[Si2O7][SiO4](OH) (where REE stands for 
rare-earth elements, Th and U), found in San Vicente, Palawan, was the natural analogue investigated in this 
study using transmission 57Fe Mössbauer spectroscopy and correlated with the mineral’s absorbed alpha-dose.  
The Mössbauer results show an increase in Fe2+ doublet intensity and line widths with increasing absorbed 
alpha-dose.
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The biogeochemical iron cycle exerts control on the global carbon cycle1. Much of this interaction takes 
place via reactive iron species, which generally occur in the form of colloids and nanoparticles. At the same time, 
engineered iron nanoparticles gain ever wider importance; from printing to remediation of contaminated 
groundwater to medical applications. Yet, once released into the environment, their fate is unclear. In both cases, 
determining the mineralogy of these particles is critical to understand the underlying processes but challenging 
to achieve with standard methods. 

In soils and sediments, chemical sequential extraction protocols are often used as a proxy method to obtain 
mineralogical information. We show, however, that there are often large discrepancies between extracted iron 
and targeted minerals when individual extraction steps are checked with Mössbauer spectroscopy. We suggest 
that the efficiency of sequential extraction steps should be verified with Mössbauer spectroscopy or another 
suitable method if mineralogical information, not operational iron pools, is required.

While soils and sediments generally yield enough material to obtain iron mineralogy with a standard 
Mössbauer experiment2,3, in dilute systems such as ocean water the difficulty is in obtaining enough material for 
a Mössbauer measurement. We have developed a new method of filtering, concentrating and presenting 
nanoparticles to the 57Fe Synchrotron Mössbauer Source (SMS)4, where the highly focused beam enable the 
analysis of microscopic samples volumes5. We present first result from the application of this new method to 
nanoparticles and colloids filtered from peatland draining river waters in Scotland.
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New results on the study of a North West Africa stony meteorite found in the 1990s [1] gave a new 
enlightening on its identification. Grouped already in achrondites meteorites, the fact that Sulfur was found in its 
elemental composition, changed our attempt of classification. 

Physical and chemical characterizations were further conducted on the NWA meteorite study, including 57Fe 
Mössbauer spectrometry. The Fe-bearing phases will be discussed within the light of new elemental results.
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Stony and stony-iron meteorites consist of several similar iron-bearing crystals such as olivine (Fe, 
Mg)2SiO4, orthopyroxene (Fe, Mg)SiO3, clinopyroxene (Fe, Ca, Mg)SiO3, troilite FeS, chromite FeCr2O4, 
hercynite FeAl2O4, etc. These meteorites were classified as non-differentiated (for example, ordinary chondrites) 
and differentiated (for example, achondrites and pallasites). These two groups have different thermal history and 
evolution in space. Therefore, it is interesting to compare structural and physical parameters of the same 
iron-bearing crystals, undergoing different extreme factors in different meteorites. For this reason, we carried out 
a comparative study of some examples of (i) ordinary chondrites, (ii) one achondrite and (iii) one pallasite, by 
means of: X-ray diffraction (XRD), magnetization measurements and Mössbauer spectroscopy. The phase 
composition of meteorites fragments was determined using XRD and Mössbauer spectroscopy. The unit cell 
parameters and Fe2+ occupancies of the M1 and M2 sites in silicate phases were deduced from the XRD data. 
Magnetization measurements showed magnetic phase transitions for chromite and, in some cases, for hercynite. 
Using the relative areas of the Mössbauer spectral components related to the 57Fe in the M1 and M2 sites in 
silicate phases, these Fe2+ sites occupancies were obtained and appeared to be in agreement with similar results 
calculated from the XRD data. Using results of both techniques, the temperature of equilibrium cation 
distribution (Teq) in olivine and orthopyroxene (the distribution of Fe2+ and Mg2+ between the M1 and M2 sites) 
was calculated for all studied meteorites and agreed mainly [1–3]. Teq is related to the meteorites’ thermal history 
and evolution in space. Some differences in the 57Fe hyperfine parameters, saturation magnetization moments, 
phase composition and Teq were obtained for studied meteorites.
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Allanite-(Ce) is a cerium-rich variety of the REE-mineral allanite with the ideal composition 
A1CaA2CeM1,M2Al2

M3Fe2+[SiO4][Si2O7]O(OH). It is part of the epidote-group (1) and has a monoclinic (P21/m) 
structure with three different octahedral positions (M1, M2 & M3) that form edge-sharing chains linked by SiO4 
tetrahedra and Si2O7 groups. On the A1 position rare earth elements (mainly Ce) are incorporated as well as 
actinides, e.g. thorium. Through the alpha-decay of the unstable nucleus the long-range order becomes destroyed. 
Fe2+ as well as Fe3+ can occupy the M1 as well as the M3 position (2). Th containing allanite is an interesting 
natural material, as actinide containing minerals in general have found to be suitable model substances to study 
the long-term effects of nuclear radiation on ceramics (3). Step-wise thermal annealing in air up to 1000 K leads 
to structural reorganization that improves the mechanical properties (hardness and elastic modulus). Further, iron 
oxidation (Fe2+�ĺ�)H3+) coupled with H+-loss could be detected via 57Fe Mössbauer spectroscopy and mass 
spectrometry. Mössbauer spectroscopic measurements on three different samples during step-wise annealing not 
only show an increase in the Fe3+/Fe2+ ratio, but also a shift in the Fe concentration from one position to another. 
This is believed to be due to the decreasing quantity of amorphous fraction in the mineral due to thermal 
annealing. It is proposed that the destroyed long-range order leads to the formation of a new “site”, with differing 
hyperfine parameters of the Fe nucleus, that vanishes during thermally induced structural reorganization. 
Additionally, in the sample showing the fastest structural reorganization not all Fe2+ was oxidized, possibly due 
to a higher resistance to the oxidation process of iron atoms located in crystalline regions.
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The investigation on particulate matter (PM) in atmospheric aerosol of a densely populated urban area (city 
of Sofia) combines lidar monitoring with on-the-spot sampling at sites with high concentration of dust products 
as determined by a lidar probing. The latter was performed by lidar system at operational distances exceeding 25 
km and the probing line wavelength equal to 510.5 nm. Samples were taken using a Hygitest 106 (Maimex), a 
high-efficiency portable device for sampling and PM concentration determination. Comparative analysis of PM 
seasonal variations was done using elemental analysis, Mössbauer spectroscopy at room and liquid nitrogen 
temperature, X-Ray Diffraction analysis as well as Electron Microscopy (Scanning Electron Microscopy / 
Energy Dispersive X-Ray Spectroscopy). 

6FDQQLQJ� HOHFWURQ� PLFURVFRS\� LPDJHV� VKRZHG� WKH� 3Ɇ� DHURG\QDPLF� GLDPHWHUV� WR� YDU\� IURP� WHQV� RI�
nanometers to a more than 10 micrometers. The elemental composition and particle size distribution of PM was 
also obtained. The main target of our investigation was the smallest fraction of PM due to its significant negative 
effect to human health and environment. 

The physicochemical analysis of PM samples lead to conclusions about chemical composition of studied 
airborn PM, the quantity, cristallynity degree and dispersion of compounds. The obtained data showed high 
heterogeneity and complex character of studied particulate matter. Powder XRD revealed the presence of X-ray 
amorphous phases and phases with low crystalinity degree and small particle size in all registered patterns. The 
main crystallite phases registered are silicate, aluminosilicate, carbonate, silicate hydroxide and sulfate phases. 
More detailed information about iron-bearing compounds was obtained using Mössbauer spectroscopy, as the Fe 
was registered as one of the dominated elements in studied PM according to elemental analysis. This allows us 
to make important conclusions about PM phase composition and particles size. The majority of Fe-bearing 
compounds are superparamagnetic (SPM) phases with nanometric size both oxides and hydroxides, together 
with aluminosilicate glasses, sulfates, carbonates and coals, clay minerals, etc. As a result of analyses are drawn 
important conclusions in regard to suggest the common characterization procedure analyse the emissions from 
different sources. Preparation of such methodology will enable further activities in order to reduce the 
atmospheric PM pollution. 
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Clay minerals found applications in pharmacy, cosmetology and environmental engineering. This group of 
minerals has extensive properties such as: chemical inertness, good bio-compatibility, high specific surfaces 
area, large pore volumes, and mechanical stability. Kaolin group minerals include kaolinite and halloysite, which 
are built from identical 1:1 layers but they are stacked in different ways. Halloysite has chemical composition 
with the higher water content than kaolinite. The chemical composition of halloysite is subject to slight changes 
due to the presence of impurities (Fe oxides).

In this work, the effect of chemical treatment modification of halloysite mineral and mechanical grinding 
on kaolin mineral will be studied. The Clay minerals sample were collected at a Polish strip mine ‘‘Dunino’’. 

The obtained results indicate that the chemical treatment combined with the magnetic separation, applied to 
the refining of the raw halloysite, gave promising results and showed the presence of the following phases: light 
silicate fraction consisting mainly of halloysite; heavy iron oxides - rejection from magnetic separation an 
intermediate product consisting mainly of aluminosilicate and iron chlorides resulting from the treatment of HCl.  
The polygraphic magnetic separation in the weak magnetic field used in the study allowed the separation of 
heavy magnetic minerals (i.e. Fe3O4), which were difficult to remove by other methods. The main product, i.e. 
purified aluminosilicate, in which the predominant mineral is halloysite, can be purified in other processes for 
use in polymer composites, in the production of ceramics or in high-quality sorbent.

The effects of several-hour mechanical grinding of kaolinite were studied by X-ray, scanning electron 
microscopy and Mössbauer spectroscopy. It has been found that there are two types of structural change in the 
process of dry grinding of kaolinite. One is the production of a non-crystalline substance attended by the 
disordering of the crystalline part, and the other is the reaggregation process. The process of the reduction in the 
particle size and the process of the production of the non-crystalline substance are connected to the process of 
the reaggregation. In a certain stage of the dry grinding, the reaggregates are spherical particles which have a 
zeolitic structure. As the grinding further progresses, the structure of the crystalline part in this radial particle 
becomes disordered due to the mechanical stress, and it changes into an amorphous substance at last. 
Consequently, the effect of dry grinding of kaolin mineral depends on the structural perfectness of 
aluminosilicate layers of the kaolin mineral, that is, the internal crystallinity of the kaolin mineral.
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Iron-containing minerals are essential materials of terrestrial planets, the moon and asteroids. Accurate 
determination of Fe2+ and Fe3+ contents is crucial to fully characterize a rock forming mineral, and 
Fe3+/(Fe2++Fe3+) ratio is an important factor for magma crystallization models. Mössbauer spectroscopy is one of 
the techniques used in the determination of Fe3+/(Fe2++Fe3+) ratio, and in obtaining Fe-site occupancies in 
minerals. Here, I will review Mössbauer spectroscopy of Fe-containing minerals and evaluate aspects of 
Fe3+/(Fe2++Fe3+) and Fe-site occupancies determination, with focus on the silicate minerals, pyroxene, amphibole 
and mica. The major issues of obtaining accurate Fe2+ and Fe3+ contents from Mössbauer spectroscopy, e.g. 
thickness effects, preferred orientation (texture effects) and spectral fitting procedures, are addressed and spectra 
of selected minerals of terrestrial and extraterrestrial origin are presented and discussed. 
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 X-ray diffraction (XRD), Fields Emission Scanning Electron Microscope (FE-SEM) with EDS and 
Mössbauer Spectroscopy (MS), were applied to investigate a newly fallen solid piece of debris on April 19, 2018 
named Ipapo from south western part of Nigeria (Lat: N 08° 14' 25.7'' and Long: E 003° 33' 47.0''). 

    X-ray diffraction matching results together with the FE-SEM analysis confirm the presence of the four 
kinds of iron-bearing minerals namely olivine, pyroxene, kamacite (Fe-Ni alloys) and troilite (FeS). The 
Mössbauer spectra recorded at 295 K and 78 K consists of two strong paramagnetic doublets emanating from 
olivine of quadrupole splitting 2.9 mm/s and pyroxene of quadrupole splitting 2.1 mm/s which are superimposed 
on two magnetic subspectra attributed to kamacite and troilite phases. From the Mössbauer subspectra 
absorption area, the ratio of the olivine absorption area to pyroxene absorption area indicates that the meteorite 
can be classified as an L-ordinary chondrite. The mole fraction of the Fe end-member of olivine (fayalite) and 
the orthopyroxene (ferrosilite) obtained from the EDS data will be used to identify the petrological type of the 
meteorite. 
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 Hypoxia is a big problem particularly in inner bay such as Tokyo Bay in Japan. To understand and solve 
the problem, it is important to know when or where hypoxia occurred. However, the data of water quality in 
Tokyo Bay are absolutely lacking. Then, we attempted to assume the historical redox condition of seawater by 
analyzing chemical states of iron in sediment cores. We sampled sediment cores off the coast of Yokohama (flat 
seafloor Y1 and Y2), and Makuhari (flat seafloor M1, and dredged trench M2) through 2016-2017 (Fig.1). 
Yokohama is located near the center, Makuhari is inner part of Tokyo Bay. 

These sediment cores were sliced every 2 cm and analyzed for the chemical states of iron by using 
Mössbauer spectroscopy. To detect sextet, we measured in velocity range of -10 to 10 mm s-1. We also measured 
in velocity range of -3.33 to 3.33 mm s-1, in order to obtain sufficient 
resolution to separate two doublet which are caused by pyrite (I.S. = 
0.307 mm s-1, Q.S. = 0.610 mm s-1 at 293 K1)) and paramagnetic high 
spin Fe3+. 

As a result of the analysis, in most layers of Y1 and Y2 cores, and 
in few layers of M1 and M2 cores, sextet which is attributed to hematite 
or various iron (hydr)oxides was observed. This indicates that seawater 
in Yokohama may be more oxic than that in Makuhari. This is consistent 
with monitoring data of dissolved oxygen content in seawater.

However, pyrite was observed in most samples regardless of the 
sampling point. This indicates that anoxic conditions can occur even at 
relatively high dissolved oxygen sites in Tokyo Bay. In addition, the 
simultaneous detection of pyrite and iron oxide from one sample 
suggested that the chemical state of iron could be preserved after 
deposition and thus could be an indicator of past redox condition of 
seawater.

-DSDQ�

Fig. 1 Sampling point

Fig. 1 Mössbauer spectra of surface 
sediment of Y2 Velocity range is (a) -10 
to 10 mm s-1 (b) -3.33 to 3.33 mm s-1

References
1) P. G. Manning and L. A. Ash, Can. Miner., 17, 111 (1979).
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Serpentinization is a hydration and redox reaction that may transform mantle-forming minerals including 
olivine and pyroxenes into hydrous phyllosilicates (e.g. serpentine and/or brucite), iron oxides, and also 
hydrogen. Six rock samples with various degrees of serpentinization were collected from the Darbut fault zone 
and analyzed for iron species using Mössbauer Spectrometer (MS). The identified iron species was dominated 
by paramagnetic ferrous (para-Fe2+), paramagnetic ferric (para-Fe3+), and magnetite (Fe3O4). The relative 
contents of ferric iron (Fe3+) were increased from 18% in sample DB-01 to a range of 45% - 54% in the samples 
DB-02 through DB-05 including para-Fe3+ and mag-Fe3+, respectively, and the highest content of Fe3+ was 70% 
in the sample DB-06. Saple DB-01 had a lower concentration of Fe3+ compared to all other samples, showing a 
weak oxidation, whereas sample DB-06 had a higher concentration of Fe3+, indicating a stronger oxidation. The 
analytical results also indicated the total amount of iron (tot-Fe) and relative content of ferric iron (Fe3+�Ȉ)H��
were closely related to the formation of magnetite and serpentine in the serpentinized peridotites, being 
positively increased with the elevation of serpentinization degrees and H2 yeilds. 

Key words: serpentinized peridotite, iron species, mössbauer spectra, redox
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In photocatalytic reactions, the mixed valence Fe2+/Fe3+ is responsible for maintaining and regenerating the 
catalytic activity of iron-based catalysts. During the operation of the catalyst, oxidation and reduction of Fe 
centers initially occur at different rates, but subsequently these rates equalizes, as the average valence of iron 
approaches the equilibrium value. At the initial stage of the reaction, the catalyst changes its composition, and 
the catalytic activity decreases mainly due to changes in the mean valence, but not due to possible contamination 
of the surface by the reaction byproducts or degradation associated with surface poisoning. When the 
composition of the catalyst reaches an equilibrium composition, the mixed-valence compound becomes 
functional as a “true catalyst”, the phase composition of which remains further unchanged. Both vibrational 
frequencies and Mössbauer spectroscopy parameters (such as isomer shift or electron density) correlate with a 
decrease in catalyst turnover frequency (TOF), as its mixed-valence state evolves from freshly prepared to an 
equilibrium state, which in equilibrium is characterized by the TOF value of the “true catalyst”[1]. 

In this work, we investigated the catalyst, the composition of which varies between ferric 
hexacyanocobaltate and ferrous hexacyanocobaltate. For the sake of increasing the efficiency of nuclear inelastic 
scattering (NIS) spectroscopy the 57Fe-enriched samples were prepared in a series of solid solutions of the 
Prussian Blue Analogs 57Fe[Co(CN)6@��+2O, and 57Fe3[Co(CN)6]2���+2O, which are two end-members of the 
PL[HG�YDOHQFH� VHULHV�� 6\QFKURWURQ� UDGLDWLRQ� ZDV� PRQRFKURPDWL]HG� �ǻ(� a� �� PH9�� WR� H[FLWH� WKH� ����� NH9�
Mössbauer transition in both Fe3+ and Fe2+ species embedded in simple octahedral (6N-) and composite 
(5N-�+22���1-��+2O, etc.) environments, respectively. Phonon densities of states (DOS) derived from the NIS 
spectra showed the energies of the Fe2+-N and Fe3+�1�YLEUDWLRQV�DW����PH9�DQG����PH9��UHVSHFWLYHO\��,Q�DGGLWLRQ��
WKH�R[LGDWLRQ�UHODWHG�KDUGHQLQJ�ZDV�REVHUYHG�IRU�WKH�ORZHVW�HQHUJ\����WR���PH9��PRGH�DVVRFLDWHG�ZLWK�URWDWLRQV�
of rigid octahedral units FeN6-mOm (m=0, 1, etc.), where O denotes the oxygen atoms belonging to water 
molecules. Shifts in the highest C-N vibration frequencies, far beyond the range of the present experiment, with 
the density-functional theory were estimated as well. This work was supported by Chinese Academy of Sciences 
9LVLWLQJ� 3URIHVVRUVKLSV� IRU� 6HQLRU� ,QWHUQDWLRQDO� 6FLHQWLVWV� �����7�*���� DQG� 1DWLRQDO� 1DWXUDO� 6FLHQFH�
)RXQGDWLRQ�RI�&KLQD������������
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1) 9��3DUPRQ��$��(PHOLQH��DQG�1��6HUSRQH���*ORVVDU\�RI�WHUPV�LQ�SKRWRFDWDO\VLV�DQG�UDGLRFDWDO\VLV���Int. J. Photoenergy��YRO�����
    pp. 91-131, 2002. 



219

Poster

P-108T07

Lattice Dynamics of Iron Atoms in Spinel Structure 

Zuo Wenbin, Vasiliy Pelenovich, Fu Dejun
Key Laboratory of Artificial Micro and Nanostructures of Ministry of Education and Hubei Key Laboratory of 

Nuclear Solid Physics, School of Physics and Technology, Wuhan University, Wuhan 430072, China
wbzuo@whu.edu.cn

*UHLJLWH� DQG�PDJQHWLWH� DUH� LPSRUWDQW�PDJQHWLF�PDWHULDOV�ZLWK� LQYHUVH� VSLQHO� VWUXFWXUH��ZKHUH�)H3+ ions 
occupy tetrahedral sub-lattice (A-site) and both Fe2+ and Fe3+ ions occupy octahedral sub-lattice (B-site). Despite 
the similarity of lattice structure between the two materials, they exhibit completely different magnetic 
properties. In the present work, comparison in lattice dynamics between the two materials was performed by 57Fe 
0RVVEDXHU�VSHFWURVFRS\��'\QDPLFV�RI�LURQ�DWRPV�LQ�WHWUDKHGUDO�DQG�RFWDKHGUDO�ODWWLFHV�ZHUH�VWXGLHG��(VWLPDWLRQ�
of Debye temperature șD from the temperature dependent central shift (CS) valus gives the values: 805±10K and 
760±10K for A- and B-sites, respectively. The discrepancy of the two șD values reveals different lattice vibration 
between A- and B-sites. The Lamb-Mossbauer factor ratio fB/fA is found to be 0.98 at room temperature. The 
different low-temperature behaviors of hyperfine magnetic field for the two sites were observed. Lattice 
dynamics of iron atoms in greigite and magnetite were investigated. 

Acknowledgements: This work was supported by the National Natural Science Foundation of China under the 
grant 11875210 and the Shenzhen Science and Technology Innovation Commission under the grant 
JCYJ20180302153906051.
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Instrumental data processing quite often requires the important preliminary step of signal smoothing in 
order to get rid of excessive noise. Various smoothing methods were suggested through the last decades each 
having their own benefits and drawbacks. In general, there are three main concepts that can be employed for 
construction of smoothing methods: 1) averaging in a certain spectral window (like e.g. Savitzky-Golay filter); 
2) frequency domain representation (Fourier filter); 3) signal approximation with appropriate mathematical 
function (e.g. ALS procedure by Paul Eilers). This report describes a novel approach to the signal smoothing. 
The overall idea behind this type of filtering is in sorting the signals according to the variance they hold. This can 
be implemented through signal reconstruction with the help of partial least squares (PLS) regression – a basic 
tool of chemometrics. The presentation will show that PLS smoothing allows for significant signal-to-noise ratio 
LPSURYHPHQW�LQ�0ऺVVEDXHU�VSHFWUD�ZLWKRXW�VHULRXV�GLVWRUWLRQ�RI�OLQH�SDUDPHWHUV��ZLGWK��SRVLWLRQ��DPSOLWXGH���
0RUHRYHU�� WKH� 3/6� VPRRWKLQJ� DOORZV� IRU� VSHFWUDO� UHVROXWLRQ� LPSURYHPHQW�� 7KH� H[DPSOHV� IURP�0ऺVVEDXHU�
spectrometry illustrate the process of filtering parameters selection and show that the suggested procedure can 
be successfully applied for spectral preprocessing both in quantitative and qualitative analysis. The basis line 
employed for PLS decomposition can be of any complexity (e.g. triplet), thus the smoother performance can be 
adapted to the wide variety of real world applications. 

Acknowledgements: The work was performed in the IAI RAS and financially supported within the framework 
of the State contract (No. 075-00780-19-00).
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High pressure intensely changes all properties of materials. Pressure-induced magnetic, structural and 
electronic transitions predicted in strongly correlated electronic systems by many theories, now can be observed 
experimentally. This becomes to be enabling by the development of the high-pressure diamond-anvil-cell 
technique and, in particular, due to the synchrotron radiation (SR) facilities, which nowadays develop well along 
with other extreme environments such as temperature and applied magnetic fields. Mössbauer spectroscopy is in 
fact the only method by which it is possible to obtain information on the magnetic state of a material when 
operating at high and ultrahigh pressures. In the high pressures experiments, a sample is located in a diamond 
DQYLO�FHOO��'$&��ZHUH�WKH�ZRUNLQJ�YROXPH�LV�YHU\�VPDOO��7KH�FKDUDFWHULVWLF�VL]H�RI�WKH�VDPSOH�LV�DERXW�������ȝ
P�LQ�SODQH�DQG�DERXW������ȝP�LQ�WKLFNQHVV��7KLV�VL]H�LV�WRR�VPDOO�WR�DFFXPXODWH�VXIILFLHQW�VWDWLVWLFV�LQ�D�VWDQGDUG�
Mössbauer experiment in the laboratory. 

 For the high pressure measurements we need a highly focused and intense SR beam to record the 
Mössbauer spectra from the very small samples in DAC. There are two synchrotron Mössbauer methodics – the 
Nuclear resonance forward scattering (NFS), in which spectra are recorded in the time domain mode, and the 
Synchrotron Mössbauer source (SMS) technique. In the SMS method, synchrotron radiation is used instead of 
radioactive 57Co source in traditional transmission Mössbauer spectroscopy (TMS) which is commonly used in 
the laboratory. The SMS spectra are recorded in energy representation (as well as the TMS spectra). This "new" 
method has only recently been developed in the world and applied in real experiments, especially in ESRF (the 
beamline ID18) and in Japan (SpringS8), and is mainly used to study samples of very small size and at high 
pressures. The spectra processing and analysis which is well developed for the energetic TMS spectroscopy can 
be applied to the SMS spectra, but it is not well developed for the NFS methodic.

The most interesting pressure-effects observed in many crystals were associated with transitions from the 
magnetic to the nonmagnetic state (magnetic collapse), which were implemented by the spin crossover in 3d ions 
transiting from the high-spin (HS) to the low-spin (LS) state. The spin HS-LS crossover is accompanied by the 
structural phase transitions and some crystals transform from the dielectric to the semiconducting or metallic 
state. For Mott-Hubbard insulators, these effects can be explained by the suppression of strong d-d electronic 
correlations. In addition to materials science, the high-pressure magnetic properties of iron and minerals are 
extremely important for the geophysics of the Earth and planetary science. The HS-LS transition can 
dramatically alter the physical and chemical properties of the minerals most common in the lower mantle of the 
Earth. These effects, observed experimentally along with the predicted metallic state arising under these P-T 
conditions, open up a new concept in the advancement of geophysical science. 

In this lecture, we are going to sum up the new magnetic and electronic effects initiated by pressure and 
observed experimentally. Inevitable correlations of the magnetic state with the crystal structure, electronic and 
transport properties will be discussed. 

Acknowledgements: These studies support by the Russian Ministry of Science and Higher Education within the 
State assignment FSRC «Crystallography and Photonics» RAS and by RFBR grants # 17-02-00766 in part of 
XRD measurements.
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The radio-frequency (rf) magnetic field generates in ferromagnets both the magneto-strictive vibrations and 
periodic reversals of their  magnetization. As a consequence, the Mössbauer absorption spectrum attributes a 
fringe structure, collapsing to single or double line at high rf frequencies. Assuming strictly periodic reversals of 
the magnetization and the related magnetic field at the nucleus 57Fe , we built general theory of the Mössbauer 
absorption [1,2], which well correlates with the experiments of Pfeiffer [3]. Moreover, we considered the 
situation, when a constant magnetic field is superimposed along the rf one. In this way we reported [2] the effect 
of quasi-Zeeman splitting for the quasi-energetic nuclear levels, providing  splitting of the central absorption line 
as well as sidebands. These calculations  well agree with our observations [4]. 

Furthermore, we analyzed transient behavior of the time-dependent  absorption cross section [1]. It was 
shown that it suffers attenuating oscillations after reversal of the field, having even negative value in some time 
intervals. Besides, a dynamical scattering theory has been presented [5] for such transient effects. The 
magnetization reversal was shown to cause strong flash of the transmitted radiation intensity to be followed by 
its oscillations, which attenuate during a time of the order of the nuclear lifetime. The corresponding numerical 
calculations well agree with the experimental observations of Smirnov and Shvyd’ko [6]. We also found that 
these beats of the radiation intensity are accompanied by suppression of inelastic channels and reactions for the 
nuclei, located near the face surface of the crystal. On the contrary for deeply lying nuclei there will be an 
enhancement of the reaction yield.

In addition, we studied both theoretically and experimentally [7]  peculiarities of the Mössbauer forward 
scattering spectra of the weak ferromagnet FeBO3 exposed to the rf field, by taking into account  both the 
periodical reversals of the magnetic field at the nuclei and their coherent vibrations. It was shown that these 
spectra  consist of equidistant lines   spaced by double frequency of the applied rf field in contrast to their 
absorption spectra. 

Our calculations are generalized, taking into account the stochastic nature of the reversals, i.e.  by 
introducing a reversal probability, periodically dependent on time, and by solving the corresponding master 
equations. This allowed us to analyze  dependence of  the above phenomena on the strength of the rf field and 
temperature. 

References
1) A. Dzyublik, Phys. Stat. Sol. (b) 194. 699 (1996). 
2) A. Dzyublik and V. Spivak, JETP 84, 794 (1997).
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5) A. Dzyublik, J. Phys.: Condens. Matter 11, 3915 (1999).
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In this work we present a new microreactor system for in situ Mössbauer measurements [1]. The reaction 
chamber provides a sealed environment that can be heated up to 450 °C and pressurized with various inert or 
reducing gases up to 10 bars. The uniquely designed chamber keeps the radiation source-detector distance at 
minimum and is compatible with both transmission and emission arrangement [2,3]. The installation and 
exchange of the samples can be easily done via the dismountable window. Detailed study on the suitable gamma 
radiation transparent material is included as well. The microreactor chamber is supplied with a digital control 
system and PID regulator. Virtual instrumentation methods [4] are used for both measurement and 
temperature/pressure management of the device. The capabilities of the presented system were tested by carrying 
out a series of thermal transformation experiments, i.e., the thermal decomposition of ferrous oxalate in an inert 
atmosphere. In future, we believe that the presented system could provide new insight into several scientific 
fields, such as metallurgy, solid-state reactions and catalysis [5].

Acknowledgements: Authors would like to thank the internal IGA grant of Palacký University 
(IGA_PrF_2018_002, IGA_PrF_2019_002, IGA_PrF_2018_021 and IGA_PrF_2019_023), the TACR project 
TG01010080 and the Czech-China mobility project Nr. 8H17065 of Ministry of Education, Youth and Sports of 
the Czech Republic for the financial support.
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We present preliminary results obtained during research on a new Conversion Electron Mössbauer 
Spectrometer build to operate at low and high temperatures.

The used detector, a photomultiplier tube with a YAG:Ce scintillator, is sensitive to both X-rays and 
(conversion) electrons. Electrons and X-rays have different average depths from which they come out of the 
sample. Detected electrons are much more likely to come from close to the surface, whereas X-rays can come 
from greater depths in the sample. The focus of this research lies mainly on the detection of electrons, as it wants 
to create a tool to study the surface area of samples. X-rays can therefore consider noise.

By applying an electric field over the sample and detector, electrons were accelerated towards the detector 
making more electrons being detected and giving them higher energies. X-rays on the other hand were not 
influenced by the application of the electric field. The electrons became therefore distinguishable from X-rays 
and the background.

The preliminary results were obtained at room temperature with a 57Fe2O3 sample. The intensity of the 
electric field E during measurements was 0 and 1500 V/cm. The spectrum was recorded for two different 
discrimination windows 15-35 and 35-65 relative units, respectively. Results are demonstrated in Table where 
the resonance effects are represented by the spectrum area.

The obtained results indicate that application of an electric field serves to better distinguish the contribution 
of the conversion electrons (0 - 7.3 keV) from the contribution of the backscattering X-rays (6.3 keV).

Table: Comparison of the spectrum area for different condition.

Window 15-35 Window 35-65
E = 0 V/cm E = 1500 V/cm E = 0 V/cm E = 1500 V/cm

ATM 105 Pa 7,7 8,3 0 0
VAC 10-4 Pa 12,5 19,6 3,8 8,0
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The quantum beats (QB) Mössbauer spectroscopy (MS) excited by SR-pulse is a brand-new spectral 
method which is different from the conventional MS. In the efficiency and the resolution, it is superior to the 
CMS. The high efficiency of the spectrum is due to using the meV bandwidth of pulsed SR in data collection of 
the QB, which is equivalent to the "white beam" directly stimulating all the transition energy levels of the 
Mössbauer nucleus in the sample. It can significantly improve the utilization efficiency of photons. This feature 
is is generally acknowledged. However, the QB spectroscopy can obtain a higher energy resolution that is not 
OLPLWHG�E\�WKH�QXFOHDU�OLQH�ZLGWK�RI�ī��7KLV�FKDUDFWHULVWLF�LV�QRW�VXIILFLHQW�DFNQRZOHGJHG�WKDW�WKH�UHVROXWLRQ�RI�WKH�
4%�VSHFWUXP�LV�EH\RQG�WKH�OLPLWDWLRQ�RI�ī�

7KHUH�DUH�WZR�UHDVRQV�ZK\�WKH�UHVROXWLRQ�RI�WKH�4%�VSHFWURVFRS\�FDQ�EUHDN�WKURXJK�WKH�OLPLWDWLRQ�RI�ī��RQH�
is that the QB spectroscopy is to observe the spectral information in the conjugate space of energy, which can 
GLUHFWO\�DYRLG�WKH�UHVWULFWLRQ�RI�ī��LQGLUHFWO\�UHVWULFWHG�E\�WKH�GHH[FLWDWLRQ�WLPH���WKH�RWKHU�UHDVRQ�LV�WKH�QXFOHDU�
resonant forward scattering QB spectrum is an interferometric fringes. It reflects the dynamical interference 
between the HFS energy level of the resonant nuclei. These fringes, like a vernier scale, where the primary and 
secondary rulers are compared, can bring a better resolution which is smaller than the scale division. 

In our discussion, we take the Mössbauer nuclei 57Fe as an example. After obtaining the QB spectra lines 
with higher resolution from the experiment, the traditional 57Fe HFS model cannot explain them, which means 
traditional 57Fe HFS model is not complete enough, and more sophisticated HFS needs to be considered. 

The quantum number of the hyperfine structure in the atom is F[1]. From the symmetry point of view, it is 
speculated that quantum number F=I+J needs to be taken into account in the completely hyperfine structure of a 
nuclear system, which considers the synthesis state of the total angular momentum quantum number J of the 
outer electrons in the nucleus and the total nuclear spin of I.  F quantum number produces a more complex energy 
level of HFS. When we consider the HFS of F in 57Fe nucleus, the number of energy level transitions rises from 
��WR�����ZKLFK�LV�EDVLFDOO\�GLVWULEXWHG�ZLWKLQ�WKH�ī�ZLGWK��a��neV). To confirm our conjecture, we analyze the 
QM spectrum of hematite powder and discuss the correspondence between each spectral line and the HFS 
structure.

References
1) Woodgate, G.K., ELEMENTARY ATOMIC STRUCTURE. 1970, United Kingdom: 1970.



226

Poster

T08P-115

Synchrotron-radiation-based Mössbauer Absorption Spectroscopy of 99Ru

Masuda R.1, Kusada K.2, Kitao S.1, Tajima H.1, Mitsui T.3, Kitagawa H.2, Seto M.1

1 - Insittute for Integrated Radiation and Nuclear Science, Kyoto University
2 - Division of Chemistry, Graduate school of Science, Kyoto University

3 - National Institute for Quantum and Radiological Science and Technology
masudar@rri.kyoto-u.ac.jp

Synchrotron-radiation (SR)-based Mössbauer absorption spectroscopy is a method for Mössbauer 
spectroscopy using various nuclides as its probe and we can obtain the absorption-type energy-domain 
Mössbauer spectra by this method.1,2) Recent improvement by the detection of internal conversion electrons3) 
extends its applicability and Mössbauer spectroscopy of  40K, 61Ni, 73Ge, 119Sn, 125Te, 127I, 149Sm, 151Eu, 174Yb and 
189Os was performed until now.4) Among those nuclides, the nuclear resonant energy of 174Yb, 76.5 keV, is the 
highest, but the third generation SR facility covers the X-rays with somewhat higher energy, typically below 100 
keV. However, SR-based Mössbauer absorption spectroscopy of nuclides whose nuclear resonance is around 
such high energy is usually difficult, because the recoilless fraction decreases, as is similar in conventional 
Mössbauer spectroscopy using RI, and the intensity of SR decreases in such high energy range. 

In this viewpoint, the nuclear resonant energy of 99Ru is 89.6 keV and thus 99Ru is one of the nuclides near 
the limit on nuclear resonant energy. 99Ru conventional Mössbauer spectroscopy using RI has been measured 
since 1966 with 99Rh sources, which is synthesized by proton irradiation and shows nuclear decay half-life of 16 
days.5) Relatively many experiments were performed using RI because the ideal energy width of Mössbauer 
spectra 2ī = 0.15 mm/s is sufficient to observe the isomer shift; for example, the difference of isomer shift 
between Ru2+ and Ru3+ is typically 0.2 mm/s.6) Furthermore, the nuclear resonant forward scattering of 
synchrotron radiation by 99Ru was successfully observed in ESRF recently.6) Here, we report the trial for the 
SR-based Mössbauer absorption spectroscopy of 99Ru. The experiment was performed in SPring-8 and a 
Mössbauer spectrum of Ru nanoparticles without 99Ru enrichment were obtained, showing the isomer shift of 
-0.02±0.05 mm/s.

References
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A new approach is described for performing Mössbauer spectroscopy (MS) at a synchrotron using fast 
shutters. Combining with micro-focusing and a suitable pulsed time-structure, a fast shutter offers a means to 
mechanically separate the many fast-scattering processes from the slow scattering of low-energy nuclear 
resonances.1 Furthermore, using two fast shutters allows one to measure without relocating the sample both the 
time spectra of nuclear forward scattering as well as the familiar energy absorption spectra if combined with a 
single-line reference material. A test instrument involving a pair of fast shutters has recently been developed at the 
Advanced Photon Source to investigate the performance and possibilities of this approach using current 
technology. This development offers both another method for performing MS and a means to reject unwanted 
X-ray pulses.  The latter benefitting other X-ray techniques requiring either long dark times between pulses or low 
pulse-repetition rates. The advantages and limitations using this approach as well as initial measurements will be 
presented.

This research used resources of the Advanced Photon Source, a U.S. Department of Energy (DOE) Office of 
Science User Facility operated for the DOE Office of Science by Argonne National Laboratory under Contract 
No. DE-AC02-06CH11357. 
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The Nuclear Resonant Scattering (NRS) station at the Dynamics Beamline P01 at DESY in Hamburg is in 
user operation since almost 8 years now [1]. We present the status of the beamline including recent research 
highlights and new sample environments. In particular a cryo-magnet system allowing for sample temperatures 
down to 2K and magnetic field up to 2 Tesla in arbitrary direction and up to 6 Tesla in beam direction is presented 
and first tests on a planned Synchrotron based Mössbauer Source are discussed. The features of the envisaged 
upgrade of the PETRA III synchrotron to a Multi-Bend-Achromat machine PETRA IV and the related new 
opportunities for Nuclear Resonant Scattering will be presented as well.  
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Calibration of the velocity scale of a Mössbauer spectrum is the first step when starting measurements of 
XQNQRZQ�VDPSOHV��7KH�VSHFWUXP�RI�DQ�Į�)H�IRLO�IL[HV���RU����YHORFLWLHV�RQ�WKH�FKDQQHO�VFDOH�IRU�VLQJOH�EUDQFK�
(saw tooth) or mirror (triangular and sinusoidal) mode, respectively. In case of good linearity of the transducer, 
the set-point velocity value can be assigned to each channel or, more precisely, to the beginning and the end of 
each channel. Some kind of correction becomes necessary if there is a significant non-linearity between the 
set-point and actual values of the velocity, a situation occurring in most Mössbauer spectrometers. Neglecting 
this correction results in an incorrect velocity assignment to a channel which, during spectrum evaluation, 
GLVWRUWV� WKH� Ȥ2 surface and, therefore, the step-down algorithms for fitting. We present an approach to the 
evaluation of calibration spectra by which the non-linearity of the spectrometer can be determined and used for 
correction of the velocity scale in further experiments.

In terms of this approach, the calibration of the velocity scale of a Mössbauer spectrum using a standard 
absorber is approximated by a non-linear velocity-to-channel function which is extracted not only from the 
position of the absorption lines but also from the full shape of the spectrum. In case of triangular or sinusoidal 
mode, the full (i.e., unfolded) spectrum is evaluated. The non-linear correction by a Fourier expansion up to 18 
FRHIILFLHQWV�DOORZV�IRU�ILWWLQJ�FDOLEUDWLRQ�VSHFWUD�RI�Į�LURQ�RI�DQ�HIIHFW�WR�QRLVH�UDWLR�RI�§��3�ZLWK�Ȥ2-values of 
XQLW\�ZLWKLQ�WKH�VWDQGDUG�GHYLDWLRQ�RI�Ȥ2��7KH�ILW�RI�WKH�VSHFWUXP�>����@�WDNHQ�RQ�DQ���������SXULW\�Į�)H�IRLO�DW�
room temperature and properly accounting for resonant self-absorption in the source [3], finite absorber 
WKLFNQHVV�DQG�PDJQHWLF�WH[WXUH�RI�WKH�DEVRUEHU��GLG�QRW�LGHQWLI\�DQ\�EURDGHQLQJ�RI�WKH�Į�)H�OLQHV�EH\RQG�WKH�
natural linewidth, however, a satellite hyperfine field of 30.62 T ascribed to Mn impurities [4] was found besides 
WKH�PDLQ�FRPSRQHQW�RI�������7��1R�VDWHOOLWH�ILHOG�ZDV�REVHUYHG�ZKHQ�D����������SXULW\�Į�)H�IRLO�ZDV�XVHG�IRU�
calibration. The method was also successfully tested for 57&R�Į�)H��VRXUFH�YV��Į�)H�DEVRUEHU�LQ�ZKLFK�FDVH����RU�
30 velocities are fixed for single-branch or mirror mode, respectively. The described procedure provides an 
efficient check of the linearity of the drive unit and its dependence on conditions like load, frequency, maximum 
velocity or temperature so that, by this way, the ageing of the transducer can be monitored.
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trajectory at ferromagnetic resonance in a magnetic thin film [1]. We introduce a method to study the spatial 
profiles of standing spin waves in ferromagnetic microstructures. The method relies on nuclear resonant 
scattering of 57Fe using a microfocused beam of synchrotron radiation, the transverse coherence length of which 
is smaller than the length scale of lateral variations in the magnetization dynamics. In this study, the spatial 
SURILOH�RI�VWDQGLQJ�VSLQ�ZDYH�LQ�D���ȝP�SHUPDOOR\��1L80Fe20) stripe is mapped using NRS. To use NRS to map the 
standing spin wave in the stripe, the 57Fe nucleii in the stripe are excited by a 14.4 keV synchrotron pulse. 
Specifically, a 100 ps synchrotron pulse excites the Zeeman split energetically very narrow nuclear levels. 
Detection of the temporal decay of the ensemble of nucleii yields information on the hyperfine fields acting on 
the nucleii and the magnetization state of the system. Magnetization dynamics are associated with a reduction in 
the hyperfine field at the nucleus [1]. The temporal response of the 57Fe nucleii in the permalloy stripe as well as 
the fit produced by the incoherent scattering model are shown in Fig. 1a. Using this experimental method, the 
nuclear resonant scattering signal due to a confined spin wave is determined on the basis of an incoherent 
superposition model of coherent scattering from regions within the transverse coherence length [2]. From the fits 
of the nuclear resonant scattering time spectra, the precessional amplitude of the magnetization across the stripe 
predicted by an analytical model is reconstructed (Fig. 1b). Our results pave the way for studying 
non-homogeneous dynamic spin configurations in microstructured magnetic systems using nuclear resonant 
scattering of synchrotron radiation.

Fig. 1 (a) NRS time spectra taken from the standing spin wave excited at its resonance frequency of 2.65 GHz for different dynamic 
magnetic field strength. (b) In-plane deflection angle as a position dependent function across the stripe.

 

References
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