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INTRODUCTION

Jozef Stefan Institute §

Theyear 2020 was marked by the Covid-19 pandemic. In just a
Jew short months we went from a comfortable position and an

optimistic vision of the future, to the kind of state of emergency
that most of us only knew from history textbooks. It was as if
suddenly, all the problems hit us at once: from the climate
crisis, the crisis of social systems, unbridled technological
development that our social intelligence is not able to follow,

tothe inability to solve the problems of migration while closing
in on self-sufficient social environments. The emergence of the

SARS-CoV2 virus seems fo have highlighted all these problems

and made us realize that we are not superior to nature. This

realization was very hard to lake, and it is not over yet.

Science has tried, and is still doing its best, to limit
the consequences of the pandemic. It has proved how
indispensable the role of science is in modern societies. When
we researchers suddenly found ourselves working from home
in March, probably most of us were overwhelmed by feelings
of uselessness and helplessness, at our inability to act and
become involved in resolving the crisis. However, many
of our colleagues quickly became aware and offered their
expertise in various fields to the public, from lesting protective
equipment, to searching for new medicines, to modelling
the development of the pandemic. In times of seemingly
insurmountable obstacles, it has become really clear how
knowledge, diligence, dedication, trust in verifiable facts
and cooperation on a global scale are the virtues of scientific
engagementthat can lead us out of this crisis. Unfortunately,
science, even morethan ever before, has encountered modern
obstacles in the form of online confusion, commentators who
claim to know it all, and sensationalism. At our Institute, we
are used to such challenges. They encourage us even more
fo fulfil our mission, part of which is, and will remain, to
consider the scientific facts rather than shamanism, helping

society to get back on its feet and regain the sense of security
that drove it forwards in the times before the pandemic.

Prof. Jadran Lenarcic hands over to Prof. Bostian Zalar, the new JSI
director; on 1 December 2020.

It is gratifying to note that our core activity has not suffered
because of the health crisis. Thus, in 2020 the number of
scientific publications increased to 1,376, there were 20
scientific and professional monographs published, and
17 patents were granted. According to the Web of Science
database, the publications of our colleagues were cited
more than 46,000 times. Thirty-nine doctorates have been

awarded. The situation in Slovenian science is noticeably
improving, which is reflected in the JSI's revenue growth, the
number of employees and the number of young researchers.

In international cooperation, the Institute’s involvement in

the European Research Area is particularly strong, which is
reflected in the growth of revenuses from its own activities in the
European market. Finally, in 2020 three European Research

Council (ERC) grants were awarded to staff at the JSI.

Prof. Bostjan Zalar
Director of the Jozef Stefan Institute
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3:0 Jozef Stefan Institute

A BRIEF HISTORY OF THE
JOZEF STEFAN INSTITUTE

1946

~  Decision taken by the Slovenian Academy of Science and Arts to establish a
Physics Institute

1949

~  Research connected to the peaceful use of atomic energy started, financed by the
Federal Government

1952

~ Institute renamed the JoZef Stefan Physics Institute and moved to new
laboratories on its present site

1954

~  The betatron and an electron microscope installed as the institute’s first major
pieces of equipment

1956

~  Van de Graaff accelerator, constructed at the institute, started operation

1958

~ Institute reorganised and new fields of activity defined: nuclear physics, solid-
state physics, chemistry, and radiobiology

1959

~ Institute renamed the JoZef Stefan Nuclear Institute. The major source of income
was provided by the Yugoslav Atomic Energy Commission

Mass spectrometer at the JSI (about 1960)
1962

One of the first compounds of a noble gas, XeF,, synthesised at the institute
The first computer for research, ZUSE 723, installed

1966

~ Nuclear research reactor TRIGA starts operation

1968

~ Yugoslav Atomic Energy Commission ceases to operate; The Republic of Slovenia
becomes the institute’s dominant source of research funding

1969

~  Institute is renamed as the Jozef Stefan Institute

1970
University of Ljubljana becomes a co-founder of the JoZef Stefan Institute,
together with the Federal Executive Council

1971
Anew unit, INOVA, established with the aim of applying the institute’s expertise
and output to productive use in the national economy

Institute buildings after the opening in 1953

1972

~  New computer Cyber 72 purchased, and the Republic Computer Centre
established as an independent unit of the JoZef Stefan Institute

1974

~  Collaboration with the international centre CERN in the field of high-energy
physics started

~  SEPO group for evaluating environmental interventions is established

1976

~  First Yugoslav 8-bit processor computer DARTA 80

1979

~  Contract defining cooperation between the JoZef Stefan Institute and the Nuclear
Power Plant Krsko is signed

~  First robot in Slovenia is constructed

1982

~  Ecological Laboratory with Mobile Unit established as a special unit of the
Slovenian Civil Protection Organisation

1983

~  Stefin, a cysteine proteinase inhibitor named after JoZef Stefan, isolated and its
primary structure determined

The Reactor Centre, Podgorica, built in 1966
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1985

~  “2000 New Young Researchers” project established by the Slovenian Research
Council

~  Centre for Hard Coatings established by the JoZef Stefan Institute and the firm
SMELT

The beginnings of robotics at the JSI, in 1985

1987

~  INEA established by the JoZef Stefan Institute as an independent company to
promote technology transfer in the fields of cybernetics and energy management

1989

~  Milan Copi¢ Nuclear Training Centre established

1990

~  The first Slovenian supercomputer, CONVEX; installed at the JoZef Stefan Institute

1992

~  New technology centres established by the Ministry of Science and Technology

~  Jozef Stefan Institute restructured by the Slovenian Government as a public
research institution

~  Jozef Stefan Technology Park founded, later to become
the Ljubljana Technology Park

1995

~  Jozef Stefan Institute is a co-founder of the international postgraduate school for
environmental sciences, the Nova Gorica Polytechnic

[ 1]
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~  Research institutes in Velenje, ERICo and Valdoltra established by the Institute

1997

~  3.5-MeV electrostatic accelerator, TANDETRON, installed

1999

~  Jozef Stefan Institute celebrates its 50™ anniversary

2003

~  Jozef Stefan International Postgraduate School established

2004

~  Jozef Stefan Institute is chosen as the coordinator of four Research Centres of
Excellence

2007

~  Nanomanipulation of single atoms using low-temperature scanning tunneling
microscope

~  New ERDA/RBS beamline installed at the TANDETRON accelerator at the
Microanalytical center

2015

~  New research infrastructure, including new and renovated laboratory and office
space with high-tech instrumentation for environmental research

2020

~ International Research Centre for Artificial Intelligence was established under
the auspices of UNESCO

~  Genter for Technology Transfer and Innovation spearheaded Innovation Fund
initiative resulting in funding for six successful JSI research projects to increase
the technology TRL

High-tech instrumentation for environmental research at the JSI in 2015

FORMER DIRECTORS

Prof. Anton Peterlin,

Prof. Anton Peterlin, Founder and first Director of the Jozef Stefan Institute, 1949—1955
Karol Kajfez, 1955-1958

Lucijan Sinkovec, B. Sc., 19591963

Prof. Milan Osredkar, 1963—1975

Prof. Boris Frlec, 1975—1984

Prof. Tomaz Kalin, 1984—1992

Prof. Danilo Zavrtanik, 1992—1996

Prof. Vito Turk, 1996—2005

Prof. Jadran Lenarcic, 20052020

first Director of the Jozef Stefan Institute
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ORGANISATION OF THE
JOZEF STEFAN INSTITUTE

BOARD OF GOVERNORS

DIRECTOR

SCIENTIFIC COUNCIL

RESEARCH DEPARTMENTS

Physics

Theoretical Physics (F-1)
Prof. Jernej Fesel Kamenik
Low and Medium Energy Physics (F-2)
Prof: Primoz Pelicon
Thin Films and Surfaces (F-3)
Prof Miha Cekada
Surface Engineering and Optoelectronics (F-4)
Prof. Miran Mozetic
Solid State Physics (F-5)
Prof. Igor Musevic
Gaseous Electronics (F-6)
Prof: Uros§ Cvelbar
Complex Matter (F-7)
Prof. Dragan Dragoljub Mihailovic
Reactor Physics (F-8)
Prof. Luka Snoj
Experimental Particle Physics (F-9)
Prof: Marko Mikuz

Biochemistry, Molecular and Structural Biology (B-1)
Prof. Boris Turk
Molecular and Biomedical Sciences (B-2)

Prof. Igor Krizaj

Biotechnology (B-3)
Prof: Boris Rogelj

Environmental Sciences (0-2)
Prof. Milena Horvat

Electronics and Information Technology

Chemistry and Biochemistry

Inorganic Chemistry and Technology (K-1)
Asst. Prof.Gasper Tavcar

Physical and Organic Chemistry (K-3)
Prof. Ingrid MiloSev
Electronic Ceramics (K-5)

Prof. Barbara Mali¢
Nanostructured Materials (K-7)
Prof. Saso Sturm
Synthesis of Materials (K-8)
Prof: Darko Makovec

Advanced Materials (K-9)
Asst. Prof. Matjaz Spreitzer

Automation, Biocybernetics and Robotics (E-1)
Prof. Ales Ude
Systems and Control (E-2)
Dr. Gregor Dolanc
Artificial Intelligence (E-3)
Prof. Dunja Mladenic
Open Systems and Networks (E-5)
Asst. Prof. Tomaz Klobucar
Communication Systems (E-6)
Prof: Mihael Mohorcic
Computer Systems Department (E-7)
Prof. Gregor Papa
Knowledge Technologies (E-8)
Prof. Nada Lavrac’, Prof: Saso Dzeroski?
Intelligent Systems (E-9)
Prof. Matjaz Gams

Reactor Techniques and Energetics

Reactor Engineering (R-4)
Prof Leon Cizelj

Yuntil 31 March 2020 2since 1 April 2020
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CENTRES

Reactor Centre (RIC)
Prof: Borut Smodis
Networking Infrastructure Centre (NIC)
Dr. Jan Jona Javorsek
Science Information Centre (SIC)
Dr. Luka Sustersic
Energy Efficiency Centre (EEC)
Stane Merse, M. Sc.
Centre for Knowledge Transfer in Information

Technologies (CT-3)

Mitja Jermol, M. Sc.
Milan Copi¢ Nuclear Training Centre (IGJT)
Dr: Igor Jencic
Centre for Electron Microscopy and Microanalysis (CEMM)
Prof: Miran Ceh
Centre for Technology Transfer and Innovation (CTT)
Dr: Spela Stres, MBA, LLM
Smart Cities and Communities Centre (CSC & C )
Dr. Nevenka Cukjati
Center Factory of the Future (CFoF)
Rudi Panjtar, B. Sc.
Microanalytical Instrumental Centre (MIC)
Prof. Primoz Pelicon

Combined Atomic Microscope (UHV-AFM/STM)
Prof. Maja Remskar
Helium Liquifier with Superconducting Magnet and
Helium Regeneration System
Prof. Janez Dolinsek
Mass Spectrometry Centre
Dr. Dusan Zigon
National Centre for Microstructure and Surface Analysis
Prof: Miran Ceh
National Centre for High Resolution NMR Spectroscopy
Prof. Janez Dolinsek
Centre for Protein Structure
Prof. Dusan Turk
Nanolitography and Nanoscopy
Prof. Dragan Dragoljub Mihailovic
For Experimental Particle Physicis in International
Laboratories
Prof: Marko Mikuz
Hot Cells Facility
Prof- Borut Smodis
Video-conferencing Centre
Dr. Dusan Gabrijelcic

ADMINISTRATION, SERVICES AND SUPPORT UNITS

PARTICIPATION IN THE REGIONAL DEVELOPMENT OF RESEARCH

Ljubljana Technology Park Ltd.

Nanotesla Institute Ljubljana

Technology Centre for Production

University of Nova Gorica Development Centre for Hydrogen ~ Automation, Robotics and Informatics
Technologies (ART)

Jozef Stefan International
Postgraduate School

= CEBIC Centre of Excellence for Biosensors,
Nanocen'ter - Center of Excellence in Centre of Excellence NAMASTE Instrumentation and Process Control
Nanoscience and Nanotechnology

Centre of Excellence for Polymer CONOT: Centre of Excellence for Low-
Centre of Excellence for Integrated Materials and Technologies (PoliMaT) Carbon Technologies

Approaches in Chemistry and Biology
of Proteins (CIPKeBiP)

Suntil 31 January 2020 “since 1 February 2020

EN-FIST Centre of Excellence Centre of Excellence for Space Sciences

and Technologies SPACE-SI
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MANAGEMENT

DIRECTORATE

Director JSI
Prof. Jadran Lenarcic'
Prof. Bostjan Zalar >

Assistant to the Director
Dr. Romana Jordan 3

BOARD OF GOVERNORS

Dr. Mark Plesko, Chair, Cosylab, d. d., Ljubljana

Mr. Ivo Boscarol, Pipistrel, d.o.o.

Prof. Saso DZeroski, /S7

Mrs. Martina Gasperlin, Ministry for Economic Development and Technology),
until 14. 9. 2020

Prof. PrimoZ Pelicon, /ST

SCIENTIFIC COUNCIL

Prof. Dragan Dragoljub Mihailovic, President until 10. 12. 2020, Deputy President
since 10. 12. 2020

Prof. Boris Turk, Deputy President until 10. 12. 2020, President since 10. 12. 2020

Prof. Leon Cizelj

Prof. Miran Ceh

Prof. Svjetlana Fajfer

Prof. MatjaZ Gams

Prof. Milena Horvat

Prof. Nada Lavrac

Adviser

Marta Slokan, LL. B.

Stojan Petri€, Kolektor, Idrija

Prof. Joze Pungercar, /ST

Dr. Tomaz Savsek, 7PV Group, d. o. 0., Novo mesto

Mrs. Urska Zupin, Ministry for Economic Development and Technology,
since 15. 9. 2020

Prof. Jadran Lenarcic, until 10. 12. 2020
Asst. Prof. Matej Lipoglavsek

Prof. Barbara Mali¢

Prof. Marko Mikuz

Prof. Mihael Mohorcic, Deputy President
Prof. Igor MuSevi¢

Asst. Prof. Gasper Tavcar

Prof. Bostjan Zalar, since 10. 12. 2020

INTERNATIONAL ADVISORY BOARD

Prof. James W. Cronin, Nobel Prize Winner, University of Chicago, Chicago, Illinois, USA

Prof. Richard Ernst, Nobel Prize Winner, ETH Zurich, Switzerland

Prof. Robert Huber, Nobel Prize Winner, Max-Planck-Institut, Martiensried, Germany

Prof. Karl A. Miller, Nobel Prize Winner, Universitit Zirich, Zurich, Switzerland

Prof. Ernst Giinther Afting, GSF, Neuherberg, Germany

Prof. Akito Arima, Riken, Tokyo, Japan

Prof. John H. Beynon, University of Wales Swansea, Swansea, United Kingdom

Prof. Richard Brook, EPSRC, Swindon, United Kingdom

Prof. Julio Celis, Aarhus University, Aarhus, Denmark

Prof. Brian Clark, Aarhus University, Aarhus, Denmark

Prof. Borge Diderichsen, Novo Nordisk, Bagsvaerd, Denmark

Prof. Jean Etourneau, Institut de Chimie de la Matiere Condensée de Bordeaus,
CNRS, Pessac, France

"until 2 July 2020, acting Director: 3 July 2020-30 November 2020
*since 1 December 2020
Suntil 2 July 2020, 1 September-30 November 2020 assistant to the acting Director

Prof. Reinosuke Hara, Seiko Instruments, Tokyo, Japan

Prof. Oleg Jardetzky, Stanford University, Stanford, California, USA
Prof. Sergey P. Kapitza, Russian Academy of Sciences, Moscow, Russia
Prof. Karl-Hans Laermann, Bergische Universitéit, Wuppertal, Germany
Prof. Egon Matijevic, Clarkson University, Potsdam, New York, USA
Prof. Federico Mayor, Madrid, Spain

Prof. Dietrich Munz, Universitit Karlsruhe, Karlsruhe, Germany

Prof. Ginther Petzow, Max-Planck-Institut fiir Metallforschung, Stuttgart, Germany
Prof. Bernard Roth, Stanford University, Stanford, California, USA

Prof. John Ryan, University of Oxford, Oxford, United Kingdom

Prof. Volker Sorgel, Ruprecht-Karis-Universitit, Heidelberg, Germany
Prof. H. Eugene Stanley, Boston University, Boston, Massachusetts, USA
Prof. Thomas Walcher, Universitit Mainz, Mainz, Germany
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RECIPIENTS OF THE JSI AWARDS

AND TITLES

HONORARY MEMBERS

Prof. Robert Blinc®, President of the Scientific Council of the Jozef Stefan Institute
from 1992 to 2007 (1933 -2011)

Prof. Jean-Marie Dubois, Institut Jean Lamour, CNRS - Centre National de la
Recherche Scientifique, Paris and Université Lorraine, Nancy, France

Prof. Boris Frlec, Director of the Jozef Stefan Institute from 1975 to 1984

Prof. Robert Huber, Nobel Prize Winner, Max-Planck-Institut fiir Biochemie,
Munich, Germany

Prof. Milan Osredkar®, Director of the JoZef Stefan Institute from 1963 to 1975 (1919 -2003)

Prof. Anton Peterlin®, Founder and First Director of the JoZef Stefan Institute from
1949 t0 1955 (1908 - 1993)

Prof. Vito Turk, Director of the Jozef Stefan Institute from 1996 to 2005

ASSOCIATE MEMBERS

Prof. David C. Ailion, University of Utah, Salt Lake City, Utah, USA

Prof. Neil Bartlett?, University of California, Berkeley, California, USA

Prof. John H. Beynon, University of Wales Swansea, Swansea, United Kingdom

Prof. Wolfram Bode, Max-Planck-Institut fiir Biochemie, Munich, Germany

Prof. Oscar D. Bonner?, University of South Carolina, Columbia, South Carolina, USA

Dr. Horst Borrmann, Max-Planck-Institut fiir chemische Physik fester Stoffe,
Dresden, Germany

Prof. Henrik Buchowsky, Politechnika Warszawska, Warszawa, Poland

Prof. Ridiger Dillmann, Karlsruher Institut fiir Technologie, Karlsruhe, Germany

Prof. Joseph W. Doane, Liquid Crystal Institute, Kent State University, Kent, Ohio, USA

Prof. Hans Fritz, Universitit Miinchen, Munich, Germany

Prof. Oskar Glemser?, Universitit Gttingen, Gottingen, Germany

Prof. Paul Hagenmuller®, Université de Bordeaux I, Bordeaux, France

Prof. John Holloway, University of Leicester, Leicester, United Kingdom

Prof. Rudolf Hoppe?®, Universitit Giessen, Giessen, Germany

Prof. Robert ]. Jaeger®, National Institute on Disability and Rehabilitation Research,
US Department of Education, Washington, D. C., USA

Prof. Nikola Kallay®, University of Zagreb, Zagreb, Croatia

Prof. Nobuhiko Katunuma, Tokushima Bunri University, Tokushima, Japan

Prof. Raymond Kind, ETH, Zurich, Switzerland

Prof. Joze Koller, University of Ljubljana, Faculty of Chemistry and Chemical
Technology, Ljubljana, Slovenia

Prof. Ridiger Mews, Universitit Bremen, Bremen, Germany

Prof. Donald Michie®, Edinburgh University, Edinburgh, United Kingdom

Dr. Fani Milia, National Centre for Scientific Research “Demokritos”, Athens, Greece

Prof. Tsuyoshi Nakajima, Aichi Institute of Technology, Toyota, Japan

Prof. Vincenzo Parenti - Castelli, University of Bologna, Bologna, Italy

Prof. Herbert W. Roesky, Universitit Gottingen, Gottingen, Germany

Prof. John A. Rupley, The University of Arizona, Tucson, Arizona, USA

Prof. Findlay E. Russell, The University of Arizona, Tucson, Arizona, USA

Prof. Hugo V. Schmidt, Montana State University, Bozeman, Montana, USA

Prof. Lev A. Shuvalov®, Institute for Crystallography, Russian Academy of Sciences,
Moscow, Russia

Prof. Neil W. Tanner®, University of Oxford, Oxford, United Kingdom

Dr. Alain Tressaud, Institut de Chimie de la Matiére Condensée de Bordeaux, CNRS,
Pessac, France

Prof. Vlado Valkovic, Zagreb, Croatia

Prof. John Waugh, M.L T, Cambridge, Massachusetts, USA

EMERITUS SCIENTISTS

Prof. France Bremsak®
Prof. Mihael Drofenik
Prof. Peter Gosar

Prof. Darko Jamnik®

Prof. Gorazd Kandus
Prof. Gabrijel Kernel
Prof. Borut Mavko

Prof. Miodrag V. Mihailovi¢®
Prof. Rasa Matija Pirc
Prof. Marjan Senegacnik®
Prof. Sasa Svetina

Prof. Bostjan Zeks

Prof. Boris Zemva

EXTERNAL ADVISERS

Prof. Savo Bratos, Université Pierre et Marie Curie, Paris, France
Marko Bulc?, B. Sc., Ljubljana, Slovenia
Prof. Davorin Dolar?, Slovenian Academy of Sciences and Arts,
Ljubljana, Slovenia
Zdravko Gabrovsek, B. Sc., Slovenia
Prof. Dusan Hadzi®, National Institute of Chemistry, Ljubljana, Slovenia
Prof. Karl A. Miiller, Nobel Prize Winner, IBM Research Laboratory,
Zurich, Switzerland
Prof. Bogdan Povh, Max-Planck-Institut fiir Kernphysik, Heidelberg, Germany
Dr. Lev Premru?, Lek, d. d., Ljubljana, Slovenia
Prof. Momcilo M. Risti¢®, Academy of Science of Serbia, Belgrade, Serbia
Milan Slokan®, M. Sc., Ljubljana, Slovenia
Prof. dr. Petar Strohal®, Zagreb, Croatia
Dr. Novak Zuber®, Nuclear Regulatory Commission, Washington D. C., USA
Prof. Crt Zupanic®, Ludwig-Maximillians-Universitdt, Munich, Germany
Prof. Andrej Zupancic?, Slovenian Academy of Sciences and Arts, Ljubljana, Slovenia
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INTERNATIONAL COOPERATION

Multilateral international cooperation No. of projects

H2020 (EUROPEAN INSTITUTE OF INNOVATION AND TECHNOLOGY, EXCELLENT SCIENCE, EURATOM, INDUSTRIAL LEADERSHIP, SOCIETAL 126
CHALLENGES, SPREADING EXCELLENCE AND WIDENING PARTICIPATION, SCIENCE WITH AND FOR SOCIETY)

ESSR (INTERREG, KC, SRIP, SPS, KPP, RZ...) 37
OTHERS (COST, IAEA, ICTP, JRC, ESA, CEF, EMPIR, ERASMUS+, LIFE+, ERA.NET, ARIMNET, ALL, PTD...) 162
TOTAL 325

Bilateral cooperation No. of projects Bilateral cooperation No. of projects

Austria 4 Montenegro 1

Bosnia and Herzegovina 1 Russia 1

Germany 7 Serbia 5

France 4 Turkey 1

Croatia 6 USA 35
Ttaly 3 TOTAL 71
Japan 3

INTERNATIONAL COOPERATION
AGREEMENT

In 2020, international cooperation agreement was signed between the Jozef Stefan Institute and Tohoku University,
Sendai, Japan (F5).

Annual Report 2020 13
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COOPERATION WITH HIGHER-
EDUCATION ESTABLISHMENTS

FULL-TIME FACULTY MEMBERS

Professors

14

L
2.
3

w

o ®

23.
24.
25.
26.

27.
28.

29.

30.
31.

32.
33.

Prof. Denis Arcon, University of Ljubljana, Faculty of Mathematics and Physics
Prof. Iztok Arcon, University of Nova Gorica

Asst. Prof. Rok Bojanc, University of Primorska, Faculty of Mathematics,
Natural Sciences and Information Technologies

Prof. Janez Bonca, University of Ljubljana, Faculty of Mathematics and Physics
Asst. Prof. Marko Bracko, University of Maribor, Faculty of Chemistry and
Chemical Engineering

Prof. Dean Cvetko, University of Ljubljana, Faculty of Mathematics and Physics
Prof. Mojca Cepic, University of Ljubljana, Faculty of Education

Prof. Janez Dolin3ek, University of Ljubljana, Faculty of Mathematics and Physics
Prof. Irena Drevensek Olenik, University of Ljubljana, Faculty of Mathematics
and Physics

Prof. Svjetlana Fajfer, University of Ljubljana, Faculty of Mathematics and Physics

. Prof. Darja Fiser, University of Ljubljana, Faculty of Arts
. Prof. Bostjan Golob, University of Ljubljana, Faculty of Mathematics and Physics
. Prof. Ke Guan, Beijing Jiaotong University, Beijing, China

Prof. TomaZ Gyergyek, University of Ljubljana, Faculty of Electrical Engineering
Prof. Polona Jaki Mekjavi¢, University of Ljubljana, Medical Faculty

Asst. Prof. Branko Kavsek, University of Primorska, Faculty of Mathematics,
Natural Sciences and Information Technologies

Prof. Borut Paul KerSevan, University of Ljubljana, Faculty of Mathematics and Physics
Prof. Samo Korpar, University of Maribor, Faculty of Chemistry and Chemical
Engineering

Prof. Janko Kos, University of Ljubljana, Faculty of Pharmacy

Prof. Samo Kralj, University of Maribor, Faculty of Education

. Prof. Peter Krizan, University of Ljubljana, Faculty of Mathematics and Physics
. Prof. Brigita Lenarcic, University of Ljubljana, Faculty of Chemistry and

Chemical Technology

Prof. Zoran Levnajic, Faculty of Information Studies, Novo mesto

Prof. Andrej Lipej, University of Novo mesto, Faculty of Mechanical Engineering
Prof. Marko Mikuz, University of Ljubljana, Faculty of Mathematics and Physics
Asst. Prof. Matija Milanic, University of Ljubljana, Faculty of Mathematics and
Physics

Prof. Igor Musevi¢, University of Ljubljana, Faculty of Mathematics and Physics
Asst. Prof. Natan Osterman, University of Ljubljana, Faculty of Mathematics and
Physics

Asst. Prof. Veljko Pejovi¢, University of Ljubljana, Faculty of Computer and
Information Science

Prof. Uros Petrovi¢, University of Ljubljana, Biotechnical Faculty

Asst. Prof. Tomaz Podobnik, University of Ljubljana, Faculty of Mathematics
and Physics

Asst. Prof. Paula Pongrac, University of Ljubljana, Biotechnical Faculty

Prof. Peter Prelovsek, University of Ljubljana, Faculty of Mathematics and Physics

34.

35.
36.

37.

38.
39.

40.
41,
42.

43.
44.
45.
46.

47.

48.

Prof. Sasa Prelovsek Komelj, University of Ljubljana, Faculty of Mathematics
and Physics

Prof. Anton Ramsak, University of Ljubljana, Faculty of Mathematics and Physics
Prof. John Shawe-Taylor, University College London, Centre for Computational
Statistics and Machine Learning, London, UK

Asst. Prof. Urban Simonci¢, University of Ljubljana, Faculty of Mathematics and
Physics

Asst. Prof. Lea Spindler, University of Maribor, Faculty of Mechanical Engineering
Asst. Prof. Andrej Studen, University of Ljubljana, Faculty of Mathematics and
Physics

Prof. Simon Sirca, University of Ljubljana, Faculty of Mathematics and Physics
Prof. Ziga Smit, University of Ljubljana, Faculty of Mathematics and Physics
Prof. Borut Strukelj, University of Ljubljana, Biotechnical Faculty and Faculty
of Pharmacy

Prof. Tanja Urbancic, University of Nova Gorica

Prof. Natasa Vaupoti¢, University of Maribor, Faculty of Education

Prof. Katarina Vogel-Mikus, University of Ljubljana, Biotechnical Faculty

Prof. Danilo Zavrtanik, University of Nova Gorica

Prof. PrimoZ Ziherl, University of Ljubljana, Faculty of Mathematics and Physics

Asst. Prof. Dejan Zontar, University of Ijubljana, Faculty of Health Sciences

Assistants and researchers

L.
2.

3.

Dr. Jure Leskovec, Stanford University, Palo Alto, California, USA

Dr. Jure Praznikar, University of Primorska, Faculty of Mathematics, Natural
Sciences and Information Technologies, Koper

Dr. Tomaz Rejec, University of Ljubljana, Faculty of Mathematics and Physics

PART-TIME FACULTY MEMBERS

Professors

1. Prof. Jan Babi¢, University of Ljubljana, Faculty of Electrical Engineering and
IPS, Ljubljana

2. Prof. Andreja Bencan Golob, IPS, Ljubljana

3. Prof. Ljudmila Benedik, University of Ljubljana, Faculty of Chemistry and
Chemical Technology, Faculty of Mathematics and Physics and IPS, Ljubljana

4. Prof. Ales Berlec, University of Ljubljana, Faculty of Pharmacy

5. Prof. Slavko Bernik, IPS, Ljubljana

6. Asst. Prof. Anton Biasizzo, IPS, Ljubljana

7. Prof. Vid Bobnar, IPS, Ljubljana

8. Prof. Marko Bohanec, University of Nova Gorica, School of Enginnering and
Management and IPS, Ljubljana

9.  Prof. dr. Biljana Mileva Boshkoska, Faculty of Information Studies, Novo mesto

10.  Asst. Prof. Klemen Bucar, University of Ljubljana, Faculty of Mathematics and
Physics and IPS, Ljubljana

11. Prof. Leon Cizelj, University of Ljubljana, Faculty of Mathematics and Physics

12. Prof. Uros Cvelbar, IPS, Ljubljana
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14.

15.

17.

18.

20.

21

22.
23.

24.
25.

26.

27.

28.

29.
30.
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32.

33.

34.

35.
36.

37.
38.
39.
40.
41.
42.
43.

44.

45.
46.

4.

Prof. Miran Ceh, University of Ljubljana, Faculty of Chemistry and Chemical
Technology and IPS, Ljubljana

Prof. dr. Miha Cekada, IPS, Ljubljana

Asst. Prof. Nina Daneu, IPS, Ljubljana

Prof. Marko Debeljak, IPS, Ljubljana, University of Ljubljana, University of Nova
Gorica

Asst. Prof. Tadej Debevec, University of Ljubljana, Faculty of Sport

Asst. Prof. Goran Drazic, IPS, Ljubljana

Prof. Jean-Marie Dubois, IPS, Ljubljana

Prof. Saso DZeroski, IPS, Ljubljana, University of Ljubljana, Faculty of Computer
and Information Science

Prof. Borka DZonova Jerman Blazi¢, University of Ljubljana, Faculty of
Economics and IPS, Ljubljana

Prof. Tomaz Erjavec, IPS, Ljubljana

Asst. Prof. Ingrid Falnoga, University of Ljubljana, Faculty of Maritime Studies
and Transport

Prof. Andrej Filip¢ic, University of Nova Gorica, School of Applied Sciences
Prof. Bogdan Filipic, University of Ljubljana, Faculty of Computer and
Information Science, University of Nova Gorica, Faculty of Engineering and
Management, IPS, Ljubljana

Prof. Marko Fonovic, IPS, Ljubljana

Asst. Prof. Andrej Gams, IPS, Ljubljana

Prof. Matjaz Gams, University of Ljubljana, Faculty of Computer and
Information Science, IPS, Ljubljana

Prof. Marko Gerbec, IPS, Ljubljana

Asst. Prof. Evgeny Goreshnik, IPS, Ljubljana

Asst. Prof. Saso Gyergyek, University of Maribor, Faculty of Chemistry and
Chemical Engineering

Prof. Ester Heath, University of Ljubljana, Faculty of Pharmacy, Faculty of
Chemistry and Chemical Engineering, Faculty of Mechanical Engineering, Faculty
of Civil and Geodetic Engineering, Biotechnical Faculty, Faculty of Health Sciences;
University of Nova Gorica, School of Environmental Sciences and IPS, Ljubljana
Prof. Milena Horvat, IPS, Ljubljana, University of Maribor, Faculty of
Mechanical Engineering

Asst. Prof. Andrej Hrovat, Beijing Jiaotong University, Beijing, China and IPS,
Ljubljana

Prof. Tomaz Javornik, IPS, Ljubljana

Prof. Robert Jeraj, University of Ljubljana, Faculty of Mathematics and Physics,
University of Wisconsin, School of Medical Physic, Madison

Prof. Dani Juri¢i¢, University of Nova Gorica, School of Environmental Sciences,
University of Maribor, Faculty of Logistics and IPS, Ljubljana

Prof. Viktor Kabanov, IPS, Ljubljana

Asst. Prof. Matjaz Kavcic, IPS, Ljubljana

Asst. Prof. Ivo Kljenak, University of Ljubljana, Faculty of Mathematics and Physics
Asst. Prof. Tomaz Klobucar, IPS, Ljubljana, DOBA Faculty of Applied Business
and Social Studies, Maribor

Prof. Spomenka Kobe, University of Ljubljana, Faculty of Natural Sciences and
Engineering, IPS, Ljubljana

Prof. Jus Kocijan, University of Nova Gorica, School of Engineering and
Management and IPS, Ljubljana

Asst. Prof. Andraz Kocjan, University of Ljubljana, Faculty of Natural Sciences
and Engineering, Faculty of Medicine, IPS, Ljubljana

Asst. Prof. Robert Kocjancic, IPS, Ljubljana

Prof. Ivan Aleksander Kodeli, University of Maribor, Faculty of Energy Technology
Asst. Prof. Anton Kokalj, IPS, Ljubljana

48.

49.
50.
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52.

53.
54.

55.
56.

57.

58.
59.

60.

61.

62.
63.

64.
05.
66.

67.

68.
69.
70.

7.

72.
73.

74.

75.

76.
77.

78.

79.
80.
81.
82.
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Asst. Prof. Matej Andrej Komelj, University of Ljubljana, Faculty of Mathematics
and Physics

Asst. Prof. Branko Konti¢, University of Ljubljana, Biotechnical Faculty

Prof. Dusan Kordis, University of Ljubljana, Biotechnical Faculty, Faculty of
Chemistry and Chemical Technology, Medical Faculty, IPS, Ljubljana

Prof. Barbara Korousic Seljak, Jozef Stefan International Postgraduate School and
University of Nova Gorica, School of Engineering and Management

Asst. Prof. Tina Kosjek, University of Ljubljana, Faculty of Pharmacy, Faculty

of Chemistry and Chemical Engineering, Faculty of Mechanical Engineering,
Faculty of Civil and Geodetic Engineering, Biotechnical Faculty, Faculty of Health
Sciences; University of Maribor, Faculty of Chemistry and Chemical Engineering;
University of Nova Gorica, School of Environmental Sciences and IPS, Ljubljana
Dr. Igor Kovac, Fachhochschule Joaneum, Graz, Austria

Prof. Janez Kovac, University of Ljubljana, Faculty of Natural Sciences and
Engineering and IPS, Ljubljana

Asst. Prof. Slavko Kralj, University of Ljubljana, Faculty of Pharmacy

Prof. Igor Krizaj, University of Ljubljana, Faculty of Chemistry and Chemical
Technology, Biotechnical Faculty, Medical Faculty, IPS, Ljubljana

Asst. Prof. Marjan Kromar, University of Maribor, Faculty of Energy Technology
Prof. Danjela Kuscer Hrovatin, IPS, Ljubljana

Prof. Zdravko Kutnjak, University of Ljubljana, Faculty of Mathematics and
Physics and Faculty of Mechanical Engineering, IPS, Ljubljana

Prof. Nada Lavrac, University of Nova Gorica, IPS, Ljubljana, University of
Ljubljana

Prof. Jadran Lenarcic, University of Ljubljana, Faculty of Electrical Engineering,
University of Nova Gorica, Universita degli studi di Bologna

Asst. Prof. Adrijana Leonardi, University of Ljubljana, Biotechnical Faculty
Prof. Matej Lipoglavsek, University of Ljubljana, Faculty of Mathematics and
Physics

Prof. Darja Lisjak, University of Nova Gorica, School of Science and IPS, Ljubljana
Prof. Sonja Lojen, University of Nova Gorica, School of Environmental Sciences
Prof. Boris Majaron, University of Ljubljana, Faculty of Mathematics and
Physics

Prof. Darko Makovec, University of Maribor, Faculty of Chemistry and Chemical
Engineering and Faculty of Medicine, IPS, Ljubljana

Prof. Barbara Malic, IPS, Ljubljana

Asst. Prof. Sabina Markelj, IPS, Ljubljana

Prof. Igor Mekjavic, Simon Fraser University, British Columbia, Canada

Asst. Prof. Alenka Mertelj, IPS, Ljubljana

Asst. Prof. Tomaz Mertelj, University of Ljubljana, Faculty of Mathematics and Physics
Prof. Dragan Dragoljub Mihailovi¢, University of Ljubljana, Faculty of Mathematics
and Physics and IPS, Ljubljana

Asst. Prof. Andrej Miheli¢, University of Ljubljana, Faculty of Mathematics and
Physics

Asst. Prof. Miha Mihovilovi¢, University of Ljubljana, Faculty of Mathematics
and Physics, Johannes Gutenberg Universitit, Mainz, Germany

Prof. Radmila Milacic, IPS, Ljubljana

Prof. Ingrid Milosev, University of Zagreb, Croatia, Faculty of Chemical
Engineering and Technology and IPS, Ljubljana

Prof. Dunja Mladenic, IPS, Ljubljana and University of Zagreb, Croatia,
University of Ljubljana, Faculty of Education, University of Nova Gorica,
University of Primorska, Koper

Prof. Mihael Mohor¢ic, IPS, Ljubljana

Prof. Miran Mozeti¢, IPS, Ljubljana

Asst. Prof. Bojan Nemec, IPS, Ljubljana

Asst. Prof. Roman Novak, IPS, Ljubljana
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83. Prof. Sasa Novak Krmpotic, IPS, Ljubljana

84. Prof. Nives Ogrinc, IPS, Ljubljana

85. Asst. Prof. Mojca Otonicar, IPS, Ljubljana

86. Asst. Prof. Pance Panov, Faculty of Information Studies, Novo mesto and IPS,
Ljubljana

87 Prof. Gregor Papa, IPS, Ljubljana

88. Prof. PrimoZ Pelicon, University of Ljubljana, Faculty of
Mathematics and Physics

89. Prof. Rok Pestotnik, University of Ljubljana, Faculty of Mathematics and Physics

90. Asst. Prof. Toni Petan, University of Ljubljana, Biotechnical Faculty, Faculty of
Chemistry and Chemical Technology, IPS, Ljubljana

91. Prof. Maja Ponikvar-Svet, IPS, Ljubljana

92. Prof. Joze Pungercar, University of Ljubljana, Biotechnical Faculty, Faculty of
Medicine, IPS, Ljubljana

93. Prof. Matthew Purver, Queen Mary University of London, School of Electronic
Engineering & Computer Science

94. Prof. Aleksander Recnik, IPS, Ljubljana

95. Prof. Maja Remskar, IPS, Ljubljana

96. Prof. Tadej Rojac, University of Ljubljana, Faculty of Natural Sciences and
Engineering, IPS, Ljubljana

97. Prof. Boris Rogelj, University of Ljubljana, Faculty of Chemistry and
Chemical Technology, Faculty of Pharmacy, Faculty of Medicine

98. Prof. Igor Ser3a, University of Ljubljana, Faculty of Natural Sciences and
Engineering, IPS, Ljubljana

99. Asst. Prof. Tomaz Skapin, Jozef Stefan International Postgraduate School

100. Prof. Borut Smodis, IPS, Ljubljana

101. Prof. Luka Snoj, University of Ljubljana, Faculty of Mathematics and Physics

102. Asst. Prof. Matjaz Spreitzer, University of Ljubljana, Faculty of Chemistry and
Chemical Technology

103. Prof. Veronika Stoka, IPS, Ljubljana

104. Prof. Janez S¢ancar, IPS, Ljubljana

105. Asst. Prof. Sreco Davor Skapin, IPS, Ljubljana

106. Prof. Miha Skarabot, University of Ljubljana, Faculty of Chemistry and Chemical
Technology and Faculty of Mathematics and Physics

[l

107. Asst. Prof. Primoz Skraba, Queen Mary University of London, London, UK

108. Asst. Prof. Zdenka Slejkovec, IPS, Ljubljana

109. Prof. Janez Strancar, IPS, Ljubljana

110. Prof. SaSo Sturm, IPS, Ljubljana

111. Prof. Ales Svigelj, IPS, Ljubljana

112. Asst. Prof. Gasper Tavcar, IPS, Ljubljana

113. Prof. Iztok Tiselj, University of Ljubljana, Faculty of Mathematics and Physics

114. Prof. Andrej Trkov, University of Ljubljana, Faculty of Mathematics and Physics
and University of Maribor, Faculty of Energy Technology

115. Prof. Roman Trobec, University of Ljubljana, Faculty of Computer and
Information Science

116. Prof. Boris Turk, University of Ljubljana, Biotechnical Faculty, Faculty of
Chemistry and Chemical Technology and IPS, Ljubljana

117. Prof. Dusan Turk, University of Ljubljana, Faculty of Chemistry and Chemical
Technology and Faculty of Medicine and IPS, Ljubljana

118. Prof. Ales Ude, University of Ljubljana, Faculty of Electrical Engineering, IPS,
Ljubljana

119. Asst. Prof. Hana Ursic Nemevsek, IPS, Ljubljana

120. Prof. Janja Vaupotic, University of Nova Gorica and IPS, Ljubljana

121.

—

Asst. Prof. Matjaz Vencelj, University of Ljubljana, Faculty of Mathematics and
Physics and IPS, Ljubljana
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122. Prof. Alenka Vesel, IPS, Ljubljana

123. Asst. Prof. Damir Vrancic, Faculty of Industrial Engineering, Novo mesto, IPS,
Ljubljana

124. Prof. Bostjan Zalar, IPS, Ljubljana

125. Asst. Prof. Rok Zaplotnik, IPS, Ljubljana

126. Prof. Marko Zavrtanik, University of Nova Gorica

127. Prof. Aleksander Zidansek, University of Maribor, Faculty of Education, IPS,
Ljubljana

128. Asst. Prof. Benjamin Zorko, IPS, Ljubljana

129. Asst. Prof. Bernard Zenko, Faculty of Information studies Novo mesto, Faculty
of Industrial Engineering Novo mesto

130. Prof. Eva Zerovnik, IPS, Ljubljana

131. Prof. Matjaz Zitnik, University of Ljubljana, Faculty of Mathematics and Physics

132. Asst. Prof. Leon Zlajpah, IPS, Ljubljana

133. Asst. Prof. Martin Znidarsic, Faculty of Information Studies, Novo mesto; Faculty
of Industrial Engineering, Novo mesto; IPS, Ljubljana

134. Prof. Slobodan Zumer, University of Ljubljana, Faculty of Mathematics and Physics

135. Prof. Kristina ZuZek Rozman, IPS, Ljubljana

Assistants and researchers
1. Dr.Zoran Arsov, University of Ljubljana, Faculty of Mathematics and Physics

Dr. Tilen Brecelj, University of Ljubljana, Faculty of Mathematics and Physics
Dr. Martin Draksler, University of Ljubljana, Faculty of Mathematics and Physics

Dr. Tome Eftimov, University of Ljubljana, Faculty of Computer and Information
Science

Dr. Samir El Shawish, University of Ljubljana, Faculty of Mathematics and Physics
Dr. Blaz Fortuna, IPS, Ljubljana

Dr. Dejan Gradisar, University of Ljubljana, Faculty of Electrical Engineering

Dr. Anton GradiSek, University of Ljubljana, Faculty of Mathematics and Physics
10. Dr. Radojko Ja¢imovic, IPS, Ljubljana
11. Dr. Peter Jegli¢, University of Ljubljana, Faculty of Mathematics and Physics
12. Dr. Petra Jenus, IPS, Ljubljana
13.  Dr. Martin KlanjSek, University of Ljubljana, Faculty of Mathematics and Physics
14. Dr. Dragi Kocev, IPS, Ljubljana
15. Dr. Bostjan Koncar, University of Ljubljana, Faculty of Mathematics and Physics
16. Dr. Petra Kralj Novak, IPS, Ljubljana
17.  Dr.Igor Lengar, University of Maribor, Faculty of Energy Technology
18. Dr. Matjaz Leskovar, University of Ljubljana, Faculty of Mathematics and Physics
19. Dr. Mitja Lustrek, IPS, Ljubljana
20. Dr. Aljaz Osojnik, University of Ljubljana, Faculty of Mathematics and Physics

5
6
7. Dr. Carolina Fortuna, IPS, Ljubljana
8
9

21. Dr. Andrej Petelin, University of Ljubljana, Faculty of Mathematics and Physics

22. Dr. Matej Petkovic, University of Ljubljana, Faculty of Mathematics and Physics

23. Dr. Senja Pollak, IPS, Ljubljana

24. Dr. Andrej Prosek, University of Ljubljana, Faculty of Mathematics and Physics

25. Dr. Vladimir Radulovic, University of Ljubljana, Faculty of Mathematics and
Physics

26. Dr. Adam Rambousek, Faculty of Informatics, Masaryk University, Brno, Czech
Republic

27. Dr.Jure Slak, University of Ljubljana, Faculty of Mathematics and Physics

28. Dr. Spela Stres, University of Ljubljana, Faculty of Electrical Engineering

29. Dr. Tea Tusar, IPS, Ljubljana, University of Trieste, Trieste

30. Dr. Mitja Ursic, University of Ljubljana, Faculty of Mathematics and Physics

31. Dr. Mojca Vilfan, University of Ljubljana, Faculty of Mathematics and Physics

32. Dr. Darko Vrecko, University of Nova Gorica, School of Environmental Sciences

33. Dr. Andrej Zorko, University of Ljubljana, Faculty of Chemistry and Chemical
Technology and Faculty of Mathematics and Physics

34. Dr. Kristina Zagar SoderZnik, IPS, Ljubljana

IPS: Jozef Stefan International Postgraduate School, Ljubljana
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INSTITUTE COLLOQUIA

January 14, 2020: Geoffrey W. Grime

University of Surrey, lon Beam Centre, Guildford, United Kingdom, Oxford
Microbeams Limited, Oxford, United Kingdom

Through different eyes: Forty years of nuclear microscopy at the
micrometre scale

January 16, 2020: Rastko Sknepnek
University of Dundee, Scotland, United Kingdom
Wrinkle patterns in active viscoelastic thin sheets

January 29, 2020: Nicola Spaldin

ETH Zurich, Zurich, Switzerland

From materials to cosmology: Studying the early universe under the
microscope

February 5, 2020: Simon Parsons

School of Chemistry and Centre for Science at Extreme Conditions
The University of Edinburgh, Edinburgh, United Kingdom

High pressure and the molecular solid state

April 22, 2020: Matej Kanduc (virtual)
Jozef Stefan Institute, Ljubljana, Slovenia
Droplet spread of infections

April 29, 2020: Jernej Fesel Kamenik (virtual)

Jozef Stefan Institute and Faculty of Mathematics and Physics, University of Ljubljana,
Ljubljana

The flavor puzzle of elementary particles

May 13, 2020: Bojan Nemec (virtual)
Jozef Stefan Institute, Ljubljana, Slovenia
Robot Learning in Human-Robot Cooperation

June 3, 2020: Darja Lisjak
Jozef Stefan Institute, Ljubljana, Slovenia
Hexaferrites: Versatile and unique magnetic materials

June 10, 2020: Iztok Tiselj

Jozef Stefan Institute and Faculty of Mathematics and Physics, University of Ljubljana,
Ljubljana, Slovenia

103

September 16, 2020: David Jamieson (virtual)

University of Melbourne, Melbourne, Australia,

Einstein’s revolution: Quantum technology for the 21% century
quantum computer

November 12, 2020: Alison Campbell (virtual)
Knowledge Transfer Ireland, Dublin, Ireland
Knowledge transfer - a fine balance

December 2, 2020: Matjaz Zitnik (virtual)
Jozef Stefan Institute, Ljubljana, Slovenia
New ultraviolet and x-ray light sources
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FINANCING

REVENUES JSI (€) AND NUMBER OF PROJECTS

Contribution

2020

Contribution

2019

No. of Projects
in 2020

Index 2020/2019

National Agencies and Ministries 41,157,432 72.7% 39,744,499 73.0 % 103.6 435
National Market 6,081,337 10.7 % 6,104,020 112% 99.6 363
International Market 9,235,685 16.3 % 8,501,438 15.6 % 108.6 292
Other Revenues 124,806 0.2 % 59,651 0.1% 209.2
TOTAL 56,599,260 100.0% 54,409,608 100.0% 104.0
Revenues 2019/2020 (€EM))
H 2019
= 2020
National Agencies and National Market International Market Other Revenues
Ministries
by Slovenian Research Agency by Industry

120

105

100 1

Number enrolled
Number enrolled
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JSI UNDERGRADUATE
SCHOLARSHIPS -

FMF FKKT | FKKT \TF DV BF FEand | Other | FGand | UNG S Total

bhysics  wathematics | UNIL] | UNIMB FRI | UNILJ | FERI

- 1989 242 75 144 4 181 21 4 671

1991 23 2 2 24 2

1993 21 1 3 13 1

1995 2

1997 2

1999 2

2001 3 3 10

2003 3

2005 3 2 19

2007 3 2 18

2009 2 1 17 4 5 16 2

2011 2 4 1 1 4

2013 3 2

2015 21 6 10 52

2017 11 2 12 38

2019 16 1 12 42

_--------------

FMF Faculty of Mathematics and Physics, University of Ljubljana FE Faculty of Electrical Engineering, University of Ljubljana

FKKT (Uni-Lj)  Faculty of Chemistry and Chemical Technology, University of Ljubljana FRI Faculty of Computer and Information Science, University of Ljubljana

FKKT (Uni-Mb)  Faculty of Chemistry and Chemical Technology, University of Maribor FG Faculty of Civil Engineering, University of Maribor

NTF Faculty of Natural Sciences and Engineering, University of Ljubljana FERI Faculty of Electrical Engineering and Computer Science, University of Maribor
FDV Faculty of Social Sciences, University of Ljubljana UNG University of Nova Gorica

FA Faculty of Administration, University of Ljubljana 1PS Jozef Stefan International Postgraduate School

BF Biotechnical Faculty, University of Ljubljana Other UNILJ Faculty of Pharmacy, Faculty of Mechanical Engineering, Faculty of

Economics, Faculty of Medicine, University of Ljubljana

Annual Report 2020
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PATENTS GRANTED

1. Stephen James Moore, Margaret Thy Luu Nguyen, Daniel Robert Hostetter,

Olga Vasiljeva, Jeanne Grace Flandez, Substrates of matrix metalloproteinase
and other cleavable moieties and methods of use thereof, AU2014324884 (B2),
Australian Patent Office, 26. 03. 2020.

2. Alexander Gilenson, Bostjan KaluZza, 0z Eyal, System and method for automated
detection of anomalies in the values of configuration item parameters,
US10635557 (B2), US Patent Office, 28. 04. 2020.

3. James William West, Li Mei, Stephen James Moore, Margaret Thy Luu Nguyen,
Daniel Robert Hostetter, Olga Vasiljeva, Jason Sagert, Jonathan Terrett, Anti-
PDL1 antibodies, activatable anti-PDL1 antibodies, and methods of use thereof,
US10669339 (B2), US Patent Office, 2. 06. 2020.

4. Alexander Gilenson, Bostjan KaluZa, Oz Eyal, System and method for incident
root cause analysis, US10691522 (B2), US Patent Office, 23. 06. 2020.

5. Luka Drinovec, Grisa Moc¢nik, Photo-thermal interferometer, EP3492905 (B1),
European Patent Office, 29. 4. 2020, US10768088 (B2), US Patent Office, 8. 9. 2020.

6. Tomasz Gilewski, Piotr Polczyriski, Jakub Gawraczynski, Rafat Jurczakowski,
Piotr J. Leszczyniski, Wojciech Grochala, Zoran Mazej, Silver (I1) sulfate
(VI) hydrate and method to synthesize it, PL234672 (B1), Urzad Patentowy
Rzeczypospolitej Polskie, 31. 03. 2020.

7. Metod Kolar, Miran Mozeti¢, Ita Junkar, Alenka Vesel, Martina Modic, Karin
Stana-Kleinschek, Method for immobilization of heparin on a polymeric
material, EP2997984 (B1), European Patent Office, 03. 06. 2020.

8. Paul]. McGuiness, Marko Soderznik, Kristina Zagar, AndraZ Kocjan, Spomenka
Kobe, Method of manufacturing fully dense Nd-Fe-B magnets with enhanced
coercivity and gradient microstructure, EP2869311 (B1), European Patent Office,
24.06. 2020.

9. Ana Mladenovi, Primoz Oprckal, Radmila Milagi¢, Janez Stancar, Janja Vidmar,
Andrijana Sever Skapin, Peter Nadrah, Alenka Mauko Pranji¢, Mirko Sprinzer,

Method and system for the potabilization of effluents from biological WWTPS,
EP3562788 (B1), European Patent Office, 16. 09. 2020.

Marko Kazi¢, Matjaz Lukac, Laser treatment head and laser system, EP2957323
(B1), European Patent Office, 23. 12. 2020.

. Marko Matkovi¢, Iztok Tiselj, Ivo Kljenak, Andrej Prosek, MatjaZ Leskovar, Ljubo

Fabjan, Leon Cizelj, Method and apparatus for assessing the state of spent-fuel
facility, GB2530969 (B), UK Patent Office, 08. 04. 2020.

Larisa Hosnar, Matjaz Vencelj, Klemen Bucar, Janez Burger, Angle-sensitive
gamma camera with a rotary obstruction, GB2530574 (B), Intellectual Property
Office, 2. 12. 2020.

Josko Valentincic, Izidor Sabotin, Matic Resnik, Pavel Dresar, Nejc Matjaz, Marko
Jerman, Andrej Lebar, Matej Pleterski, Apparatus and method for cutting an
electrically conductive tube, EP3603866 (B1), European Patent Office, 30. 12. 2020.
Gregor Papa, Barbara Korousic-Seljak, Marko Pavlin, Device and method for
acquisition and transfer of signals, GB2525403 (B), UK Patent Office, 23. 12. 2020.
Xinzheng Zhang, Jingjun Xu, Bin Shi, Xiaodan Xu, Yang Liu, Mengxin Ren,

Wei Cai, Qiang Wu, Irena Drevensek Olenik, Processing method and processing
system for laser-induced graphene micronano structure, CN107244669 (B), State
Intellectual Property Office of the PR.C., 25. 12. 2020.

Gregor Primc, Miran Mozetic, Rok Zaplotnik, Alenka Vesel, Maja Ravnikar,

Jana Zel, Nata$a Mehle, Ton Gutiérrez-Aguirre, Arijana Filipic, David Dobnik,
Procedure for inactivating virus in water, SI25811 (A), Slovenian Intellectual
Property Office, 30. 09. 2020.

Alenka Vesel, Miran Mozeti¢, Rok Zaplotnik, Gregor Primc, Nina Recek,
Procedure for increasing the hydrophilicity of a polymer containing fluorine,
S125862 (A), Slovenian Intellectual Property Office, 31. 12. 2020.

ART EXHIBITIONS AT THE JSI

Stojan Spegel, 13 January-5 February
Andreja Gregoric, 10 February-28 May
Bojan Gol¢ar, 1-24 June

Miro Bone, 29 June-22 July

Mira Ursic, 27 July-2 September

Maja Sivec, 7-30 September

Bogdan Cobal, 5 October-16 December

Marjan Humar, 16 December-18 January 2021

Stojan Spegel at the opening of his exhibition
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REVIEW OF PUBLICATIONS

FOR 2020

Department Original Articles* Books Patent Appl.and |  Ph. D. Theses

Grants

90 3 1
Department of Thin Films and Surfaces (F-3)

Department of Solid State Physics (F-5)

Department for Complex Matter (F-7)

Department of Experimental Particle Physics (F-9)

Department of Physical and Organic Chemistry (K-3)

Department for Nanostructured Materials (K-7)

Department for Advanced Materials (K-9)

Department of Molecular and Biomedical sciences (B-2)

Department of Environmental Sciences (0-2)

Department of Systems and Control (E-2)

Laboratory for Open Systems and Networks (E-5)

Computer Systems Department (E-7)

Department of Intelligent Systems (E-9)

Reactor Infrastructure Centre (RIC)

Centre for Electron Microscopy and Microanalysis (CEMM)

Radiation Protection Unit (SVPIS)

Department of Theoretical Physics (F-1)

Jozef Stefan Institute

* Articles in Journals and Conference Proceedings, and Chapters in Books

Annual Report 2020
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COMPLETED THESES

UNTIL 2020

Year Ph.D. Year Ph.D.
Theses Theses
...2000 560 2011 31
2001 31 2012 47
2002 29 2013 56
2003 41 2014 51
2004 31 2015 44
2005 22 2016 42
2006 22 2017 29
2007 26 2018 32
2008 29 2019 26
2009 30 2020 39
i

T otk
HEHELUELELLELL L
LUELEELUELERLETL AL

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

B Ph. D. Theses

AWARDS AND APPOINTMENTS

AWARDS MADE TO JST RESEARCHERS BY THE REPUBLIC OF SLOVENIA

Zois and Puh Awards and Zois Certificate of Recognition
Barbara Mali¢

Presented with the Zois Award for outstanding scientific achievements in the field of
electrocaloric ceramics

Andrej Filip¢i¢ and Marko Zavrtanik
Presented with the Zois Award for outstanding scientific achievements in research of
extreme energy cosmic particles

JSTAWARDS AND APPOINTMENTS

Blinc Award
Danilo Zavrtanik
Blinc Award for lifetime achievement in physics

Giovanni De Ninno
Blinc Award for the contribution in Nature Photonics: Photoelectric effect with a twist

Jernej Fesel Kamenik
Blinc Award for physicist at the beginning of their career

Samo Kralj
Presented with the Zois Certificate of Recognition for outstanding research
achievements in the field of soft-matter physics

Janko Petrovci¢
Presented with the Puh Award for outstanding achievements in the field of innovative
electronic systems

The Jozef Stefan Golden Emblem Prize

presented to the following for doctoral theses with high impact :

Matjaz Gomilsek

Quantum spin liquids on geometrically frustrated kagome lattices

Gregor Posnjak

Topological formations in chiral nematic droplets

Janja Vidmar

Quantification and sizing of metal-based nanoparticles in the environmental and
biological samples
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JSIDirector’s fund
Igor Vaskivskyi
for the project entitled for the Laboratory for 4D Resonance Magnetic Spectroscopy

[
Jozef Stefan Institute 3:

OTHER SELECTED AWARDS TO JSI RESEARCHERS

Centre for Knowledge Transfer in Information Technologies (CT3), as part of the
international mentoring programme for open education called “Open Education for a
better world - OE4BW”, completed the third cycle with 82 projects developed and received
the Award for Excellence for efforts from the Open Education Global Community.

Julio Benavides, Oriol Costa Garrido, Gonzalo Jimenez, Leon Cizelj, Best poster
award (NENE2020 conference, Portoroz) Nuclear Society of Slovenia, Thermo-
mechanical Analysis of a Dry Storage System

Andreja Bencan Golob, Andraz Bradesko, Mirela Dragomir, Goran Drazic,
Maja Makarovi¢, Barbara Mali¢, Uros Prah, Tadej Rojac, Hana Ursic Nemevsek,
Achievement Excellent in Science 2020 for Innovative approaches to the control of
functional responses of multiferroics, Slovenian Research Agency

Jernej Birk, Domen Hocevar, Kaja Rangus, Krka Award for undergraduate research
assignments, Krka, d.d., Use of microthermophoresis to determine sugar binding to
rCnSL-B2 isolectin (mentors, Janja Pust, Jerica Sabotic, Ana Mitrovic)

Klara Cebular, Krka Award 2020 for her PhD thesis entitled “Transformations of
oxygen functional groups in organic molecules mediated by molecular iodine or/and
N-halo compounds”.

Ur$a Cercek, Faculty of Pharmacy student Preseren award 2020, Ljubljana, Faculty of
Pharmacy, Effect of cold atmospheric pressure plasma on formation of stress granules
in the selected stable cell line.

Ursa Cercek, Krka recognition for undergraduate and postgraduate research work,
Krka, Krka, Effect of cold atmospheric pressure plasma on formation of stress
granules in the selected stable cell line.

Matjaz Dlouhy, First prize in the category best posters and lectures for the poster
entitled “Adsorption of imidazole on Cu (111), covered with corrosion-important
species” at the 26™ annual meeting of the Slovenian Chemical Society entitled
“Slovenian Chemical Days 2020”, September 16-18, 2020.

Mirela Dragomir, Seal of Excellence for project application QMAT - Towards
Quantum States of Matter via Chemistry under Ambient and Extreme Conditions,
European Commission

Sabina Drofenik, Preseren Prize for Students of the University of Ljubljana 2020,
University of Ljubljana, award-wining bachelor thesis entitled Description of the

The winner of Zois Award Prof. Barbara Mali¢. Photo: Nebojsa Tejic¢/STA

mechanism and interdependence of the action of two nose-horned viper venom
proteins, secretory phospholipase A, and chymotrypsin inhibitor (co-mentor Igor KriZaj)

Tome Eftimov, Rok Hribar, Peter Korosec, Gasper Petelin, Gorjan Popovski,
Urban Skvorc, took 1% place in the competition organized as part of the GECCO
2020 (GECCO Open Optimization Competition 2020), “Deep statistic: more robust
performance statistics for single - objective optimization benchmarking”. The
award was given by The Nevergrad and the IOHprofiler team (https://github.com/
facebookresearch/nevergrad/blob/master/docs/opencompetition2020.md

B. Evkoski, I. Mozetic, N. Ljubesic, P. Kralj Novak, Best lightning presentation
award: Evolution of political polarization on Slovenian Twitter, Complex Networks
and their Applications, Madrid, Spain, December 1-3, 2020.

Martin Gjoreski, Vladimir Kuzmanovski and Marko Bohanec, best paper award
for the paper “Generating alternatives for DEX models using Bayesian optimization”,
Slovenian Conference on Artificial Intelligence, SCAI 2020, Ljubljana, 6-7 October 2020.
Primoz Godec, Matjaz Pancur, Nejc Ileni¢, Andrej Copar, Martin StraZar,

Ales Erjavec, Ajda Pretnar, Janez Demsar, AnZe Staric, Marko Toplak, Lan
Zagar, Jan Hartman, Hamilton Wang, Riccardo Bellazzi, Uro§ Petrovic,

Silvia Garagna, Maurizio Zuccotti, Dongsu Park, Gad Shaulsky, BlaZ Zupan,
Best Research Achievements of the University of Ljubljana 2020, University of
Ljubljana, for publication: Democratized image analytics by visual programming
through integration of deep models and small-scale machine learning, Nature
Communications 10 (2020): 4551.

Heli Jantunen, Yushan Scholar Award, Yushan, Taiwan, Ministry of Education (MOE),
ROGC Taiwan, Ultra-low temperature co-firing ceramics.

Eva JarcJoviic, 50™ Krka Prizes, Krka recognition with special honours for the
research work, Krka d.d., for the doctoral thesis entitled The role of lipid droplets in
cancer cell stress resistance

Ita Junkar, Metka Bencina, Janez Kovac, Miran Mozetic, Rok Zaplotnik, Innovation
of the Year, virtual, Regional Virtual Fair on Innovation and Entrepreneurship
“Sarajevo 2020”, “Method for treatment medical devices made from nickel-titanium
(NiTi) alloys”.

The winners of Zois Awards Prof. Andrej Filip¢ic, Prof. Samo Stanic and
Prof. Marko Zavrtanik. Photo: Nebojsa Teji¢/STA
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Ita Junkar, Excellent in Science 2020 Achievement (Odli¢ni v znanosti 2020),
Ljubljana, Scientific Council of Slovenian Research Agency (ARRS), “Method of
treatment of tools used for isolation of microvesicles, nanovesicles and exosomes”.

Stefan Kalabakov, Simon Stankoski, Nina Re$¢i¢, Andrejaana Andova, [vana
Kiprijanovska, Vito Janko, Martin Gjoreski, Mitja Lustrek, SHL Challange -
Sussex-Huawei Locomotion and Transportation Recognition Challenge, 3rd Place
Award, virtual, Hristijan Gjoreski, University of Sussex (UK) & Ss. Cyril and Methodius
University (MK), Lin Wang, University of Sussex (UK), Daniel Roggen, University of
Sussex (UK), Kazuya Murao, Ritsumeikan University (JP), Tsuyoshi Okita, Kyushu
Institute of Technology (JP), Mathias Ciliberto, University of Sussex (UK), Paula Lago,
Kyushu Institute of Technology (JP), method for recognition of locomotion activity
from smartphone sensors

The winner of Puh Award Dr. Janko Petrovcic. Photo: Nebojsa Tejic/STA

Jan Kejzar, Krka’s recognition for the master’s thesis: Comparison of dietary
supplements from algae: antioxidant potential and isotopic composition

Boshko Koloski, Senja Pollak and Blaz Skrlj, participation in the computer
competition in the field of profiling of authors of PAN texts, where they achieved 2™
place in the field of profiling of celebrities (out of 66 groups) and 3 place in the field
of multilingual classification of users who share fake news

Bor Kos, Best Poster Award, PortoroZ, Slovenia, “29™ International Conference
Nuclear Energy for New Europe - NENE 2020”, September 2020, for a poster “TCV
Tokamak Neutron Shielding Assessment and Upgrade”

Domen Kotnik, Faculty PreSeren Award for MSc Thesis, Ljubljana, University of
Ljubljana, Faculty of Mathematics and Physics, January 2020

Jan Kren, Dean’s Award for Outstanding Academic Achievement UL FMF, University
of Ljubljana

Tadej Krivec, awarded with the PCT technology network award (Process Control
Technology) for his master’s thesis entitled “Complex event processing in production
process monitoring”, Ljubljana

Rok Krpan, Best Video Presentation—European Award (International conference
ICONE 2020, virtual) American Society of Mechanical Engineers, Simulations of
Experiments on Isothermal Containment Atmosphere Mixing Caused by Vertical
Injection

Neja Kuret, Krka Award, Krka, d.d., Effect of kokaprin lectin on pathogenic and
probiotic bacteria (Mentors: Anja Klancnik, Jerica Sabotic)

Ales Lapanje, Slovenian Research Agency - Excellent in Science 2020: The most visible
research achievements inspiring young generations. Area: Biotechnology. Title: How
we made a live protective coating.

24

Zorica Latinovi, 50" Krka Prizes, Krka recognition with special honours for the
research work, Krka d.d., for the Doctoral Thesis entitled Components of the nose-
horned viper venom that affect cardiovascular system

Adrijana Leonardi, Kity PoZek, Igor KriZaj, 7" International Toxinology Meeting,
Poster Award for the poster entitled Biochemical and functional characterization of
the first member of the new P-Ille subclass of snake venom metalloproteinases

Mirjana Malnar, Award for presentation of research achievements in terms of
scientific quality and their applicability, 12® Jozef Stefan International Postgraduate
School Students’ Conference and 14th CMBE day, presentation of research work

Luka Medic, Preseren Award, University of v Ljubljana, master’s thesis “Topological
quantization of the transconductance in a Josephson junction with the Rashba
interaction”

Alenka Mertelj, Mid Career Research Excellence Award, ILCS (The International
Liquid Crystal Society) for discovery of both magnetic and electric polar order
in nematic phase and new spatially modulated splay nematic phase that has
macroscopic electric polarization, 2020

Simon Mezgec won 2™ place in the Food Recognition Challenge competition
organized by Alcrowd (https://www.aicrowd.com/challenges/food-recognition-
challenge/leaderboards?challenge_round_id=261

Dragan Mihailovi¢, Damjan Svetin, AnZe Mraz, Rok Venturini, Gold medal

at the 18" International Innovation Exhibition ARCA 2020 for poster Innovative
superconductor-based memory device and method for its operation, using a
switchable resistive element suitable for superconducting computing - compatible
with superconducting flex-quantum electronics, Zagreb, Croatia

Dragan Mihailovi¢, Damjan Svetin, AnZe Mraz, Rok Venturini, Silver medal at the
1*virtual fair of innovation and entrepreneurship “Sarajevo 2020 for Memory device
and method for its operation, Startup studio Fondacije Mozaik in Sarajevo Business
Forum (SBF), Bosna in Hercegovina, 24. 11. 2020

Clément Picard, Vito Janko, Nina Resci¢, Martin Gjoreski, Mitja Lustrek, The
Cooking Activity Recognition Challenge 1% Place Award, virtual / Kitakyushu, Japan,
ABC Conference, method for recognition of cooking activities with sensors

Tim Podlogar, Gatorade Sports Science Institute Award, Koln, Germany, 25. ECSS
Congress European College of Sport Science (virtual), Effectiveness of combined
galactose-glucose ingestion as compared to galactose or glucose only on post-exercise
muscle glycogen repletion

Gregor Primc, Miran Mozetic, Rok Zaplotnik (Jozef Stefan Institute), in
collaboration with David Dobnik, MatevZ Dular, Arijana Filipic, Ion Gutierrez-
Aguirre and Martin Petkovsek, Prize for the Best Innovation with Commercial
Potential in 2020, Ljubljana, 13" International Technology Transfer Conference
for the innovation, “A scalable method for eco-benign destruction of waterborne
microorganisms”.

Emanuela Senjor, 3" place UCLA Research Day 2020 Poster Competition, Los
Angeles, USA, University of California Los Angeles, School of Dentistry

Maj Smerkol, Best paper award at People and Environment, 23" International
Multiconference Information Society, IS 2020, Ljubljana, Jozef Stefan Institute, Traffic
Simulation Software in the Context of Mobility Policy Support System

Matja Spreitzer, Sreco Skapin, Silver award of the CCIS for the innovation TCG
Autoskimm, Maribor, Chamber of Commerce and Industry of Slovenia, Development
of automatic slag skimming process to reduce aluminum losses and ensure
reproducible melt quality.

Matjaz Spreitzer, Sreco Skapin, Silver award of the CCIS for the innovation New
super-light and super hard engineering materials, Maribor, Chamber of Commerce
and Industry of Slovenia, Development of a laboratory-verified synthetic pathway for
the production of lightweight, super-solid advanced materials based on AI-Mg-B-Ti.
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The Blinc award is conferred by the JoZef Stefan Institute and the Faculty of Mathematics and
Physics, University of Ljubljana.

The above photomontage shows winners of the Blinc awards: Prof. Danilo Zavrtanik (top left),

Prof. Giovanni De Ninno (top centre) and Prof. Jernej Fesel Kamenik (top right). Prof. Natasa
Vaupotic, President of Blinc Award Commission (left centre), Prof. Jadran Lenar¢ic, Director
of the JSI (centre), Prof. Anton RamSak, Dean of the Faculty of Mathematics and Physics (right

centre) and Prof. Robert Repnik, Director of the Slovenian Research Agency ARRS (bottom left).

Pia Staric, Ita Junkar, Miran Mozeti¢, Katarina Vogel-Mikus, Best Paper Award,
virtual, Sciforum, The 1% International Conference on “Green” Polymer Materials
2020, “Bio-Polymers in the World of Plasma: Effects of Cold Plasma on Seed Surface”.

Danilo Suvorov, Sreco Skapin, Marija Vukomanovic, Special prize for innovations
for economy, Ljubljana, Center for technology transfer and innovation JSI, Contact-
based, leaching-free antimicrobial textile Silver-free, wearable germ protection.

Nina Siskovi¢, Biotechnical Faculty’s Preseren Award for 2020, Determination of
volatile organic compounds in truffles

Saso Sturm was in August 2020 elected as a member in Executive Board of European
Microscopy Society (EMS). The EMS is an umbrella organization that brings together
all national microscopy societies. Saso Sturm was proposed by the Slovene Society for
Microscopy (SDM) Executive Board and thus the Slovenian representative in the EMS
Executive Board was elected for the first time.

Jan Suntajs, PreSeren Award, University of v Ljubljana, master’s thesis “Spectral
properties of the t-J model and many-body localization”

Ziga Tkalec, Best Poster Award on Exposome Symposium, New York, USA, Mount
Sinai Institute for Exposomic Research, Development of an analytical method for
nontargeted screening for organic contaminants in human urine.

Spela Trafela was awarded by )0réal-UNESCO National Programme for Women in
Science in 2020 in recognition of her fundamental and applied research. She has
developed nanostructured sensor platforms-based on Ni(OH),/NiOOH-Ni redox system
for electrochemical detection of formaldehyde in alkaline media.

Tea Tusar, Best Paper award at Human-Computer Interaction in Information Society,
23" International Multiconference Information Society, IS 2020, Ljubljana, Jozef Stefan
Institute, Interactive visualization of the Slovenian budget with the Sankey diagram

Lara Ul¢akar, L'Oreal Adria and Slovene committee at UNESCO award

Alenka Vesel received the WIPO medal for inventors awarded by the Slovenian
Intellectual Property Office in collaboration with the World Intellectual Property
Organization for her innovations and innovative activities.

Damir Vrancic, the silver award for innovation went to Danfoss Trata d.o.o. for Virtus
iSET/iNET innovation of smart-operated pressure regulators and valves for district
heating. A member of the awarded group was our Department member. Chamber of
Commerce and Industry of the central Slovenia region for the best innovations for the
year 2020, Ljubljana

Andrej Zohar, Young Author Award for the best contribution, PortoroZ, Slovenia,
“29* International Conference Nuclear Energy for New Europe - NENE 2020,
September 2020, for an article “Water Activation Experiment and Calculations at JSI
TRIGA Research Reactor”

Editorial Board from a prominent journal Green Chemistry, has selected a paper

by Xuan Xu, Saso Sturm, Zoran SamardZija, Janez S¢ancar, Katarina Markovic,
Kristina ZuZek Rozman, all from the Jozef Stefan Institute entitled “A facile method
for the simultaneous recovery of the rare-earth elements and transition metals from
Nd-Fe-B magnets” as a 2020 HOT Green Chemistry article. The paper is a result of the
ITN-MSCA project DEMETER, Training Network for the Design and Recycling of Rare-
Earth Permanent Magnet Motors and Generators and Full Hybrid and Electric Vehicles
[2015-2019], for which funding is gratefully acknowledged.
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KNOWLEDGE TRANSFER

The JSI pays a lot of attention to furthering its links with industry. In keeping with European aims and the objectives of the Slovenian government, the JSI organized several

important meetings on the subject of cooperation with enterprises and industry. In this way the JSI introduced a new method of cooperation, showing industry and the public

that it is aware of its leading role, not only in research but also in the transfer of knowledge into practice.

R & D PROJECT PARTNERS

Agency for Radwaste Management, Ljubljana

O 0 SN A R 8 o

20

Arctur, d.o.0., Nova Gorica

Arhel projektiranje in inZeniring, d.o.0., Ljubljana

Bias Variance Labs, d.0.0., Ljubljana
Biodelta, d.o.0., Ljubljana

Central Technical Library at the University of Ljubljana, Ljubljana

Cosylab, d.d., Ljubljana
Elan, d.o.0., Begunje na Gorenjskem
Elektro Celje, d.d., Celje

Elektro Energija, d.0.0., Ljubljana

. Elektro Ljubljana, d.d., Ljubljana
. Elvez, d.0.0., Vi$nja Gora

1
1
1
|

. Ema, d.o.0,, Celje

Eurofins ERICo Slovenija, d.0.0., Velenje
Event Registry, d.0.0., Ljubljana
FerroCrtali¢, d.0.0., Dolenjske Toplice
Gabrijel Aluminium, d.o.0., Grosuplje
Gemis, d.0.0., Brezice

Gen energija, d.0.0., Krsko

. Grid Instruments, d.0.0., Ljubljana

. Helios, d.0.0., Domzale

. Induktio, d.0.0., Ljubljana

. Infinite, d.0.0., Limbu§

. InoVine, d.o.0., Ljubljana

. Irgo Consulting, d.0.0., Ljubljana

. Jems, energetska druzba, d.o.o., Ljubljana

Keko - Oprema, d.o.0. Zuzemberk

. KMZ- Zalar Miran s.p., Ljubljana

. Kolektor Group, d.o.0., Idrija

. Krsko Nuclear Power Plant, Krsko

. Lama avtomatizacija, d.0.0., Dekani

. Lek, d.d., Ljubljana

. Luka Koper, d.d., Koper

. Matima, d.0.0., Postojna

. Melamin kemicna tovarna, d.d., Kocevje

36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.

47.

48.
49.
50.
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52.
53.
54.
55.
56.

57.

58.
59.
60.

61.

62.
03.
64.
65.
66.

67.

68.
69.

Ministry of Agriculture, Forestry and Food, Ljubljana
Ministry of Defence, Ljubljana

Ministry of Finance, Ljubljana

Ministry of Health, Ljubljana

Ministry of the Environment and Spatial Planning, Ljubljana
Nanos Scientificae, d.o.0., Ljubljana

Nanotul, d.0.0., Ljubljana

National Education Institute, Ljubljana

National Institute of Biology, Ljubljana

National Institute of Chemistry, Ljubljana

Or-el, d.0.0., Kobarid

Paradajz, d.o.0., Turnisce

Plinovodi, d.o.0., Ljubljana

Quintelligence, d.o.0., Ljubljana

Razvojni center eNeM Novi Materiali, d.o.0., Zagorje ob Savi
Republic of Slovenia Statistical Office, Ljubljana

RLS Merilna tehnika, d.o.0., Komenda

SID banka, d.d., Ljubljana

Slovenian Beekeeper’s Association, Lukovica
Slovenian National Building and Civil Engineering Institute, Ljubljana
Slovenian Reserch Agency, Ljubljana

Slovensko drustvo ljubiteljev kemije, Ljubljana
Sonce energetika, d.o.0., Ljubljana

SRC, d.0.0., Ljubljana

STA, d.0.0., Ljubljana

Steklarna Hrastnik - Opal, d.o.0., Hrastnik

Stelem, d.0.0., Zuzemberk

Tanin Sevnica, d.d., Sevnica

TH Re-Mining, d.d., Ljubljana

University Medical Center Ljubljana, Ljubljana
University Medical Center, Ljubljana

University of Ljubljana, Ljubljana

University of Maribor, Maribor

Weiler Abrasives, d.0.0., Maribor
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DEPARTMENT OF THEORETICAL

PHYSIGS

F-1

In 2020 members of the programme groupp THEORY OF NUCLEUS, ELEMENTARY PARTICLES AND
FIELDS continued with researchin the area of hadronic physics, quantum chromodynamics, effective
Jfield theory of electroweak decays of mrsons, unified theory and precise calculation in three-body

systems.

We described a technique of Latent Dirichlet Allocation to learn the underlying structure of high-energy particle
collider events directly from the data, without having a particular theoretical model in mind. We used it to extract
the latent probability distributions describing the learned underlying structure of collider events using two example
scenarios to learn the latent structure of di-jet event samples made up of QCD background events and either top-pair

production or hypothetical W — (¢ — W W )W signal events.

We investigated the consequences of deviations from the Standard Model observed in b — sy transitions for
flavour-changing neutral-current processes involving down-type quarks and neutrinos. We derived the relevant Wil-
son coefficients within an effective-field-theory approach respecting the SM gauge symmetry, including right-handed Head:
currents, aflavour structure based on approximate U(2) symmetry, and assuming only SM-like light neutrinos,and  Prof. Jernej Fesel Kamenik
discussed resulting correlations among B — K(*)vv and K — mtvv branching ratios.
We considered different aspects of New Physics. We studied leptoquarks, singlets S1 and U1, relying on the

low-energy flavour physics measurements, LHC, and the IceCube neutrino
data. We analysed the chiral enhancement required to explain the muon
(electron) anomalous magnetic moment, using models of leptoquarks.

For the CP-odd pseudoscalar coupling between the Higgs boson and
the top quark we have employed machine-learning optimization methods
to improve the sensitivity at the LHC and future colliders. In models ad-
dressing the lepton universality violation in the measurement of R, © we
presented a method to test for the presence of CP-odd couplings of new
physics close to the narrow charmonium resonance in the decay B — K
J/W — K. In models with scalar leptoquarks that explain violation
of lepton universality we considered the possibility to embed them in a
dark-matter model with a heavy scalar singlet that can annihilate into
pairs of leptoquarks.

We performed a detailed study of the production of type-II seesaw
scalars production at hadron colliders. To this end, we developed 2 model
implementation, which includes mixings, all the scalar couplings and
chromodynamic one-loop counterterms. This allowed us to calculate the
cross-sections beyond the leading order. We launched the Find Bounce
tool in the Mathematica environment, which allows for a fast, efficient,
reliable and arbitrary precise evaluation of the lifetime of metastable states
in quantum and thermal field theories. We found an exact solution for the
false vacuum decay at one loop in a bi-quartic potential.

Asymptotically safe quantum field theories have a non-trivial UV fixed
point. We proposed a holographic picture of a simple asymptotically safe
quantum field theory in non-integer spacetime dimensions by assuming
that the UV and infrared (IR) conformal dynamics can be described by
AdS spaces. The approach is similar in spirit to the one employed for
holographic QCD.

We performed one of the first ab-initio theoretical studies of
the exotic hadrons Zb composed of four valence quarks bb-bar
du-bar. Two interesting hadrons of this kind were experimen-
tally discovered in 2011 by the Belle collaboration. The heavy
quarks were treated as static of our lattice QCD simulation, since
this system is too challenging for a completely rigorous treatment.

We described a technique of Latent Dirichlet
Allocation to learn the underlying structure of
high-energy particle collider events directly from
the data.

We have explained (g—2)u,e using leptoquarks
and considered the impact of new physics in the
b—spp transitions on B—K(+)vv and K—>mvv.
In models addressing the anomaly in measure-
ments of lepton universality R, ), we have pro-
posed a measurement close to the charmonium
resonance in the decay B — K J/y — Kupu*
that would reveal CP-odd components of new
physics.

We launched FindBounce, a Mathematica tool
that allows for a fast, efficient, reliable and
arbitrary precise evaluation of the lifetime of
metastable states in quantum and thermal field
theories with arbitrary multi-field potentials.

We proposed to describe the gauge sector of an
asymptotically safe field theory in d = 4—epsilon
dimensions as a scalar theory on fixed AdS in
(d + 1)-dimensions using the holographic dic-
tionary.

We established that the existence of the exotic
tetraquarks Zb = b-bar bdu-bar is related to the
significant attraction between mesons B and B*-
bar at small distances.

We have demonstrated the subset of coefficients
of analytical approximations of the local behav-
iour of Coulomb three-body wave functions and
their integrals that can be obtained analytically,
and the remainder that requires a three-body
method incorporating correct limits.
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Our results indicate that the existence of the exotic hadrons Zb is related to the significant attraction between
mesons B in B*bar at small distances.

In the Coulomb three-body problem we studied analytical approximations for the radial or hyperradial de-
pendence of one-electron and total density integrals for two-electron systems with nuclear charges Z = 1- 5. Using
our own numerical method, CFHHM (Correlation FunctionHyperspherical Harmonic Method), we calculated
the coefficients of analytical approximations not obtainable analytically. We calculated the critical points of the
expectation values of delta functions and analytical approximations of the three-body wave function in collinear
configurations. We demonstrated the significance of the fact that CFHHM includes analytical structure of the Fock
expansion guaranteeing correct limits at small separations.

Some outstanding publications in the past year

1. Dillon, Patrick B., Faroughy, Darius Alexander, Kamenik, Jernej, Szewc, M. Learning the latent structure
of collider events. 7/e journal of high energy physics, ISSN 1029-8479, 2020, vol. 2020, no. 10, str. 206-
1-206-47, doi: 10.1007/JHEP10(2020)206. [ COBISS.SIID 36636419]

2. Dorsner, Ilja, Fajfer, Svjetlana, Sumensari, Olcyr. Muon g - 2 and scalar leptoquark mixing. 7/e journal
of high energy physics, ISSN 1029-8479, Jun. 2020, vol. 2020, art. no. 89, 18 str., ilustr., doi: 10.1007/
JHEP06(2020)089. [COBISS.SI-ID 20330243]

3. Prelovsek, Sasa, Bahtiyar, Hiseyin, Petkovi¢, Jan. Zb tetraquark channel from lattice QCD and Born-
Oppenheimer approximation. Physics letters. Section B,1SSN 0370-2693. [ Print ed. ], Jun. 2020, vol. 805,
art. no. 135467, 5 str., ilustr., doi: 10.1016/j.physletb.2020.135467. [COBISS.SI-ID 14970883]

Awards and appointments

1. Prof. Dr. Jernej Fesel Kamenik, Robert Blinc award for physicists at the start of their career, Faculty of
Mathematics and Physics, University of Ljubljana

Figure 2: Calculation of the false vacuum decay
rate in a two-field potential, where the solid blue

Figure 1: Prediction of direct CP asymmelry line shows the final path. The black line is the
(red and orange lines) for two possible strong straight lme ansatz connecting the fwo minima
Dhases, compared with measured points by LHCb. and a middle point sel by hand, red is a parabola,
We propose measurements in the region below and blue dashed is the connected saddle point.

the resonance, where the asymmelry attains its
maximum value.

The group of SOLID-STATE THEORY AND STATISTICAL PHYSICS has been investigating the
equilibrium and non-equilibrium properties of materials with strongly correlated electrons,
nanosystems, as well as the properties of complex networks.

Within the framework of the theory of superconductivity we have investigated a disordered chain hosting
quantum particles which form bipolarons due to coupling to magnetic excitations. We have shown that disorder
can increase or decrease the binding energy, depending on the kinetic energy of the particles as well as on the
density of bipolarons and the range of pairing interactions. We have computed the static and dynamic properties
of an electron coupled to hard-core-boson degrees of freedom. The polaron, an electron dressed with hard-core-
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boson excitations, remains light even in the strong-coupling limit as its effective mass remains of the order of the
free-electron mass. While the investigated model bears a resemblance to the Holstein model, we point out many
important differences that originate from the binary hard-core-boson excitation spectrum, which in turn mimics
spin-1/2 degrees of freedom.

We continued the investigations of frustrated spin models, which do
not reveal any order and are characterized as spin liquids. We introducedan ~ *  In cooperation with experimentalists, we showed

effective reduced model, which reproduces the properties of the Heisenberg that the Heisenberg spin model on kagome lat-
model both on triangular and kagome lattices. We evaluated numerically tice captures well the measured thermodynamic
the thermodynamic quantities, such as the entropy and magnetic suscep- properties of the novel spin-liquid material YC-
tibility, for several planar frustrated spin models. We showed that the cor- UOHCI.
responding (Wilson) ratio behaves universally in the regime of spin liquids, * W€ have investigated high-temperature spin
vanishing at low temperatures. In cooperation with experimentalists, we transportin the Hubbard model and found a tem-
showed that model results capture well the measured properties of novel perature-non-monotonic spin-diffusion constant.
spin-liquid material YCuOHCI e By studying the robustness of quantum chaos
Within the framework of correlated electron systems we studied in disordered spin chains we introduced a new
quantum models related to the phenomenon of many-body localization method to detect the ergodicity breaking transi-
and anomalous relaxation. We showed that particle on a disordered tion in many-body quantum systems.
ladder, coupled to hard-core bosons, exhibits sub-diffusive transport at  * Semiconductor-superconductor hybrid nanow-
large enough disorder, while in the limit of planar system the relaxation ires with embedded quantum dots have Coulom-
remains always diffusive. Furthermore, we have analysed in detail the bic sub-gap states.
correlations in the Hubbard model, including autocorrelations of charge, ¢ We calculated the resistivity of the iron in the in-
spin and energy or heat currents. Using the Nernst-Einstein relation we ner Earth’s core, taking both the lattice deforma-
have shown that the spin diffusion obtains a non-monotonic temperature tion due to vibrations and the electron-electron
dependence. We further showed a discrepancy between the theory and the correlation effects into account.
experiment on cold atoms. * We studied the Kibble-Zurek behaviour in disor-
Within the theory of dynamics of many-body quantum systems we have dered Chern insulators.
studied the impact of conserved quantities on the eigenstate thermalization * Numerical simulations of microscopic inter-
hypothesis. We introduced a method to construct observables, which are actions in bio-social stochastic processes of
not “similar” to conserved quantities. We also studied the robustness of spreading SARS-CoV-2 viruses reveal the back-
quantum chaos in disordered spin chains. We introduced a new method to ground of successful social locking.

detect the ergodicity breaking transition in many-body quantum systems.
We have introduced the cost-function-minimization approach to finding the scaling solutions
for various spectral observables. We introduced the spectral form factor that can serves as a new
probe for the detection of the transition between an ergodic and many-body localized phase.
The excitonic insulator is a quantum state of matter characterized by the spontaneous Bose-
Einstein condensation of excitonic in a macroscopic coherent state. We show how nonlinear opti-
cal response, namely, second harmonics, can be used for the spectroscopy of collective response
including the amplitude (Higgs) and the phase (Goldstone) mode. We propose concrete optical
experiments based on solid-state physics to simulate the Higgs and the Goldstone dynamics.
We studied the physics of a semiconducting nanowire with an epitaxial superconducting layer
coupled to an interacting quantum dot. We developed a new numerical technique for solving the
corresponding theoretical model, i.e., a quantum impurity problem with an interacting supercon-
ducting bath with explicit pairing and charge-repulsion terms. We systematically explored the
physics of this problem. In collaboration with an experimental group at QDev at the University
of Copenhagen, we applied this approach to model an actual device, finding an excellent regime
in the most interesting (and most demanding) regime of intermediate coupling. We also studied
other realisations of magnet-superconductor hybrids, in particular molecules adsorbed on su-
perconducting surfaces, in collaboration with experimental groups in Donostia and Hamburg,
We studied nonequilibrium states that appear in disordered Chern insulators after slow
quenches across a topological quantum critical point. We found that the characteristic size of
inhomogeneities in these states obeys the Kibble-Zurek scaling, Within the density functional
theory we investigated the electrochemical degradation of electrolytes for magnesium batteries.
In the area of complex networks, we investigated hidden higher-order geome-
tries (s1mphc1al complexes) and their mfl.uence on the course of stochastic process- Figure 3: Transition from the regime of YieShiba-
es on different networks. In human brain networks created based on experimen- - .~ (YSR) states to the Coulomb blockade (CB)
tal data from the Human Connectome Project, we determined the structure of regime in the system of coupled quantum dot and
complexes attached to eight central nodes, which allow higher-order connections between different  witra-small superconducting island.
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brain regions. We developed a self-assembly model of preformatted groups
of particles, which we describe using simplexes of a specific size and one
defect connection. We showed that this process leads to a complex structure
of the particle assembly with a long-range organization of defect con-
nections. We characterized the resulting structures using the algebraic
topology methods

We developed a microscopic model of the spread of SARS-CoV-2 viruses,
which considers the interaction of the biological and social components of
this stochastic process. Based on multiple simulations, we have analysed
different types of social locking that lead to a more-or-less successful prevention of the spread of the virus.

In collaboration with the experimental group from the laboratory for calorimetry we have
investigated theoretical predictions for the electro-caloric response of the lanthanum-modified lead
zirconium titanate (PLZT) ceramics. We have shown that a maximum response occurs near the
paraelectric to ferroelectric transition due to the presence of latent heat at the phase transition.

Figure 4: Post-quench profiles of the local Chern marker for different
quench times .

Some outstanding publications in the past year

1. Mierzejewski, Marcin, Vidmar, Lev. Quantitative impact of integrals of motion on the eigenstate ther-
malization hypothesis. Physical review letters, ISSN 0031-9007. [Print ed.], 2020, vol. 124, no. 4, str.
0-40603-1-040603-8, doi: 10.1103/PhysRevLett.124.040603. [ COBISS.SI-ID 15846915]

2. Pourovskii, Leonid, Mravlje, Jernej, Pozzo, Mario, Alfe, D. Electronic correlations and transport in iron
at Earth’s core conditions. Nature communications. 2020, vol. 11, str. 4104-1-4105-8. ISSN 2041-1723.
DOL: 10.1038/s41467-020-18003-9. [COBISS.SI-ID 50940163 ]

3. Ulcakar, Lara, Mravlje, Jernej, Rejec, Tomaz. Kibble-Zurek behavior in disordered Chern insulators. Physi-
cal review letters, ISSN 0031-9007. [Print ed.], 2020, vol. 125, iss. 21, str. 216601-1-216601-6, ilustr., doi:
10.1103/PhysRevLett.125.216601. [COBISS.SI-ID 47453187]

Awards and appointments

Lara Ulcakar: L'Oreal Adria and Slovene committee at Unesco award.

2. JanSuntajs, Preseren Award, University of v Ljubljana, master’s thesis "Spectral properties of the tJ model
and many-body localization"

3. Luka Medic, Preseren Award, University of v Ljubljana, master’s thesis " Topological quantization of the
transconductance in a Josephson junction with the Rashba interaction"

The group for THEORETICAL BIOPHYSICS AND SOFT MATTER PHYSICS investigated
polyelectrolytes, liquid crystals, colloids, and phospholipid and biological
membranes.

We studied the role of symmetry for the stability of dipole orientations positioned on Caspar-
Klug lattices, and we analysed the various aspects of electrostatic interactions between a model
SARS-CoV-2 virus and a charged electret fibre. We also explored the structural stability of the
SARS-CoV-2 spike protein via the mapping of the hydration free energy by the Poisson-Boltzmann
method, and we theoretically investigated the gain in nanomechanical stability of this protein
compared to SARS-CoV from 2002. We wrote a review focused on the role of relative humidity
in the droplet spread of illnesses. By combining molecular dynamics simulations and kinetic
modelling, we investigated the stability of biological fluids under negative-pressure conditions
encountered in plants. Our findings show that the presence of lipid aggregates imposes an upper
limit for the magnitude of the negative pressure, thereby restricting the height to which trees can
grow. We explored the role of elastic inhomogeneities in pollen folding, showing how different
designs of pollen grains lead to different harmomegathic responses.

We studied the active mechanics of cell-cell junctions in epithelial tissues and we found that
active tension fluctuations at the junctions fluidize the tissue, which can have major implica-
tions for the overall three-dimensional tissue shape. By theoretically exploring the shapes of

Figure 5: Inhomogeneities in the elastic properties  Model active organoids, we showed that these artificial tissue-like entities can form a range of
of pollen grains determine their harmomegathic complex morphologies including the often observed branched shape. We proposed a theoretical
response lo dehydration framework that couples a vertex model of solid confluent tissues with the dynamics describing
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the generation of local force dipoles in the junctional actomyosin. We also . - — -
studied why the skin epithelium deforms differently in cases of the basal  * LiPid bilayers impose a strict limit of negative

and squamous cell carcinoma, which have very different prognoses. We pressures in biological liquids

found that this happens because of the differential mechanical propertiesof  ® We discovered that the malignancy of different
the extracellular matrix secreted by the cancer cells. Also explored in detail types of skin cancers depends on the mechanical
were the shapes of vesicle doublets. Based on experiments we proposed a properties of the extracellular matrix.

model where the surface tensions of the contact and the non-contact parts
of the membrane are different.

We studied the structure in 3D liquid-crystalline phases with continu-
ous grids. We proposed the arrangement of achiral molecules in chiral
cubic phases and modelled the resonant X-ray scattering response that can
be expected for such a structure. We wrote a review article on the use of
the resonant X-ray scattering to detect chiral structures in liquid crystals
in which the constituent molecules are achiral. Also studied theoretically
were 2D quasicrystals formed by clusters of bosons and marked by small,
yet finite superfluidity.

Some outstanding publications in the past year

L. Fiore, V., Krajnc, M., Quiroz, F. G., ]. Levorse, J., Pasolli, H. A, Figure 6: Basal cell carcinoma and squamous cell carcinoma differ in
Shvartsman, S. Y. And E. Fuchs, E., Mechanics of a multilayer  the mechanical properties of the extracellular matrix

epithelium instruct tumor architecture and function, Nature
585,355 (2020).

2. Rozman,Jan, Krajnc, Matej, Ziherl, Primoz. Collective cell mechanics of epithelial shells with organoid-like
morphologies. Nature communications, ISSN 2041-1723, July 2020, vol. 11, art. no. 3805, 9 str., ilustr.,
doi: 10.1038/541467-020-17535-4. [ COBISS.SI-ID 24820483]

3. LoSdorfer Bozit, AnZe, Siber, Antonio. Mechanical design of apertures and the infolding of pollen grain.
Proceedings of the National Academy of Sciences of the Uniled States of America, ISSN 0027-8424, [in
press] 2020, 8 str., doi: 10.1073/pnas.2011084117. [COBISS.SI-ID 31841795

4. Kanduc, Matej, Schneck, Emanuel, Loche, Philip, Jansen, Steven, Schenk, H. Jochen, Netz, Roland R. Cavita-
tion in lipid bilayers poses strict negative pressure stability limit in biological liquids. Proceedings of the
National Academy of Sciences of the United States of America, 1SSN 1091-6490. [Online ed.], 2020, vol.
117, no. 20, str. 10733-10739, doi: 10.1073/pnas.1917195117. [ COBISS.SHD 13623043 ]

Awards and appointments

1. Prof. Dr Jernej Fesel Kamenik, Robert Blinc award for physicists at the start of their career, Faculty of
Mathematics and Physics, University of Ljubljana

2. LaraUl¢akar: U'Oreal Adria and Slovene committee at UNESCO award.

3. JanSuntajs, Preseren Award, University of v Ljubljana, master’s thesis “Spectral properties of the t-J model
and many-body localization”

4. LukaMedic, Preseren Award, University of v Ljubljana, master’s thesis

Organization of conferences, congresses and meetings

1. Nonequilibrium quantum workshop: Nonequilibrium dynamics and ergodicity in complex quantum
systems, Krvavec, 14.-17. 12. 2020 (virtual)

INTERNATIONAL PROJECTS

COST CA15108; Connecting Insights in Fundamental Physics 4. The Flavor of the Invisible Universe

(FUNDAMENTALCONNECTIONS) Asst. Prof. Nejc Kosnik

Prof. Jernej Fesel Kamenik Slovenian Research Agency

Cost Office 5. New Searches for Physics Beyond the Standard Model
2. COST CA16201; Unraveling New Physics at the LHC through the Precision Frontier Prof. Jernej Fesel Kamenik

Asst. Prof. Miha Nemevsek Slovenian Research Agency

Cost Association Aisbl 6. Manifestation of Quantum Chaos in Quantum Many-Body Lattice Systems
3. COST CA17139; European Topology Interdisciplinary Action Asst. Prof. Lev Vidmar

Dr. AnZe Rapo§ Bozic Slovenian Research Agency

Cost Association Aisbl 7. The Flavor of Elementary Particles Beyond the Standard Model
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Asst. Prof. Nejc Kosnik
Slovenian Research Agency

RESEARCH PROGRAMMES

Theory of the condensed matter and statistical physics
Prof. Janez Bonca

Theoretical physics of nuclei, particles and fields

Prof. Jernej Fesel Kamenik

Biophysics of polymers, membranes, gels, colloids and cells
Prof. PrimoZ Ziher!

R & D GRANTS AND CONTRACTS

1.

Orientational Interactions in a Generalized Thomson Problem: Dipole-Stabilized

Spherical Nanocontainers

Dr. AnZe Rapo§ BoZi¢

New physics implications of scalar resonances at the LHC

Prof. Jernej Fesel Kamenik

High-resolution optical magnetometry with cold cesium atoms
Prof. Rok Zitko

Slow thermalization in quantum many-body systems

Prof. Peter Prelovsek

Diagnosing nonequilibrium quantum matter

Asst. Prof. Lev Vidmar

The influence of additives on nanoscopic wetting

Dr. Matej Kandu¢

Multi-scale modeling of non-equilibrium quantum materials
Dr. Denis Golez

Three advances towards realistic description of strongly correlated electron transport
Asst. Prof. Jernej Mravlje

Symmetries and quantum pumping

Dr. Zala Lenarcic

VISITORS FROM ABROAD

Ea

Dr Sophie Renner, SISSA, Trieste, Italy, 22.-24. 1. 2020

Dr Manuel Szewc, International Center for Advanced Studies (ICAS) UNSAM, Buenos
Aires, Argentina, 23.-28. 2. 2020

Toshikaze Chiba, Tohoku University, Sendai, Japan, 1.-30. 3. 2020

Dr Darius Faroughy, University of Zirich, Switzerland, 4.-6. 3. 2020

Prof. Dr Ilja Dor$ner, University of Split, Faculty of Electrical Engineering, Mechanical
Engineering and Naval Architecture, Split, Croatia, 4-21. 3. in 5. 7-5.9. 2020

o0

Prof. Dr David Weiss, The Pennsylvania State University, University Park, Pennsylvania,
USA, 22.-28.3. 2020

Dr Roman Rausch, Kyoto University, Kyoto, Japan, 8.-12. 3. 2020

Dr Michele Tammaro, University of Cincinnati, USA, 26. 8. - 30. 9. 2020

Dr Lorenzo Ubaldi, SISSA, Trieste, Italy, 10.-13. 9. 2020

STAFF

Researchers

i N R

Prof. Borut Bajc

Prof. Janez Bonca*

Prof. Mojca Cepi¢*

Dr. Barry Michael Dillon, left 01.10.20
Prof. Svjetlana Fajfer

Prof. Jernej Fesel Kamenik, Head

Dr. Denis Golez

Dr. Matej Kandu¢

Asst. Prof. Jure Kokalj*

. Asst. Prof. Nejc Kosnik

. Dr. Rajmund Krivec

. Dr. Zala Lenarci¢

. Asst. Prof. Jernej Mravlje

. Asst. Prof. Miha Nemevsek

. Prof. Peter Prelovsek

. Prof. Sasa Prelovsek Komelj
. Prof. Anton Rams$ak*

. Dr. AnZe Rapo§ BoZi¢

. Asst. Prof. TomaZ Rejec*

. Fabio Staniscia, B. Sc.

. Prof. Bosiljka Tadi¢

. Michele Tammaro, B. Sc.

. Horacio Andres Vargas Guzman, B. Sc.
. Prof. Natasa Vaupotic*

. Asst. Prof. Lev Vidmar

. Prof. Primoz Ziherl*

BIBLIOGRAPHY

27.

Prof. Rok Zitko

Postdoctoral associates

28.
29.
30.
31.

Dr. Matej Krajnc

Dr. Friedrich Johannes Krien, left 01.07.20
Patrycja Katarzyna Lydzba, B. Sc.

Clement Adrien Zankoc, B. Sc.

Postgraduates

32.
33.
34,
35.
36.
37.
38.
39.
40.
41.
42.
43

Blaz Bortolato, B. Sc.

Victor Francisco Guada Escalona, B. Sc.
Arman Korajac, B. Sc.

Luka Medic, B. Sc.

Luka Paveic, B. Sc.

Jan Rozman, B. Sc.

Ursa Skerbis Stok, B. Sc.

Aleks Smolkovic, B. Sc.

Marin Sako, B. Sc.

Jan Suntajs, B. Sc.

Martin Ulaga, B. Sc.

Lara Ulcakar, B. Sc., left 01.12.20

Technical officers

44.

Miha Mohorci¢, B. Sc.

Technical and administrative staff

45.

Nevenka Hauschild

Note:

* part-time JSI member

ORIGINAL ARTICLE
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1. Arturo Moncho-Jorda, Ana B. Jédar-Reyes, Matej Kandu¢, Alicia
German-Bellod, Alicia Loépez-Romero, Rafael Contreras-Caceres,
Francisco Sarabia, Miguel Garcia-Castro, Héctor A. Pérez-Ramirez,
Odriozola Gerardo, "Scaling laws in the diffusive release of neutral
cargo from hollow hydrogel nanoparticles: paclitaxel-loaded poly(4-
vinylpyridine)", ACS nano, 2020, 14, 11, 15227-15240.

2. Wiktor Lewandowski, Natasa Vaupoti¢, Damian Pociecha, Ewa Gérecka,
Luis M. Liz-Marzan, "Chirality of liquid crystals formed from achiral
molecules revealed by resonant X-ray scattering”, Advanced materials,
2020, 32,41, 1905591.

3. Evgeny Z. Liverts, Rajmund Krivec, Nir Barnea, "Collinear configuration
of the helium atom and two-electron ions", Annals of physics, 2020, 422,
168306.
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Clément Zankoc, Matej Krajnc, "Elasticity, stability, and
quasioscillations of cell-cell junctions in solid confluent Epithelia”,
Biophysical journal, 2020,119, 9, 1706-1711.

. Kei Murakami, Ryuta Ebihara, Takuma Kono, Toshikaze Chiba, Yuka

Sakuma, Primoz Ziherl, Masayuki Imai, "Morphologies of vesicle
doublets: competition among bending elasticity, surface tension, and
adhesion", Biophysical journal, 2020, 119, 9, 1735-1748.

. Victor Guada, Miha Nemevsek, Matevz Pintar, "FindBounce: package for

multi-field bounce actions", Computer physics communications, 2020,
256, 107480.

Michael Schiiler, Denis Golez, Yuta Murakami, Nikolaj Bittner, Andreas
Hermann, Hugo U. R. Strand, Philipp Werner, Martin Eckstein, "NESSi:
The Non-Equilibrium Systems Simulation package", Computer physics
communications, 2020, 257, 107484.

Bosiljka Tadi¢, Miroslav Andjelkovi¢, Milovan Suvakov, Geoff]. Rodgers,
"Magnetisation processes in geometrically frustrated spin networks
with self-assembled cliques", Entropy, 2020, 22, 3, 336.

. Ilja Dorsner, Svjetlana Fajfer, Monalisa Patra, "A comparative study of

the S; and U; leptoquark effects in the light quark regime", The
European physical journal. C, 2020, 80, 204.

Damir Becirevi¢, Svjetlana Fajfer, Nejc Kos$nik, Aleks Smolkovic,
"Enhanced CP asymmetries in B —» Ku*u™", European physical journal.
C, Particles and fields., 2020, 80, 940.

. Philipp Terhorst, Kevin Riehl, Naser Damer, Peter Rot, Blaz Bortolato,

Florian Kirchbuchner, Vitomir Struc, Arjan Kuijper, "PE-MIU: a training-
free privacy-enhancing face recognition approach based on minimum
information units", IEEE access, 2020, 8,93635-93647.

Matej Pavsi¢, "On negative energies, strings, branes, and braneworlds:
a review of novel approaches”, International journal of modern physics
A4, 2020, 35, 33, 2030020.

Bouchra Asbani et al (11 authors), "Electrocaloric response in
lanthanum-modified lead zirconate titanate ceramics”, journal of
applied physics, 2020, 127, 22, 224101.

Rohit Nikam, Xiao Xu, Matej Kandu¢, Joachim Dzubiella, "Competitive
sorption of monovalent and divalent ions by highly charged globular
macromolecules”, The Journal of chemical physics, 2020, 153, 4,044904.
Darius Alexander Faroughy, Jernej Kamenik, Nejc Kos$nik, Aleks
Smolkovi¢, "Probing the CP nature of the top quark Yukawa at hadron
colliders", The journal of high energy physics, 2020, 2020, 85.

Ilja Dorsner, Svjetlana Fajfer, Olcyr Sumensari, "Muon g - 2 and scalar
leptoquark mixing", The journal of high energy physics, 2020, 2020, 89.
Patrick B. Dillon, Darius Alexander Faroughy, Jernej Kamenik, M. Szewc,
"Learning the latent structure of collider events”, The journal of high
energy physics, 2020, 2020, 10, 206.

Evgeny Z. Liverts, Rajmund Krivec, "Averaged electron densities of the
helium-like atomic systems", Journal of mathematical physics, 2020, 61,
032105.

Samuel W. Coles, Chanbum Park, Rohit Nikam, Matej Kandu¢, Joachim
Dzubiella, Benjamin Rotenberg, "Correlation length in concentrated
electrolytes: insights from all-atom molecular dynamics simulations”,
The journal of physical chemistry. B, Condensed matter, materials,
surfaces, interfaces & biophysical, 2020, 124, 9, 1778-1786.

Juliettte Alimena et al. (204 avtorji), "Searching for long-lived particles
beyond the standard model at the large hadron collider”, Journal of
physics. G, Nuclear and particle physics, 2020,47,9, 090501.

Janez Bonca, Jacek Cichon, Marcin Mierzejewski, "Binding energy of
magnetic bipolarons in disordered chains", Journal of superconductivity
and novel magnetism, 2020, 33,12, 3735-3744.

Anja Kopa¢ Lautar, Jan Bitenc, Tomaz Rejec, Robert Dominko, Jean-
Sébastien Filhol, Marie-Liesse Doublet, "Electrolyte reactivity in the
double layer in Mg batteries: an interface potential-dependent DFT
study”, Journal of the American Chemical Society, 2020, 142, 11, 5146-
5153.

Zhujie Li, Victor G. Ruiz, Matej Kandu¢, Joachim Dzubiella, "lon-specific
adsorption on bare gold (Au) nanoparticles in aqueous solutions:
double-layer structure and surface potentials", Langmuir, 2020, 36, 45,
13457-13468.

Rodrigo A. Moreira, Horacio V. Guzman, Subramanian Boopathi, Joseph
L. Baker, Adolfo B. Poma, "Characterization of structural and energetic
differences between conformations of the SARS-CoV-2 spike protein”,
Materials, 2020, 13, 23, 5362.

Borut Bajc, Adridn Lugo, Francesco Sannino, "Safe hologram", Modern
physics letters A, 2020, 35, 33, 2050273.

J. Li, Denis Golez, Philipp Werner, Martin Eckstein, "Superconducting
optical response of photodoped Mott insulators", Modern physics letters
B, 2020, 34, 19, 2040054.
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Ambroz Kregar, Anton Ramsak, "Rashba-controlled two-electron spin-
charge qubits as building blocks of a quantum computer”, Modern
physics letters B, 2020, 34, 19/20, 2040058.

Matej Kandu¢, Won Kyu Kim, Rafael Roa, Joachim Dzubiella, "Modeling
of stimuli-responsive nanoreactors: rational rate control towards the
design of colloidal enzymes", Molecular systems design & engineering,
2020, 5, 3,602-619.

Rodrigo A. Moreira, Mateusz Chwastyk, Joseph L. Baker, Horacio V.
Guzman, Adolfo B. Poma, "Quantitative determination of mechanical
stability in the novel coronavirus spike protein”, Nanoscale, 2020, 12,
31,16409-16413.

Vincent F. Flore, Matej Krajnc, Felipe Garcia Quiroz, John Levorse, H.
Amalia Pasolli, Stanislav Y. Shvartsman, Elaine Fuchs, "Mechanics of a
multilayer epithelium instruct tumour architecture and function”,
Nature, 2020, 585, 7825, 433-439.

Jan Rozman, Matej Krajnc, Primoz Ziherl, "Collective cell mechanics of
epithelial ~shells with organoid-like morphologies", Nature
communications, 2020, 11, 3805.

Konrad Gillmeister, Denis Golez, Chiang Cheng-Tien, Nikolaj Bittner,
Yaroslav Pavlyukh, Jamal Berakdar, Philipp Werner, Wolf Widdra,
"Ultrafast coupled charge and spin dynamics in strongly correlated
NiO", Nature communications, 2020, 11, 4095.

Leonid Pourovskii, Jernej Mravlje, Mario Pozzo, D. Alfe, "Electronic
correlations and transport in iron at Earth's core conditions", Nature
communications, 2020, 11, 4105.

Ambroz Kregar, Anton Ramsak, "Qubit transformations on Rashba ring
with periodic potential”, New journal of physics, 2020, 22, 083048.
Natasa Vaupoti¢, Miroslaw Salamonczyk, Joanna Matraszek, Martin
Vogrin, Damian Pociecha, Ewa Goérecka, "New structural model of a
chiral cubic liquid crystalline phase"”, PCCP. Physical chemistry chemical
physics, 2020, 22, 22, 12814-12820.

Sara Pia Marincek, Jernej Mravlje, Tomaz Rejec, "Slow quenches in the
band insulator described by the Su-Schrieffer-Heeger model", Physica
status solidi. B, Basic research, 2020, 257, 1900425.

Juan Carlos Fernandez-Toledano, Terence D. Blake, Joél De Coninck,
Matej Kandu¢, "Hidden microscopic life of the moving contact line of a
waterlike liquid", Physical review fluids, 2020, 5, 10, 104004.

Marcin Mierzejewski, Lev Vidmar, "Quantitative impact of integrals of
motion on the eigenstate thermalization hypothesis", Physical review
letters, 2020, 124, 4, 040603.

Tina Arh, Matjaz GomilSek, Peter PrelovSek, Matej Pregelj, Martin
Klanjsek, Andrzej Ozarowski, Stewart J. Clark, T. Lancaster, W. Sun, J.-X.
Mi, Andrej Zorko, "Origin of magnetic ordering in a structurally perfect
quantum kagome antiferromagnet", Physical review letters, 2020, 125,
2,027203.

Yu Cao, Mohamed Alaasar, Asritha Nallapaneni, Miroslaw Salamonczyk,
Peter Marinko, Ewa Gorecka, Carsten Tschierske, Feng Liu, Natasa
Vaupoti¢, Chenhui Zhu, "Molecular packing in double gyroid cubic
phases revealed via resonant soft X-ray scattering”, Physical review
letters, 2020, 125, 2, 027801.

Zala Lenarci¢, Ori Alberton, Achim Rosch, Ehud Altman, "Critical
behavior near the many-body localization transition in driven open
systems", Physical review letters, 2020, 125,11, 116601.

Patrycja Lydzba, Marcos Rigol, Lev Vidmar, "Eigenstate entanglement
entropy in random quadratic hamiltonians", Physical review letters,
2020, 125, 18, 180604.

Lara Ulcakar, Jernej Mravlje, Tomaz Rejec, "Kibble-Zurek behavior in
disordered Chern insulators", Physical review letters, 2020, 125, 21,
216601.

Denis Golez, Zhiyuan Sun, Yuta Murakami, Antoine Georges, Andrew J.
Millis, "Nonlinear spectroscopy of collective modes in an excitonic
insulator”, Physical review letters, 2020, 125, 25, 257601.

Peter PrelovSek, K. Morita, Takami Tohyama, Jacek Herbrych,
"Vanishing Wilson ratio as the hallmark of quantum spin-liquid
models", Physical review research, 2020, 2, 2, 023024.

Simon Copar, Anze Lo$dorfer BoZi¢, "Symmetry breaking of dipole
orientations on Caspar-Klug lattices", Physical review research, 2020, 2,
4,043199.

Tadej MeZnarsi¢, Rok Zitko, Tina Arh, Katja Gosar, Erik Zupani¢, Peter
Jegli¢, "Emission of correlated jets from a driven matter-wave soliton in
a quasi-one-dimensional geometry”, Physical review. A, 2020, 101, 3,
03160.

Peter Prelovsek, Jure Kokalj, "Similarity of thermodynamic properties
of the Heisenberg model on triangular and kagome lattices", Physical
review. B, 2020, 101, 7, 075105.

Nikolaj Bittner, Denis Golez, Martin Eckstein, Philipp Werner,
"Photoenhanced excitonic correlations in a Mott insulator with
nonlocal interactions", Physical review. B, 2020, 101, 8, 085127.

Annual Report 2020

37



::o Jozef Stefan Institute

38

50.

51.

52.

5

w

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65

66.

67.

68.

69.

70.

71.

72.

73.

Yujun Zhang et al. (11 authors), "Photoemission and dynamical mean
field theory study of electronic correlations in a tzsg metal SrRhO; thin
films", Physical review. B, 2020, 101, 8, 085134.

Guido Pupillo, PrimoZz Ziherl, Fabio Cinti, "Quantum cluster
quasicrystals", Physical review. B, 2020, 101, 13, 134522.

Yuta Murakami, Denis Golez, Tatsuya Kaneko, Akihisa Koga, Andrew J.
Millis, Philipp Werner, "Collective modes in excitonic insulators: effects
of electron-phonon coupling and signatures in the optical response”,
Physical review. B, 2020, 101, 19, 195118.

. Li Jiajun, Denis Golez, Giacomo Mazza, Andrew ]. Millis, Antoine

Georges, Martin Eckstein, "Electromagnetic coupling in tight-binding
models for strongly correlated light and matter", Physical review. B,
2020,101, 20, 205140.

Brecht Donvil, Lara Ul¢akar, TomaZ Rejec, Anton Ramsak, "Thermal
effects on a nonadiabatic spin-flip protocol of spin-orbit qubits",
Physical review. B, 2020, 101, 20, 205427.

Z. Su et al. (12 authors), "Erasing odd-parity states in semiconductor
quantum dots coupled to superconductors”, Physical review. B, 2020,
101, 23, 235315.

Janez Bonca, "Spectral function of an electron coupled to hard-core
bosons", Physical review. B, 2020, 102, 3, 035135.

Izidor Benedici¢, Nejc Jansa, Marion Van Midden, Peter Jegli¢, Martin
Klanjsek, Erik Zupani¢, Zvonko Jagli¢i¢, Petra Sutar, Peter Prelovsek,
Dragan Mihailovi¢, Denis Arcon, "Superconductivity emerging upon Se
doping of the quantum spin liquid 1T — TaS,", Physical review. B, 2020,
102, 5,054401.

Jan §untajs, Janez Bonc¢a, TomaZ Prosen, Lev Vidmar, "Ergodicity
breaking transition in finite disordered spin chains", Physical review. B,
2020,102, 6,064207.

A. Vrani¢, J. Vucicevi¢, Jure Kokalj, Jan Skolimowski, Rok Zitko, Jernej
Mravlje, D. Tanaskovi¢, "Charge transport in the Hubbard model at high
temperatures: triangular versus square lattice”, Physical review. B,
2020,102,11,115142.

Riku Tuovinen, Denis Golez, Martin Eckstein, Michael A. Sentel,
"Comparing the generalized Kadanoff-Baym ansatz with the full
Kadanoff-Baym equations for an excitonic insulator out of equilibrium",
Physical review. B, 2020, 102, 11, 115157.

E. Vernek, G. B. Martins, Rok Zitko, "Anisotropic Kondo screening
induced by spin-orbit coupling in quantum wires", Physical review. B,
2020,102, 15,155114.

Marcin Mierzejewski, M. Sroda, Jacek Herbrych, Peter Prelovsek,
"Resistivity and its fluctuations in disordered many-body systems: from
chains to planes", Physical review. B, 2020, 102, 16, 161111.

Li Jiajun, Denis Golez Philipp Werner, "n-paired superconducting
hidden phase in photodoped Mott insulators", Physical review. B, 2020,
102, 16, 165136.

David Jansen, Janez Bonca, Fabian Heidrich-Meisner, "Finite-
temperature density-matrix renormalization group method for
electron-phonon systems: thermodynamics and Holstein-polaron
spectral functions", Physical review. B, 2020, 102, 16, 165155.

. J. C. Estrada Saldafia, A. Vekris, Rok Zitko, G. Steffensen, P. Krogstrup, J.

Paaske, K. Grove-Rasmussen, J. Nygard, "Two-impurity Yu-Shiba-
Rusinov states in coupled quantum dots", Physical review. B, 2020, 102,
19,195143.

Nikolaj Bittner, Denis Golez, Martin Eckstein, Philipp Werner, "Effects
of frustration on the nonequilibrium dynamics of photoexcited lattice
systems", Physical review. B, 2020, 102, 23, 235169.

Benjamin Fuks, Miha Nemevsek, Richard Ruiz, "Doubly charged Higgs
boson production at hadron colliders", Physical review. D, 2020, 101, 7,
075022.

Ilja Dorsner, Svjetlana Fajfer, Shaikh Saad, "u — ey selecting scalar
leptoquark solutions for the (g —2),, puzzles", Physical review. D,
2020,102,7,075007.

Victor Guada, Miha Nemevsek, "Exact one-loop false vacuum decay
rate", Physical review. D, 2020, 102, 12, 125017.

Bosiljka Tadi¢, Milovan Suvakov, Miroslav Andjelkovi¢, Geoff J. Rodgers,
"Large-scale influence of defect bonds in geometrically constrained
self-assembly", Physical review. E, 2020, 102, 3, 032307.

M. Yusuf Ali, Ewa Goérecka, Damian Pociecha, Natasa Vaupotic,
"Structure and grating efficiency of thin cells filled by a twist-bend
nematic liquid crystal", Physical review. E, 2020, 102, 3, 032704.

Jan §untajs, Janez Bonc¢a, Tomaz Prosen, Lev Vidmar, "Quantum chaos
challenges many-body localization", Physical review. E, 2020, 102, 6,
062144.

Jonathan H. Fetherolf, Denis Golez Timothy C. Berkelbach, "A
unification of the holstein polaron and dynamic disorder pictures of

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

charge transport in organic crystals", Physical review. X, 2020, 10, 2,
021062.

Daniel Dzoib, Mojca Cepi¢, "Simple method for measuring thermal
conductivity", Physics education, 2020, 55, 045004.

Sasa Prelovsek, Hiiseyin Bahtiyar, Jan Petkovi¢, "Z, tetraquark channel
from lattice QCD and Born-Oppenheimer approximation”, Physics
letters. Section B, 2020, 805, 135467.

Sébastien Descotes-Genon, Svjetlana Fajfer, Jernej Kamenik, Martin
Novoa-Brunet, "Implications of b — uu anomalies for future
measurements of B - K®vau and K — mvau", Physics letters. Section
B, 2020, 809, 135769.

Bosiljka Tadi¢, Roderick Melnik, "Modeling latent infection
transmissions through biosocial stochastic dynamics", PloS one, 2020,
15,10, e0241163.

Matej Kandu¢, Emanuel Schneck, Philip Loche, Steven Jansen, H. Jochen
Schenk, Roland R. Netz, "Cavitation in lipid bilayers poses strict
negative pressure stability limit in biological liquids", Proceedings of the
National Academy of Sciences of the United States of America, 2020, 117,
20,10733-10739.

AnZe Lo$dorfer BoZi¢, Antonio Siber, "Mechanical design of apertures
and the infolding of pollen grain", Proceedings of the National Academy
of Sciences of the United States of America, 2020, 117, 43, 26600-26607.
Miroslav Andjelkovi¢, Bosiljka Tadi¢, Roderick Melnik, "The topology of
higher-order complexes associated with brain hubs in human
connectomes", Scientific reports, 2020, 10, 17320.

The LHC BSM Reinterpretation Forum, Waleed Abdallah et al,
"Reinterpretation of LHC results for new physics: status and
recommendations after run 2", SciPost physics, 2020, 9, 2, 022.

Matej Krajnc, "Solid-fluid transition and cell sorting in epithelia with
junctional tension fluctuations", Soft matter, 2020, 16, 13, 3209-3215.
Joanna Matraszek, Damian Pociecha, NataSa Vaupoti¢, Miroslaw
Salamonczyk, Martin Vogrin, Ewa Goérecka, "Bi-continuous
orthorhombic soft matter phase made of polycatenar molecules”, Soft
matter, 2020, 16, 16, 3882-3885.

Won Kyu Kim, Richard Chudoba, Sebastian Milster, Rafael Roa, Matej
Kandu¢, Joachim Dzubiella, "Tuning the selective permeability of
polydisperse polymer networks", Soft matter, 2020, 16, 35, 8144-8154.

PUBLISHED CONFERENCE CONTRIBUTION

1.

Blaz Bortolato, Marija Ivanovska, Peter Rot, Janez Krizaj, Philipp
Terhorst, Naser Damer, Peter Peer, Vitomir Struc, "Learning privacy-
enhancing face representations through feature disentanglement”, In:
FG 2020, 15th IEEE International Conference on Automatic Face and
Gesture Recognition, May 16-20 2020, Buenos Aires, AR, Proceedings,
IEEE, 2020, 45-52.

SCIENTIFIC MONOGRAPH

1.

Matej Pavsi¢, Stumbling blocks against unification: on some persistent
misconceptions in physics, World Scientific, 2020.

UNIVERSITY, HIGHER EDUCATION OR
HIGHER VOCATIONAL EDUCATION
TEXTBOOK

1.

2.

Simon Copar, Daniel SvensSek, AleS Mohori¢, Sasa Prelovsek, Resene
kolokvijske naloge iz klasi¢ne fizike, Fakulteta za matematiko in fiziko,
2020.

Andrej Zorko, Miha Nemevsek, Nejc Kosnik, Matic Lubej, Resene naloge
iz moderne fizike, Fakulteta za matematiko in fiziko, 2020.

THESES AND MENTORING

1.

2.

Daniel Dziob, Researching innovative strategies for enhancement of

understanding and motivation in science: doctoral dissertation,
Ljubljana, 2020 (mentor Mojca Cepi¢; co-mentor Dagmara
Sokotowska).

Lara Ul¢akar, Non-equilibrium dynamics of topological insulators:
doctoral dissertation, Ljubljana, 2020 (mentor TomaZ Rejec; co-mentor
Jernej Mravlje).

Annual Report 2020



DEPARTMENT OF LOW AND
MEDIUM ENERGY PHYSICS

F-2

The members of the Department of Low and Intermediate Energy Physics are engaged in the
research of atomic, molecular, optical and nuclear physics. A deep understanding of atomic and
nuclear processes is paramount for the interdisciplinary research conducted at our department,
which includes activities in the fields of environmental radiological monitoring, material
research, fusion, biology, energy storage, medicine, pharmacology, environmental sciences and
archaeometry. Our research is conducted using our own experimental equipment, consisting of
an ion-beam accelerator and beamlines, dedicated detectors of ionizing radiation, experimental
setups for atomic and molecular physics and calibrated radiation fields. In addition, our researchers
are among the regular users of large research facilities worldwide, such as particle accelerators,
synchrotrons and free-electron lasers. These facilities are accessed either through self-initiated
applications or through international collaborations and research networks. To counterweight
this process, access to the beamtime at the JSI tandem ion accelerator is available for international
users within the EU H2020 project RADIATE.

We have continued our work at the three-spectrometer facility of the Mainz Microtron (MAMI), with the focus
on analysing and publishing the results on the data acquired during recent production runs. Our measurements
of the polarization transfer in proton knock-out from carbon nuclei have been published (Brecelf et al, Phys. Rev
€ 2020), accompanied by a detailed study of the induced polarization component in general A(e,e’p) processes in
non-coplanar kinematics (Paul et al., Phys. Lett. B 2020). While the study by Brecelj et al. was aimed at the issue of
“universality” in the proton elastic form-factor ratios for various nuclei, which is related to the possible modification
of the form-factors of embedded protons, we have also examined the effect of local nuclear density by investigating
the polarization-transfer to protons bound in different (s and p) shells of the carbon nucleus (Kolar et al., Phys.
Lett. B 2020). We have (re)analysed the elastic electron scattering on protons for very low-momentum transfer
(data acquired in the ISR experiment) and studied the role of specific models in the extraction of the proton radius
(Mihovilovic at al., Frontiers in Phys. 2020), a persistently elusive quantity constituting the so-called “proton
radius puzzle”. As part of our MAGIX Collaboration involvement, we studied the response of Cherenkov radiators for
calorimetry in the energy range below 14 MeV (Christmanmn et al., Nucl. Instr. Meth. A 2020).

Our work at the Thomas Jefferson National Accelerator Facility (Jefferson Lab) has also been

focused on the analysis of data from several experiments performed during the 6-GeV CEBAF era.
One of the most resounding results of our measurements of deeply virtual Compton scattering off
the neutron was the flavour separation of helicity-conserved Compton form-factors, which has
now been published in Nature Physics (Benali et al., Nature Physics 2020). We have continued
to analyse the data from a comprehensive group of experiments using the tritium target, which
offers a unique opportunity to explore *H and its mirror nucleus, *He, and allows us to assess
the validity of crucial model assumptions, in particular the isospin symmetry. The results of our
measurement of the *He spin-structure functions and of neutron spin-dependent sum rules at
low momentum transfers have also been published (Su/kosky et al., Phys. Lett. B 2020). The
analysis of the experiment probing few-body nuclear dynamics by measuring *H(e,e’p)pn and
He(e,e’p)pn cross-sections at large momentum transfers and xBj > 1 has also been finished and
published (Cruz-Torres et al., Phys. Rev. Lett. 2020). Finally, we have completed the analysis of
our measurement of inclusive cross-section from 48Ca and 40Ca isotopes (Nguyen et al., Phys.
Rev. € 2020): by comparing the xBj-dependence of the cross-sections from “Ca to those from
“Ca in a kinematic region dominated by short-range correlations (SRCs) we have provided a
new way to study the isospin structure of SRCs in Ca isotopes.

Head:
Prof. Primoz Pelicon

The biggest eventin the Nuclear Astrophysics Laboratory in 2020 was the approval and start ~ £igure 1 New hypersonic jet target at the A1

of the H2020 EU project CleanHME (Clean Hydrogen Metal Energy), where JST is collaborating

experimental hall in Mainz Microtron (MAMI),
built for an upcoming series of high-precision

with 14 consortium members in the field of research and applications of nuclear reactionsbased yc/ear experiments with electrons on various

on hydrogen-metal and plasma systems. The project has started with great enthusiasm, and the  nuclear targets.
kick-off meeting was held at the University of Szczecin on September 23-25, 2020.
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In parallel with the construction of the FAIR (Facility for Anti-proton and Ion Research) accelerator centre,
which is one of the largest projects for basic research in the world, the FAIR Phase-0 research programme is already
taking place at the GSI (Darmstadt, Germany) premises. Our primary focus here is the NUSTAR physics programme
devoted to nuclear structure, reactions and astrophysics, crucial for understanding the creation of all the matter

in the universe, specifically in High-Resolution In-Flight Spectroscopy/

Decay Spectroscopy (HiSpec/DeSpec), Super Fragment Separator (Su-

perFRS) sub-collaborations. HiSpec/DeSpec experiments aim to address

the key issues in nuclear structure, reactions and nuclear astrophysics at

the limits of nuclear existence. A key veto system based on BGO (bismuth

germanate) detectors was further optimized by our group, including the

optical transport simulations, development of readout electronics and

photodiode placement optimization. We have been actively involved in the

first H/D Phase 0 experiment in which the structure of the heaviest N=Z

nuclei was studied. We have also been involved in the instrumental build-up

of HISPEC-10, aimed at an investigation of short-lived or chemically inert

nuclei. The main instrument of the NUSTAR collaboration is the Fragment

Separator (FRS), to be superseded by a more capable SFRS, designed to be

Figure 2: DeSpec setup at FAIR for 2019/2020 experimental campaign the only magnetic separator in the world capable of separating intense
beams of ions of any element, up to uranium. The mass selectivity of the

(S)FRS is further drastically improved with a TOF mass separator - for the latter, we have previously developed
an electrostatic lens-stabilization monitor and after the installation achieved the world record in mass resolution
of TOF spectrometers. We have participated in experiments measuring the masses of ground states of Pd-63 and
As-69 as well as in experiments studying the exotic decay of Br-69 and Rb-73. We have also been involved in a new
isotope search in the Pb-208 region experiments for FAIR phase-0 programme with stopped FRS beams. For the R3B
collaboration, we have assembled and characterised 60 detector elements for the CALIFA scintillation calorimeter.

Members of the lonizing Radiation Measurements Group were involved in research activities related to the
ionising radiation monitoring and nuclear physics. In addition, they conducted the environmental radioactivity
monitoring of the living environment in Slovenia, regular Krsko Nuclear Power Plant (KNPP) off-site environ-

mental radioactivity monitoring, independent verification of the regular
environmental radioactivity monitoring around KNPP, monitoring of the
radioactivity in fodder, central radioactive waste repository radiological
monitoring, monitoring of the radioactivity in drinking water, material
characterizations, calibrations of the radiation gauges and the measure-
ments of the personal and environmental doses by thermo-luminescent
dosimeters. These activities are accredited according to the SIST EN ISO/IEC
17025 standard. Our results at the international intercomparisons regularly
rank among the best of the participating institutions. Based on this perfor-
mance, we are often invited to collaborate in groups for the characterization
of reference materials. In 2020, together with a Scottish-Austrian partner,
we prepared 460 samples in 89 sets for four international intercompari-
sons. The samples were characterized and tested in accordance with the
requirements of international standards. A total of 62 laboratories from
14 countries from five continents participated in these intercomparisons.
As a designated institution and as the holder of the national standard
for ionizing radiation, we continued the activities on the projects from the
EU EMRP project: “Preparedness - Metrology for mobile detection of ionis-
Figure 3: Measured frequency disiribution of electron pairs with energies ing radiation following a nuclear or radiological incident”. In collaboration
E, and E, emitted by argon atoms when bombarded with electrons of 0.8~ With UPC, Barcelona, Spain, we were developing and upgrading a novel
keV initial kinetic energy (Z. Barba el al., Rev, Sci. Instrum. 91, 073108 gamma-radiation hotspot locator with an angular sensitivity to operate on
(2020)). an unmanned helicopter. In 2020 we started the sampling and analysis
of groundwater, thermal waters, precipitation and surface water in the
area of influence of HPP Mokrice in the framework of the project “Qualitative and quantitative monitoring of
groundwater in the impact area of the dam_for HPP Mokrice. The purpose of the project is to determine the
state of the environment before the start of the construction of HPP Mokrice. Our group participates in the task
of determining the concentration activities of *H and the total content of alpha and beta emitters in water from
boreholes in the construction area of the HPP Mokrice.
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We continued with the study of the presence of organically bound tritium (OBT) and “C in various terrestrial
and aquatic biota in the vicinity of the Kr$ko NPP and at reference locations. In 2020 we replaced radioactive sources
in the NDS, '¥'Cs (July 22, 2020) and “Co (October 21, 2020). With the new sources we increased the field strength

of ionizing radiation at '¥/Cs by 5 and at ®°Co by a factor of 30.

In 2020 we successfully completed the ENRAS (Ensuring the safety of
intervention teams in the event of nuclear or radiological accidents) project
within the Crossborder Cooperation Program Interreg V-A Slovenia-Croatia
2014-2020. The project involves JSI as a leading partner, the Institute for
Medical Research and Occupational Medicine - IMI from Zagreb, and the
Firefighting Association of Slovenia. The purpose of the project was to
develop a cross-border cooperation in ensuring the safety and competence
of civil protection in the event of a nuclear or radiological accident. In the
framework of the project, we trained a total of 800 firefighters in Slovenia
and Croatia in individual trainings. Moreover, 290 firefighters from both
sides of the border took part at 9 joint exercises. Thus, we realized all the
goals of the project and laid the foundations for further education and
training of intervention workers in the Republic of Slovenia.

In the research field of atomic and molecular physics, we completed
the development of a unique instrument for electronic gas scattering
research in our home laboratory. The magnetic bottle spectrometer was
coupled to a pulsed source of electrons and its operation was demonstrated
by measuring the scattering of electrons with a kinetic energy of 0.8 keV

Figure 4: Calculated spectral intensity of radiation emitted in the
direction of the incident light beam by a 5um-long zinc target at the
transitions Kol (~8639 eV) and Ka.2 (~8616 eV) at different energies of
the probe light pulse. At high light intensities, the calculation predicts the
Autler-Townes split of self-triggered stimulated emission Kol (S. Krusic et
al, PRA 102, 013102 (2020)).

on argon. We measured the energy distribution of the electron pairs created by the electron ionization of the outer
shells of the atom (Barba et al,, Rev, Sci. Instrum. 2020). The manufactured electron-driven magnetic bottle
spectrometer allows the detection of a large number of electrons emitted by atoms due to electron scattering and
offers parallel measurements of many decay channels with unprecedented efficiency.

In 2020 we published several research results obtained with synchrotron light. With two holes in different
atomic shells, the deeper hole usually decays first, unless the outer hole decays with an ultrafast Coster-Kronig decay.
We studied the decay of the 1s2s2p°(3s/3p) state in Ne' ions, for which there is competition between the 1s and 2s
core-hole decay, in collaboration with French researchers on the Soleil synchrotron. From the electronic spectra

recorded with a magnetic bottle spectrometer, we determined the ratio of
the two decay paths (Jankdld et al., Phys. Rev. A 2020). Synchrotron light
was also used to observe single-photon absorption in benzene, where, along
with the ionization of the molecule (an electron is ejected from the K shell
on a carbon atom), an additional excitation of the second electron occurs,
leading to the so-called K-2V molecular states. Auger spectra recorded with
a magnetic bottle have a rich structure, which was explained by the DFT
and Hartee-Fock calculations (Carniato et al., J. Phys. B: At. Mol. Opt.
Phys. 2020). In collaboration with our colleagues, we published the most
accurately measured Auger spectra of KLL to date; the Auger electrons are
emitted by argon atoms after K-shell ionization with synchrotron light.
The experimental results are accompanied by a detailed analysis of the
measured spectra, where we contributed a part of the calculations. The
measurements were performed at two photon energies (3216 eV and 3400
eV), so thatin the analysis, it was possible to distinguish between the Auger
spectra emitted by satellite states in the preparation of the initial state with
a K-shell hole and the shake-up contributions that occur due to the Auger
decay of a simple K hole (Peittner et al., Phys. Rev. A 2020).

In the field of theoretical atomic and molecular physics dealing with
laser light in the XUV and X-ray wavelength regions, we improved the
modelling of self-triggered stimulated emission. One of the problems in
a conventional process simulation with Maxwell-Bloch equations is the
correct treatment of spontaneous emission. We calculated the Zn-Ka.
emission spectrum using quantum correlation functions to describe

Figure 5: Predicted change in the angular distribution of the
photoelectron after absorption of a photon from a stream of infrared
light with an orbital angular momentum (OAM) of +1 or-1 (red arrow).
The helium atom from which the photoelectron originates is located in
the vertex of the light beam. Primary ionization is caused by a photon
Sfrom a circularly polarized VUV light pulse generated by a free-electron
laser (purple arrow). The effect observed in the experiment is not so
pronounced due to the spatial smearing of the helium gas target (G. De
Ninno et al., Nature Photonics 14, 554 (2020)).

spontaneous emission in the first part of the propagation, and the usual approach in the second part, where the
spontaneous contribution becomes negligible with respect to the stimulated radiation. In the publication, we
predict the Autler-Townes splitting of the spectral line after excitation by attosecond pulses of strong light recently
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Figure 7: Left: the scheme of the W/ He irradiation and D exposure

procedure on W samples. The samples were exposed to a thermal

deuterium (D) atom beam at 600 K to populate all the created defects.
Right: the D depth profiles as measured at the end of the D exposure. The
hashed area shows the He implantation depth profile and the dashed
line shows the W ion damaged profile, both calculated with the binary
collision program SRIM. The D concentration is the highest where the
maximum He concentration is anticipaled, and increases with the He
concentration (Markelj et al. Nucl. Fusion 60 (2020) 106029).

generated by a free-electron laser LCLS (Krusic et al., Phys. Rev. A 2020).
Itis known that photons carry a limited spin angular momentum, but it is
less known that a photon beam can also have an unlimited orbital angular
momentum. The latter depends on the azimuthal dependence of the phase
of the electromagnetic wave in the plane transverse to the direction of the
wave's propagation. In the paraxial approximation, both types of angular
momenta are well defined. In collaboration with researchers from the
University of Nova Gorica, we were able to show by measuring dichroism
that the orbital angular momentum from a twisted beam of IR light can be
transferred to a single electron emitted by an atom during ionization with
circularly polarized XUV light ( De Ninno et al., Nature Phot. 2020). The
finding may be technologically important because it allows the controlled
formation of short-term and localized magnetic fields. In 2020 we also
completed and published an analysis of time-sensitive measurements of
fluorescence spectra emitted by a helium atom in the 1s3p — 152s transi-
tion. The 1s3p initial state excitation occurred with a fs light pulse on
the FERMI free-electron laser source in a well-defined instant, and time
dependence of the fluorescence line intensity was measured by a “streak”
camera that detects photons with a time resolution of a few ps. An undula-

tion of the fluorescence signal resulting from the Zeeman splitting of the initial states in a strong magnetic field
was observed. The field was due to the strong permanent magnet close to the target that is required to operate the
magnetic bottle spectrometer (LaForge et al., J. Phys. B: At. Mol. Opt. Phys. 2020). We have devised an advanced
theoretical approach for the calculation of multiphoton ionization amplitudes and cross-sections of atoms and
simple molecules (Mihelic and Horvat, accepted for publ. In Phys. Rev. A). The approach is based on the method
of exterior complex scaling (ECS) and allows for a reliable extraction of ionization amplitudes from the region
of space that is unaffected by the complex coordinate transformation. Our approach circumvents the difficulties

Figure 6: Installation of a new Silicon Drift Detector for the detection of
characteristic X-rays in micro-PIXE spectroscopy at the JSI accelerator
laboratory. The four segments of the detector configured in an annular

geometry cover an extremely large defection solid angle of 1 steradian.
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encountered with the calculation schemes based on the projection on the
complex scaled channel wave functions, numerical extrapolation of the
size of the simulation volume or numerical extrapolation of regularization
parameters, and thus simplifies the theoretical description of resonant
processes, such as resonance-enhanced multiphoton ionization or doubly-
resonant two-photon ionization.

Mdssbauer spectroscopy supported with XRD, SEM, TEM, NMR, SQUID,
EPR, and EXAFS, was used to investigate the material properties of different
classes of magnetic nanoparticles, environmental samples and catalysts.
We contributed to the understanding of the a—e Fe,0, transformation
(Tadic et al,, Acta Mat. 2020) in terms of an increased surface energy of
the hollow hematite nanoparticles with a very high surface area. Therefore,
taking into consideration the large surface area of the hollow nanopar-
ticles, the a-Fe,0, becomes a thermodynamically unstable phase. We
demonstrated the formation and stabilization of &-Fe,0, nanostructures
with an anisotropic shape and high coercivity ~20 kOe, which is one of
the key properties for high-density, magnetic memory media and storage.

The influence of Fe loading in Cu-Fe catalyst material phases and
its effect on carbon monoxide (CO) oxidation in H,-rich reactant streams
were investigated ( Dasireddy et al., RSC advances 2020). There was no
change in the oxidation state of the Fe ions with copper or iron loading. In
addition to the formation of the CuFe, 0, phase, the Fe and Cu were found to
be incorporated into a Cu-Fe supersaturated solid solution that improved
(0 oxidation activity, with carbon dioxide and water produced selectively
with high catalytic activity in depleted hydrogen streams.

We were active in high-resolution X-ray spectroscopy in the field of
applied research to improve lithium-sulphur batteries. In this type of bat-
tery, sulphur is reduced during a discharge through a special mechanism
in which the active material dissolves sequentially in the electrolyte and
forms lithium polysulfides (Li,S ), where x is a function of the state of
charge. From the spectroscopy of lithium polysulfide samples, we observed
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apre-peak in the vicinity of the sulphur K absorption edge and confirmed the theoretical prediction that its relative
yield depends on the length of the polysulfide chain (Robba et al., J. Phys. Chem. Lett. 2020). In the field of X-ray
spectroscopy, we also published an analysis of satellite and hyper-satellite contributions to the Ka emission line in the

ionization of titanium with alpha particles with a kinetic energy of 3-5 MeV.
(Kavcic et al, Nucl. Instr. Meth. B 2020). These research activities were
undertaken to improve the analysis of X-ray spectra acquired by an alpha
beam of the APXS spectrometer operating at the Curiosity rover on Mars.

As part of the aerosol research in the European project EUMET-
AEROMET, we investigated the operation of the low-cost optical aerosol
sensor GP2Y1010AUOF in three different environments: a clean room, in
a controlled atmosphere with a known size distribution of aerosols and in
an urban environment polluted by traffic. The collected sensor data were
used to predict the sensor response in real-world measurements, which was
simultaneously monitored with a calibrated optical particle counter ( Bucar
etal., Sensors 2020). This kind of research is important to determine the
limits of reliability for low-cost sampling and measurement equipment that
provides a great deal of data at countless measuring points in space and
time in contrast to a few selected points with expensive and complicated
measuring devices.

In the laboratory for fusion research coordinated by the EUROfusion
Consortium within the Work Package on “Preparation of efficient Plasma-
Facing Component (PFC) operation for ITER and DEMO”, we investigated
the influence of helium (He) on deuterium (D) retention and transport

Figure 8: The procedure of the annealing experiment where W samples
were first irradiated by W ions to create displacement damage, then
exposed to D, annealed, and then analysed 1o study the presence of D
on the defect evolution with the temperature. (from Pecovnik et al., Nucl.
Fusion 60 (2020) 106028).

when He is implanted inside the bulk of tungsten (W). In future fusion devices, He will be produced directly through
the deuterium-tritium fusion reaction, by nuclear reactions between the wall material and neutrons and indirectly
by tritium decay. For this purpose, it is important to know how He can influence the hydrogen isotope retention
in future devices. The study was performed in our home laboratory where we followed the dynamics of D uptake
by measuring the D depth profiles in situ during and after D exposure by nuclear reaction analysis (Markelj et al.
Nucl. Fusion 2020). A peak of the D concentration was measured at the position of maximum He concentration,

as shown in figure 1. We show that the D retention increases linearly with
implanted He fluence following a D/He ratio of 0.29. From this study we
could conclude that in the main wall of a future fusion device the effect
of He will not dominate D retention in W, as the retention associated with
the defects in the neutron-bombarded W will dominate. However, at high
heat flux areas where the displacement damage possibly anneals out, and
hence the defect concentration drops, He could accumulate in the material
and the He-associated retention prevails.

Inthe second study the effect of D on the annealing of radiation damage
was addressed (Pecovnik et al. Nucl. Fusion 2020). Tungsten samples
were sequentially irradiated with 20-MeV W ions at room temperature and
loaded with a low-temperature D plasma at 370 K to decorate the created
defects. To study the evolution of the created defects with D being present,
samples were annealed by heating them to a particular temperature and
holding for 2 h. The surviving displacement damage was decorated by
re-exposing the samples to the same D plasma as before. The schematics
of the experimental procedure are shown in figure 2. We found that if
there is an effect of D on the displacement damage evolution, it is very
small for our chosen annealing temperatures and hold time. We have also
presented a kinetic model to describe hydrogen absorption and desorption
from tungsten at different surface coverages (Hodille at el. Nucl. Fusion
2020). Activation energies for hydrogen absorption into the bulk and
desorption from the surface of tungsten were modelled by functions that

Figure 9: The National laboratory for dosimetric standards (NDS):
the irradiation facility with a concrele shield and command room,
providing the national etalon for ionizing radiation for the Metrology
Institute of the Republic of Slovenia. New radiation sources, ¥'Cs and
0Co, were installed in 2020,

depend explicitly and continuously on the hydrogen surface coverage. With this approach we were able to success-
fully describe the published experimental results on the D uptake and retention of self-damaged tungsten exposed
to 0.28-eV deuterium atoms at different temperatures ranging from 450 K to 1000 K, performed in our laboratory.
Finally, the steady-state model was applied for extrapolation from the milder conditions in laboratory experiments

to the harsh conditions present in fusion devices.
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3:. Jozef Stefan Institute

The tandem accelerator of the JoZef Stefan Institute provided 3000 beam hours to the users in 2020. We
conducted extensive research with the micro-PIXE method in the field of plant biology. With collaborators from
Germany, we studied the elemental distribution in developing barley grain (Detterbeck et al. Journal of Food and
Agricultural Chemistry, 2020) and the localisation of Pb in plant leaves (Horeth et al. New Phytologist 2020).
With collaborators from the United Kingdom, we evaluated the P distribution in roots (Pongrac et al. BUC Plant
Biology, 2020) and gene expression in responses to the P and Zn interaction in roots (Pongrac et al. Frontiers in
Plant Science, 2020). With collaborators from Spain, we evaluated the distribution of Al and other elements in the

leaves of tea plants (Pongrac et al. Food and Chemical Toxi-
cology, 2020). Within the ARRS project entitled “lonome of crop
plants for safe and quality food production”, the distribution of
Cain commune bean seeds (Cominelli et al. Food Chemistry,
2020) and distribution and ligand environment of Fe in wheat
grain (Pongrac et al. Plants 2020) were investigated at ESRF
in Grenoble by using micro-XRF mapping and micro-XANES.
Atthe Elettra synchrotron in Trieste we studied the distribution
and ligand environment of Fe in diploid and tetraploid wheat
species and the effect of Se on the uptake of Hg into the slug food
chain (Kavcic et al. Food and Chemical Toxicology 2020).
At the ALBA synchrotron in Barcelona we used the EXAFS
method to study the degradation of silver nanoparticles with
PVP, citrate and PEG coatings in lettuce tissues (Torrent et al.

Figure 10: Manipulation of the new ¥'Cs source in the hot cell of JSI. In Journal of Hazardous Materials, 2020). We also studied the
2020, we installed the new ¥Cs and ©’Co sources in the irradiator of effect of drought on the formation Ca crystals in buckwheat

the National laboratory for dosimetry standards, providing a gamma tissues (Gaberscik etal., Plants, 2020) and the effects of Si ac-

irradiation field for the national etalon of ionizing radiation.
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cumulation on the optical properties of leaves of Deschampsia
caespitosa (Grasic et al. Biologia Plantarum, 2020).

In collaboration with the Department of Surface Technology and Optoelectronics, F4, we initiated research
on the influence of low-pressure cold plasma on seed morphology, genetics and physiology (Staric et al. Plants
2020). In collaboration with KI we studied the parameters for distinguishing between conventional and organic
chicory production (Sinkovic et al. Food and Chemical Toxicology 2020). In collaboration with the Department of
Environmental Science (02) we studied the geographical origin of Slovenian milk based on isotopic and elemental
composition (Pofocnik et al. Food Chemistry 2020). For the applicative project “Locally grown buckwheat grain for
the production of high-quality food products” we mapped detailed tissue-specific distribution in Tartary buckwheat
grain (Pongrac et al. Fagopyrum, 2020) and studied the connection between the nutritional quality of buckwheat
and antiviral effects (Luthar et al., Plants, 2020).

We organised a two-day long (14th and 15th September) on-line conference ICNMTA2020 (17th International
Conference on Nuclear Microprobe Technology and Applications), which attracted 151 attendees from 29 countries
and six continents, who participated in the ideas exchange on recent technical advancements and the broad spectrum
of focused-ion-beam applications through 21 invited talks, 26 contributed talks and 20 posters.

The high-energy focused ion (Microbeam) station was upgraded with a new and unique SDD detector that
boasts four segments and offers 1 steradian of acceptance solid angle. The detector enables edge-quality quantita-
tive elemental analysis of organic and inorganic samples in dried or frozen-hydrated state at the (sub) micron
level. Thanks to its extremely large solid angle, we managed to accelerate micro-PIXE measurements by a factor of
10. The design of this detector was very demanding, as it was necessary to consider the existing geometry of the
measuring chamber with respect to the ion beam: the “head” of the detector had to be bent to 45°. This challenge
was taken over by the company PNDetector and the purchase of the detector was partly financed by the Public
Agency for Research of the Republic of Slovenia (Public tender for co-financing the purchase of research equipment;
Package 17). We continued to combine our ion microscopy work with several instrumental techniques, including
the helium-ion microscope at the Helmholz Zentrum Dresden Rosendorf (HZDR) in the framework of Helmholtz
European Partnering project “CROSSING”, an ongoing (2019-2024) bilateral project between the JSI and HZDR
involving six departments at the JSI and four institutes at HZDR.

Archaeometrical research in 2020 was again devoted to the analysis of glass; however, we now concentrated
on the glass of Late Antiquity and Early Byzantine period. We competed and published a study of glass from the site
Korinjski hrib from the Slovenian region Suha Krajina. During the turbulent times of the People Migration period,
the site was located at the three-border point of three Roman provinces and was likely populated by a Byzantine
garrison. This is reflected in the composition of the glass, which is corresponds to that in the central Balkans. The
composition of the glass in this area was further investigated in a study of glass inventory from the Late Antiquity

Annual Report 2020



Department of Low and Medium Energy Physics F-2

site Gradina on the Jelica Mountain in present-day Serbia. We plan a further analysis of Late Antiquity glass, which
may demonstrate commercial connections in this period. We also analysed glass fragments from the Przanj site
near Ljubljana and found that most of them were late antique (Roman) natron glass, and in one case potassium

glass from the modern period. The results have not yet been published.

Concerning metal analysis, we completed a comprehensive study of small Celtic coinage from Slovenia. During
early work, we encountered limitations of the techniques based on irradiation with the protons, as they penetrate
just a few tens of micrometres into the matter, into the region where silver alloys are typically enriched in silver.
The measurements were then executed by cold neutrons at the reactor in Budapest, as the neutrons pass the whole
object unscathed. So, we were able to determine the fineness of the silver through the whole coin and recognize
two broad groups of coins with respect to the metal quality. This can be interpreted as two minting phases, using
the metal of lower quality in the latter. We also conducted an interesting study of the authenticity of objects from
the Archeo Norico Museum (otherwise privately owned). Five of the seven items turned out to be authentic or from

authentic antique alloys, and two were found to be modern counterfeits.

Organization of conferences, congresses and meetings
1. ICNMTA2020, 14 -15 September 2020, on-line

Patent granted

1. Larisa Hosnar, Matjaz Vencelj, Klemen Bucar, Janez Burger, Angle-sensitive gamma camera with a rotary
obstruction, GB2530574 (B), Intellectual Property Office, 02. 12. 2020.

INTERNATIONAL PROJECTS

CROSSING - Crossing Borders and Scales - An Interdisciplinary Approach
Prof. Primoz Pelicon
Helmholtz-zentrum Dresden-rossendorf E.v.
2. EMPIR; Preparedness - Metrology for Mobile Detection of lonising Radiation Following a
Nuclear or Radiological Incident
Dr. Toni Petrovic
Euramet E.v.
3. EMPIR; AEROMET - Aerosol Metrology for Atmospheric Science and Air Quality
Prof. Matjaz Zitnik
Euramet E.v.
4. EMPIR- 17RPT01 DOSEtrace; Research Capabilities for Radiation Protection Dosimeters
Denis Glavi¢ Cindro, M. Sc.
Euramet E.v.
5. EMPIR - supportBSS; Support for a European Metrology Network on Reliable Radiation
Protection Regulation
Denis Glavi¢ Cindro, M. Sc.
Euramet E.v.
6. EMPIR; AEROMET II; Advanced Aerosol Metrology for Atmospheric Science and Air
Quality
Asst. Prof. Klemen Bucar
Euramet E.v.
7. COST CA16117 - ChETEC; Chemical Elements as Tracers of the Evolution of the Cosmos
Prof. Matej Lipoglaviek
Cost Office
8. Enhancing Nuclear Analytical Techniques to Meet the Needs of Forensic Sciences;
Forensics with Nuclear Methods: Art and Food Forgery, Drugs in Hair
Prof. Primoz Pelicon
[AEA - International Atomic Energy Agency
9. COST CA18130; European Network for Chemical Elemental Analysis by Total Reflection
X-Ray Fluorescence
Dr. Marijan Necemer
Cost Association Aisbl
10. COST CA18222; Attosecond Chemistry
Asst. Prof. Andrej Miheli¢
Cost Association Aisbl
11. COST CA18212; Molecular Dynamics in the GAS Phase
Prof. Matjaz Zitnik
Cost Association Aisbl
12. COST CA16117; Chemical Elements as Tracers of the Evolution of the Cosmos
Prof. Matej Lipoglaviek
Cost Association Aisbl
13. TC Regional Project RER/7/014: Improving Environmental Monitoring and Assessment
for Radiation Protection in the Region
Asst. Prof. Benjamin Zorko
[AEA - International Atomic Energy Agency

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Experiments and Modelling of In Situ Uptake, Transport and Release Studies of
Hydrogen Isotopes in Irradiated Tungsten; Hydrogen Permeation in Fusion-Relevant
Materials

Asst. Prof. Sabina Markelj

TAEA - International Atomic Energy Agency

Detection of Hydrogen Isotopes by NRA, Cross Sections and Best Practices; Development
and Application of lon Beam Techniques for Materials Irradiation and Characterization
Relevant to Fusion Technology

Asst. Prof. Sabina Markelj

TAEA - International Atomic Energy Agency

EMPIR Programme 2020 - 2027

Denis Glavi¢ Cindro, M. Sc.

Clarin Eric

H2020 - CONCERT: European Joint Programme for the Integration of Radiation
Protection Research

Asst. Prof. Benjamin Zorko

European Commission

H2020 - TRANSAT; TRANSversal Actions for Tritium

Asst. Prof. Sabina Markelj

European Commission

H2020 - RADIATE; Research and Development with lon beams - Advancing Technology
in Europe

Prof. MatjaZ Kav¢ic

European Commission

H2020 - CleanHME; Clean Energy from Hydrogen-Metal Systems

Prof. Matej Lipoglavsek

European Commission

H2020 - EUROfusion; Plasma Facing Components-1-IPH-FU, EUROfusion

Asst. Prof. Sabina Markelj

European Commission

H2020 - EUROfusion; Education-ED-FU

Prof. Primo? Pelicon

European Commission

H2020 - TissueMaps - Elemental Imaging of Human Tissue: Clinical Therapy Support
and Development of New Diagnostics

Prof. Primo? Pelicon

European Commission

Study of Weak Charge Distributions with Precision Parity-Violating Measurements
Asst. Prof. Miha Mihovilovi¢

Slovenian Research Agency

Electrochemical Reactions in Organic-Metal Batteries Studied by X-Ray Raman
Spectroscopy

Prof. Matjaz Kavci¢

Slovenian Research Agency

Investigation of Helium Retention in Plasma Facing Materials Using Advanced
Analytical Methods

Asst. Prof. Sabina Markelj

Slovenian Research Agency
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RESEARCH PROGRAMMES

Archaeological and Archaeometric Research of Portable Archaeological Heritage

Dr. Eva Menart

Object and Prestige; taste, status, power (Researches of the material culture in Slovenia)
Dr. Marijan Necemer

Structure of hadronic systems

Prof. Simon Sirca

Studies of atoms, molecules and structures by photons and particles

Prof. Matja Zitnik

Fusion technologies

Asst. Prof. Sabina Markelj

R & D GRANTS AND CONTRACTS

Triggering forbidden phenomena with twisted light and particles beams

Prof. Matja Zitnik

Redox active organic materials for electrical energy storage

Prof. MatjaZ Kav¢ic

Tonom of crop plants for safe and quality food production

Prof. Katarina Vogel-Miku§

Stable isotopes in the study of the impact of increasing CO2 levels on C and Hg cycling
in coastal waters

Prof. Katarina Vogel-Miku§

Three-dimensional distribution of mineral elements in plant leaves

Asst. Prof. Paula Pongrac

Advanced surface finishing technologies for antibacterial properties of patient specific
3D printed implantable materials

Esther Punzon Quijorna

Molecular imaging inside the cell

Prof. Primo? Pelicon

Catalysis of Nuclear Reactions by Electrons

Prof. Matej Lipoglavsek

Molecular Imaging Inside the Cell

Prof. Primo? Pelicon

. Spatial localization of elements and metabolits in plants

Prof. Katarina Vogel-Mikus

. Novel proxies of the Holocene climate variability in stalagmites in Slovenia

Prof. Primoz Pelicon

. Localy grown buckwheat grain for production of high quality food products

Prof. PrimoZ Pelicon

. Innovative configuration of inductively coupled gaseous plasma sources for up-scaling

to industrial-size reactors
Dr. Marko Petric

. Innovative ECO plasma seed treatment (for sowing and for human and animal diet/

nutrition

Prof. PrimoZ Pelicon
Ministry of Education, Science and Sport

. ENRAS: Ensuring Radiation S afety for First Responder Teams in Case of Radiological or

Nuclear Accidents
Bostjan Crni¢
Government Office for Development and European Cohesion Policy

. Reimbursement of costs of scientific publications in golden open access for 2019, 2020

Prof. PrimoZ Pelicon
Slovenian Research Agency

. Calibrations

Matjaz Mihelic, M. Sc.

. Different Analyses; Reference Materials

Dr. Jasmina KoZar Logar

. C-14 Measurements

Dr. Romana Kristof

N EW CONTRACTS

Measurements of gaseous effluents, specific analysis of H-3 and C-14 in year 2020
Asst. Prof. Benjamin Zorko

Nuklearna Elektrarna Krsko d. . o.

Maintaining emergency preparedness and response by ELME (2020-2023)

Asst. Prof. Benjamin Zorko

Nuklearna Elektrarna Krsko d. o. o.

National monitoring of radioactivity in the environment in the Republic of Slovenia
for 2020

Asst. Prof. Benjamin Zorko

Ministry of the Environment and Spatial Planning

Environmental radioactivity monitoring in the vicinity of the Kriko Nuclear Power
Plant (drinking water, air, food, Sava River, precipitation, soil and external radiation in
the environment with the dose assessment)

Asst. Prof. Benjamin Zorko

Nuklearna Elektrarna Krsko d. 0. o.

Environmental radioactivity monitoring in the vicinity of the Krsko Nuclear Power
Plant in connection with Hydro Power Plant Brezice for the years 2020 and 2021
Asst. Prof. Benjamin Zorko

Nuklearna Elektrarna Krsko d. 0. 0.

Monitoring of radioactivity in drinking water for years 2020 and 2021 (lot 2)

Asst. Prof. Benjamin Zorko

Ministry of Health

Measurements of gross alpha and beta activities in drinking water

Dr. Jasmina KoZar Logar

Ministry of Health

Qualitative and quantitative monitoring of groundwater in the impact area of the dam
for HPP Mokrice

Asst. Prof. Benjamin Zorko

Irgo Consulting d. 0. 0.

VISITORS FROM ABROAD

L.
2.

Dr. Katja Magdic Kosicek, IRB, Zagreb, Croatia, 1 January-15 November 2019
Dr. Geoffrey Grime, Univesity of Surrey, Guildford, Surrey, UK, 13-16 January 2020

Eal e

Dr. Mira Anicic UroSevic, IPB, Belgrade, Serbia, 22-28 March 2020
Abdulghani Shakhashiro, IAEA, Wienna, Austria, 21-23 August 2020

STAFF

Researchers

46

Prof. Iztok Arcon*

Asst. Prof. Klemen Bucar
Prof. Dean Cvetko®

Denis Glavi¢ Cindro, M. Sc.
Dr. Darko HanZel

Prof. MatjaZ Kavci¢

Dr. Jasmina KoZar Logar
Prof. Matej Lipoglavsek
Asst. Prof. Sabina Markelj

. Asst. Prof. Andrej Miheli¢

. Asst. Prof. Miha Mihovilovic
. Dr. Marijan Necemer

. Prof. Primoz Pelicon, Head
. Dr. Toni Petrovi¢

. Dr. Paula Pongrac*

. Prof. Simon Sirca*

. Dr. PrimoZ Vavpetic

. Asst. Prof. MatjaZ Vencelj

. Dr. Jelena Vesi¢

. Branko Vodenik, M. Sc.

21
22.
23.

Prof. Katarina Vogel-Mikus*
Asst. Prof. Benjamin Zorko
Prof. Matjaz Zitnik

Postdoctoral associates

24.
25.
26.
27.
28.
29.
30.
3l

Dr. Ziga Barba

Dr. Tilen Brecelj, 20.08.20, transferred to Department E1
Dr. Aleksandra Cvetinovic

Dr: Bostjan Jencic, left 01.10.20

Dr. Romana Kristof*

Dr. Eva Menart*

Dr. Marko Petric

Esther Punzon Quijorna, B. Sc.

Postgraduates

32.
33.
34.
35.
36.
37.
38.

Mateja Hrast, B. Sc.

Tim Kolar, B. Sc., left 01.10.20
Gregor Koir, B. Sc.

Spela Krusic, B. Sc.

Matic Pecovnik, B. Sc.

Ava Rajh, B. Sc.

Isabela Ti§ma, B. Sc.
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Technical officers

39.
40.
41.
42.
43
44.
45.

Ziga BrenCic, B. Sc.
Bostjan Crni¢, B. Sc.
Mitja Kelemen, B. Sc.
Matjaz Mihelic, M. Sc.
Klara Poiskruh, B. Sc.
Petra Prem, B. Sc.
Matej Veres, B. Sc.
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The main research field of the department is the development, deposition and characterization
of hard protective PVD coatings, while research is also conducted in other fields of thin films and
surface physics. The basic research is concentrated on studying the physical and chemical properties
of various multicomponent, multilayer and nanostructured coatings. Among the applied research,
different coatings are developed for the protection of tools for various production processes in
industry.

For the past 10 years the department has dedicated a lot of effort to the topics of the growth defects that form in
the thin films deposited by physical vapor deposition (PVD). As a resume of all these achievements, we published a
review paper and abook chapter last year. They are complementary and looking from two perspectives cover all the
current knowledge of growth defects in thin films. The growth defects are microstructural imperfections in a thin
film having micrometre dimensions. They primarily form on spots were there are existing topographic imperfections
on the substrate surface (pits, hillocks) or various foreign particles (dust, chips). The foreign particles are not only
remnants of chemical cleaning, but also those that arise during heating, ion etching and film deposition. We put
more emphasis on the influence of growth defects on the functional properties of thin films. The topic is relevant
for all users of PVD technology, since our two works offer ways to reduce the density of growth defects, which in
general decrease the quality of the deposited films.

The topic of growth defects is an interesting case of a research niche where the research work is primarily
performed in industrial deposition systems, i.e., in a realistic, non-optimal environment, thus the results are directly
applicable in practice. We used a similar principle in studying the non-

Head:
Prof. Miha Cekada

uniformity of hard-coating thickness on geometrically irregular shapes ~ We published a review paper and a book
using cathodic arc evaporation. By concentrating the electric field lines ~ chapter, which in 80 pages provide an overview
onsharp edges, such as drill corners, the thin-film depositionrate at these ~ of state of the art on growth defects in thin films
spots increases. This effect has been analysed in detail; we experimentally ~ prepared by PVD processes.

evaluated the influences of tool geometry and tool mounting type in the
deposition chamber. Following these results, we optimized the deposition
parameters to such an extent that the effect of coating-thickness non-
uniformity was as low as possible.

We use various plasma diagnostic techniques to explore the physical
processes in magnetron sources for the deposition of thin films. Magnetron
sources can operate in DC, radio-frequency or pulsed modes. The research
using high-speed cameras and other diagnostic techniques has shown
that in all these magnetron regimes the plasma is concentrated in narrow
areas called ionization zones. They often form periodic patterns above
the magnetron cathode and have elongated shapes resembling arrows,
triangles or circles. The ionization zone shape, their number, periodicity
and dynamics depend on the working pressure, discharge current and
cathode voltage. Using the newest high-speed camera, we made a detailed
analysis of the plasma dynamics in high-power impulse magnetron sput-
tering. The dynamics was studied for various argon pressures, discharge
currents, powers and pulsing frequencies. We found that by increasing the
discharge current several periodic and aperiodic patterns appear, which
change through various phases of self-organization. The ionization zones
initially propagate in the opposite direction of the electron drift, but later
they reverse the direction to follow the electrons. The speed of the ioniza-
tion zones is 1-10 kmy/s.

We also studied physical processes at the atomic level that take place
during the collision of an ion with matter. Using the Sigmund-Thompson

Figure 1. Tensile experiment with a nanomechanical tester; schematic

analytical model of sputtering we explored the influence of several param- ;0o of the (a) discrete slip mode, (b) mixed mode and (c) necking
eters on the distribution of sputtered atoms. We found that the peak of the  and strain hardening mode. SEM images are shown for each case too.
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Figure 2: Dynamics of ionization zones during a pulse in high-power
impulse magnetron sputtering. The images were acquired by a high-

speed camera at 1.2-us intervals.

energy distribution of sputtered atoms depends primarily on the surface
binding energy of the sputtered material; we also found that the energy
distribution when changing the ion mass and energy does not have such
an influence in low-energy ions. The majority of high-energy atoms are
sputtered by those ions that have a comparable mass to the target atoms
and higher energies.

We have been collaborating with the EUROfusion programme for
several years. We analyse the surface damage on tiles of the reactor’s first
wall, which are in contact with hot plasma. Plasma instabilities, commonly
arising between the plasma and the reactor wall, can substantially damage
the wall's surface. Using different techniques, we analyse morphological
changes on the tungsten tiles that were exposed to plasma in the ASDEX Upgrade tokamak at the Max-Planck
Institut fir Plasmaphysik in Garching (Germany).

In 2019 we successfully applied for an Agency call for the co-financing of an equipment purchase; as a result we
acquired last year an in-situ nanomechanical tester. The instrument is mounted in a scanning electron microscope
chamber, which enables a direct observation of a nanomechanical experiment. We used a similar instrument in
the scope of an informal collaboration with the Montanuniversitit Leoben (Austria) and University of California,
Berkeley. In the scope of this collaboration, we evaluated the trendline of fracture toughness of the CrAIN and
CrAlSiN coatings up to the temperature of 700 °C in 100 °C steps. Using the in-situ nanomechanical tester we loaded
each micro-cantilever up to the point of breaking. By applying the finite-element model, we determined the correct

geometry and the dimensionless parameter necessary for a determination
of fracture toughness. The high-temperature fracture toughness was cor-
related with the acquired results of high-temperature hardness and high-
temperature measurements of the friction coefficient and wear. We also
studied the influence of limiting/blocking on the movement of dislocations
in cubic crystals during micro-tensile testing. We proposed a simple, yet
effective parameter, BVR (block volume ratio), for quantifying the rate of
limitation for a given slip system.

Several of our research topics are directed to the application of our
coatings for given machining processes. Together with the Mechanical
Engineering Faculty of the University of Ljubljana we evaluated the lifetime

Figure 3: Modelling of the coating thickness increase, which was of hard coatings on tools using liquid CO, as a cooling medium in semi-
deposited by cathodic arc evaporation. The deposition paramelers were  industrial conditions. We studied the wear resistance of several coatings

deliberately set in a way to maximize the effect.

with an emphasis on TiAISiN and evaluated the influence of wear and coat-
ing choice on the roughness of the machined surface. Our study showed
that in addition to the cooling and lubricating conditions the choice of proper cutting parameters is important;
this will be the subject of forthcoming work.

Several of these applied research topics are pursued in collaboration with partners from abroad. In collabora-
tion with the University of Novi Sad (Serbia) we evaluated the influence of the duplex treatment (plasma nitriding
and nanolayer CrAIN coating deposition) for the protection of tools for the die casting of aluminium alloys, with
an emphasis on the prevention of melt sticking on the tool surface. The sticking problem was analysed for differ-
ent compositions of the CrAIN coating and different tool exposure times
towards the high-temperature melt. With partners from the same univer-
sity, we also explored the influence of substrate materials and rotation
mode during the nanolayer TiAIN/TiSiN coating deposition on the coating
topography and crystal grain size. The University of Bartin (Turkey) was
our partner in the optimization of coating-deposition parameters as well as

Figure 4: Wear of an endmill protected by the TIAIN coating: the optimization of machining parameters for the milling of carbon-fibre-
(@) newtool, (b) coating wear on the flank face, (¢) worn tool reinforced composites and the milling of hardened steel. The protection

of cutting inserts for wood machining is the topic of joint work with the
Warsaw Technical University. At the more basic-science level we collaborate with the Institute for Technical Physics
and Materials Science (Hungarian Academy of Sciences) from Budapest; our task is the deposition of multilayer
structures based on Si/C and W/C.

To a minor extent the department is also active in some other fields of coating deposition and the analytics of
surfaces and thin films. In most cases the materials investigated are chemically much different than the ones from
our core competence; however, our contribution is useful for other research partners who do not have the relevant
instruments for this type of research. In this way we collaborate with several departments at the JoZef Stefan Institute,
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as well as with other research institutions, such as faculties of mechanical engineering in Ljubljana and Maribor,
Faculty for natural sciences and technology at University of Ljubljana, and Institute for metals and technologies.

The collaboration with Slovenian industry takes place at several levels. The companies address us in the case
of an issue connected to surfaces or thin films. This may include development projects, advanced analytics or a
failure analysis. In the previous year, such analyses were performed for the companies: Balmar, Difa, Domel, Jordan,
Kern, Kovinos, Le-tehnika, Mahle, Odelo, Phos, Podgorje, Proarmis and Trelleborg, Our industrial partners are also
offered the service of depositing hard coatings on their tools, which we perform in the scope of our Hard Coatings
Center. There are annually more than a hundred partners, which includes both large companies (e.g., Kolektor,
Mahle, Hidria) as well as numerous small tool shops.

Some outstanding publications in the past year

1. P.Panjan, A. Drnoviek, P. Gselman, M. Cekada, M. Panjan, Review of growth defects in thin films prepared
by PVD techniques. Coatings, ISSN 2079-6412, 2020, vol. 10, no. 5, pp. 447-1-447-39

2. M.Cekada, P. Panjan, A. Drnovsek, M. Panjan, P. Gselman, Growth defects in PVD hard coatings. In: Kumar,
Sushil (ed.), Aswal, D. K. (ed.). Recent advances in thin films, (Materials horizons, ISSN 2524-5384).
Cham: Springer. 2020, pp. 35-73
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2. Rafko Butkovi¢, Vacuum-tech s.r.l., Gorizia, Italy, 26. 2. 2020 4. Aldo Conti, Hiden Analytical, Milano, Italy, 15. 9. 2020
Researchers Technical officer

1. Prof. Miha Cekada, Head 7. Uros Stele, B. Sc.

2. Dr. AljaZ Drnovsek Technical and administrative staff

3. Dr. Peter Panjan 8. Jozko Fiser

4. Dr. MatjaZ Panjan 9. Damjan Mateli¢

Postgraduates 10. Andrej Mohar

5. Matej Drobnic, B. Sc. 11. Tomaz Sirnik

6. Nastja Mahne, B. Sc. 12. Tadej Stele
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influence of CrAIN coating chemical composition on Soldering
resistance in contact with Al-Si-Cu Alloy”, In: 2nd Coatings and
Interfaces Web Conference, 25-31 May, 2020, Proceedings, sciforum,
2020.

.Miha Cekada, Peter Panjan, Aljaz Drnovsek, Matjaz Panjan, Peter
Gselman, "Growth defects in PVD hard coatings", In: ICTF-17, 7th
International Conference on Thin Films, November 13, 2017, New Delhi,
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DEPARTMENT OF SURFACE ENGINEERING

AND OPTOELECTRONICS

F-4

The Department of Surface Engineering conducts interdisciplinary research on designing the
surface properties of various materials. We use advanced techniques for surface and thin-film
characterization, inparticular with our XPS, AES, SIMS and AFM instruments. The scientific activities
are focused on surfaces and coatings, gaseous discharges, thermodynamically non-equilibrium
Pplasma and the interaction of reactive plasma species with organic and inorganic materials. Patent
applications protect innovative solutions for industry, medicine, biotechnology and agriculture.

The scientific activities of our research team are in line with the priorities of the Slovenian Strategy of Smart
Specialization (S4), which represents the roadmap for the transition to a modern society according to the European
Smart Specialisation Strategy (S3). An important task within S4 is the introduction of plasma technologies in
agriculture praxis. The plasma techniques have already been approved for specific segments of the food chain,
from farm to fork, but the science is still in its infancy. The shortage of appropriate literature encouraged us to
prepare a comprehensive monography [1]. The book comprises almost 200 pages and introduces the basic sci-
ence of non-equilibrium gaseous plasma when interacting with agricultural products. The authors then focus
on the influence of plasma processing on an autochthonic Slovenian variety of garlic. The plasma treatment
stimulates the germination and growth of these plants, and ultimately better crops. There is a limited range of
useful parameters indicating the complex behaviour of the organic matter upon exposure to gaseous plasma.
The best treatment conditions are recommended and explained by the effects of neutral plasma radicals, charged

Head:
Prof. Miran Mozetic

particles and radiation in the ultraviolet and vacuum ultraviolet range

of wavelengths. The cover page of the monography is showninFigure1.  Plasma techniques for virus inactivation were

While the treatment of agricultural products provides an efficientso- ~ critically evaluated [2]

lution for better crops, the plants can suffer from inadequate water quality
used for irrigation. Water scarcity remains a global problem, and contamination of the water with microbes that
infect plants is a major concern, especially in modern vegetable-production methods such as hydroponics and
aeroponics. The plasma treatment of contaminated water represents a powerful microbe-inactivation technique,
butan obstacle is the limited applicability at atmospheric pressure. Namely, the plasma radicals’ lifetime is limited
by the three-body recombination in the gas phase, whose frequency increases with the square of the pressure.
Gaseous bubbles in liquid water always assume the ambient pressure, typically slightly above
1 bar. The introduction of hydrodynamic cavitation overcomes this natural obstacle. The liquid
water passes a narrow orifice, and the hydrodynamic effect causes the formation of a bubble
of water vapour with a pressure close to the water-vapour saturation pressure, which is about
0.03 bar at room temperature. The lifetime of the plasma radicals is thus about 1000-times
longer than at atmospheric pressure. This effect was found to be beneficial for sustaining a
glow discharge in the bubble inside liquid water. The discharge enabled the formation of stable
plasmawith ahigh concentration of radicals and a significant radiation in the virucidal range.
Both effects caused the rapid inactivation of the viruses in water. The research group was
awarded the first prize for innovation with the highest commercial potential by international
judges at the 13" International Technology Transfer Conference. Figure 2 shows the innovators
with a prototype of the innovative device.

The virucidal efficiency of gaseous plasma is a hot topic of interdisciplinary research. Many
research groups worldwide have tackled this challenge and reported promising results. Dif-
ferent groups used plasma sustained by various discharges and configurations, so the results
are difficult to compare. Our research team prepared a review paper to summarise the results
and enlighten a few aspects of plasma-virus interaction. The interdisciplinary group of plasma
scientists and virologists explained the interaction between the combination of plasma radicals
and radiation and viruses. The exact inactivation mechanisms depend on the properties of
plasma and virus peculiarities. However, the key mechanisms involved are the irreversible
oxidation of virus receptors by plasma radicals of high oxidation potential and bond cleavage
in genetic material due to the absorption of plasma radiation. The review paper [2] represents

Figure 1: The cover page of our monography on

guidance for future scientific work on virus-inactivation mechanisms upon treatment with  pjasma agriculture.
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gaseous plasma. This scientific niche is expected to burst in the next future due to the limitations of currently
available virucidal methods and the pandemic with SARS-CoV-2. An illustration of the plasma effects on viruses
is shown in Figure 3.

Another prospective field of plasma technologies is in medicine. Standard materials commonly employed
in body implants do not provide a desired biological response, mainly because they lack the appropriate surface
properties. The interaction of proteins and biological cells with the surface
is crucial for the long life-span of all implantable devices. Depending
on the implant function and position in the body, the surface has to be
appropriately conditioned to provide the desired biological response.
In the case of vascular implants, the proliferation of endothelial cells
is desired. These cells otherwise represent the uppermost layer on the
inner side of our natural blood vessels. Furthermore, the adhesion and
aggregation of blood platelets should be prevented, as these effects can
cause thrombosis. Moreover, in the case of vascular stents, the preven-
tion of the uncontrolled proliferation of smooth muscle cells should be
considered, as this could cause restenosis. When blood vessels are badly
damaged, they have to be replaced with synthetic ones, often made from
knitted polymer (Dacron). The haemo-compatibility of such vascular
grafts is inadequate, so various groups worldwide have probed methods
for suppressing reactions between the blood constituents and polymeric
vascular grafts. An optimal solution would be a heparin coating on the
grafts. For decades, heparin has been known as the best anti-coagulant,
but the covalent bonding of this substance on the polymer surface has
remained a technological challenge. We managed to overcome this by grafting amino groups onto the polymer
matrix. The afterglow of ammonia plasma was a source of -NH, radicals. Within a limited range of processing
parameters, the radicals formed a sub-monolayer film of amino groups,
which enabled the covalent grafting of about a monolayer of heparin.
Suchasurface finish prevented the activation of blood platelets on vascu-
lar grafts and thus assured optimal haemocompatibility. The procedure
is disclosed in a recently granted EU patent [3].

When blood vessels are not so severely damaged, the vascular stent can be employed to restore the blood flow
through an affected vessel. Mostly metallic materials like nitinol, stainless steel, titanium and cobalt-chromium
are used for vascular stents. Although these materials provide the desired mechanical stability, their surface
features are still far from optimal. Various types of coatings have to be used to prevent thrombosis and restenosis.

Our group developed a novel approach based on the surface modification
of a NiTialloy using highly reactive hydrogen and oxygen species. Using
thisapproach, the surface of the NiTialloy is altered so that a rather thick
nanostructured titanium oxide layer is formed on the surface. This layer
significantly reduces the adhesion and aggregation of platelets on the
surface and reduces surface-induced thrombosis. Our recent studies also
showed that the release of toxic Ni ions from the NiTi alloy in the biologi-
cal environment was reduced. Moreover, the proliferation of endothelial
cells was improved, while the proliferation of smooth muscle cells on the
surface was reduced. A European patent entitled “Method for treatment
medical devices made from nickel-titanium (NiTi) alloys” has been filed.
The invention was presented at an international virtual meeting, and we
were awarded the “Innovation of the Year” award at the entrepreneur-
ship fair. A picture from the announcement of the winners is in Figure 4.

Our research team is renowned worldwide for its expertise in surface
and applied surface sciences. Our expertise provides the characterisa-
tion of various materials and the interpretation of the observed surface
composition and structure. These activities are often performed in col-
laboration with other research groups in Slovenia and abroad. The results
are usually published in prominent journals. Recently, we have provided
expertise in the surface chemistry of Pt catalysts on nanotubular titanium
oxynitride-supports [4], fluorinated polymer materials [5], nano-carbon
polymer composites [6] and nitrogen-doped graphene-like materials [7].

Figure 2: The interdisciplinary research group gained an award for an
innovative technique for water disinfection.

Technology for optimal surface finish of vascular
grafts was approved [3]

Figure 3: lllustration of plasma-virus interaction. Reprinted from [2].
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The research team is among the most innovative groups in Slovenia. In 2020 alone, researchers filed
eight patent applications protecting intellectual property rights in different niches of plasma technologies. A
team member, Prof. Alenka Vesel, won a medal for the most innovative
Slovenian researcher. The medal was granted by the International Intel-
lectual Property Organization (WIPO), based in Geneva, Switzerland.
This organisation was founded by the United Nations in 1967. Its mission
is to develop and continuously upgrade a balanced and effective system
for the protection of intellectual property globally. An international jury
consisting of Jeff Skinner, London School of Business (UK), Jon Wulff
Petersen, Plougmann Vingtoft (Denmark) and Alojz Barli¢, Slovenian
Intellectual Property Office, awarded the medal for outstanding results.
Alenka Vesel has co-authored seven patents granted by offices that provide
afull examination of the innovativeness of a patented solution inthe past ~ Figure 4. Announcement of the 'Innovation of the Year" at the 2020
10 years. Furthermore, she is also a co-founder of our spin-off company ~ egional fair of innovation and entrepreneurship.
Plasmadis d.o.0., which markets innovative products and services.

[1] Holc, Matej, Junkar, Ita, Mozeti, Miran. Plasma agriculture: oxygen plasma effects on garlic, Cambridge
Scholars Publishing, (2020).

[2] Filipic, Arijana, Gutiérrez-Aguirre, lon, Primc, Gregor, Mozeti¢, Miran, Dobnik, David. Cold plasma, new hope
in the field of virus inactivation, Trends in Biotechnology 38 (11) p. 1278-1291 (2020).

[3] Kolar, Metod, Vesel, Alenka, Modic, Martina, Junkar, Ita, Stana-Kleinschek, Karin, Mozeti¢, Miran. Method for
immobilisation of heparin on a polymeric material, EP 2997984(B1), Munich: European Patent Office (2020).

[4] Bele, Marjan, Jovanovic, PrimoZ, Marinko, Ziva, Drev, Sandra, Selih, Vid Simon, Kovac, Janez, Gaberscek, Mi-
ran, Koderman Podborsek, Gorazd, DraZic, Goran, Hodnik, Nejc, Kokalj, Anton, Suhadolnik, Luka. Increasing
the oxygen-evolution reaction performance of nanotubular titanium oxynitride-supported Ir nanoparticles
by a strong metal - support Interaction. ACS catalysis, 10, (22) p. 13688-13700 (2020).

[5] Lojen, Dane, Zaplotnik, Rok, Primc, Gregor, Mozetic, Miran, Vesel, Alenka. Effect of VUV radiation and reac-
tive hydrogen atoms on depletion of fluorine from polytetrafluoroethylene surface. Applied Surface Science,
533, p. 147356-1-8 (2020).

[6] Oseli, Alen, Vesel, Alenka, Mozeti¢, Miran, Zagar, Ema, Huskic, Miroslav, Slemenik Perse, Lidija. Nano-mesh
superstructure in single-walled carbon nanotube/polyethylene nanocomposites, and its impact on rheological,
thermal and mechanical properties. Composites A - Applied science and manufacturing,

136, p. 1-10 (2020).

[7] Vesel, Alenka, Zaplotnik, Rok, Primc, Gregor, Mozetic, Miran. A review of strategies for the

synthesis of N-doped graphene-like materials. Nanomaterials, 10, (11), p. 2286-1-37 (2020).

Awards and Appointments

1. Asst. Prof. Dr Ita Junkar, Dr Metka Bencina, Prof. Dr Janez Kovac, Prof. Dr Miran
Mozetic, Asst. Prof. Dr Rok Zaplotnik: Innovation of the Year, virtual, Regional Virtual
Fair on Innovation and Entrepreneurship “Sarajevo 2020, “Method for treatment
medical devices made from nickel-titanium (NiTi) alloys”.
2. Asst. Prof. Drlta Junkar: Excellent in Science 2020 Achievement (Odlicni v znanosti
2020), Ljubljana, Scientific Council of Slovenian Research Agency (ARRS), “Method
of treatment of tools used for isolation of microvesicles, nanovesicles and exosomes”,
3. Asst. Prof. Dr Gregor Primc, Prof. Dr Miran Mozetic, Asst. Prof. Dr Rok Zaplotnik
(Jozef Stefan Institute), in collaboration with David Dobnik, Matevz Dular, Arijana
Filipic, Ton Gutierrez-Aguirre and Martin Petkovsek: Prize for the Best Innovation with
Commercial Potential in 2020, Ljubljana, 13th International Technology Transfer
Conference for the innovation, “A scalable method for eco-benign destruction of
waterborne microorganisms”.
4. PiaStaric, Asst. Prof. Dr Ita Junkar, Prof. Dr Miran Mozetic, Prof. Dr Katarina Vogel-
Mikus: Best Paper Award, virtual, Sciforum, The 1st International Conference on
“Green” Polymer Materials 2020, “Bio-Polymers in the World of Plasma: Effects of
Cold Plasma on Seed Surface”. Figure 5. Prof. Alenka Vesel was awarded a WIPO
5. Prof. Dr Alenka Vesel: WIPO medal for inventors, Ljubljana, Slovenian Intellectual ~ 7edal
Property Office and the World Intellectual Property Organization.
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Patents granted

1. Gregor Primc, Miran Mozeti¢, Rok Zaplotnik, Alenka Vesel, Maja Ravnikar, Jana Zel, Nata$a Mehle, lon
Gutiérrez-Aguirre, Arijana Filipic, David Dobnik, Procedure for inactivating virus in water, SI25811 (A),
Urad RS za intelektualno lastnino, 30. 09. 2020.

2. Josko Valentincic, Izidor Sabotin, Matic Resnik, Pavel Dresar, Nejc Matjaz, Marko Jerman, Andrej Lebar,
Matej Pleterski, Apparatus and method for cutting an electrically conductive tube, EP3603866 (B1),
European Patent Office, 30. 12. 2020.

3. Metod Kolar, Miran MozetiC, Ita Junkar, Alenka Vesel, Martina Modic, Karin Stana-Kleinschek, Method
for immobilization of heparin on a polymeric material, EP2997984 (B1), European Patent Office,

03. 06. 2020.

4. AlenkaVesel, Miran Mozetic, Rok Zaplotnik, Gregor Primc, Nina Recek, Procedure for increasing the hy-
drophilicity of a polymer containing fluorine, S125862 (A), Urad RS za intelektualno lastnino, 31. 12. 2020.

INTERNATIONAL PROJECTS

Small Services

Prof. Janez Kovac¢

COST CA19110; Plasma Applications for Smart and Sustainable Agriculture

Asst. Prof. Gregor Primc

Cost Association Aisbl

H2020 - EUROfusion; Education-ED-FU

Prof. Miran Mozeti¢

European Commission

H2020 - EUROfusion; WPPFC-PEX-FU, WPPFC-PEX-FU, EUROfusion

Asst. Prof. Rok Zaplotnik

European Commission

Catalytic Probes for Characterization of Hydrogen Plasma

Asst. Prof. Gregor Primc

Slovenian Research Agency

Control of Chemical Composition of Thin Films by High Resolution Mass Spectrometry
of Secondary lons

Prof. Janez Kovac¢

Slovenian Research Agency

Advanced Catalysts based on Multilayered Vertically Oriented Graphene Nanostructures
Prof. Alenka Vesel

Slovenian Research Agency

Characterization of Oxygen Plasma Sustained with Powerful Gaseous Discharges
Prof. Miran Mozeti¢

Slovenian Research Agency

Low Temperature Plasma Diagnostics and its Applications for Seed Treatment
Prof. Miran Mozeti¢

Slovenian Research Agency

. Functionalization of Ti-Based Surfaces Using Energy Beams and Plasma for Biomedical

Applications
Asst. Prof. Gregor Primc
Slovenian Research Agency

RESEARCH PROGRAMMES

Thin film structures and plasma surface engineering
Prof. Miran Mozeti¢

Fusion technologies

Asst. Prof. Rok Zaplotnik

R & D GRANTS AND CONTRACTS

Structural and surface properties of fibrous membranes for purification and
chromatographic separation of biomacromolecules

Asst. Prof. Ita Junkar

Ecologically friendly in-situ synthesis of ZnO nanoparticles for the development of
protective textiles

Asst. Prof. Gregor Primc

Initial stages in surface functionalization of polymers by plasma radicals

Prof. Janez Kova¢

Advanced surface finishing technologies for antibacterial properties of patient specific
3D printed implantable materials

Asst. Prof. Ita Junkar

Hybrid and Reengineered Nanocatalysts for New Purification Routes

Prof. Janez Kovac

20.

=

22.

23.

24.

25.

26.

21.

Self-organization of plasma in magnetron sputtering discharges

Prof. Miran Mozeti¢

New startegies for fabrication of biomimetic vascular implants

Asst. Prof. Ita Junkar

Development of new, environment-friendly approaches for plant and human virus
inactivation in waters

Asst. Prof. Gregor Primc

Innovative sensors for real-time monitoring of deposition rates in plasma-enhnced
chemical vapour deposition (PECVD) systems

Asst. Prof. Rok Zaplotnik

. Nanoparticle-reinforced new metal matrix composites manufactured by selective laser

melting for tooling industry
Prof. Miran Mozeti¢

. Evaluation of the range of plasma parameters suitable for nanostructuring of polymers

on industrial scale
Prof. Miran Mozeti¢

. Selective plasma oxidation of FeCrAl alloys for extended-lifetime of glow plugs for diesel

engines
Prof. Janez Kova¢

. Innovative configuration of inductively coupled gaseous plasma sources for up-scaling

to industrial-size reactors
Prof. Miran Mozeti¢

. Carbon nanowalls for future supercapacitors

Prof. Alenka Vesel

. Selected area functionalization of polymeric components by gaseous plasma

Prof. Miran Mozeti¢

. Innovative method for purification of wastewater

Asst. Prof. Gregor Primc

. Use of gaseous plasma for higher yields and lower use of antifungal agents in

agriculture
Asst. Prof. Ita Junkar

. Food for future - F4F

Prof. Alenka Vesel
Ministry of Education, Science and Sport

. Potential of biomass for development of advanced materials and bio-based products

Asst. Prof. Ita Junkar

Ministry of Education, Science and Sport

Innovative ECO plasma seed treatment (for sowing and for human and animal diet/
nutrition

Dr. Nina Recek

Ministry of Education, Science and Sport

Building blocks, tools and systems for the Factories of the Future - GOSTOP

Prof. Miran Mozeti¢

Ministry of Education, Science and Sport

Development of nanostructured biosensors for diagnosis/treatment of cancer and
surfaces with antibacterial

Dr. Metka Bencina

Ministry of Education, Science and Sport

Strategic Research & Innovation Partnership Factories of the Future (SRIP FoF)
Prof. Miran Mozeti¢

Ministry of Economic Development and Technology

Method for preparation of bacteriostatic surfaces on 3D printed medical implants
Dr. Matic Resnik

Ministry of Education, Science and Sport

Reimbursement of costs of scientific publications in golden open access for 2019, 2020
Prof. Miran Mozeti¢

Slovenian Research Agency

Use of gaseous plasma for higher yields and lower use of antifungal agents in
agriculture
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Asst. Prof. Ita Junkar
Ministry of Agriculture, Forestry and Food
27. Income from Coowners of Invention for Reimbursement of Costs for IP Protection in
the Case of EVT140_Mozeti¢_Carbon Nanowall
Prof. Miran Mozeti¢
Nagoya University

N EW CONTRACTS

L-project co-financing: Innovative method for purification of wastewater
Asst. Prof. Gregor Primc
Induktio d. 0. 0.
2. L-project co-financing: Selected area functionalization of polymeric components by
gaseous plasma
Prof. Miran Mozeti¢
Elvez, d. 0. 0.

VISITOR FROM ABROAD

1. Prof. Dr Petr Spatenka, Czech Technical University in Prague, Prague, the Czech Republic, 25 February 2020

STAFF

Researchers

Dr. Aleksander Drenik, on leave 01.03.16
Asst. Prof. Ita Junkar

Prof. Janez Kovac

Prof. Miran Mozeti¢, Head
Asst. Prof. Gregor Primc
Prof. Alenka Vesel

Asst. Prof. Rok Zaplotnik
Postdoctoral associates

8. Dr. Metka Bencina

9. Dr. Matej Holc

10. Dean Popovic, B. Sc.

11. Dr. Nina Recek

BIBLIOGRAPHY

ORIGINAL ARTICLE

Peiyu Wang et al. (11 authors), "Chemo-radiative stress of plasma as a
modulator of charge-dependent nanodiamond cytotoxicity”, ACS

12. Dr. Matic Resnik
Postgraduates

13. Jernej Ekar, B. Sc.

14. Dane Lojen, B. Sc.

15. Domen Paul, B. Sc.

16. Pia Stari¢, B. Sc.

17. Mark Zver, B. Sc.

Technical officers

18. Tatjana Filipic, B. Sc.

19. Eva Levicnik, B. Sc., left 01.04.20
Technical and administrative staff
20. Maja Sukarov, B. Sc.

21. Janez Trtnik
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8. Helena Motaln, Ur$a Certek, Nina Recek, Ana Bajc Cesnik, Miran
Mozeti¢, Boris Rogelj, "Cold atmospheric plasma induces stress granule
formation via an elF2a-dependent pathway", Biomaterials science,
2020, 8,19, 5293-5305.
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applied bio materials, 2020, 3, 10, 7202-7210.
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Interaction", ACS catalysis, 2020, 10, 22, 13688-13700.
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14086-14095.
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"Effect of VUV radiation and reactive hydrogen atoms on depletion of
fluorine from polytetrafluoroethylene surface", Applied Surface Science,
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"Self-limiting interactions in 2D-0D systems: a case study of graphene
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Ceh, "The influence of a surface treatment of metallic titanium on the
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Kova¢, Aljaz Drnovsek, "Metallurgical soldering of duplex CrN coating
in contact with aluminum alloy", Coatings, 2020, 10, 3, 303.
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Our research programme focuses on the study of the structure and dynamics of disordered
and partially ordered condensed matter at the atomic and molecular levels, with special emphasis
on phase transitions. The purpose of these investigations is to discover the basic laws of physics
governing the behaviour of these systems, which represent the link between perfectly ordered
crystals, on the one hand, and amorphous matter, soft condensed matter and living systems on the
other. Such knowledge provides the key to our understanding of the macroscopic properties of these
systems and is an important condition for the discovery and development of new, multifunctional
materials, nanomaterials and biomaterials for new applications. An important part of the research
program is devoted to the development of new experimental methods and techniques in the field of
magnetic resonance and magnetic resonance imaging, optical microscopy and imaging, scanning
tunnelling, electronic and atomic force microscopy, as well as cold atoms and quantum technologies.

The research programme of the Department of Solid State Physics at the Jozef Stefan Institute is performed
in close collaboration with Department of Physics at the Faculty of Mathematics and Physics of the University of
Ljubljana, Institute of Mathematics, Physics and Mechanics and the JoZef Stefan International Postgraduate School.
In 2020, the research was performed within three research programs:

—  Magnetic Resonance and Dielectric Spectroscopy of New Smart Materials

—  Physics of Soft Matter, Surfaces and Nanostructures

—  Experimental Biophysics of Complex Systems

I Research Programme “Magnetic Resonance and Dielectric Spectroscopy of New Smart Materials”

The research of the programme group Magnetic Resonance and Dielectric Spectroscopy of New Smart Ma-
lerials in 2020 was focused on physical phenomena in condensed matter at the atomic and molecular levels. The
purpose of the investigations was to discover the basic laws of physics governing the behaviour of the investigated
systems. The attained knowledge provides a key to the understanding of the microscopic and macroscopic properties
of various types of solids and is an important condition for the discovery and development of new multifunctional
materials and nanomaterials for novel technological applications.

In our research, we used the following experimental techniques:

—  Nuclear magnetic resonance (NMR), electron paramagnetic resonance (EPR) and nuclear quadrupole

resonance (NQR),

—  Nuclear double resonance "0-H and “N-H,

—  Fastfield cycling NMR relaxometry,

—  Linear and non-linear dielectric spectroscopy in the range 10 Hz to 10° Hz,

—  Frequency-dependent ac calorimetry,

Head:
Prof. Igor Musevic

—  Measurement of electrical and thermal transport coefficients,
—  Magnetic measurements,
—  Methods of ultra-cold atoms.

The research group has observed
asperomagnetism in high-

entropy alloys,

determined the quantum critical point in Ce Al,

The research programme was performed in close collaboration with
the Department of Physics at the Faculty of Mathematics and Physics of the
University of Ljubljana, Institute of Mathematics, Physics and Mechanics,
and the JoZef Stefan International Postgraduate School.

In 2020 the members of the programme group published 65 original
scientific papers in international peer-reviewed scientific journals and one
book chapter. Among these, one paper was published in Nature Physics
(IF=19.2), one in Nature Communications (IF = 12.1), one in Angewandte
Chemie, Intl. Ed. (IF = 12.9), one in Physical Review Letters (IF = 8.4) and

investigated the surface quantum properties

of topological insulators via the detection of
Dirac electrons, developed thick piezoelectric
HfO,-based films, investigated the relation
between dielectric and electrocaloric response
in relaxor ferroelectrics, observed soliton waves
in matter by the method of ultra-cold atoms and
contributed importantly to the understanding of
quantum and topological magnetism.

one in Advanced Materials (IF = 27.4).
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The investigations were focused on the following research fields:

1. Speromagnetism and asperomagnetism in the Th-Dy-Ho-Er-Tm high-entropy alloy

In the paper “Speromagnetism and asperomagnetism as the ground states of the Th-Dy-Ho-Er-Tm IDEAL
high-entropy alloy” by M. Krnel, ¢f a/., Intermetallics 117, 106680 (2020), we addressed the nature of the col-
lective magnetic state in an ideal high-entropy alloy (HEA) based on rare-earth (RE) elements, representing a
magnetically concentrated system with all the lattice sites occupied by localized magnetic moments and containing
randomness and frustration due to chemical disorder. Being a “metallic glass on a topologically ordered lattice”,
HEAs possess simultaneously the properties of an ordered crystal and an amorphous glass. The influence of this
crystal-glass duality on the collective magnetic state was studied experimentally on a hexagonal
Tb-Dy-Ho-Er-Tm (TDHET) HEA, composed of RE elements with zero pair mixing enthalpies that
ensure completely random mixing of the elements and very similar atomic radii that minimize
lattice distortions, representing a prototype of an ideal HEA. The TDHET HEA is characterized
by probability distributions of the atomic moments P(), the exchange interactions 2(/), the
magnetocrystalline anisotropy 2(D) , and the dipolar interactions P(H ). Based on measure-
ments of the static and dynamic magnetizations, the magnetization M(H ) curves (Fig. 1), the
thermo-remanent magnetization, the specific heat and the magnetoresistance, we found that
the collective magnetic state of the TDHET is temperature dependent, forming a speromagnetic
(SPM) state in the temperature range between about 140 and 30 K and an asperomagnetic (ASPM)
state below 20 K. In the intermediate temperature range between 30 and 20 K, a spin glass (SG)
state is formed, representing a transition state between the speromagnetic and asperomagnetic
Figure 1: Complicated magnetization versus the  states. The observed temperature evolution of the magnetic ground state in the TDHET HEA
’?’“g”mcﬁeld curve of the IDHET HEA, revealingthe upon cooling in the sequence SPM—>SG—>ASPM is a result of temperature-dependent, competing

m{erplay of the speromagnetic and asperomagnetic L . istribution of th h interactions P(J) shift i |
spin ordering, magnegc 1nteract10ps.The distribution of t ¢ exchange interactions P(J) shifts continuously on
the] axis from the high-temperature SPM-type with the average interaction biased towards a net
negative value, J<0, through the SG-type with J=0, to the low-temperature ASPM-type with J>0.
This shift is a band-structure effect, closely linked with the crystallinity of the spin system, which the TDHET HEA
shares with the topologically ordered crystals. The probability distributions P(w), P(J), P(D), and P(H ) are, on
the other hand, a consequence of the chemical disorder, a property that the TDHET HEA shares with amorphous
magnets. Both features, the topologically ordered lattice and the amorphous-type chemical disorder, essentially

determine the magnetic state of an ideal, RE-based HEA.

2. Anisotropic quantum critical point in Ce,Al
In the paper “Anisotropic quantum critical point in the Ce,Al system with a large magnetic anisotropy” by §.
Vrtnik, ef al., ]. Phys. Commun. 4, 105016 (2020), we studied experimentally the magnetic field driven quantum
critical point (QCP) in the Ce,Al magnetically anisotropic intermetallic compound, which shows both antifer-
romagnetic (AFM) ordering and heavy-fermion behaviour. Measurements of the magnetic
susceptibility, the magnetoresistance and the specific heat on a Ce,Al monocrystalline sample
performed down to 0.35 K in magnetic fields up to 9 T demonstrate that the QCP is anisotropic
regarding the orientation of the magnetic field relative to the magnetically easy direction (Fig.
2). An external magnetic field drives the AFM transition continuously towards zero temperature
when applied in the (,b) easy plane, reaching the QCP at the critical field B2 = 4.6 + 0.4 T,
where a quantum phase transition from the AFM to the paramagnetic state takes place. The
magnetoresistance experiments below 1 K indicate that intermediate magnetic states might
have formed near the QCP. For the field applied along the ¢ hard direction, the QCP has not been
observed within our experimental range of the magnetic field. The anisotropic, magnetic field
driven QCP in the Ce,Al results from competition of the exchange interaction with the Zeeman
Figure 2: Anisotropic Néel lemperatures T,/**<(B)  interaction in the presence of a large magnetocrystalline anisotropy. The anisotropy of the QCP
as a function of the external magnetic field applied s 5 consequence of the fact that the magnetic anisotropy locks the magnetization into the easy
along different crystallog raphic directions. The Néel plane and cannot be pulled out of the plane by the field available in the laboratory. Consequently,
temperatures were determined from the magnetic L o . )
susceplibility, the magneloresistance and the specific only the component of the magnetic field vector that lies in the easy plane participates in the
heat (the method is indicated in the legend). QCP formation. In AFM systems with a large magnetic anisotropy, the magnetic field driven QCP
is a continuous variable of the magnetic field’s vector orientation relative to the easy direction.

3. Surface quantum properties of topological insulators via the NMR-detection of Dirac electrons

In the paper “Resolving Dirac electrons with broadband high-resolution NMR” by W. Papawassiliou, J. Dolinsek,
et al., Nat. Commun. 11, 1285 (2020), we investigated the surface quantum properties (SQPs) of a topological
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insulator (T1) Bi,Te, in a nanoplatelet morphology. Detecting the metallic Dirac electronic states on the surface of
Tls s critical for a study of important SQPs, such as Majorana zero modes, where simultaneous probing of the bulk
and edge electron states is required. However, there is a particular shortage of experimental methods, showing at
an atomic resolution how Dirac electrons extend and interact with the bulk interior of nanoscale TI systems. By
applying advanced broadband solid-state **Te nuclear magnetic resonance (NMR) methods on Bi,Te, nanoplatelets,
we succeeded in uncovering the hitherto invisible NMR signals with magnetic shielding that is mfluenced by the
Dirac electrons, and we subsequently showed how the Dirac electrons spread inside the nanoplatelets (Fig. 3). In
this way, the spin and orbital magnetic susceptibilities induced by the bulk and edge electron states were simultane-
ously measured with an atomic scale resolution, providing a pertinent experimental approach in the study of SQPs.

4. Stabilization of the perovskite phase in epitaxial thin films via increased interface roughness
Perovskite Pb(Mg, .Nb, .)O,-PbTiO, (PMN-PT) exhibits excellent piezo- and dielectric properties; however, only
in the absence of the pyrochlore phdse Wh1ch results from the PbO loss during synthesis. Pulsed-
laser deposition was used to prepare PMN-PT thin films on LaNiO,/SrTi0, (LNO/STO) substrates.
We found that the bottom electrode has an immense influence on the propemes of the overgrown
active layer. Specifically, the use of LNO as the electrode material, strongly stabilizes the perovskite
phase and significantly expands the process window for the preparation of phase-pure PMN-PT,
as compared to a direct deposition on STO substrates. By understanding the mechanism (the
stabilization is achieved primarily due to the increased interface roughness, which offers more
Pb-binding sites), we were able to prepare a STO/Nb:STO template with a rough surface, which
strongly enhanced the stability of the perovskite phase and, consequently, improved the electrical
properties of films. The developed approach can be used to design templates for various device
configurations. The work was published in U. Gabor, D. Vengust, Z. SamardZija, A. Matavz, V.

Bobnar, D. Suvorov, M. Spreitzer, Stabilization of the perovskite phase in PMN-PT epitaxial thin
films via increased interface roughness, Applied Surface Science 513, 145787 (2020).

5. Development of thick piezoelectric HfO -based films

In HfO -based films, which are mainly prepared by atomic-layer deposition, the desired fer-
roelectric properties typically vanish for thicknesses above 50 nm. In collaboration with research-
ers from the Luxembourg Institute of Science and Technology, we have successfully fabricated
1-um-thick piezoelectric La:HfO, films using chemical solution deposition. After identifying the
optimal La content, the film thickness was increased from 45nm to 1um. Polarization and
strain measurements evidence the persistence of the ferroelectric properties and even a slight

Figure 3: Band-structure analysis and Dirac

states of stoichiometric Bi,Te ,nanoplatelets. (a)
High-resolution TEM and HAADF i image of Bile,
nanoplatelets (top view and cross-section). (i b
Band structure of a 9-quintuplets-thick (~10 nm)
Bi27Te3 slab. (c) The projected k-resolved DOS of the
Te(1) | 5p) and Bi | 6p) orbital states at the outer
(edge) quintuplets, and the Te(1) | 5p) orbital
stales at the central quintuplel. Dirac stales are
only observed at the edge quintuplets.

improvement due to a better orientation of the polar axis at higher thicknesses. The fine-grained microstructure
is believed to help in stabilizing the polar orthorhombic Pca2, phase in developed films, paving the way towards
cost-efficient HfO -based sensor and actuator applications. The work was published in T. Schenk, N. Godard, A.
Mahjoub, 8. Girod, A. Matavz, V. Bobnar, E. Defay, S. Glinsek, Toward thick piezoelectric HfO -based films, Physica
Status Solidi - Rapid Research Letters 14, 1900626 (2020).

6. Relationship between dielectric and electrocaloric responses in relaxor ferroelectrics

The correlation between dielectric permittivity and electrocaloric (EC) temperature change (AT, ) was investi-
gated in Pb(Mg, .Nb, )O,-PbTiO, relaxor ferroelectric ceramics. Such a relation would help to predict the temperature
range wherein the EC effect is the highest. We showed that the peak of the dielectric permittivity is always at a
higher temperature (T ) than the peak of AT, and that the temperature gap between both maxima progressively

increases with increasing applied DC bias. The results which are explained in terms of the electric
field-temperature phase diagram of relaxor systems, thus reveal that T can only roughly mark
the upper boundary of the temperature-electric-field window, where the EC responsivity is the
highest. The work was published in L. Fulanovi¢, A. Bradesko, N. Novak, B. Mali¢, V. Bobnar,
Relation between dielectric permittivity and electrocaloric effect under high electric fields in the
Pb(Mg, .Nb, .)0,-based ceramics, Journal of Applied Physics 127, 184102 (2020).

7. Study of nanostructured materials’ ordering and caloric effects in electronic ceram-
ics and soft materials

We have shown, by direct measurements and simulations, the existence of the large elas-
tocaloric effect in main-chain liquid-crystal elastomers that can be tuned by the crosslinkers’
density. We continued with the studies of the ferroelectric properties, the electromechanical and
electrocaloric effect in novel bulk lead-free materials. We demonstrated that these materials could,
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Figure 4: Elastocaloric cooling cycle in main-chain
liquid-crystal elastomers.
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in all properties, replace materials based on lead. Besides, we have shown that graphene nanoparticles decorated
by CoPt could stabilize for optical applications interesting blue phases in liquid crystals. The above results have
been published in 17 articles in international scientific journals. Recent papers of our group on multiferroics, mul-
ticalorics and soft materials have been cited more than 400 times in 2020. The work was published in five articles.

8. Rapid determination of NQR frequencies using field-cycling magnetic resonance
The main advantage of measuring the nuclear quadrupole resonance (NQR) frequencies is the possibility to

Figure 5. Adiabatic magnetic field cycling between
a high magnetic field B, and zero magnetic

[field, where we replace the phase-modulated RF
magnetic field by a series of frequency sweeps that
pass the NOR frequency.

Figure 6: a) Photoluminescence temperature depen-
dence for the emission of the’D,—'F transition with
excitation "F.—°D,, The inset shows the integrated
intensity of the emission band. (b) Simplified energy-
level diagram of Ew* ion illustrating the excitation
and radiative transitions.

Figure 7: Conversion of H,Ti,0, nanotubes under
hydrothermal conditions in an alkaline medium
yield anatase nanoparticles of cuboid morphology.

study the electron charge distribution in the vicinity of the observed atomic nucleus, for example,
the chemical bonds formed by the atom. Due to its high resolution, NQR can also be used as an
analytical technique, which clearly distinguishes between molecules and crystal polymorphs.
NQR can also be used to study the microscopic state of order in the sample as, for example, in
case of an exchange or reorientation. We describe a modified Slusher-Hahn’s nuclear quadrupole
double resonance (NQDR) technique, which can be used for the rapid location of NQR frequencies.
The technique is based on the adiabatic magnetic field cycling between a high magnetic field
B, and zero magnetic field, where we replace the phase-modulated RF magnetic field by a series
of frequency sweeps that pass the NQR frequency (Fig. 5). The new technique enables a rapid
scan of the NQR spectrum independent on the NQR frequency. The work was published in T.
Apih, A. Gregorovic, V. Zagar, ]. Seliger, A rapid determination of nuclear quadrupole resonance
frequencies using field-cycling magnetic resonance and frequency modulated RF excitations, J.
Magn. Reson. 310 (2020) 106635.

9. Ti0, nanostructures doped with Eu3* and Nd3* for temperature sensing

Lanthanide-based optical nanothermometers, operating in the physiological temperature
range between 15 °C and 50 °C, with excitation and emission in the first biological transparent
window are of special interest for biological applications. In this context, trivalent europium-doped
titanium oxide (Eu*"Ti0,) nanoparticles were prepared via a sol-gel method and their spectro-
scopic properties were studied. We observed that the intensities of the excitation bands for the
’F,—°D, (576 nm) and ’F,—°D, (610 nm) transitions, monitoring the °D —F, (700 nm) transi-
tion have a strong dependence on the temperature (Fig. 6). This dependence, which is explained
in terms of the thermal coupling between the Eu*"'F levels, was used for the construction of an
optical nanothermometer. The work was published in L.J. Borrero-Gonzdlez, Selene Acosta, Carla
Bittencourt, Maja Garvas, Polona Umek, L.A.O. Nunes. Eu**-doped titanium oxide nanoparticles
for optical thermometry in the first biological window. Optical Materials 101 (2020) 109770.

10. Transformation of H,Ti,0, nanotubes to anatase nanoparticles

The purpose of the transformation study of H,Ti,0, nanotubes into anatase nanoparticles
was to prepare TiO, nanoparticles of different morphologies for subsequent toxicity studies. The
transformation reactions of the H,Ti,0, nanotubes were conducted under various hydrothermal
conditions, as well as with calcination in air. In the case of transformations under hydrothermal
conditions, it was found that besides T and pH, the presence of a capping agent in the reaction
mixture had an effect on the shape and size of the formed TiO, nanoparticles (Fig. 7). TiO,
nanoparticles of various shapes were later used in toxicity studies. The work was published in
Kokot, Hana, Kokot, Botjan, Sebastijanovic, Aleksandar, Podlipec, Rok, KriSelj, Ana, Cotar, Petra,
Pusnik, Mojca, Umek, Polona, Pajk, Stane, Urban¢ic, Iztok, Kokli¢, Tilen, Strancar, Janez, et al.
Prediction of chronic inflammation for inhaled particles: the impact of material cycling and
quarantining in the lung epithelium. Advanced materials 32 (2020) 2003913.

11. Investigation of orientational order parameter in polymer-dispersed liquid-crystal
elastomers
AndraZ Reeti¢ and Bostjan Zalar with coworkers and partners from Italy and the Czech

Republic investigated the orientational order parameter in polymer-dispersed liquid-crystal elastomers (PDLCE).
Their thermomechanical properties are governed by the degree of imprinted particle alignment, achieved during
the synthesis in a strong magnetic field. Deuterium NMR was used on the samples with various degrees of imprinted
liquid-crystal elastomer (LCE) particle alignment (Fig. 8). The recorded spectra were simulated using the discrete
reorientational exchange model. It was determined that the maximum order of the LCE particle alignment is
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achieved in magnetic fields larger than 5 T, when the dispersion of the orientational distribution
settles a 20° and the orientational order parameter at a value of 0.54. The thermomechanical
behavior of the same samples follow the above patern. The work was published in AndraZ ReSetic,
Jerneja Milavec, Valentina Domenici, Blaz Zupancic, Alexej Bubnov, Bostjan Zalar, Deuteron NMR
investigation on orientational order parameter in polymer dispersed liquid crystal elastomers,
Phys. Chem. Chem. Phys. 22 (2020) 23064.

12. Quantum and topological magnetism
Martin Klanjsek, in collaboration with partners from France, tested the previously proposed
analytical expression for the NMR spin-lattice relaxation rate due to the enhancement of critical Figure 8: Experimentally determined orientational
spin fluctuations in quasi-one-dimensional spin systems in the vicinity of the magnetic ordering  pyzer parameter Q(,) (upper graph) and
transition. The expression is experimentally confirmed by excellent fits to the published tempera-  thermomechanical response (lower graph) of
ture dependence of the spin-lattice relaxation rate data in two representative quasi-one-dimen- ~ #he same PDLCE samples. The mauximum order
sional spin compounds, (C_H, N),CuBr, (DIMPY) and BaCo,V,0,. A positive test also providesa ~ 247aeter is acieved for B> 5T at the value of
directand convenient expefimental determination of the Tomonaga-Luttinger-liquid interaction Omax(o,) = 0.54. Thermomechanical responses
were determined on several pieces of the same
parameter, which is found in very nice agreement with the theoretical predictions. The work  sumple by mea. suring the length change when
was published in the paper M. Horvatic ef a/., “Direct determination of the Tomonaga-Luttinger  /eated from 300 K to 400 K.
parameter K in quasi-onedimensional spin systems”, P/ys. Rev. B 101, 220406(R) (2020).
Matej Pregelj, Andrej Zorko, Denis Arcon and Martin KlanjSek, in collaboration with partners
from France, Switzerland and Austria, investigated a frustrated spin-1/2 chain B-TeVO, by nuclear
magnetic resonance (NMR) at high magnetic fields. They were looking for the theoretically
predicted spin-nematic phase, i.e., an intriguing state of matter that exhibits higher multipolar
order but lacks the usual long-range dipolar order. The research team found that the detected
missing fraction of the magnetization, probed by NMR frequency shift, is thermally activated
and is thus not a fingerprint of the spin-nematic behaviour, as previously proposed. This fact
undermines the presence of the spin-nematic phase in the investigated compound. Moreover,
it highlights the importance of careful considerations of a temperature-dependent NMR shift
that has been overlooked in previous studies of spin nematicity. The work was published in the
paper M. Pregelj ef a/., “Thermal effects versus spin nematicity in a frustrated spin-1/2 chain”,
Phys. Rev. B102, 081104(R) (2020).
Matej Pregelj, Andrej Zorko and Denis Arcon, in collaboration with partners from Croatia,
France and Switzerland, used torque magnetometry to study a frustrated spin-1/2 chain B-TeVO,.
They investigated the anisotropy of spin-density-wave (SDW), vector-chiral and spin-stripe
phases in magnetic fields of up to 5 T. Their results show that the magnetic-field-induced spin
reorientation occurs in the SDW and in the spin-stripe phases in fields greater than 2 Tesla. Figure 9: Orbital ordering in Rb 0, drives the
The presented results should help establish the model of anisotropic magnetic interactions, — quantum magnetic state of weakly coupled spin
which are responsible for the formation of complex magnetic phases in p-TeVO, and similar dimers.
low-dimensional quantum spin systems. The work was published in the paper M. Herak ez 4.,
“Magnetic-field-induced reorientation in the spin-density-wave and the spin-stripe phases of the
frustrated spin-1/2 chain compound B-TeVO,*, Phys. Rev. B 102, 024422 (2020).
In an extensive study, Tilen Knaflic, Peter Jegli¢, Andrej Zorko and Denis Arcon, together
with colleagues from Germany, investigated low-temperature quantum magnetism in Rb,0,.
This study was a continuation of the previous one on the related Cs,0,, where we discovered
charge ordering similar to the famous Verwey transition. In this study, we discovered a second
structural instability at lower temperatures, which is probably related to the orbital ordering
(Fig. 9). The low-temperature instability defines the magnetic properties, as experiments with
electron paramagnetic resonance at high fields unambiguously show quantum magnetism of
weakly coupled spin dimers. The research has been published as “Editor’s suggestion” in the ~ Figure 10: Simulation of random exchange bonds
article T. Knaflic etal., “Spin-dimer ground state driven by consecutive charge and orbital ordering 0% @ 2D Square spin laftice.
transitions in the anionic mixed-valence compound Rb,0,”, P/zys. Rev. B 101, 024419 (2020).
Matjaz Gomil3ek, in collaboration with partners from the United Kingdom, explored the influence of randomized
exchange bonds on the magnetism of a5 = 1/2 quantum Heisenberg antiferromagnet (QHAF) on a quasi-2D square
lattice (Fig. 10). The researchers found that magnetic order is strongly suppressed by quenched exchange strength
randomness (realized by chemical substitution in (QuinH),Cu(Cl Br — ) -2H,0, where QuinH = Quinolinium = C,H.N*
and 0 <x < 1), with an extended quantum-disordered phase forming over a wide range of intermediate substitution
levels, where no ground-state magnetic order is observed. They propose a simple and general energetics-based
model of competing local magnetic orders in disordered magnets, and find that it describes the observed critical
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Figure 11: Sketch of a muon over a lattice of

substitution levels in the studied compound. Due to the ubiquity of quenched disorder in many
of the most interesting QHAF and other frustrated magnetic materials, this study should have
wide implications in the field of quantum magnetism. The work was published in the paper
F. Xiao et al., “Magnetic order and disorder in a quasi-two-dimensional quantum Heisenberg
antiferromagnet with randomized exchange”, Phys. Rev. B 102, 174429 (2020).

Matjaz Gomil3ek, in collaboration with partners from the United Kingdom, explored the
influence of low levels of chemical substitution on the magnetism of GaV S, Se,. The research-
ers showed that the materials in this series exhibit lattices of Néel skyrmions (exotic topological
spin textures) over a range of elevated temperatures by studying their dynamics via muon spin
relaxation (uSR), as shown in Figure 11. They also found that chemical substitution stabilizes
additional skyrmionic precursor states that persist down to even lower temperatures. Finally, at
the lowest temperatures, the researchers discover a gradual crossover from cycloidal magnetic
order to a ferromagnetic ground state in both the y = 0 and the y = 0.1 materials, and reveal that
chemical substitution leads to an inhomogeneous local spin density in this series of materials.
The discovered rich phase diagram and non-trivial substitutional effects make GaV,S, Se an

topologically non-trivial magnetic Néel skyrmions.  especially interesting series of topological magnets. The work was published in the paper T. .

Figure 12: Magnetic ordering on the kagome lattice
resulting from Dzyaloshinskii-Moriya interaction.

Hicken ef al., “Magnetism and Néel skyrmion dynamics in GaV,S, Se, Phys. Rev. Research
2,032001(R) (2020).

Tina Arh, Matjaz GomilSek, Matej Pregelj, Martin Klanj$ek and Andrej Zorko studied, with
collaborators from the UK, USA and China, the effect of perturbations on the ground state of the
quantum kagome spin lattice. They found that magnetic ordering in the investigated compound
YCu,(OH)CL, is triggered by a sizable Dzyaloshinskii-Moriya interaction that enhances spin cor-
relations within the kagome planes (Fig. 12). They confirmed experimentally the theoretically
predicted role of this interaction and the corresponding phase diagram. The findings were pub-
lished in the article T. Arh ez al., “Origin of Magnetic Ordering in a Structurally Perfect Quantum
Kagome Antiferromagnet”, Phys. Rev. Lett. 125, 027203 (2020).

Andrej Zorko and collaborators from France and India determined the exact nature of
the spin-liquid ground state in herbertsmithite, an archetypal representative of the quantum
kagome spin lattice. The question of the existence of a spin gap in this compound has remained
unanswered for many years, despite numerous experimental studies. With an in-depth nuclear
magnetic resonance experiment, the researchers proved that the ground state is gapless, and
thus showed good agreement with recent theoretical predictions that envisage a Dirac spin-
liquid as the ground state of the kagome lattice (Fig. 13). The work was published in the article
P. Khuntia et al., “Gapless ground state in the archetypal quantum kagome antiferromagnet
ZnCu,(OI)CL,", Nat. Phys. 16,469 (2020).

13. Superconductivity
Denis Arcon, Peter Jegli¢, Martin KlanjSek and Nejc Jansa studied superconductivity emerging

Figure 13: Formation of valence bonds in the spin- from the paradigmatic quantum spin liquid in TaS , together with colleagues from the F7 and F1

liquid ground state of the quantum kagome lattice.
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departments. In the study, they focused on the 1T-Ta$, layered system, which was systematically
doped with Se. Using Ta-181 NQR and Se-77 NMR they demonstrated that after the parent spin
liquid is destroyed and replaced by the metallic state, antiferromagnetic correlations remain and define the metallic
state. Such correlations might be important for the emerging superconducting state in the strong coupling limit.
The work has been published in the article I. Benedicic et al., “Superconductivity emerging upon Se doping of the
quantum spin liquid 1T-TaS,”, Phys. Rev. B 102, 054401 (2020).

Ziga Gosar, Nejc Jansa, Tina Arh, Peter Jegli¢, Martin Klanjsek and Denis Arcon, together with colleagues
from the University of Texas at Dallas, investigated superconductivity of quasi-one-dimensional metal Rb,Mo,As,.
Spin-lattice relaxation rate showed a characteristic power-law temperature dependence, which is a signature of
Tomonaga-Luttinger liquid (TLL) but in the surprising regime of attractive interactions. The additional presence
of three-dimensional electronic band stabilizes superconductivity at the surprisingly high critical temperature. In
the article published in Z. Gosar et al., “Superconductivity in the regime of attractive interactions in the Tomonaga-
Luttinger liquid”, Phys. Rev. B 101, 220508(R) (2020) we also discussed the relevance of TLL physics for the
emerging superconductivity.

14. Functional materials

Denis Arcon participated in a study of the Li VO,F cathode material. Using pulsed and continuous electron
paramagnetic resonance (EPR), he showed that the sample, which was charged at the potential 4.1 V, shows EPR
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spectrum that is a sum of V¥ (3d") and superoxide 0, signals. In particular, the discovery of the later component is
importantas its presence probably influences the reversibility of charging cycles. The research has been published in
J.H.Changetal., “Superoxide formation in Li,VO,F cathode material - a combined computational and experimental
investigation of anionic redox activity”, /. Mater. Chem. A 8,16551 (2020).

Tilen Knafli¢ and Denis Arcon participated in the international collaboration to study potassium-intercalated
Tetracene solid. The study is a part of ongoing collaboration in the field of interacalatic aromatic solids. We used
EPR method to show that K, Tetracen is a nonmagnetic insulator. The study has been published in C. I. Hiley et
al,, “Crystal Structure and Stoichiometric Composition of Potassium-Intercalated Tetracene” /norg. Chem. 59,
12545-12551 (2020).

Peter Jegli¢, Tadej MeZnarsi¢ and Denis Arcon, in collaboration with partners from Japan, reported the first
study of rubidium-loaded LSX zeolite employing complementary macroscopic and microscopic probes. The ¥Rb
NMR spin-lattice relaxation of the rubidium cluster component showed temperature-independent behavior. This
confirmed the metallic ground state, despite the fact that rubidium clusters are formally confined in the insulating
framework. The work was published in the paper P. Jeglic ef al., “Metallic State in Rubidium-Loaded Low-Silica X
Zeolite”, /. Phys. Soc. Jpn. 89, 073706 (2020).

Andrej Zorko and other collaborators from the JSI and Norway studied the influence of cobalt
doping and the annealing atmosphere on the electrical conductivity and the electrical polarization
switching in BiFeO, ceramics. They proposed a mechanism of hardening, which assumes the
existence of two types of pinning centers. The results of the study will help in further optimizing
local and macroscopic conductivity, as well as hardening properties of these technologically
important ceramics. The results were published in the article M. Makarovic ef a/., “Tailoring the
electrical conductivity and hardening in BiFeO, ceramics”, /. Eur. Ceram. Soc. 40, 5483 (2020).

15. Cold atoms
Tadej MeZnarsic, Tina Arh, Erik Zupani¢ and Peter Jegli¢ demonstrated the emission of
correlated atom jets from a driven matter-wave soliton in a quasi-one-dimensional optical trap
(Fig. 14). All the stages of the Bose jet emission were captured in a simple model based on the
1D Gross-Pitaevskii equation, giving an insight into the dynamics of density waves that precede
the emission. In the limit of vanishing high-order jets beyond-mean-field number correlations
of jet pairs were observed. The results were published in T. Meznarsic et al., “Emission of ot pigyre 14: Pairs of matter-wave jeis emitted from a
related jets from a driven matter-wave soliton in a quasi-one-dimensional geometry”, Phys. Rev.  modulated cesium Bose-Einstein condensate.
4101, 031601(R) (2020).

II. Research Programme “Physics of Soft Matter, Surfaces, and Nanostructures”

The investigations of the research programme “Physics of Soft Matter, Surfaces, and Nanostructures”
focuses on novel complex soft-matter systems and surfaces with specific functional properties. The aim of the pro-
gram is to understand the structural and dynamical properties of these systems, their interactions, their function
at the molecular level, and self-assembly mechanisms in soft matter. The underlying idea is that it is possible to
understand complex mechanisms, such as self-assembly, on the macro-

scopic level, using a simplified physical picture and models. To provide a
comprehensive approach to the problem, the programme combines both
experimental and theoretical investigations, supported by modelling and
simulations. Special emphasis is given to the possible electro-optic and
medical applications.

Using theoretical and numerical approaches,
we explain the flow of light through complex
structures of topological solitons in frustrated
chiral nematics. In a thin layer of unwound
cholesteric, we show the chirality amplified
periodic self-focusing of a strong laser beam
and the formation of similariton. By modelling,
we show that with topological defects in

an ion-doped nematic liquid crystal we can
manipulate charge distributions on chemically
homogeneous surfaces. For material flows
and morphological dynamics of topological
defect lines and loops in 3D active nematics,
theoretical and numerical approaches show
the importance of the local orientation order
surrounding the defects.

Light control by topological solitons in chiral nematics

Topological solitons appearing in different areas of physics are fas-
cinating, localized perturbations of ordering fields enjoying topological
protection. We demonstrate refraction, reflection, and lensing of weak
laser beams by various topological solitons in frustrated chiral nematic
liquid crystals. We show how the interactions of light with such topological
solitons are well described using a generalized Snell’s law and ray-tracing
models. These might lead to new means for controlling the flow of light
for use in optics and photonics. The study was made by group members
from the Jozef Stefan Institute and the Faculty of Mathematics & Physics at
University of Ljubljana in collaboration with the group of Ivan Smalyukh
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Figure 15: Simulated green light beam lensing
from a toron in the unwounded cholesteric

layer. Intensity of green colour corresponds to
the intensity of light. White lines are obtained by
simple ray tracing. The 100.um toron with the
director field illustrated in the inset is visualized
with a white-light polarization image.

Figure 16: Propagation of a tilted Gaussian light
beam inside the unwounded cholesteric layer in
the linear (a) and nonlinear - similariton (b)
optical regime. The white bars represent 10 pm.

Figure 17: Nematically aligned bundles of

microtubules (green) first condense vertically into

a ribbon that subsequently forms wrinkles due to
active extensile stress.

Figure 18: Flows and dynamics of different active
nematic defect loops with zero topological charge

Figure 19: Surface-induced electric-charge
variability caused by nematic defects.
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from University of Colorado in Boulder. The paper (Physical Review X, 2020, DOI: 10.1103/
PhysRevX.10.031042 ) was highlighted in APS Physics Focus by the editorial article “Liquid-
Crystal Vortices Focus Light”.

Chirality-enhanced periodic self-focusing of light in frustrated chiral nematics

In achiral liquid crystals, the reorientation of molecules around laser beams with appropri-
ate power is responsible for the generation of spatial optical solitons called “nematicons”. We
present numerical, experimental, and theoretical evidence of a strong link between chirality
and the nonlinear optical response of frustrated chiral liquid-crystal systems. In unwounded
chiral nematics, the frustration caused by a confinement incompatible with their lowest-energy
states allows a relatively weak light to locally destabilize the initially uniform orientational fields
and thus boost their nonlinear optical responses. This yields self-focusing and the formation
of similaritons. In short, our study opens, at a fundamental level, a new research paradigm
of chirality-enhanced nonlinear optical effects, thus suggesting a range of self-focusing-based
applications such as low power light self-actuated flat lenses or all-optical information process-
ing based on spatial optical solitons interacting with chiral topological solitons. The study was
made in a collaboration by the JoZef Stefan Institute and the Faculty of Mathematics & Physics at
University of Ljubljana with the group of [van Smalyukh from University of Colorado in Boulder
(Physical Review Letters, 2020, DOI 10.1103/PhysRevLett.125.077801).

Wrinkling instability in 3D active nematics

In this experimental and theoretical study we focus on a 3D active nematic consisting of
microtubules, kinesin motors, and a depleting agent. It shows rich dynamics evolving from a
nematically ordered space-filling distribution of microtubule bundles towards a flattened and
contracted 2D ribbon that undergoes a wrinkling instability and subsequently transitions into
a 3D active turbulent state. The interplay between the depletion forces and the kinesin motors
thus leads to both a contractile stress that compresses the ribbon and an extensile stress that
leads to the wrinkling instability. On the macroscopic scale, we used a continuum theory to
explain the instability and predict the wavelength of the wrinkles that form. We supplemented
the results with a detailed simulation at the molecular scale (using the Cytosim package) that
reproduced the dynamics based on the properties of single kinesin motors. We found that the
produced forces nearly cancel out, but a small asymmetry in the distribution leads to the build-up
of the extensile stress. Whereas the wrinkle wavelength strongly correlates with their formation
time, as predicted by the continuum theory, it is independent of the ATP concentration. The 3D
to quasi-2D and back to 3D transition in our system represents a novel path of self-organization
in active soft matter. The study was mostly performed at Max Planck Institute for Dynamics
and Self-Organization in Gottingen (Nano Letters, 2020, DOI:10.1021/acs.nanolett.0c01546).

Three-Dimensional Active Defect Loops

We describe the flows and morphological dynamics of topological defect lines and loops in
three-dimensional active nematics and show, using theory and numerical modelling, that they
are governed by the local profile of the orientational order surrounding the defects. Analysing
a continuous span of defect loop profiles, ranging from radial and tangential twist to wedge
profiles, we show that the distinct geometries can drive the material flow perpendicular or along
the local defect loop segment, whose variation around a closed loop can lead to net loop motion,
elongation, or compression of shape, or buckling of the loops. We demonstrate a correlation
between the local curvature and the local orientational profile of the defect loop, indicating
dynamic coupling between the geometry and the topology. To address the general formation
of defect loops in three dimensions, we show their creation via bend instability from different
initial elastic distortions. The work was performed in a collaboration between the University
of Warwick (Prof. G. Alexander), the Faculty of Mathematics and Physics at the University of
Ljubljana and Department of Condensed Matter Physics at the JoZef Stefan Institute (Physical
Review Letters, 2020, DOI 10.1103/PhysRevLett.124.088001 ).

Topological-Defect-Induced Surface Charge Heterogeneities in Nematic Electrolytes

We show that the topological defects in an ion-doped nematic liquid crystal can be used to
manipulate the surface-charge distribution on chemically homogeneous, charge-regulating
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external surfaces, using a minimal theoretical model. In particular, the location and type of the
defect encodes the precise distribution of surface charges, and the effect is enhanced when the
liquid crystal is flexoelectric. We demonstrate the principle for patterned surfaces and charged
colloidal spheres. More generally, our results indicate an interesting approach to control the
surface charges on external surfaces without changing the surface chemistry ( Physical Review
Letters, 2020, DOI 10.1103/PhysRevLett.125.037801 ).

Speckle-free liquid-crystal microscopy with nanosecond illumination

We present a setup for speckle-free, low-light microscopy imaging using 5-ns exposure
times. The design is based on the stroboscopic principle and uses fast and incoherent fluorescent
emission from a solution of a fluorescent dye, excited by a picosecond laser pulse. The proposed
solution of Rhodamine in ethanol put in a glass cuvette gives an excellent image quality with high
contrast, excellent stability and tuneable coherence. The setup was used for the photographic
measurements with 5-ns exposure time, demonstrated in the imaging of a thermally quenched
5CB liquid crystal, which enables studies of the Kibble-Zurek mechanism of topological defect
nucleation and growth at sub-microsecond time resolution and extremely fast cooling rates of
740,000 K/s. The research was conducted in collaboration with the Faculty of Mathematics
and Physics and the Faculty of Pharmacy at University of Ljubljana. (ZLiquid Crystals, DOI:
10.1080/02678292.2020.1790049).

Bright flower-like domains in inverse nematic gels

We discovered that mixing the gelator 12-HSA with a nematic liquid crystal results in the
creation of localised flower-like domains with a higher concentration of the gelator than the sur-
rounding medium. The gelator in these domains forms fibres, which interact with the molecules
of the liquid crystal and stabilise its director into a spiral, toron-like structure. We examined their
structure by optical and confocal microscopy. The nematic liquid crystal in the volume around the
domains is achiral, but all the domains exhibit the same handedness. The research was conducted
in collaboration with the Faculty of Mathematics and Physics at University of Ljubljana and the
Raman Institute in Bangalore. (Soft matter, 2020, DOI: 10.1039/C9SM02547B ).

Nematic liquid-crystal necklace structure made by a microfluidic system

We succeeded in fabricating necklace structures made of liquid-crystal droplets that are
tens of micrometres in diameter and are connected by birefringent micro-tethers made of a
PVA liquid-crystal composite. Micro-tethers can be elastically stretched by applying external
force and the elastic constant of the tether was determined using laser tweezers. The Whisper-
ing Gallery Modes circulating inside the individual droplets in the necklace structure were also
observed. Research was made in collaboration with AIST in Tsukuba (Zangmuir, DOI: 10.1021/
acs.langmuir.0c00101).

Electric-field-induced reorientation of ferroelectric platelets in a liquid crystal

We demonstrated that ferroelectric micro-platelets can be reoriented in a nematic liquid
crystal by linear coupling to an external electric field. The electric dipole moment of the plate-
lets is perpendicular to the plane of platelets and provides torque that rotates the platelets. The
experiments were made in dispersions of platelets in a zero dielectric anisotropy nematic liquid
crystal, which excludes the reorientation of the dispersion via the dielectric coupling of a liquid
crystal. Liquid-crystal molecules are reoriented only via the rotation of platelets. (Liguid Crystals,
DOI:10.1080/02678292.2020.1785026)

Graphene derivatives, liquid crystal, and CdS/TiO, hybrid matrices: optoelectronic
and biotechnological aspects

Department of Solid State Physics F-5

Figure 20: Thermal quenching of liquid crystal
with 5-ns exposure time.

Figure 21: Bright flower-like domains in the
inverse nematic gel.

Figure 22: Two necklaces made of LC droplets
connected by a micro-tether.

Figure 23: Micro-platelels are rotated in a liquid
crystal by the external electric field.

Different assemblies of nanomaterial and related new switchable device technologies are reviewed. Complex
systems consisting of graphene and its derivatives, hydrogen-bonded liquid crystals, and semiconducting nano-
particles or nano wires are addressed. Seamless stable assemblies are enabled by relatively strong hydrogen bonds.
Of particular interest are the configurations that can undergo sensitive stimulus-induced electro-optical changes
between states exhibiting significantly different effective properties. Such assemblies could be exploited in flexible
electronics, high contrast ratio smart displays, optoelectronic devices, sensors (monitoring inflammability, explosive
nature, or toxicity of chemicals), bio-sensing, and antimicrobial applications. Cost-effective technologies, enabling
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large scalability and seamless heterogeneous integration are presented ( Critical Reviews in Solid State
and Materials Sciences, 2020, DOI: 10.1080/10408436.2020.1805295 ).

Reconfigurable multi-stable topological defect patterns

We report on robust theoretical and experimental investigations in which an external electric field
is used to switch between pre-determined stable chargeless disclination patterns in a nematic cell. The
different defect configurations are stabilized by a master substrate that enforces a lattice of surface defects
exhibiting zero total topological charge value. Theoretically, we model disclination configurations using
a Landau-de Gennes phenomenological model. Experimentally, we enable diverse defect patterns by
implementing an in-house-developed Atomic Force Measurement scribing method, where NLGC configura-
tions are monitored via polarised optical microscopy. We show numerically and experimentally that an
“alphabet” of up to 18 unique line defect configurations can be stabilized in a 4x4 lattice of alternating
s=+1 surface defects, which can be “rewired” multistably using appropriate field manipulation. Our proof-
of-concept mechanism may lead to a variety of applications, such as multi-stable optical displays and
rewireable nanowires. Research was performed in collaboration with Case Western Reserve University
Cleveland (Physical Review Research, 2020, DOI: 10.1103/PhysRevResearch.2.013176).

Figure 24: Polarizing-microscopy lexture Emergent collective colloidal currents generated via exchange dynamics in a broken dimer state

of a hybrid composite. We investigated the dynamics of paramagnetic colloidal particles confined between two planes.
When subjected to a precessing magnetic field, they show a rich phase diagram depending on the rota-
tion frequency, cell thickness, precession angle and particle density. We used linear-stability analysis to
theoretically predict the boundaries between the phases. They include single particles on a hexagonal
lattice, synchronously and asynchronously rotating particle pairs. Between them, a particularly inter-
esting phase emerges where dimers form and break transiently. Therefore, an edge current emerges
where particles at one boundary move in one direction and those at the opposite boundary in the op-
posite direction. These results demonstrate how similar physical phenomena can exist across a range
of length scales. The research was conducted in the collaboration of researchers from University of
Barcelona Max Planck Institute for Dynamics and Self-Organization in Géttingen (Science Advances,
2020, DOI:10.1126/sciadv.aaz2257 ).

Generation of microdroplets and microbeads with nanometre precision
We demonstrated that it is possible to produce small droplets and solid spheres of an unprecedented
monodispersity of 1 nmand 20 nm, respectively. For the droplets, the corresponding coefficient of variation
is only 0.0042 %, which improves the size precision by three orders of magnitude compared to standard
production methods such as reported in microfluidics. Encoding of short words and numbers has been
demonstrated by producing three beads with predefined sizes. The stored information has been read
from the emitted spectrum. The potential to store information on such a small scale, which can be read
purely through the spectrum, has the potential for barcoding various products, for security applications
and even for tagging and tracking of individual live cells. The article that was featured on the back cover
of the journal Lab on a Chip was made in collaboration with the Harvard Medical School (Zab on a
Chip, 2020, DOI- 10.1039/CILCO1034C).
Figure 25: a) Typical defect configuration,
b) bottom plate enforced nematic pattern. Blood flow limits endothelial cell extrusion in the zebrafish dorsal aorta
We studied the formation of the dorsal aorta, the main artery in the developing zebrafish embryo. We combined
confocal imaging on live embryos with a theoretical prediction of the stress distribution in the tissue surrounding
the blood vessel. The latter is amplified in the proximity of another blood vessel, but reduced in the proximity of the
stiff notochord. We show that cells migrate towards a direction that coincides with the maximum pulsatile stress
during the heartbeat. On the other hand, reduced blood flow facilitates cell extrusion, pointing to a mechanism
that regulates the blood-vessel diameter. Our study demonstrates how the formation and growth of blood vessels
depend on an intricate interplay of chemical signals, tissue mechanics and fluid dynamics. The research was con-
ducted in the collaboration of researchers from Université de Strashourg and Max Planck Institute for Dynamics
and Self-Organization in Gottingen (Cell Reports, 2020, DOI:10.1016/j.celrep.2020.03.069).

Control of viscosity in biopharmaceutical protein formulations

Controlling the viscosity of concentrated protein solutions (usually reducing) is an open challenge, with major
recent relevance in protein formulations for biopharmaceutical, medical, food, and other applications. It is of major
importance to be able to establish control over the combination of viscosity-affecting additives and adequate protein
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stability, usually at high protein concentrations. Here, we demonstrate the control and manipulation of
the viscosity profile of a selected protein solution (monoclonal antibody of immunoglobulin gamma
type - IgG) of direct biopharmaceutical relevance, by identifying elementary viscosity contributions
via selected additives that target different protein-protein interactions. Specifically, a combined study of
viscosity control and protein aggregation is performed with the viscosity characterized by microfluidic
measurements and protein aggregation by size-exclusion chromatography, where aggregation data is
further supplemented with conformational stability measurements via thermal and chemical protein
denaturation. More generally, we show control over the interplay of viscosity, potency and stability in
a distinct protein system, as a general contribution to understanding the viscosity in different colloidal,
biological, and soft materials. The work was performed as collaboration between the Lek Pharmaceuticals
d.d, part of Novartis, the Faculty of Mathematics and Physics and the Biotechnical Faculty at the University
of Ljubljana and Department of Condensed Matter Physics at the Jozef Stefan Institute. (/. Co/l. Int. Sct.,
2020, DOI: 10.1016/j.jcis.2020.06.105)

Antimicrobial coatings based on MoO, nanowires

Anovel antimicrobial nanocomposite was designed from inert biocompatible PVDF-HFP and water-
soluble PVP polymers with incorporated MoO, nanowires. Dissolving in water in a concentration of
5mg/ml, it lowers the pH value to 4.6 in 5 min. Ant1 microbial activity studied in collaboration with the
Biotechnical Faculty University in Ljubljana was explained by a two-step action: in the first stage, MoO,
dissolves, causing a drop in pH, which then triggers the hydrolysis of the PVP polymer and the release of the
ammonium salt. Complete deactivation of Staphylococcus aureus, Listeria monocytogenes, Escherichia
coli and Pseudomonas aueroginosa was achieved within 6 h, and deactivation of Penicilium verruco-
sum and Pichia anomala within 24 h (Journal of Nanomaterials 2020, DOI: 10.1155/2020/9754024).

New quasi-two-dimensional W O, | crystals

We synthesized new quasi-two-dimensional tungsten oxide crystals, which nucleate by epitaxial
growth on the W, .0, nanowires. In a single platelet several stoichiometric phases were identified for
the first time: W 0., W 0., W, 0,,, W .0,,, W 0, and W,0, . The structure was directly resolved from
high-resolution electron microscopy images md modelled usmg electron and X-ray diffraction data. These
layered crystals show a new kind of polycrystallinity, where crystallographic shear planes accommodate
an oxygen deficiency and at the same time contribute to the stability of a particular phase. (Nanoscale,

2020, DOI: 10.1039/DONR02014A).

Spatial ordering of the charge-density waves in NbSe,,

The ordering of the two incommensurate charge-density waves (CDWs) in the quasi-one-dimensional
NbSe, structure was studied using low-temperature scanning-tunnelling microscopy (PRB 102, 075442
(2020)) Larger (100) van der Waals surfaces were analysed using one-dimensional Fourier transforms
along the trigonal prismatic columns. The procedure enabled unambiguous differentiation between both
CDWs, modulating individual columns and allowed quantitative comparison of modulation amplitudes
along different columns of the same type. The results suggest the formation of CDW nanodomains. The
possibility of interchanging both CDW's along columns forming symmetry-related pairs results in a charge
difference, which is supposed to be the possible origin of CDW sliding. The paper was published in col-
laboration with a researcher from Canada (Physical Review B, 2020, DOI: 10.1103/PhysRevB.102.075442).

The ultra-high-TP charge-density wave in the monoclinic phase of NbS,

We reported on high-temperature studies of electrical conductivity of the monochmc phase of NbS,
type-IL (J. Alloys & Compounds, 854, 157098 (2020)). The compound was shown to be stable up to a
temperature T~ 550 K. At T, ~ 450-475 K a step-like growth of conductivity was observed, clear evi-
dence that T, is the temperature of a third, high-temperature CDW formation. The synchronization at
moderate frequencies, 10-50 MHz, demonstrates coherent sliding of CDW-0. The charges condensed in
this CDW show a relatively high density and, at the same time, extremely low mobility. Their mobility
appears low in the single-particle states as well, giving a plausible clue to the surprising dielectric-like
temperature variation of  above T,. The paper was published in collaboration with groups from
Taiwan and Russia (Journal of Alloys and Compounds, 2020, DOI: 10.1016/j.jallcom.2020.157098 ).
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Figure 26: Trajectories of magnetic par-
ticles in a precessing field. Particles in the
proximity of both planes move in opposite
directions (blue and yellow traces ).

Figure 27: Graphic of four groups of micro-

beads, each with embedded information,
which can be read by a laser.

Figure 28: Theoretical prediction
of mechanical stress in the tissue
surrounding the dorsal aorta (DA).

Figure 29: Control of viscosity in
biopharmaceutical protein formulations via
design of different protein interactions.
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Figure 30: Schematic illustration of antimicrobial
activation OfPVDF-HFP/PVP/Mo0g nanowires
composite. ‘

Figure 31: HRTEM image and ils simulation of
the W, 0 . phase with pentagonal and hexagonal
tunnels at crystallographic shear planes. The scale
baris 1 nm.

Figure 32: STM image of the surface of NbSe3
shown with the uppermost Se atoms and a DFT
simulated STM image.

Spontaneous Antiferromagnetic Ordering in a Single Layer of (BETS),GaCl, Organic
Superconductor

The fabrication of well-defined and atomically clean interfaces between materials of differ-
ent orders are of fundamental interest to engineer novel functionalities and to study emergent
phenomena in condensed-matter physics. Our study was focused on the interplay between elec-
tronic orders of a hybrid mix of nested antiferromagnetic molecular chains and superconducting
molecular stripes at the single-layer limit. The results of low-temperature scanning-tunnelling
microscopy and spectroscopy have shown that low-level vibronic and magnetic excitations that
dominate the higher temperature phase are absent below T, which point to their cooperative
existence and possible renormalization to mediate superconductivity in such d-wave supercon-
ductors. The paper was published in collaboration with the group at Nihon University, Tokyo
(Advanced Electronic Materials, 2020, DOI: 10.1002/aelm.202000461).

Air pollution by nanoparticles released during a football match

We measured air pollution with nanoparticles during a derby between the football clubs
NK Olimpija Ljubljana and NK Maribor on March 2019 in StoZice. The fan groups of both teams,
Green Dragons and Viola Maribor, lit torches and pyrotechnics in support of their clubs, despite
the ban. The number of nanoparticles ranging in size from 30 nm to 300 nm in the air when
the torches were lit increased by 1200 %, and the players inhaled 300 % more particles than in
alow-pollution environment. Chemical analysis showed that in addition to carbon, there were
also elements that were potentially toxic and used for colour effects and as fuel: strontium (red),
barium (green), potassium, magnesium and chlorine (Atmospheric Environment 2020, DOI:
10.1016/j.atmosenv.2020.117567 ).

III. Research programme “Experimental biophysics of complex systems and
imaging in biomedicine”

The programme group “Experimental biophysics of complex systems and imaging in bio-
medicine” combines research of the processes and structures of biological systems by developing
new advanced experimental techniques of super-resolution microscopies, micro-spectroscopies
and nanoscopies as well as new imaging techniques. Our research is mainly focused on the
response of molecular and supramolecular structures to interactions between materials and
living cells as well as between light and living cells. We are interested in molecular events and
physical mechanisms with which these events are causally connected, time scales, conditions and
applied value of the investigated mechanisms, especially for use in medicine and in the field of
health care in general. With the development of new coupled super-resolution and spectroscopic
techniques we want to open new possibilities to investigate biological systems and from there
onwards to open new possibilities for designing medical materials and devices, for diagnostics,
therapy and tissue regeneration, representing key challenges due to the aging population. The
investment into the new super-resolution STED system opened a variety of

We developed the world’s first animal-free in-vitro  fluorescence microscopy approaches: STED microscopy and two-photon
model for the prediction of chronic inflammation  (2PE) microscopy, multichannel spectrally resolved fluorescence lifetime
after nanoparticle inhalation, which we published  imaging (spFLIM), fluorescence micro-spectroscopy (FMS). These, coupled
in the prestigious journal Advanced Materials. with optical tweezers, can be used to examine interactions between materi-

Figure 33: Temperature dependence of I'V curves
with and without the RF irradiation applied.

74

als, nanomaterials and cell lines and the phenomena involved such as lipid
wrapping and nanomaterial passivation, membrane disintegration, and
cellular membrane translocation bypassing conventional signalling pathways. We also introduced
a method that enables monitoring of the electric field in tumours in the treatment of cancer
with electroporation, and further developed a method of multiparametric magnetic resonance
imaging for the characterization of food and medicines and various industrial processes. High-
resolution magnetic resonance imaging can monitor the effectiveness of surface treatments,
the formation and dissolution of gels as well as measure the diffusion in confined geometries
with the use of modulated gradients.

Epidemiological evidence suggests that the inhalation of pollutants, including the nanopar-
ticles in polluted air, contributes to around 4 million deaths worldwide. However, it is still not
known which nanoparticles are responsible. In collaboration with the National Research Centre
for the Working Environment (NRCWE) (Denmark) we have shown that among several different
types of anatase TiO, nanoparticles only the nanotubes triggered chronic inflammation in mice.
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After our discovery in 2019 that epithelial cells passivate some nanomaterials on their surface,
reducing the destructive effect of interactions between nanomaterials and various structures in
cells (e.g., nucleus, actin networks, inner membranes; all observed by STED microscopy) we have
developed the world’s first animal-free in-vitro model for the prediction of chronic inflammation
after nanoparticle inhalation. It is based on the complex mechanism discovered within intensive
collaborative research as a part of a work package that we led within the €8m European Horizon
2020 SmartNanoTox project. The mechanism of nanomaterial toxicity is based on three key
events: 1) formation of agglomerates of nanoparticles and biomolecules on the surface of lung
epithelial cells, 2) toxicity of the material to macrophages, and 3) cell signalling, all linked in a
perpetual cycle of events. The resulting publication in the prestigious journal Advanced Materials
was selected as the frontispiece by the editor and is currently in the top 5% of all research outputs
scored by Altmetric. This enormous collaborative work has been directed by our researchers T.
Kokli¢ and ]. Strancar and co-authored by many of the world’s top toxicologists from Germany,
France, Denmark, Canada, Finland, Sweden, Ireland, and UK.

In collaboration with the University of Oxford (UK), we have been developing advanced
fluorescence microscopy and microspectroscopy methods for the characterisation of local — yofecuiar magnetic chains are nested within a
anic superconductor

molecular environments. We greatly expanded the flexibility of super-resolution fluorescence — single-layer org
correlation spectroscopy (STED-FCS) by integrating faster detection electronics. We introduced

an aberration-resilient depletion pattern for more reliable STED-FCS measurements in 3D and

applied adaptive optics to characterise the diffusion in challenging cellular environments. We

also investigated new probes for gentler super-resolution imaging technique RESOLFT. For our

future development of advanced nanospectroscopies, we obtained and started a new ARRS

research project (J7-2596) in collaboration with the Visual Cognitive Systems Laboratory from

the Faculty of Computer and Information Science, University of Ljubljana.

The research work conducted within the ARRS project Microspectroscopy-based optimization
of the effects of laser pulses on the retina (L7-7561) were published in two peer-reviewed papers.
Here we report the capabilities of the in-house-developed 2-photon laser system (Laboratory for
Photonics and Laser Systems (FOLAS), Faculty of Mechanical Engineering as LBF partner) for
the retinal tissue theragnostics and the capabilities of fluorescence hyperspectral imaging with
a bespoke data-analysis algorithm for tracking blood coagulation and oxygenation dynamics
conducted in ex-vivo retinal vessels. Besides publications, the extensive work on the projects
has resulted in a granted European patent “Image-processing apparatus and image-processing
method for detection of irregularities in tissue” (PCT/S12018/050007, EP2018713384).

In the framework of the next ARRS project (L2-9254) focused on the spatial and temporal
design of the laser systems for minimally invasive ophthalmological applications, our STED laser
system was upgraded with a new beam line for testing a newly developed adaptive laser system
(Laboratory for Photonics and Laser Systems (FOLAS), Faculty of Mechanical Engineering as
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Figure 34: Hybrid order of two ground states where

LBF partner). Diagnostics and therapy capabilities together with the new algorithmand concepts  piguye 35: Use of flares and pyrotechnics during

for theragnostic approaches were characterized on human retinal tissue. The findings of the @ match caused an up to 120ld increase in the
research will be published in 2021. number concentration of nanoparticles in the air.

Further studies have been performed for the project focused on nano-temperature mapping
done in collaboration with the Laboratory for Heating Technology LTT, Faculty of Mechanical Engineering. Tempera-
ture profiling for micro-boiling studies has been tested with a newly developed temperature-sensitive organic and
inorganic molecules and particles. Based on the preliminary findings, new collaboration with Advanced Materials
Department (K9) was established for the continued experimental work in 2021.

A lot of work has been dedicated to the running project Crossing Borders and Scales (CROSSING) focused
on the advanced applications of correlative microscopy (CM) using state-of-the-art high-resolution imaging and
analysis techniques provided at the JSI and partnering HZDR. The continued research focused on nanoscale CM
characterization of nanomaterial interacting with the biological matter (model lung epithelium, neuron network)
contributed to the high-impact-journal publication and to a better understanding of the molecular events potentially
responsible for toxicological behaviour. New analytical CM approaches have been tested and planned for 2021 to
provide further details of the relevant biological system.

Another activity in 2020, led by the Laboratory of Biophysics, was the submission of the application for the
involvement in the JSI Infrastructure program for the period from 2022-2027. Based on vast expertise and the
available infrastructure of advanced and multimodal optical microscopies, we have applied, together with the few
JSI departments, for the new centre called the Center for advanced optical microscopies, which would be a part
of CEMM centre.
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Metamorphosis of the Carniolan bee (Apis mellifera carnica)
monitored by MR microscopy

In cooperation with the Biotechnical Faculty (BF UL), we started
studying the metamorphosis of the Carniolan bee with sequential MR
microscopy in the summer of 2018. The study was demanding, as we had
to provide the best conditions for the development of the bee inside the
MR magnet during imaging, which lasted 14 days for an individual bee
sample. We first isolated an individual cell with a larva and then imaged
ituntil the emergence of an adult bee. During this time, approximately 80
three-dimensional images with a resolution of 80 micrometres were taken
with a time interval of 4 hours. The recorded images were then segmented

)£ ! e e v ! so that we could extract information on the temporal change in the volume
of chronic inflammation after nanoparticle inhalation. B) first, the . o .

- /o ) . / of various organs (digestive tract, respiratory system, honey stomach,
mechanism of nanomaterial-induced inflammation was discovered ) e i
using advanced microscopies and omics on in vitro and in vivo systems. etc.). With the help of structural analysis of images using the grey-level
C) The discovered events were causally connecled inlo a network of cooccurrence matrix (GLCM) method, we were also able to determine the
events, shown here by a simplified scheme. D) Computer modelling of the  transformation of the flight muscle. To ensure the statistical significance
network of events enabled classification of nanomaterials accordingfo — f the results, imaging was performed on two bee samples. The results of

the predicted outcome of exposure based on three nanomaterial-specific . . 0 )
parameters. E) By combining in vitro probing of these parameters and MR images of bees were also verified by X-ray computed tomography that

Figure 36: A) Development of the world's first animal-free prediction

the in silico model, chronic inflammation can be predicted for any was taken at the department B1 at JSI, as well as with histological analysis
melal oxide nanomaterial in a time- and costefficient manner without — performed by the BF UL. The results of this study were published in the
animal testing. article: Ale§ Mohoric, Janko Bozic, Polona Mrak, Kaja Tusar, Lin Chenyun,

Ana Sepe, UrSka Mikac, Georgy Mikhaylov, Igor Sersa, “In vivo continuous
three-dimensional magnetic resonance microscopy : a study of metamorphosis in Carniolan worker honey bees
(Apis mellifera carnica)”, Journal of Experimental Biology, Nov. 2020, vol. 223, iss. 21, DOI: 10.1242/jeb.225250.

A new method to improve the signal-to-noise ratio of MR images

We have developed a new method that can be used to improve the signal-to-noise ratio (SNR) in MR images.
The method is based on the signal aliasing effect. This occurs in MR imaging when the imaging field of view (FOV)
is smaller than the sample size. The phenomenon leads to artefacts of MR images in usual samples, as parts of the
sample outside the FOV are fold over into the image, which can lead to their overlap with the image of the sample
within the FOV. We found that for a special type of sample, i.e., for periodic samples, this undesirable phenomenon
can be used for the constructive superposition of the aliased signals and thus for signal amplification without any
noise increase, if these samples are imaged at FOV equal to the unit cell size of the periodic sample. The method
was first theoretically analysed, then verified on a model sample in two dimensions, and finally the practical use of
this method was demonstrated by the imaging of a periodic array of drug tablets with extremely low NMR signals
due to the low moisture content in the tablets. There was not enough signal from a single tablet to be able to get
its MR image. However, with the presented method, it was straightforward to obtain the image of the tablet. The
results of this study were published in the article: Igor Sersa, “Magnetic resonance microscopy of samples with
translational symmetry with FOVs smaller than sample size”, Scientific reports, 2021, vol. 11, 541-1-541-12, IDOL:
10.1038/541598-020-80652-2.

Study of medial and ulnar nerve morphology

This study was initiated by our partners from the Institute of Anatomy (MF UL). In the study three radiologi-
cal methods are compared according to their diagnostic potential for separating fine structures within individual
nerve fibres. Nerve-fibre samples were isolated human medial and ulnar nerves, then they were imaged, and finally
we wanted to pinpoint the number and size of individual fascicles from their images. The radiological methods
used were clinical MR imaging at 3T (3T-MRI), high-resolution ultrasound imaging (HRUS), magnetic resonance
microscopy (MRM) at 9.4 T. Images of these three methods were also compared with the reference histological
analysis method. The results of the study showed that of all the three radiological methods, MRM imaging has the
highest diagnostic potential, less efficient but still relatively good was HRUS, while 3T-MRI proved to be the worst.
The results of this study were published in a leading journal in the field of radiology in the article: Ziga Snoj, Igor
Ser$a, UrSa MatiCic, Erika Cvetko, Gregor Omejec, “Nerve fascicle depiction at MR microscopy and high-frequency
US with anatomic verification”, Radiology, 2020, vol. 297, no. 3, pp. 1-3, DOI: 10.1148/radiol.2020201910.

Development of MR contrast agents based on magneto-liposomes

We participated in the characterization of the MR properties of a new type of contrast agents developed by
the department K7 at JSI. These contrast agents are based on superparamagnetic iron nanoparticles, which are
incorporated into the bilayer membrane of liposomes for better biocompatibility and therapeutic possibilities,
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thus obtaining magneto-liposomes (MLs). In the study, we first measured
the NMR relaxation properties of differently concentrated aqueous ML
solutions. This was followed by experiments on a culture of healthy and
cancerous (T24) urothelial cells, to which MLs were added at various
concentrations. The cell-culture samples were MR imaged using the T2 map-
ping method. In the experiments, we showed that MLs accumulate more
markedly in cancer cells, so the MR signal of these cells is much shorter
(T2-NMR relaxation time is greatly shortened) and thus allows efficient
separation between healthy and cancer cells. The results of this study are
published in the article: Nina Kostevsek, Calvin Cheung, Igor Sersa, Mateja
Erdani-Kreft, llaria Monaco, Mauro Comes Franchini, Janja Vidmar, Wafa
AlJamal, “Magneto-liposomes as MRI contrast agents: a systematic Study
of different liposomal formulations”, Nanomaterials, 2020, vol. 10, no.
5, pp. 889-1-889-18 DOL: 10.3390/nan010050889.

MR imaging study of controlled-release tablets

We studied the effect of different pH and mechanical stresses on the
formation of a gel layer and on the release of pentoxifylline from xanthan
tablets. The mechanical stress on the tablets was caused by a flow of liquid
surrounding the tablets. A biomodal method was used for tablet testing.
In it, MR imaging was used to monitor the formation of a gel layer and
sampling of the liquid medium in which the tablet dissolved allowed us
to monitor the release of the drug from the tablets. The obtained results
showed that in the pH neutral medium (water) the structure of the gel
layer is weaker and less resistant to erosion than the structure of the gel
layer obtained in the acid medium. Different pH values of the medium
also influenced the different mechanisms of drug release from the tablets.
This was predominantly erosive in the case of a neutral medium and was
diffusive in the case of an acidic medium. The effect of fluid flow around
the tablets was important in the erosive release mode at neutral pH, while
the effect of flow was negligible in the case of the diffusion release mode
at acidic pH due to the increased compactness of the gel layer. The results
of the study were published in the article: MIKAG, Urska, KRISTL, Julijana.
Magnetic resonance methods as a prognostic tool for the biorelevant be-
havior of xanthan tablets. Molecules. 2020, vol. 25, no. 24, pp. 1-12, DOIL:
10.3390/molecules25245871.

The research in our department has been supported by a number
of international projects financed by the European Union. It was also
supported by many bilateral projects and other scientific cooperations. In
2020, the Department had cooperation with 113 partners from Slovenia
and abroad. Among them were the following institutions:
1. BASF Heidelberg, Germany
2. Ben Gurion University, Beersheba, Israel
3. Chalmers University of Technology, Physics Department, Géte-
borg, Sweden
Clarendon Laboratory, Oxford, Great Britain

5. Centre national de la recherché scientifique, Laboratory de
Marseille, Marseille, France

6. Centre national de la recherché scientifique, Laboratoire de
Spectrochimie Infrarouge et Raman, Thiais, France

Department of Solid State Physics

Figure 37: MR images of the metamorphosis of the Carniolan bee (Apis
mellifera carnica) taken at two-day intervals: (A) T1-weighted MRI
images from the 3D image set, (B) the corresponding volume rendered
images, (C) the corresponding segmented respiratory system images,
and (D) the corresponding segmented digestive tract images.

Figure 38: MR images of the test 2D periodic sample: (A-C) the sample
consists only of the central object with the unit-cell dimension of 7 mm
and (D-F) the sample consists of nine identical objects arranged in a 3
x 3 matrix. (4, D) When the central object was imaged at a field of view
(FOV) equal to three times the unit-cell dimension, the SNR was nine
times higher than in case (B) when this object was imaged at the FOV
equal to the unit cell. When imaging a 2D periodic sample with the FOV
equal lo the unit cell, the SNR is increased relative fo example (B) by a
Jactor of: (E) three times when the constructive signal aliasing is present
only in the phase direction and (F) nine times when the constructive
signal aliasing is present along both axes of symmetry. (C) An image of
the same SNR as in example (F) can also be obtained with 81 averages
of the image signals of example (B).

Department of Chemistry, College of Humanities and Sciences, Nihon University, Tokyo, Japan

7
8. Deutsches Krebsforschungszentrum, Heidelberg, Germany
9. Deutsches Elektronen-Synchrotron, Hamburg, Germany

1

0. Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland

Elettra (Synchroton Light Laboratory), Basovizza, Italy

Eidgenossische Technische Hochschule - ETH, Zirich, Switzerland
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European Synchrotron Radiation Facility, Grenoble, France

Facultad de Giencia y Technologia, Universidad del Pais Vasco UPV/EHU, Leioa, Spain
Faculty of Physics, Adam Mickiewicz University, Poznan, Poland

Florida State University, Florida, USA

Forschungszentrum Dresden Rossendorf, Dresden, Germany

Gunma National College of Technology, Maebashi, Japan

High-Magnetic-Field Laboratory, Grenoble, France

High Magnetic Field Laboratory, Nijmegen, the Netherlands

High Magnetic Field Laboratory, Tallahassee, Florida, USA

Humboldt Universitat Berlin, Institut fir Biologie/Biophysik, Berlin, Germany

Illie Murguescu Institute of Physical Chemistry of the Romanian Academy, Bucharest, Romania
International Human Frontier Science Program Organisation, Strashourg, France
Institut Ruder Boskovic, Zagreb, Croatia

Institute for Theoretical Physics in Gottingen, Gottingen, Germany

Institute of Molecular Physics, Polish Academy of Sciences, Poznan, Poland

Institute of Electronic Materials Technology, Warsaw, Poland

Institut fiir Experimentalphysik der Universitit Wien, Vienna, Austria

Institut fiir Biophysik und nanosystemforschung OAW, Graz, Austria

Institute for Crystallography, Russian Academy of Sciences, Moscow, Russia

Instituto Superior Tecnico, Departamento de Fisica, Lisbon, Portugal

International Genter for Theoretical Physics, Trieste, Italy

ISIS, Rutherford Appleton Laboratory, Didcot, Great Britain

AF. Toffe Physico-Technical Institute, Saint Petersburg, Russia

Kavli Institute for Theoretical Physics, Santa Barbara, USA

King’s College, London, Great Britain

Klini¢ni center Ljubljana, Ljubljana, Slovenia

Korea Basic Science Institute, Daejeon, South Korea

Kyung Hee University of Suwon, Impedance Imaging Research Center, Seoul, South Korea
KTH Royal Institute of Technology, Stockholm, Sweden

KMZ - CNC obdelava kovin in drugih materialov Zalar Miran s.p., Ljubljana, Slovenia
Liquid Crystal Institute, Kent, Ohio, USA

Max Planck Institute, Dresden, Germany

Mayo Clinic, Rochester, Minnesota, USA

Merck KGaA, Darmstadt, Germany

MH Hannover, Hannover, Germany

National Academy of Sciences of Ukraine, Institute of Physics, Kyiv, Ukraine
National Center for Scientific Research “Demokritos”, Aghia Paraskevi Attikis, Greece
National Institute for Research in Inorganic materials, Tsukuba, Japan

Nuklearni Institut Vinca, Beograd, Serbia

Oxford University, Department of Physics, Department of Materials, Oxford, Great Britain
Paul Scherrer Institut, Villigen, Switzerland

Politecnico di Torino, Dipartimento di Fisica, Torino, Italy

Radbound University Nijmegen, Research Institute for Materials, Nijmegen, the Netherlands
Rwth Aachen University, Aachen, Germany

School of Physics, Hyderabad, Andhra Prades, India

SISSA, Trieste, Italy

State College, Pennsylvania, USA

Sveuciliste u Rijeci, Medicinski fakultet, Rijeka, Croatia

Sveuciliste u Zagrebu, Institut za fiziku, Zagreb, Croatia

Technical University of Catalonia, Barcelona, Spain

Technical University Vienna, Vienna, Austria

The Geisel School of Medicine at Dartmouth, Hanover, USA

The Max Delbriick Center for Molecular Medicine in Berlin, Berlin, Germany

Tohoku University, Sendai, Japan

Tokyo University, Bunkjo, Tokyo, Japan

University of Aveiro, Aveiro, Portugal

Universita di Pisa, Dipartimento di Chimica e Chimica Industriale, Pisa, Italy
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70.  Université de Picardie Jules Verne, Amiens, France

71.  Université de la Méditerranée, Marseille, France

72. University of Bristol, Bristol, Great Britain

73. University of California at Irvine, Beckman Laster Institute and Medical Clinic, Irvine, California, USA

74.  University of Durham, Durham, Great Britain

75. University of Duisburg, Duisburg, Germany

76.  University of Innsbruck, Innsbruck, Austria

77. Universitét Freiburg, Institut fir Makromolekulare Chemie, Freiburg, Germany

78.  University of Linz, Institute of Chemistry, Department of Physical Chemistry & Linz Institute of Organic
Solar Cells, Linz, Austria

79.  University of Leeds, Leeds, Great Britain

80. University of Loughborough, Loughborough, Great Britain

81.  Universitdt Mainz, Geowissenschaften, Mainz, Germany

82. Université de Nice, Nice, France

83. Université Paris Sud, Paris, France

84. University of Provence, Marseille, France

85.  University of Tsukuba, Tsukuba, Ibaraki, Japan

86. University of Utah, Department of Physics, Salt Lake City, Utah, USA

87.  University of Waterloo, Department of Physics, Waterloo, Ontario, Canada

88. Universitdt Regensburg, Regensburg, Germany

89. University of Ziirich, Zirich, Switzerland

90. University of Munich and MPQ, Munich, Germany

91.  University of Mons, Mons, Belgium

92.  University of Pavia, Pavia, Italy

93.  Universy of Maribor, Maribor, Slovenia

94.  University of North Carolina at Chapel Hill, Chapel Hill, USA

95.  University of Wisconsin-Madison, Madison, USA

96. Wagenigen University, Laboratory of Biopyhsics, Wageningen, the Netherlands

97.  Weizman Institute, Rehovot, Israel

98. Yonsei University, Seoul, South Korea

that made the reported studies possible.

Some outstanding publications in 2020

1. T. Arh, M. GomilSek, P. Preloviek, M. Pregelj, M. Klanjsek, A. Ozarowski, S. J. Clark, T. Lancaster, W. Sun,
J-X. Mi, A. Zorko. Origin of magnetic ordering in a structurally perfect quantum kagome antifer-
romagnet. Phys. Rev. Lett. 125 (2020) 027203,

2. P.Khuntia, M. Velazquez, Q. Barthélemy, F. Bert, E. Kermarrec, A. Legros, B. Bernu, L. Messio, A. Zorko,
P. Mendels “Gapless ground state in the archetypal quantum kagome antiferromagnet ZnCu3(0OH)6C12”,
Nat. Phys. 16, 469 (2020).

3. A.J.Hess, G. Poy, Jung-Shen B. Tai, S. Zumer, 1. 1. Smalyukh. Control of light by topological solitons in
soft chiral birefringent media. Phys. Rev. X 10 (2020) 031042.

4. G.Poy,A.]. Hess, I. 1. Smalyukh, S. Zumer. Chirality-Enhanced Periodic Self-Focusing of Light in Soft
Birefringent Media. Phys. Rev. Lett. 125 (2020) 077801.

5. T.Striibing, A. Khosravanizadeh, A. Vilfan, E. Bodenschatz, R. Golestanian, I. Guido. Wrinkling Instability
in 3D Active Nematics. Nano Lett. 20 (2020) 6281-6288.

6. J. Binysh, Z. Kos, S. Copar, M. Ravnik, G. P. Alexander. Three-Dimensional Active Defect Loops. Phys.
Rev. Lett. 124 (2020) 088001.

7. H. Massana-Cid, A. Ortiz-Ambriz, A.Vilfan, P. Tierno. Emergent collective colloidal currents generated
via exchange dynamics in a broken dimer state. , Sci. Adv. 6 (2020) eaaz2257.

8. D. Richter, M. Marinci¢, M. Humar. Optical-resonance-assisted generation of super monodisperse
microdroplels and microbeads with nanometer precision. Lab Chip 20 (2020) 734-74.

9. P.Campinho, P. Lamperti, F. Boselli, A. Vilfan, J. Vermot. Blood Flow Limits Endothelial Cell Extrusion
in the Zebrafish Dorsal Aorta. Cell Reports 31 (2020) 107505.

10. L. Pirker, B. Visic, S. D. Skapin, G. DraZic, J. Kovaca, M. Remskar. Multi-stoichiometric quasi-two-dimen-
sional W0, tungsten oxides. Nanoscale 12 (2020) 15102-15114.
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11.

12.

13.

14.

A. Hassanien, B. Zhou, A. Kobayashi. Spontaneous Antiferromagnetic Ordering in a Single Layer of
(BETS) GacCl, Organic Superconductor. Advanced Electronic Materials 6 (2020).

H. Kokot, B. Kokot, A. Sebastijanovic, R. Podlipec, A. Kriselj, P. Cotar, M. Pusnik, P. Umek, S. Pajk, I. Urbancic,

T. Kokli¢, J. Strancar, et al. Prediction of chronic inflammation for inhaled particles:the impact of
material cycling and quarantining in the lung epithelium. Adv. Mater. 32 (2020) 2003913.

A. Barbotin, I. Urbancic, S. Galiani, C. Eggeling, M. J. Booth. Background reduction in sted-fcs using a

bivortex phase mask. ACS Photonics 7 (2020) 1742-1753.

A.Frawley, V. Wycisk, Y. Xiong, S. Galiani, E. Sezgin, I. Urbancic, A. Vargas Jentzsch, K. G. Leslie, C. Eggeling,

H. L. Anderson. Super-resolution resolft microscopy of lipid bilayers using a fluorophore-switch dyad.

Chem. Sci. 11 (2020) 8955-8960.

Some outstanding publications in 2019

L

M. Gomilsek, R. Zitko, M. KlanjSek, M. Pregelj, C. Baines, L. Yuesheng, Q. Zhang, A. Zorko, Kondo screen-
ing in a charge-insulating spinon metal. Nature Physics 15 (2019) 754.

A. Matavz, A. Bencan, J. Kovac, C.C. Chung, J.L. Jones, S. Trolier-McKinstry, B. Mali¢, V. Bobnar, Additive
manufacturing of ferroelectric-oxide thin-film multilayer devices. ACS Applied Materials & Interfaces
11 (2019) 45155.

B. Senyuk, J. Aplinc, M. Ravnik, L. I. Smalyukh, High-order elastic multipoles as colloidal atoms. Nature
Communications 10 (2019) art. no. 1825, doi: 10.1038/s41467-019-09777-8.

S. Copar, J. Apling, Z. Kos, S. Zumer, M. Ravnik, Topology of three-dimensional active nematic turbulence
confined to droplets. Physical Review X 9 (2019) 031051-1-031051-13.

J.Pollard, G. Posnjak, S. Copar, I. Musevic, G. P. Alexander. Point defects, topological chirality and singularity
theory in cholesteric liquid-crystal droplets. Physical Review X 9 (2019) 021004-1-021004-19.

A.P. Almeida, J. Canejo, U. Mur, S. Copar, P. Almeida, S. Zumer. M. H. Godinho, Spotting plants ~ microfila-
ment morphologies and nanostructures. Proceedings of the National Academy of Sciences of the United
States of America 117 (2019) 13188-13193.

T. Emersic, R. Zhang, Z. Kos, S. Copar, N. Osterman, . ]. de Pablo, U. Tkalec, Sculpting stable structures in
pure liquids. Science Advances 5 (2019) art. no. eaav4283.

E. Sezgin, F. Schneider, S. Galiani, I. Urbancic, D. Waithe, B. Lagerholm, B. Christoffer, Ch. Eggeling,
Measuring nanoscale diffusion dynamics in cellular membranes with super-resolution STED-FCS, Nature
protocols 14 (2019) 1054-1083.

J. Steinkithler, E. Sezgin, I. Urbancic, Ch. Eggeling, R. Dimova, Mechanical properties of plasma mem-
brane vesicles correlate with lipid order, viscosity and cell density, Communications Biology 2 (2019)
337-1-337-8.

Some outstanding publications in 2018

L

N. Jan$a, A. Zorko, M. GomilSek, M. Pregelj, K.W. Krdmer, D. Biner, A. Biffin, C. Riiegg, M. Klanjsek.
Observation of two types of fractional excitation in the Kitaev honeycomb magnet. Nature Physics 14,
(2018), 786-790.

P. Adler, P. Jeglic, T. Knafli¢, M. Komelj, D. Arcon, et al. Verwey-type charge ordering transition in an open-
shell p-electron compound. Science Advances 4, (2018), eaap7581.

S.Gao, 8. Vrtnik, J. Luzar, et al. Dipolar spin ice states with a fast monopole hopping rate in CdEr X, (X=Se,
S). Physical Review Letters 120 (2018), 137201.

Yu.0. Zagorodniy, B. Zalar et al. Chemical disorder and *’Pb hyperfine fields in the magnetoelectric
multiferroic Pb(Felﬁ, 2Sbm)O3 and its solid solution with Pb(FeL,szm)O N Physical Review Materials 2
(2018), 014401.

J. Dolinsek. Electronic transport properties of complex intermetallics. Crystal growth of intermetallics,
Eds. P. Gille, Yu. Grin (Berlin: De Gruyter, 2018), 260-278.

Pramanick, A., Dmowski, W., Egami, T.I, Setiadi Budisuharto, A., Weyland, F., Novak, N., Christianson,
A., Borreguero, J. M., Abernathy, D., Jorgensen, M. R. V., Stabilization of Polar Nanoregions in Pb-free
Ferroelectrics. Physical Review Letters 120 (2018), 207603.

Guillamat, Pau, Kos, Ziga, Hardoiiin, Jérome, Ignés-Mullol, Jordi, Ravnik, Miha, Sagués, Francesc. Active
nematic emulsions. Science Advances 4 (2018), 2375-2548.

Annual Report 2020



Department of Solid State Physics F-5

8. Urbancic, Iztok, Garvas, Maja, Kokot, Bostjan, Majaron, Hana, Umek, Polona, Skarabot, Miha, Arsov,
Zoran, Kokli¢, Tilen, Ceh, Miran, Musevic, Igor, Strancar, Janez, et al. Nanoparticles can wrap epithelial
cell membranes and relocate them across the epithelial cell laye. Nano Letters 18 (2018), 5294-5305.

9. Anicic, Nemanja, Vukomanovi¢, Marija, Kokli¢, Tilen, Suvorov, Danilo. Fewer defects in the surface slows
the hydrolysis rate, decreases the ROS generation potential, and improves the Non-ROS antimicrobial

activity of MgO. Small 14 (2018), 1800205.

10.  Santos, Ana Mafalda, Urbandic, Iztok, et al. Capturing resting T cells: the perils of PLL. Nature Immunol-

0gy 19 (2018), 203-205.

Awards and Appointments

1. Dr Matjaz GomilSek: JoZef Stefan Golden Emblem Prize for his doctoral thesis “Quantum spin liquids on
geometrically frustrated kagome lattices”, Ljubljana, JoZef Stefan Institute
2. Prof. Samo Kralj, PhD: the Zois Certificate of Recognition for important research achievements in the

field of soft-matter physics, Ljubljana

Patents granted

1. Luka Drinovec, Grisa Mo¢nik, Photo-thermal interferometer, EP3492905 (B1), European Patent Office,

29. 04. 2020, US10768088 (B2), US Patent Office, 08. 09. 2020.

INTERNATIONAL PROJECTS

Small Services
Dr. Polona Umek
2. Double-Beam Laser Interferometer Measurement
Prof. Vid Bobnar
Tdk Electronics Gmbh & Co Og
3. CROSSING - Crossing Borders and Scales - An Interdisciplinary Approach
Prof. Janez Strancar
Helmholtz-zentrum Dresden-rossendorf E.v.
4. COST CA15209; European Network on NMR Relaxometry
Prof. Tomaz Apih
Cost Office
5. COST CA16109; Chemical On-Line Composition and Source Apportionment of Fine
Aerosol
Prof. Grisa Mocnik
Cost Office
6. COST CA16218; Nanoscale Coherent Hybrid Devices for Superconducting Quantum
Technologies
Dr. Abdelrahim Ibrahim Hassanien
Cost Association Aisbl
7. COST CA16221; Quantum Technologies with Ultra-Cold Atoms
Dr. Peter Jegli¢
Cost Association Aisbl
8. COST CA17121; Correlated Multimodal Imaging in Life Sciences
Prof. Janez Strancar
Cost Association Aisbl
9. COST CA17139; European Topology Interdisciplinary Action
Prof. Slobodan Zumer
Cost Association Aisb!
10. COST CA16202; International Network to Encourage the Use of Monitoring and
Forecasting Dust Products
Prof. Grisa Mocnik
Cost Association Aisbl
11. COST CA9108 - HiSCALE; High-Temperature SuperConductivity for AcceLerating the
Energy Transition
Dr. Abdelrahim Ibrahim Hassanien
Cost Association Aisbl
12. BIO-OPT-COMM; A Living Optically-Communicating Neural Network
Asst. Prof. Matjaz Humar
Hfspo- International Human Frontier
13. H2020 - SmartNanoTox; Smart Tools for Gauging Nano Hazards
Prof. Janez Strancar
European Commission
14. H2020 - ENGIMA; Engineering of Nanostructures with Giant Magneto-Piezoelectric and
Multicaloric Functionalities
Prof. Zdravko Kutnjak
European Commission

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

H2020 - Cell-Lasers; Intracellular Lasers: Coupling of Optical Resonances with Biological
Processes

Asst. Prof. MatjaZ Humar

European Commission

Conservation of Cultural Heritage Indoors - The Case of Leonardo da Vinci‘s , Last
Supper*®

Prof. Grisa Mocnik

Slovenian Research Agency

Lipid Wrapped Nanoparticles and Activity of Factor Xa

Dr. Tilen Kokli¢

Slovenian Research Agency

Studies of Nanoporous Materials for Hydrogen Storage

Prof. Janez Dolinsek

Slovenian Research Agency

Magnetoresonance Study of Spin-Liquid Candidates

Prof. Andrej Zorko

Slovenian Research Agency

Advanced Organic and Inorganic Thin-Film Composites with Enhanced Dielectric and
Electromechanical Response

Prof. Zdravko Kutnjak

Slovenian Research Agency

New Electronic States Emergent via Cross-Coupling between Magnetism and Electrical
Conduction in Itinerant Antiferromagnetic Systems

Prof. Denis Arcon

Slovenian Research Agency

Hemoglobin-Based Nano-Spectral Non-Linear Imaging for Future Label-Free Medical
Diagnostics

Dr. Rok Podlipec

Slovenian Research Agency

Impact of Fireworks on Air Pollution in Urban Environments

Asst. Prof. Anton Gradisek

Slovenian Research Agency

Investigation of Air Pollution with Nanoparticles Caused by Fireworks

Prof. Maja Remskar

Slovenian Research Agency

RESEARCH PROGRAMMES

Magnetic resonance and dielectric spectroscopy of ,smart new materials
Prof. Janez Dolinsek

Physics of Soft Matter, Surfaces and Nanostructures

Prof. Slobodan Zumer

Experimental Biophysics of Complex Systems

Prof. Janez Strancar
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R & D GRANTS AND CONTRACTS

Sensor technologies in diagnostics and monitoring of cultural heritage buildings
Prof. Janez Dolinsek

Electroporation-based treatments with new high-frequency electroporation pulses
Prof. Igor Sersa

Reconstruction of electrical conductivity of tissues by means of magnetic resonance
techniques

Prof. Igor Sersa

Phase transitions towards coordination in multilayer networks

Dr. Uros Jagodic

Development of building blocks for new European quantum communication network
Dr. Peter Jeglic

High-resolution optical magnetometry with cold cesium atoms

Dr. Peter Jeglic

Integrated multi-channel artificial nose for vapor trace detection

Prof. Igor Musevic

Photonic devices made entirely out of edible materials

Asst. Prof. Matjaz Humar

Probing spin states near the surface of quantum spin materials

Prof. Denis Arcon

. Advanced soft nematocaloric materials

Asst. Prof. Brigita Rozi¢

. Multicaloric cooling

Prof. Zdravko Kutnjak

. Optimization of MRI techniques for assessment of thrombolytic treatment outcome

Prof. Igor Sersa

. Intracellular lasers: Coupling of optical resonances with biological processes

Asst. Prof. Matjaz Humar

. Study of intracellular forces by deformable photonic droplets

Asst. Prof. MatjaZz Humar

. Electrocaloric elements for active cooling of electronic circuits

Prof. Vid Bobnar

. Advanced inorganic and organic thin films with enhanced electrically-induced response

Prof. Vid Bobnar

. Adverse outcome pathway leading to atherosclerosis

Dr. Tilen Kokli¢

. Liquid-crystal microdroplet lasers for sensing inside live cells

Zuhail Kottoli Poyil

. Stabilization and destabilisation of spin liquids by perturbations

Prof. Andrej Zorko

. Physics of Majorana fermions in Kitaev magnets

Dr. Martin Klanjsek

21.
22.
23.
24.

25.
26.

27.

28.

29.

30.

Novel experimental approach for determination of quantum spin liquids

Prof. Andrej Zorko

Topological turbulence in confined chiral nematic fields

Prof. Miha Ravnik

Controllable broadband electromagnetic-radiation shielding

Dr. Matej Pregelj

Intelligent Content-Aware Nanospectroscopy (iCAN) of molecular events in
nanoparticles-induced neurodegeneration

Dr. Iztok Urbancic

Biopharmaceuticals: sensor for aggregation of protein particles based on liquid crystals
Prof. Miha Ravnik

Spatial and temporal shaping of laser light for minimally invasive ophthalmic
procedures

Prof. Janez Strancar

Domain engineered ferroelectric ceramic layer elements for efficient energy harvesting
and energy conversion applications

Prof. Zdravko Kutnjak

Magnetic, electric and stress - field programming of shape response in polymer-
dispersed liquid crystal elastomers - based actuators

Dr. AndraZ Resetic

Building blocks, tools and systems for the Factories of the Future - GOSTOP

Prof. Janez Strancar

Ministry of Education, Science and Sport

Reimbursement of costs of scientific publications in golden open access for 2019, 2020
Prof. Igor Musevic

Slovenian Research Agency

N EW CONTRACTS

Magnetic, electric and stress - field programming of shape response in polymer-
dispersed liquid crystal elastomers - based actuators

Dr. Andraz Regetic

Kmz - Zalar Miran S.p.

Characterization of ferric carboxymaltose by atomic force microscopy

Prof. Miha Skarabot

Lek d. d.

Characterisation of iron-carboksimaltose with the electron paramagnetic resonance
(EPR) technique

Prof. Denis Arcon

Lek d. d.

AerOrbi - Aerosol soft photo ionisation Orbitrap mass spectrometry

Prof. Grisa Mocnik

Aerosol d. 0. 0.

VISITORS FROM ABROAD

Hanani Zouhair, Cadi Ayyad University, Marrakesh, Morocco, 15 November 2019-15
January 2020

Dr Wencka Magdalena, Institute of Molecular Physics, Polish Academy of Sciences,
Poznan, Poland, 15 January-31 December 2020

Petrinovic Toma, University of Zagreb, Institute of Physics, Zagreb, Croatia, 5-14
January 2020

Prof. Lancaster Tom, PhD, Durham University, Durham, United Kingdom, 12-17
January 2020

Dr Fukuda Jun-ichi, Kyushu University, Fukuoka, Japan, 12-18 January 2021

Dr Komitov Lachezar, University of Gothenburg, Gothenburg, Sweden, 2-7 March 2020
Dr Jampani Venkata Suba Rao, University of Luxembourg, Luxembourg, Luxembourg,
3 September-10 October 2020

Dr Visi¢ Bojana, Institute of physics Belgrade, Belgrade Serbia, 1-10 October 2020
Nikolai Cyepurnyi, Ostbayerische Technische Hochschule Regensburg, Regensburg,
Germany, 8-31 October 2020

STAFF

Researchers

82

Prof. Tomaz Apih

Prof. Denis Ar¢on*

Asst. Prof. Zoran Arsov*

Prof. Vid Bobnar

Prof. Janez Dolinsek*

Asst. Prof: Anton Gradisek, 01.09.20, transferred to Department E9
Dr. Alan Gregorovic

Abdelrahim Ibrahim Hassanien, B. Sc.

Asst. Prof. Matjaz Humar

. Venkata Subba Rao Jampani, B. Sc.
. Dr. Peter Jeglic

. Dr. Marjan JeSelnik*

. Dr. Martin Klanjsek

. Dr. Tilen Kokli¢

. Prof. Samo Kralj*

. Prof. Zdravko Kutnjak

. Dr. Mojca Urska Mikac

. Prof. Grisa Mocnik*

. Asst. Prof. Ales Mohori¢*

. Prof. Igor Musevic*, Head
. Dr. Nikola Novak

. Dr. Andriy Nych

. Asst. Prof. Stane Pajk*

. Asst. Prof. Dusan Ponikvar*
. Dr. Matej Pregelj

. Prof. Miha Ravnik*

. Prof. Maja Remskar

. Asst. Prof. Brigita Rozi¢

. Prof. Igor Sersa

. Prof. Miha Skarabot

. Prof. Janez Strancar

. Asst. Prof. Uro$ Tkalec*

. Dr. Polona Umek

. Dr. Iztok Urbanci¢

. Dr. Herman Josef Petrus Van Midden
. Asst. Prof. Andrej Vilfan

. Dr. Stanislav Vrtnik
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38.
39.
40.
41.
42.

Prof. Bostjan Zalar, 01.12.20, transferred to Department U1
Prof. Aleksander Zidansek

Prof. Andrej Zorko

Dr. Erik Zupanic

Prof. Slobodan Zumer

Postdoctoral associates

43
44.
45.
46.

47.

48.
49.
50.

5L

52.
53.
54.
55.
56.

57.

58.
59.
60.

61.

62.

Dr. Matej Bobnar

Dr. Maja Garvas

Dr. Matjaz Gomilsek

Dr. Uro§ Jagodic

Zuhail Kottoli Poyil, B. Sc.

Dr. Primoz Kozelj, on leave 01.07.19
Dr. Mitja Krnel

Dr. Marta Lavric

Dr: Janez Luznik, left 01.09.20

Dr. Maru§a Mur

Dr. Luka Pirker

Dr. Rok Podlipec

Dr. Gregor Posnjak, on leave 01.08.19
Dr. Anja Pusovnik

Dr. Andraz ReSeti¢

Dr. Anna Ryzhkova

Dr. Aleksandar Savic, left 21.03.20
Saide Umerova, B. Sc.

Dr. Jernej Vidmar*

Dr. Bojana Visic

Postgraduates

03.
64.
65.
66.
. Ziga Gosar, B. Sc.

. Urka Gradiar Centa, B. Sc.

. Sasa Harkai, B. Sc.

. Nejc JanSa, B. Sc.

. Vida Jurecic, B. Sc.

. Tilen Knaflic, B. Sc., left 01.07.20

Tina Arh, B. Sc.
Dejvid Cresnar, B. Sc.
Nikita Derets, B. Sc.
Darja Gacnik, B. Sc.

BIBLIOGRAPHY

Te

85.
86.

87.

88.
89.
90.

91.
92

Department of Solid State Physics

. Hana Kokot, B. Sc.

. Bojan Marin*, M. Sc.

. MatevZz Marincic, B. Sc.

. Dr. Aleksander Matavz, on leave 19.01.20

. Tadej Meznarsic, B. Sc.

. Rok Peklar, B. Sc.

. Gregor Pirnat, B. Sc.

. Jaka Pisljar, B. Sc.

. Anja Pogacnik Krajnc, B. Sc.

. Aleksandar Sebastijanovic, B. Sc.
. Marion Antonia Van Midden, B. Sc.
. Rebeka Viltuznik, B. Sc.

chnical officers

Andreja BuZan Bobnar, B. Sc.

Dr. Luka Drinovec*

Dr. Andreja Jelen

Bostjan Kokot, B. Sc.

Ana Kriselj, B. Sc.

Ivan Kvasic, B. Sc.

Dr. JoZe Luzar

. Jaka Mocivnik, B. Sc.

Technical and administrative staff

93
94
95
96
97.
98
99

. Sabina Gruden, B. Sc.

. Drazen Ivanov

. Janez Jelenc, B. Sc.

. Masa Kavdic, B. Sc.
Davorin Kotnik

. Vesna Lopati¢, B. Sc.

. Silvano Mendizza

100.Peter Mihor

101. Janja Milivojevi¢
102.Ana Sepe, B. Sc.
103.Marjetka TrSinar

Note:
* part-time JSI member

ORIGINAL ARTICLE

1.

no

w

(%2}
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. Abdou Hassanien,

. Manos

Geonhyeong Park, Simon Copar, Ahram Suh, Minyong Yang, Uro$
Tkalec, Dong Ki Yoon, "Periodic arrays of chiral domains generated
from the self-assembly of micropatterned achiral lyotropic chromonic
liquid crystal", ACS central science, 2020, 6, 11, 1964-1970.

. Aurelien Barbotin, Iztok Urbanci¢, Silvia Galiani, Christian Eggeling,

Martin J. Booth, "Background reduction in STED-FCS using a bi-vortex
phase mask", ACS photonics, 2020, 7,7, 1742-1753.

Biao Zhou, Akiko Kobayashi, "Spontaneous
antiferromagnetic ordering in a single layer of (BETS),GaCl, organic
superconductor”, Advanced electronic materials, 2020, 6, 10, 2000461.
Rijeesh Kizhakidathazhath, Yong Geng, Venkata Subba R. Jampani,
Cyrine Charni, Anshul Sharma, Jan P. F. Lagerwall, "Facile anisotropic
deswelling method for realizing large-area cholesteric liquid crystal
elastomers with uniform structural color and broad-range
mechanochromic response”, Advanced functional materials, 2020, 30, 7,
1909537.

. Hana Kokot et al. (34 authors), "Prediction of chronic inflammation for

inhaled particles: the impact of material cycling and quarantining in the
lung epithelium", Advanced materials, 2020, 32, 47, 2003913.

. Honey Dawn C. Alas, Thomas Miiller, Kay Weinhold, Sascha Pfeifer,

Kristina Glojek, Asta Gregori¢, Grisa Mocnik, Luka Drinovec, Francesca
Costabile, Martina Ristorini, A. Wiedensohler, "Performance of
microAethalometers: real-world field intercomparisons from multiple
mobile measurement campaigns in different atmospheric
environments", Aerosol and air quality research, 2020, 20, 12, 2640-
2653.

Anyfantakis, Venkata Subba R. Jampani, Rijeesh
Kizhakidathazhath, Bernard P. Binks, Jan P. F. Lagerwall, "Responsive

Ne

10.

11.

12

13.

14.

photonic liquid marbles", Angewandte Chemie, 2020, 59, 43, 19260-
19267.

. I. Antonyshyn et al. (11 authors), "Micro-scale device—an alternative

route for studying the intrinsic properties of solid-state materials: the
case of semiconducting TaGelr", Angewandte Chemie, 2020, 59, 27,
11136.

. Anja Sadzak, Janez Mravljak, Nadica Maltar-Strmecki, Zoran Arsov,

Goran Baranovi¢, Ina Erceg, Manfred Kriechbaum, Vida Strasser, Jan
Piibyl, Suzana Segota, "The structural integrity of the model lipid
membrane during induced lipid peroxidation: the role of flavonols in
the inhibition of lipid peroxidation", Antioxidants, 2020, 9, 5, 430.

Ema Valentina Brov¢, Stane Pajk, Roman Sink, Janez Mravljak, "Protein
formulations containing polysorbates: are metal chelators needed at
all?", Antioxidants, 2020, 9, 5, 441.

Itir Bakis Dogru-Yuksel, Mertcan Han, Gregor Pirnat, Emir Salih
Magden, Erkan Senses, Matjaz Humar, Sedat Nizamoglu, "High-Q,
directional and self-assembled random laser emission using spatially
localized feedback via cracks", APL photonics, 2020, 5, 10, 106105.

. Rok Podlipec, Jaka Mur, Jaka Petelin, Janez Strancar, Rok Petkoviek,

"Two-photon retinal theranostics by adaptive compact laser source",
Applied physics. A, Materials science & processing, 2020, 126, 6, 405.
Urska Gabor, Damjan Vengust, Zoran Samardzija, Aleksander Matavz,
Vid Bobnar, Danilo Suvorov, Matjaz Spreitzer, "Stabilization of the
perovskite phase in PMN-PT epitaxial thin films via increased interface
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1. Lina Boljka et al. (37 authors), Bela knjiga o strokovnem varovanju
okolja, Institut "Jozef Stefan", 2020.
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HIGHER VOCATIONAL EDUCATION
TEXTBOOK

1. Simon Copar, Daniel Svensek, Ale§ Mohori¢, Sasa Prelovsek, Resene
kolokvijske naloge iz klasicne fizike, Fakulteta za matematiko in fiziko,
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2. Andrej Zorko, Miha Nemevsek, Nejc Kosnik, Matic Lubej, Resene naloge
iz moderne fizike, Fakulteta za matematiko in fiziko, 2020.
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1. Ale§ Mohori¢, Vito Babi¢, Fisica 1: libro di testo di fisica per la prima
classe del ginnasio e per gli istituti professionali, Mladinska knjiga, 2020.
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PATENT

1.Luka Drinovec, GriSa Mocnik, Photo-thermal interferometer,
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1. Tilen Knafli¢, Quantum magnetism in m-electron molecular systems:
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2. Joze Luzar, Design and properties of lime-cement structural injection
grouts for strengthening of heritage buildings: doctoral dissertation,
Ljubljana, 2020 (mentor Janez Dolinsek).

3.Luka Pirker, Electrical, optical and structural properties of low-
dimensional materials based on tungsten: doctoral dissertation,
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4. Anja Pusovnik, Flow of light in metamaterials based on nematic fluids:
doctoral dissertation, Ljubljana, 2020 (mentor Miha Ravnik).

5. Mitja Zidar, Analysis and prediction of aggregation and degradation in
protein-based biopharmaceuticals: doctoral dissertation, Ljubljana,
2020 (mentor Miha Ravnik).
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LABORATORY OF GASEOUS

ELECTRONIGS

F-6

The research activities within the Department of Gaseous Electronics cover a variety of areas,
ranging from the science of gases and gaseous discharges, plasma nanoscience, plasma biology
and biomedicine, advanced sensors, surface electronics, and crystals to advanced vacuum science
and technology. Within this scope, we are exploring different gaseous and plasma systems and their
use in various fields important for the progress of humanity. The research activities are, therefore,
quite diverse. The most important achievements and progress beyond the existing state of the art

are communicated in the paragraphs below.

Department F6 is a new research unit at the JSI, established in 2019. The major activities in the department
encompass interconnected fields of research, such as the science of gases and gaseous discharges, plasma nanosci-
ence, processing and synthesis of nanomaterials, plasma chemistry, plasma electrochemistry and catalysis, plasma
biomedicine and biotechnology, gas sensors, research on field emission in nanostructured materials, optoelectronics,

vacuum science, design of vacuum systems, vacuum thermal insulation, and other emerging topics relevant to the
manipulation of atoms and electrons. These topics of research are brought together to solve different problems

Head:
Prof. Uros Cvelbar

and tackle the grand challenges in science and technology as well as to support new, emerging fields of research.

From decoding of the mechanisms involved in the plasma-mediated degradation of mycotoxins to a
step closer to the actual use of atmospheric pressure plasma technology as a new tool for the decontami-
nation of mycotoxins. In 2020, Department F6 continued to explore the area of problems related to the global
contamination of food with mycotoxins, emphasising the search for new solutions. As it has been shown in the
past that cold plasma at atmospheric pressure (CAP) could be used as an effective tool against mycotoxins such as
aflatoxins, trichothecenes, fumonisins and zearalenone [Toxins 11 (2019) 219] and for the successful inactivation
of the mycotoxigenic mould Aspergillus flavus [Environmental Science & Technology 53 (2019) 1893-1904]. In
2020, we extended this research to the investigation of the mechanisms involved in plasma-induced degradation.
This involved a model study using the air surface barrier discharge system (SBD), which was applied to degrade the
mycotoxin aflatoxin B, (AFB, ), considered to be one of the most potent natural carcinogens [Journal of Hazardous

Materials 403 (2020) 123593 ]. As already exposed in previous research,
the plasma treatment led to the complete degradation of AFB, in less than
120 s of exposure. The efficacy of the CAP was compared to commercially
used UV-C light irradiation. It was demonstrated that a plasma treatment
led to significantly better decontamination of AFB,, while UV-C irradiation
led to only a 36% reduction of the initial AFB, concentration, even after
the longest exposure time (480 ). Based on the data obtained from optical
emission spectroscopy (OES) in Fourier-transformed infrared spectroscopy
(FTIR) measurements, it was revealed that CAP produced reactive oxygen
and nitrogen species (RONS) were crucial in the CAP decontamination
processes. Using sophisticated analytical methods such as high-resolution
mass spectrometry (HRMS) and nuclear magnetic resonance, it was
indicated that plasma-induced degradation of the AFB, molecule initiated
through the double bond between the C8 and C9 carbon atoms. This site
is also responsible for the toxic effects of AFB,. Further degradation con-

Figure 1: CAP degradation of mycotoxin AFB, and determination of the
mechanisms involved in this process.

tinued through several different pathways and led to the formation of four key degradation products, which were,
as AFB,, completely decomposed or remained in traces after longer exposure times. The study also examined their
cytotoxicity and genotoxicity using MTS and comet assay, respectively, which were performed in vitro with a Hep
G2 cell culture. The viability of Hep G2 cells exposed to plasma-treated AFB, was not reduced and was comparable
to the one observed in the control non-exposed group. Moreover, a significant decrease in DNA strand breaks was
observed for samples exposed to CAP-treated AFB, samples, which corresponded to the values obtained from the
controls. Thus, this research provides a key insight into CAP technology as a new decontamination tool and repre-
sents the first step towards applying the method for commercial purposes in the future.
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Furthermore, the efficacy of plasma decontamination of AFB, was
researched on real substrates - corn kernels [Plasma processes and
polymers 18, 1 (2020), 2000163]. After applying the same discharge and
experimental conditions as in the previous case, it was demonstrated that
CAP treatment led to the successful removal of AFB,, which was artificially
applied to the surface of the corn kernels. This was followed by a detailed
analysis of the potential plasma-induced modifications in the corn kernel
surface’s chemical composition, using techniques such as FTIR, X-ray
photoelectron spectroscopy (XPS), contact-angle measurements and
secondary ion mass spectroscopy (SIMS). As revealed by the results, the
CAP treatment induced minor changes in the treated samples, indicating
that indirect CAP treatments induced slight oxidation of the corn kernel
surface. In addition, the potential plasma-induced morphological changes
were examined as well. The results obtained from scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM) did not demonstrate
any differences between the treated and non-treated samples. Hence, this
study further proves that CAP technology represents a new, effective and
safe approach to food processing and offers an immense improvement in
terms of the scientific and technological levels.

Fusion research and understanding the interactions of hydrogen
isotopes with fusion-related materials. The department researchers are
members of the EUROfusion consortium, which works in fusion-related
research following the current plan to confirm the operational principle
towards the first fusion-power plant. Within the EUROfusion, our current
research program focuses on the interactions of hydrogen isotopes with
structural materials used for fusion purposes. When it comes to physical
nuclear reactions in fission processes, care must be taken when handling
unused fuel and reaction products. When exploiting fusion energy, the
amount of radioactive materials is very small, but not negligible. The reten-
tion of radioactive tritium in the materials is difficult to control because it
easily penetrates the reactor’s metal walls, from where it could leak into
the environment through the cooling system.

Tritium retention can be predicted fairly accurately from research and
experiments that can be performed with hydrogen and deuterium, as they
are all chemically similar. Much of the research thus flows with the three
basic metals that make up the fusion reactor: tungsten, beryllium and aus-
tenitic low-carbon stainless steel of ITER quality. Using thermal desorption
spectroscopy (TDS), we investigated in more detail the retention of tritium
in the Be layers deposited on the walls in fusion reactors [Fus. Eng. Des.
150 (2020) 111365]. The interaction of hydrogen with tungsten oxides is
completely unexplored, which is a relevant detail in the event of a sudden
intrusion of air into the reactor in the case of an accident. The hot tungsten
of the divertor would react violently with oxygen, but we cannot assess
whether the resulting tritium oxide is porous or a barrier. In an original
experiment, we measured the hydrogen permeation through a thin layer
of tungsten on Eurofer before and immediately after oxidation. We have
shown that tungsten oxide is highly inhibitory, a desirable property that
canslightly inhibit the passage of tritium into the cooling system. [Journal
of Nuclear Materials, 548 (2021) 152860].

The divertor is likely to operate on a different basis in the next genera-
tion of reactors than in ITER. Among the possible concepts, an attractive
liquid divertor was explored in recent years. The liquid metal trapped in
Figure 4 Researchers Dr Vincenc Nemanic and Marko Zumer running the tungsten porous support structure COHtiHUOuSIY dissipates heat flow
an experiment with thermal desorption in ultra-high vacuum. into the cooling system so that the surface itself is not damaged, even in

the event of plasma instability. In the research, we studied tin, an extremely
interesting candidate for the described concept, due to its low melting point of around 220 ° C. When exposing tin
to atomic deuterium, we found that most deuterium was bound to the tin oxide. Our research demonstrated that

Figure 2: Dr Natasa Hojnik working on the research of fungi and
mycotoxin plasma removal.

Figure 3: Decontamination of AFB, from corn kernels using CAP
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tin itself is completely inert to deuterium since we could detect it only atan
extremely low concentration, ~ 1 ppb D / Sn. [Nuclear fusion 21 (2021),
026009-1-026009-7].

Our atom-scale investigations of periodic and incommensurable
crystal structures are giving us a unique insight into the very funda-
mental mechanisms of mechanical, magnetic, electrical, optical and
thermal properties of metals, oxides, electronic ceramics and semi-
conductors. In addition to the investigations of ordered crystal structures
and structural defects, our special focus is devoted to an investigation of the
atypical surfaces and extrinsic states resulting from: i) defective surfaces
where the translational symmetry of the surface is broken, ii) surfaces with
adsorbed molecules, iii) interfaces between materials, e.g., semiconductor-
oxide or semiconductor-metal, and iv) solid-liquid contact. Investigations
of these conditions and phenomena are possible using the state-of-the-art
research equipment available to researchers at the JSI, as well as in col-
laboration with the international research community.

In the past year, our experimental findings were summarised in re-
search articles on several different topics. In the field of condensed matter
(materials, metals and semiconductors), we explored, by utilising photo-
grammetry, electron microscopy, electron crystallography, and molecular
dynamic simulations, the nucleation and crystallisation mechanism of the Figure 5: Surfaces of oxidized tungsten during hydrogen inferaction
metallic glass induced by high-energy laser irradiation [Applied Surface  experiment
Science 505, 2020]. In the exploration of in-situ Ge quantum dots forma-
tion and their semiconducting properties, we combined grazing incidence X-ray diffraction, Raman spectroscopy,
electron microscopy and grazing-incidence small-angle X-ray scattering [Vacuum 179, 2020].

The deposition, modification and analysis of the nanoparticles is also an important part of the functionalisation
of the nanomaterials for the sensor applications. Such examples are screen-printed electrodes made of a mixture
of plasmonic NPs in combination with glassy carbon for the detection of toxic algae [Biosensors & Bioelectronics
154, 2020] or the detection of bacteria [Sensors 20, 2020]. Similar nano-tailored electrodes were also proposed
for the fast and accurate quality control for the detection of hydroquinone (HQ) and other phenolic compounds
[Microchemical Journal 152, 2020].

Furthermore, we have demonstrated that the bulk optical, structural, and electronic properties of non-per-
ovskite ferroelectrics can be fine-tuned by post-synthesis tailoring. For the first time, we performed the successful
post-synthesis incorporation of metal dopants at elevated temperature into a host structure of Sn,P S known as
the grandfather of dichalcogenide ferroelectrics, with the formula M,P X, (M = metal and X = chalcogen). With
the example of Cu, we show that the integration of dopant atoms into the bulk of an already-grown crystal could
be easily tuned up to 0.5 at%, affecting the structural, optical, vibrational, electrical, and ferroelectric properties.
Thermally diffused copper atoms in a Sn P,S, bulk are in the metallic state, inducing a multiaxial expansion of
the $n,P S, unit cell by 2-3.4%. The energy reduction between the indirect
and direct optical transitions was observed, combined by small hardening
for acoustic and soft optical vibrational modes originating in the partial
substitution of Sn by Cuin the Sn P,S, crystallattice. Similar to hydrostatic
pressure, the structurally bonded copper initiates a small downward shift
in the critical temperature T. The presence of copper has a substantial
impact on the shape smearing of the ferroelectric domains as well as on
the behaviour of the dielectric permittivity. The real part of the dielectric
constant ¢’ reaches its maximum value at intermediate concentrations of
Cu 0% < x < 0.5%, showing a ~20% increase with respect to the parent
structure. The incorporated metal atoms provoke a monotonous expansion
of the ferroelectric P-E loops along the increased dopant content direction.

Anincrease in the electrical conductivity at higher Cu concentration reveals ~ Figure 6: Sn,P,S, ferroelectric with gradiently incorporated Cu dopants.
atrend for inducing metal-like behaviour.

Research in this domain was also attributed to the control and design of oxygen vacancies in nanomaterials,
which can enable material-properties tuning. This was demonstrated for photoluminescence modifications in the
case of tungsten oxide nanomaterials. Sub-stoichiometric tungsten oxide (WOx, 2 <x <3) nanomaterials are impor-
tant nanoscale semiconductor materials with broad applications in optoelectronic devices; however, a controllable
modification of their physical properties remains challenging task. Here, we report an alternative green synthesis
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of hybrid nanostructures composed of the WOx and ZnWO, phases in ethanol via a solvothermal process using
Zn0 and WCI, as the precursors. The results indicate that the formation of ZnWO0, leads to the structural conver-
sion of WOx from nanorods to nanoparticles due to the effect of ZnWO, on the side growth of WOx nanostructures.
Moreover, the surface morphology tailored by ZnWO, and crystalline phase transformation induces different
photoluminescence (PL) emission from pure WOx nanostructures and WOx/ZnWO, hybrid nanostructures due to
the increased number of oxygen vacancies.

Designing plasmonic surfaces with plasma processing. Nanoplasmonics have significant potential in novel
analytical sensors for the fast and reliable recognition of analytes in ppm quantities. Today, there are several well-
established research directions where plasmonic detection is employed extensively, i.e., food and water quality
monitoring, viruses, pathogenic bacteria and hazardous toxin investigations for theranostic applications, and
explosive substance detection for military and civil protection purposes. A combination of vibrational spectroscopy
and surface nanoengineering has gained a reputation as a powerful weapon for the rapid and accurate determination
of sub-molecular quantities of analytes. Signal enhancement achieved by employing various metallic nanoparticles
and nanostructures can be amplified significantly due to the electromagnetic field confinement effect. Localised
surface plasmon waves, which are responsible for the phenomenon, promote light absorption at nanovolume,
generating ‘hot spots’ with an incredibly intense and confined electromagnetic field close to the nanosculptured
metallic surface. However, the formation of the hot spot network is heavily dependent on the morphology, size, and
spatial arrangement of plasmonic nanomaterials. Under optimal excitation conditions, the interaction between the
optically induced electromagnetic field in the hot spot region and a probing analyte attached to the nanosculptured

metallic substrate enlarges the photon scattering cross-section, increasing
signal intensity by 10°-10°. As a result, fast single-molecule vibrational
fingerprint recording is possible. Our focused review collected the recent
state-of-the-art developments in nanoplasmonic SERS sensing, highlighting
the most efficient surface morphology designs [ Applied Physical Reviews,
7(3), 031307, 2020].

Generally, the optical performance of the plasmonic substrate depends
heavily on surface morphology specifications. Therefore, reliable and reus-
able plasmonic substrates are crucial for the development of biosensing

Figure 7: Schematic of the protocol for the preparation and testing of applications using surface-enhanced Raman scattering (SERS), as they can

plasmonic surfaces.

Figure 8: PhD student Neelakandan M. Santosh during the operation of
atmospheric pressure plasma deposition.
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provide unique advantages for the ultrafast and accurate single-molecule

recognition of different species. These properties are unrevealed in this
paper, where thermally annealed cupric CuO and cuprous oxide Cu,0 heterostructures were used as templates for
highly stable nanotextured surfaces and the design of robust 3D plasmonic biochips. Differently tailored nano/
micro-roughness provided outstanding light-trapping abilities that lead to significant SERS performance improve-
ment. It was found that the Cu, 0 chestnut-like substrate activated with 80-nm Au/Pd alloy film reveals an impressive
3.7-fold Raman signal increment in respect to the grainy-like structure and an about twice larger amplification than
that of nanowires enriched platform decorated in the same manner. A large enhancement factor AEF ~5 x 10° of
a chestnut-like Au/Pd@/Cu,0 chip allows adding it to the list of the most
effective oxide-based plasmonic substrates. Moreover, the substrate shows
unprecedented durability during repetitive plasma-cleaning, demonstrat-
ing a remarkable 100% self-recovery in less than 1 min, accompanied by
virtually no thickness degradation of the plasmonic layer.

The department F6 continued the research and development of
atmospheric pressure plasmas. The research was done for water treat-
ment, biological applications, and also for nanostructuring surfaces. In
this year, we have developed and optimised an atmospheric plasma jet
synthesis and deposition technique for metal-oxide nanoparticles. In the
general interest of FG into batteries and supercapacitors, we have focused
on vanadium pentoxide (V,0,). This transitional metal-oxide is highly
desirable in certain fields of industry, especially in catalysis, energy materi-
als, medicine and aerospace, due to its optoelectronic properties, and it is
predicted that its use will only increase in the coming decade. The developed
technique enables the production of pure crystalline nanoparticles by con-
version of macropowder of the same compound. The resulting metal-oxide
nanoparticles are unimodal and are deposited on a selected substrate during the synthesis. The powder reform to
nanoparticles is done at low temperature. Thus, the substrates can also be temperature-sensitive, like plastic. The
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method is effective, simple and offers a control over the purity and crystallinity of nanoparticles. This makes it very
innovative and industry-applicable.

Enabling the synthesis of graphene and hybrid nanomaterials for energy-storage applications. Another
research achievement from the nanotechnology field was the low-pressure plasma synthesis of hybrid Ni,S,@carbon
nanostructures on metal substrates. In the researched case, carbon nanotubes were grown on a nickel substrate.
During their growth, a piece of nickel, a nanoparticle, is transported from the substrate to the top of each nanotube.
As nickel is a good catalyst, this has opened the doors to a lot of electrochemical applications. We have limited our
interests to use the samples as electrodes in batteries and supercapacitors. In addition, the carbon nanotubes grew
directly from a nickel substrate, which guaranteed a good electrical contact, the density of nanotubes was high, and
with it, a large surface area was assured. However, the electrochemical tests for the application in Li-ion batteries
were not impressive. Thus, we have added a thermal treatment of the samples in H,S gas. ANi,$S, layer formed on
the nickel nanoparticles on top of carbon nanotubes. The morphology was “broccoli-like”, which meant that the
surface area further increased, and due to the chemical properties of
nickel sulphide, the electrode became much more stable. As a battery
electrode, that meant high reversible capacity, long-term cycling stability
and high reversible capacity at high current densities.

Asimilar approach was taken for the preparation of electrodes for the
supercapacitors. The same low-pressure plasma synthesis was used for
carbon nanotubes with a nickel nanoparticle top. An alternate path was
then taken by additional nitrogen-containing plasma modification of the
electrode - nickel was shelled by a thin single-crystal nickel nitride (Ni,N)
layer. This layer completely changed the dynamic of the sulphurisation
step that followed. In this case asmooth crystalline layer of Ni,S, was cre-
ated on the top. Based on the electrochemical measurements, the hybrid
binder-free electrode exhibits one of the best electrochemical performance
among Ni,8, based electrodes with ultra-high specific capacity (856.3C g
at3 A g!), outstanding rate capability (77.5 % retention at 13 A g*) and
excellent cycling stability (83 % retention after 4000 cycles at 13 A g"),
which is one of the best at the moment (Fig. 9, bottom). This means that
capacitors made of this electrode would have a high capacity for electric
energy storage, they would charge and discharge at high electric current
density and would survive countless charge-discharge cycles.

The developed methods were patented, and their scientific aspects Figure 9: Schematic p tation of the Ni /i N/ Ni@IVCN
. . . JTR igure 9: Schematic presentation of the Ni.$S,/Ni N/Ni as an
were pubhshed. or are subm1t.ted for pubhcaﬂogs to leading scientific advanced clecirode material for supercapycstors (fop); comparison of
journalsin the field. The batteries and supercapacitors for energy storage specific capacily of Ni S based electrodes with Ni S,/ Ni N/Ni@NVCN
are immensely important for the transition to renewable energy sources  (bottom-left) and comparison of rate capability performances of Ni,§
and green technology, which we are performing with the H2020 FET-  based electrodes with Ni,S,/Ni N/Ni@NVCN.

Open project “Pegasus”.
Some outstanding publications in the past year

1. Vasyl Shvalya, Gregor Filipi¢, Janez Zavasnik, Ibrahim Abulhalim, Uros Gvelbar. “Surface-enhanced Raman
spectroscopy for chemical and biological sensing using nanoplasmonics: The relevance of interparticle
spacing and surface morphology”, Applied Physics Reviews, 7(3), 031307, 2020.

2. Neelakandan Marath Santhosh, Gregor Filipic, Eva Kovacevi¢, Andrea Jagodar, Johannes Berndt, Thomas
Strunskus, Hiroki Kondo, Masaru Hori, Elena Tatarova, Uro$ Cvelbar. N-graphene nanowalls via plasma
nitrogen incorporation and substitution: the experimental evidence. Nano-micro letters. vol. 12, no. 1,
str. 53-1-53-17. ISSN 2311-6706, 2020.

3. Vasyl Shvalya, Gregor Filipi¢, Damjan Vengust, Janez Zavasnik, Martina Modic, Ibrahim Abdulhalim,
Uros Cvelbar. “Reusable Au/Pd-coated chestnut-like copper oxide SERS substrates with ultra-fast self-
recovery”, Applied Surface Science, 517, 146205, 2020.

4. N. Bundaleska, Janez Zava$nik, Uro$ Cvelbar, et. al. Prospects for microwave plasma synthesised N-
graphene in secondary electron emission mitigation applications. Scientific reports. 2020, vol. 10, str.
13013-1-13013-13. ISSN 2045-2322. DOL: 10.1038/541598-020-69844-9.

5. Vincenc Nemani¢, Marko Zumer, Corneliu Porosnicu, B. Butoi, E. Alves, R. Mateus. Deuterium inventory
determination in beryllium and mixed beryllium-carbon layers doped with oxygen. Fusion engineering
and design. [Print ed.]. 2020, vol. 150, str. 111365-1-111365-7. ISSN 0920-3796.
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6. Xinyu Song, Uro§ Cvelbar, Petra Strazar, Lutz Vossebein, Andrea Zille. Antimicrobial efficiency and surface
interactions of quaternary ammonium compound absorbed on Dielectric Barrier Discharge (DBD) plasma
treated fiber-based wiping materials. ACS applied materials & interfaces. 2020, vol. 12, no. 1, str. 298-311.
ISSN 1944-8244. DOI: 10.1021/acsami.9b18746

7. Vasyl Shvalya, Janez Zavasnik, Venera Nasretdinova, Hana Ursi¢ Nemevsek, Janez Kovac, Alexander A.
Grabar, Anton A. Kohutych, Alex Molnar, Dean R. Evans, Dragan Mihailovic, Uro$ Cvelbar. “Customisation
of Sn2P286 ferroelectrics by post-growth solid-state diffusion doping “, Journal of Materials Chemistry

€, 8(29),9975-9985, 2020.

Organization of conferences, congresses and meetings

1. Organization of the workshop “Gaseous Electronics Symposium - GES3¢, Rogla, 2-6 February 2020

Patent granted

1. Metod Kolar, Miran Mozetic, Ita Junkar, Alenka Vesel, Martina Modic, Karin Stana-Kleinschek, Method for
immobilization of heparin on a polymeric material, EP2997984 (B1), European Patent Office, 03. 06. 2020.

INTERNATIONAL PROJECTS

COST CA15114; Anti-Microbal Coating Innovations to prevent Infectious Diseases
(AMICI)

Prof. Uro§ Cvelbar

Cost Office

COST CA18113; Understanding and Exploiting the Impact of Low pH on
Microorganisms

Dr. Martina Modic

Cost Association Aisbl

COST CA18116; Aniridia: Networking to Address an Unmet Medical, Scientific and
Societal Challenge

Prof. Uro§ Cvelbar

Cost Association Aisbl

COST CA19110; Plasma Applications for Smart and Sustainable in Agriculture
Dr. Martina Modic

Cost Association Aisbl

H2020 - PEGASUS; Plasma Enabled and Graphene Allowed Synthesis of Unique nano
Structures

Prof. Uro§ Cvelbar

European Commission

H2020 - EUROfusion; Plasma Facing Components-1-IPH-FU, EUROfusion

Dr. Vincenc Nemanic¢

European Commission

H2020 - EUROfusion; WPPFC-PEX-FU, WPPFC-PEX-FU, EUROfusion

Dr. Vincenc Nemanic¢

European Commission

Investigation of Helium Retention in Plasma Facing Materials Using Advanced
Analytical Methods

Asst. Prof. Janez Zavasnik

Slovenian Research Agency

Oxidative Stress Responses of Microbial Biofilms Exposed to Cold Atmospheric Pressure
Plasma Generated Reactive Species

Dr. Martina Modic

Slovenian Research Agency

. Designing Catalytic Activity of Nanomaterials with Plasma

Prof. Uro§ Cvelbar
Slovenian Research Agency

. Beyond Graphene - The New Materials based on 2D and 3D Graphene

Prof. Uro§ Cvelbar
Slovenian Research Agency

. Exploration of Metal/Metal-Oxide Sensor Capabilities

Dr. Gregor Filipi¢
Slovenian Research Agency

RESEARCH PROGRAMMES

Vacuum technique and materials for electronics

Dr. Vincenc Nemani¢

Thin film structures and plasma surface engineering
Prof. Uro§ Cvelbar

R & D GRANTS AND CONTRACTS

Plasma-assisted wound treatment and topical introduction of molecules

Prof. Uro§ Cvelbar

Novel higly sensitive and fast water qulity monitoring sensors

Prof. Uro§ Cvelbar

Plasma In-situ reactions and single crystal Transitions

Prof. Uro§ Cvelbar

Hybrid and Reengineered Nanocatalysts for New Purification Routes

Prof. Uro§ Cvelbar

Plasma decontamination of mycotoxins and inactivation of fungi in food industry

Dr. Martina Modic

Selective plasma oxidation of FeCrAl alloys for extended-lifetime of glow plugs for diesel
engines

Dr. Vincenc Nemanic

Reimbursement of costs of scientific publications in golden open access for 2019, 2020
Prof. Uro§ Cvelbar

Slovenian Research Agency

VISITOR FROM ABROAD

1.

Ivana Sremacki, University of Ghent, Belgium, 16 June to 18 July 2020
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Researchers

1. Prof. Uro$ Cvelbar, Head
2. Dr. Martina Modic

3. Dr. Vincenc Nemani¢

4. Vasyl Shvalya, B. Sc.

5. Asst. Prof. Janez Zavasnik
Postdoctoral associates

6. Dr. Gregor Filipi¢

7. Dr. Natasa Hojnik

BIBLIOGRAPHY
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Postgraduates

8. Martin Kosicek, B. Sc.

9. Petra Strazar, B. Sc., left 01.11.20

10. Marko Zumer, B. Sc.

Technical officers

11. Jaka Olenik, B. Sc.

12. Damjan Vengust, B. Sc.

Technical and administrative staff

13. Ula Groznik, B. Sc., 01.04.20, transferred to Department F7
14. Urska Kisovec, B. Sc.
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DEPARTMENT FOR COMPLEX
MATTER F-7

The research within the Department of Complex Matter encompasses a variety of research
Sfields, ranging from fundamental investigations of elementary excitations in quantum materials,
non-equilibrium quantum maltter, self-organizing behaviour, adaptive functionality in complex
systems and soft matter as well as nano-biosystems, biomolecules and various nanomaterials. The
department’s experimental activities are strongly complemented by theory on different levels and
supported by diverse materials syntheses. Our research into ultra-fast, non-equilibrium transitions,
investigations of new emergent hidden orders and ferromagnetic liquids are of significant interest
worldwide.

The experimental methods used at the department are suitably diverse, from different femtosecond laser spec-
troscopy from THz to XUV, a variety of optical techniques, ultra-fast transport and superconducting device studies as
well as synthetic chemistry and thin-film deposition methods such as MBE, ALD and EBE, laser biomedical studies,
femtosecond STM and magnetometry. Head:

The experimental research within the department is strongly supported by theory, with approaches ranging Prof. Dragan D. Mihailovi¢
from analytical approaches to modelling with Monte-Carlo simulations. Quantum annealing on a D-wave quantum et
computer has become a useful technique for modelling non-equilibrium phenomena.

A number of spin-out research projects have recently gained importance, most recently ultra-fast, low-energy,
cryo-memory devices based on our studies of ultra-fast electronic transitions.

The research achievements are thus quite diverse, and we can report on important discoveries in a
number of areas.

European Research Council

Established by the European Commission

Charge Configuration Memory devices

Superconducting electronics and quantum technologies could prove to
lead the next generation of computing; however, their progress is slowed
by the absence of a suitable memory device that would be energy efficient,
ultra-fast, non-volatile and operate at cryogenic temperatures. We propose a
novel type of a memory device to satisfy these requirements based on resist-
ance switching between different charge ordered states in a transition-metal
dichalcogenide 1T-Ta$,. Such Charge Configuration Memory (CCM) devices
can operate down to temperatures of 250 mK, can be scaled down to a few
tens of nanometres in dimensions and can withstand more than 10 million
switching operations. CCM devices can also be triggered using picosecond
pulses, so they can be coupled and used in existing single-flux-quantum (SFQ)
superconducting circuits. Using a multi-tip scanning tunnelling microscope
(STM) we investigated the microscopic behaviour of the CCM device during
operation. By analysing the evolution of the polaronic configurations (Fig. Figure 1: Figure showing the experiment in the STM. a) SEM image of the
1) while incrementally increasing electrical current excitation, we observed  STM tips and the 1T1aS, sample in the background. b) Voltage-current
non-trivial topological defects in the form of dislocations, which are respon- characteristics for the Write (W) and Erase process. ¢, d) Evolution of
sible for the non-volatility of the CCM device, The manuscript was submitted #7¢ chiarge configuration during the CCM device’s operation. e) Burger's

. vector construction.

to Nature Electronics.

Ultrafast studies of non-equilibrium quantum matter.

Metastable, self-organized electronic states in quantum materials are of fundamental importance, displaying
new, emergent, dynamical properties that can be used in new generations of sensors and memory devices. Such
states are typically formed through a phase transition under non-equilibrium conditions. By using time-resolved
optical techniques and femtosecond-pulse-excited scanning tunnelling microscopy, the evolution of the metastable
states in the quasi-two-dimensional dichalcogenide 17-TaS, are mapped out on a temporal phase diagram using
photon density and temperature as the control parameters on timescales ranging from 10 to 10° s.

The introduction of a time-domain axis in the phase diagram enables us to follow the time evolution of pro-
cesses created through different phase-transition mechanisms that lead to metastable emergent states on different

Annual Report 2020 97



o0
3:0 Jozef Stefan Institute

timescales, thus opening the way to understanding the complex ordering
processes in metastable materials. The experimental phase diagram is
supported by theoretical calculations (see Figure). A paper in Nature
Communications describes the results (to appear in 2021).

Ultrafast transient reflectivity across the unusual three-dimensional
Peierls-like insulator-metal (IM) transition in Culr,S, was measured as
a function of temperature and excitation fluence. The low-temperature
insulating phase’s transient response is dominated by broken-symmetry-
induced coherent lattice oscillations that abruptly vanish at the IM
transition. The coherent mode spectra are consistent with Raman spectra
reported in the literature. The origin of the broken-symmetry-induced

, , modes and the photo-excited carrier recombination pathway through in-
Figure 2: Metastable phases created by femtosecond laser pulses in a def 10 briefly di 4 Th | blished
transition-metal dichalcogenide material. The material is excited inside &P 4 ect states were also briefly discussed. The results were publishe
an STM chamber (Omicron LP 4-probe). The exciled area is shown in in Phys. Rev. B 101, 165134 (2020).
the SEM image (middle). Different topological phases are excited at The Low-T symmetry-broken insulating state in Culr S, is also interest-

different laser infensities. ing due to the existence of a metastable, irradiation-induced, disordered,
weakly conducting state. We continued the study of intense femtosecond
optical pulse irradiation effects by means of the all-optical, ultra-fast,
multi-pulse, time-resolved spectroscopy. We showed that the structural
coherence of the Low-T broken-symmetry state is strongly suppressed on a
sub-picosecond timescale above a threshold excitation fluence resulting in a
structurally inhomogeneous transient state that persists for several-tens of
picoseconds before reverting to the Low-7, disordered, weakly conducting
state. The electronic order shows a transient gap filling at a significantly
lower fluence threshold. The data suggest that the photoinduced-transition
dynamics to the High-T metallic phase is governed by first-order-transition
nucleation kinetics that prevents the complete ultra-fast structural transi-
tion even when the absorbed energy significantly exceeds the equilib-
rium enthalpy difference to the High-T metallic phase. In contrast, the
dynamically decoupled electronic order is transiently suppressed on a
Figure 3: The tlimedomain phase diagram. a) Schemaic timeline of sub-picosecond timescale rather independently due to a photo-induced

the phase-diagram evolution b) Delailed phase diagrams on the three Mot transition. The manuscript was submitted to New Journal of Physics.

timescales, as indicated. Triangles represent the scanning tunnelling I - .
microscopy (STM) data and squares represent the transient reflectivity In collaboration with the department F6 we investigated the incorpora-

data. c) The equilibrium phase diagram oblained from simulations. tion of 2 Cu dopant into a host structure of ferroelectric Sn P,S by means
of coherent phonon spectroscopy. The integration of dopant atoms into

the bulk of an already-grown crystal could be easily tuned up to 0.5 at%,
affecting the structural, optical, vibrational, electrical, and ferroelectric
properties. Thermally diffused copper atoms in Sn,P,S, bulk induce a multi-
axial expansion of the Sn P,S, unit cell by 2-3.4%. The energy reduction
between the indirect and direct optical transitions was observed, combined
by small hardening for acoustic and soft optical vibrational modes origi-
nating in the partial substitution of Sn by Cu in the Sn,P 8, crystal lattice.
The results were published as a part of a broader study in J. Mater. Chem.
C8,9975 (2020).

Phase diagrams are usually considered to de-
scribe equilibrium phases. For the first time we
now present a non-equilibrium phase diagram,

in which the Qtime evolution of different phases
of a quantum material are presented on time-
scales ranging from femtoseconds to minutes.
The work can be found in a paper published in
Nature Communications.

Theoretical studies on the nanoscale

Applying the GGA+U approach, the structural, electronic and magnetic properties of LaMn0,/BaTi0, heterostruc-
ture were investigated. Special attention was concentrated on the analysis of the heterostructure with ferroelectric
polarization in the BaTiO, film oriented perpendicular to the LaMnO, substrate. Atomic and spin-resolved density
of states were calculated for the LaMn0,/BaTi0, heterostructure with different numbers of BaTi0,. It was found
that the LaMnO,/BaTi0, heterostructure becomes conducting with a significant spin polarization, indicating that
the interface becomes ferromagnetically ordered. The proposed concept of a ferroelectrically controlled interface
ferromagnetism offers the possibility to design novel electronic devices. (Mater. Res. Express, 7,055020 (2020).)

A short overview of theoretical models for the description of the relaxation processes in metals excited by a
short laser pulse is presented. The main effort is given to a description of different processes that are taking place
after the absorption of the laser pulse. The widely used, two-temperature model is discussed and the conditions of
applicability for this model are identified. Various approaches to solving the Boltzmann kinetic equations are dis-
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cussed. Itis identified that in the case of a low excitation limit the relaxation is determined by the
emission of phonons by photo-excited electrons. The possibility to obtain the value of the electron
phonon coupling constant from experiments is discussed. (Low Temp. Phys. 46, 414 (2020).)

We addressed the problem of microscopic processes leading to macroscopic quantum
tunnelling (MQT) in a quantum system. We investigated quantum electron reconfiguration
dynamics in two matching embodiments: domain relaxation in a prototypical two-dimensionally
electronically ordered solid-state quantum material, and a matching simulation setup in a quan-
tum computer. The understanding of quantum many-body reconfigurations by MQT advances
our understanding in diverse condensed quantum matter. A manuscript has been submitted to
Science, and is currently under review.

We studied the quantum-interference effects of correlated electrons confined in monolayer
quantum nanostructures, created by a femtosecond, laser-induced quench through a first-order
polytype structural transition in a layered transition-metal dichalcogenide material. A comparison
of the experiments with theoretical predictions of strongly correlated electron behaviour reveals
that the confining geometry destabilizes the Wigner/Mott crystal ground state, resulting in mixed
itinerant and correlation-localized states intertwined on a length scale of 1 nm. A manuscript
has been submitted to Nature Communications, and is currently under review.

Mirrored domains are experimentally very rarely found in a single crystal and thus very
rarely investigated. However, it was recently shown in STM studies (Figure 1) that applying an

Department for Complex Matter F-7

Figure 4: Multi-pulse transient reflectivity as a

ultrafast laser pulse to a thin flake of 1T-TaS, we can switch between the two mirrored super- function of the delay between the driving and
lattice orientations. It is not clear whether this is an interlayer or an intralayer effect, and how  pump puises, iDP . The arrow at the tDP =5-us
the domains order and interact at the microscopic level. We employed the theoretical model ~ scan indicates the arrival of the subsequent
we developed for 11-TaS, in order to investigate the origin of the various domain structures we ~ 4770ing pulse. The two lop-most fraces, shown

found. A manuscript is currently in preparation.

Jfor comparison, correspond to the thermal
equilibrium metallic- and low-temperature-phase

Apartfrom the work mentioned above, a number of papers appeared as aresult of collabora- - yyasient reflectivity.

tions, which are listed in the bibliography.

Nanomaterials

We discovered an optimization of carbon nanofibre (CNF) growth on molybdenum carbide nanowires (MoCNW)
by the direct carburization of Mo,S I, nanowire bundles in a mixture of ethane, argon and hydrogen at 700 °C.
Typical CNFs obtained with this method are several hundreds of nanometres long with a diameter of 10-20 nm. The
fast release of iodine and sulphur atoms during the nanowire’s hydrogenation controlled by heating rate, results in
the formation of smaller particles with an average diameter of around 10
nm. When ethane is included in the reaction, carbon dissolves and diffuses
through the molybdenum grains until it is deposited on the other side in
the form of graphite. Carbon deposition and nanofibre growth continue
and the nanoparticles, which serve as catalyst seeds for growing carbon
nanofibres, are lifted away from the surface.

We show that nanofibre growth does not depend on the initial
morphology of the nanowires: nanofibres grow on individual bundles of 370 nanowires.

Figure 5: TEM image of carbon nanofibers grown on molybdenum

MoCNW, on dense networks of nanowires deposited on silicon substrate,  (a) nanowire covered with fibres; (b) a single carbon nanofibre with a
and on free-standing nanowire foils. We find that carbon nanofibres remain ~ M02C nanoparticle. SEM image of hybrid material.

firmly attached to the nanowires even if they are modified into Mo,C and

further into MoS, nanowires at 800 °C. The method thus enables the production of a novel, hybrid material composed
of MoS, nanowires densely covered with carbon nanofibres. This proves that the applied approach is not limited
to carbon nanofibre growth and the fabrication of molybdenum carbide-based hybrid materials, but enables the
fabrication of other molybdenum-based hybrid materials as well. We have additionally shown that the obtained
CNFs can easily be self-decorated with platinum nanoparticles with diameters of several nanometres, directly from
awater solution at room temperature without reducing agents. Such an efficient synthesis and decoration process
yields hybrid platinum/CNF/molybdenum-based NW materials, which are a promising material for a wide range
of possible future applications, including sensitive sensorics and improved catalysis. The work was published in
R Soc Open Sci.

Soft Matter

We continued to investigate tuneable optical diffraction structures based on liquid crystals that are introduced
into laser written polymeric scaffolds (our patent W02015139353 (A1)). A theoretical work on magnetically tune-
able optical diffraction gratings fabricated by introducing a ferromagnetic liquid crystal into such scaffolds was
reported in Polymers, 12, 2355 (2020).
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In cooperation with Nankai University in China we investigated the process of random lasing in dye-doped
cholesteric liquid crystals (CLCs). The concentration of the chiral agent was changed to tune the bandgap, and
disordered CLC microdomains were achieved by fast quenching of the mixture from the isotropic to the cholesteric
phase. The results showed that the threshold for random lasing sharply decreases if the CLC selective reflection
band overlaps with the fluorescence peak of the dye molecules and if, at the same time, the band edge coincides
with the excitation wavelength. The work was published in Photonics research, 8, 642 (2020). We also completed
common investigations of intercellular communication over the intercellular bridge thatis formed between the two
daughter cells at the end stage of the cytokinesis process. The results of this work were published in Biophysical
journal, 5,1196 (2020). Besides this, in 2020 our research collaboration was extended to the topic of multifunctional
metamaterials based on graphene. The results of this work were published in Optics express, 28, 24772 (2020).
The main idea of this work was also patented in the Chinese patent (CN 107244669 A).

In cooperation with the group of J. Plavec from the National Institute of Chemistry (KI) we investigated the
mechanisms of G-quadruplex formation in the DNA sequences GCn and GCnCG, where n=G2AG4AG2 in the presence
of Na+ ions. We found that G-quadruplexes exhibit unique combinations of structural elements, among which are
two G-quartets, A(GGGG)A hexad and a GCGC-quartet. This knowledge will be used as a base for designing DNA
sequences for nanotechnological applications that require specific folding and multimerization properties. The
results were published in Nucleic Acids Research, 48, 2749 (2020).

We continued with studies and the development of suspensions of magnetic nanoplatelets in isotropic solvents,
which at high enough concentrations exhibit ferromagnetic order. In collaboration with researchers from the
University of Vienna, we focused on investigations of the influence of polydispersity on the structural properties
of the isotropic phase of magnetic nanoplatelets using a combination of molecular dynamics simulations and
experimental SAXS studies. We showed how the polydispersity can lead to the reduction of the orientational and
spatial correlations in the absence of an applied field, while simultaneously facilitating the field-induced transition
into a nematic-like phase (Journal of Molecular Liquids 312, 113293 (2020)). In collaboration with researchers
from Department for Materials Synthesis (K8), we studied the formation of Fe(II)-phosphonate porous coatings
on barium hexaferrite (BHF) nanoplatelets. The so-obtained porous nanomagnets are highly responsive to a very
weak magnetic field (of the order of the Earth’s magnetic field) at room temperature, which is a major advantage
over the classic mesoporous nanomaterials and metal—organo-phosphonic frameworks with only a weak mag-
netic response at a few kelvins. The combination of porosity with the intrinsic magnetocrystalline anisotropy of
BHF can be exploited, for example, as sorbents for heavy metals from contaminated water (ACS Omega 5 (23),

14086-14095 (2020)).

In collaboration with researchers from the University of York and the
University of Leeds, UK, we continued investigations of recently designed
ferroelectric splay nematic phase. We showed that the transition between
the uniaxial and the splay nematic phase is a ferroelectric-ferroelastic
phase transition, in which flexoelectric coupling causes the simultaneous
occurrence of diverging behaviour of electric susceptibility and of instability
towards splay deformation. This study was published in Phys. Rev. Lelt.
124,037801(2020). It was chosen by the editors as an Editors’ Suggestion,
and highlighted in the journal Physics Today. We also proposed a unified
phenomenological Q-tensor model of twistbend (I, and splay nematic
(V) phases. We modelled both phases with a single Q-tensor free energy
including a term that breaks the degeneracy between the splay and bend
elastic constant, and a flexoelectric term coupling the divergence of the
Q-tensor with polarization. The N, or N, phase is obtained by a change of

Figure 6: Magnetically tenable optical diffraction grating. a) Schematic
drawing of the periodic assembly of ferromagnetic liquid-crystal

(LC) channels separated by polymeric ribbons. Stripes indicate the
polymer ribbons and pink ellipsoids indicate the LC molecules. b) Local
orientation of the nematic director n and of the magnetization M under
the influence of the external magnetic field B. (¢) Schematic drawing
of the homogeneous alignment of the LC medium between two polymer
ribbons at B = 0. Alignment along the y-axis is induced by the surface
relief structure present on the sidewalls of the ribbons. (d) Schematic
drawing of the in-plane reorientation of the LC molecules induced by

an external magnetic field tilted at 45° with respect to the y-axis. [D.
Bosnjakovic et al., Polymers 2020, 12, 2355]
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sign of one elastic parameter (Phys. Rev. E 101, 022704 (2020)).

In collaboration with researchers from the Department of Physical
and Organic Chemistry (K3), we studied the polymerization dynamics of
an acrylate-based, hybrid, sol-gel coating for the corrosion protection of
AA7075-T6 for aircraft applications. The goal of the study was to identify
the impact of copolymerization time on the structure and morphology of a
hybrid material composed of acrylate monomers and a siloxane network.
The results indicated that the proposed optimised coating can function as
a pre-treatment for the long-lasting corrosion protection of AA7075-T6
(Polymers 12, 948 (2020)).
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Biomedical optics

We have continued with the development of innovative optical tech-
niques for biomedical applications. By combining pulsed photo-thermal ra-
diometry (PPTR; time-resolved measurements of laser-induced mid-infrared
emission) and diffuse reflectance spectroscopy (DRS) with a dedicated
numerical model of light transport in strongly scattering biological tissues,
we have developed a unique approach for non-invasive characterization of
human skin 77z vivo. This approach enables a non-invasive assessment of
several physiologically relevant parameters (e.g., the contents and oxygen
saturation levels of blood in different skin layers), in parallel with structural
and scattering properties of the epidermis and dermis.

However, the involved iterative inverse analysis is computationally
very expensive. In order to overcome this drawback, we have constructed
a predictive model based on machine-learning technology. Its application
significantly shortens the computation times, while at the same time
improving the robustness and accuracy of the results. (Collaboration with
Department of Knowledge Technologies, IJS). Biomed. Opt. Express 11,
1679-1696, 2020

The described methodology was further augmented and applied to the
characterization of laser tattoo removal and longitudinal monitoring of
traumatic bruises in human volunteers. Such methodology and improved
understanding of the underlying processes could enable the optimization
of the tattoo removal treatment and the development of a more accurate
bruise-aging methodology for forensic investigations. (Proc. SPIE vol.
11211, 112110X, 2020; Sensors 21, 302, 2020)

Microfluidics
Microfluidic research is conducted in close collaboration with the
Laboratory for Experimental Soft Matter at the Faculty of Mathematics and

Department for Complex Matter F-7

Figure 7: Schematic presentation of the assessment of 13 properties

of human skin from experimental data using: a) iterative multi-
dimensional optimization, and b) the predictive model (PM). ¢)
Results of cross-validation testing for two skin-model parameters

(the epidermal thickness and melanin content). d) Initializing the
iterative optimization procedure (IMC) with the PM result reduces the
computation time and improves the results (blue lines ).

Supporting our unique methodology for non-
invasive characterization of human skin in vivo
with machine-learning technology led to signifi-
cantly reduced computation times, improved
accuracy, and lower variance of the results.

Physics, University of Ljubljana. Based on a successful analysis of fluid flow in microfluidic side chambers, we have
developed a new type of microfluidic flow sensor. The velocity of the liquid in the microfluidic sample is measured
indirectly, by observing dynamics of a non-miscible liquid in side chambers. By monitoring the movement of tracer
particles in the side channels, we determined the characteristic flow parameters and showed a linear relationship
with the fluid velocity over a wide range of measured velocities. The description of the experimental method was

published in IEEE Sensors Journal.

Asecond area of research was devoted to the manipulation of nanoparticles in liquids. We have experimentally
demonstrated the transport of particles with optically induced, temporally varying temperature gradients. By
real-time object tracking and control of the position of the heating laser focus, we were able to precisely employ
thermophoretic drift to oppose the random diffusive motion, creating a trap for nanoparticles. Multiple traps can
be dynamically created and relocated, which we demonstrated by the controlled, independent manipulation of

two nanoparticles. A numerical model predicted the observed effect and
supported the experimental results. The findings of the research were
published in Beilstein Journal of Nanotechnology.

The third broader area of microfluidic research involves observations
of particle dynamics in liquids. In collaboration with industrial partners,
we are developing experimental methods for studying the motion of na-

We have developed a non-invasive method for

measuring the fluid flow in microfluidic channels,

based on observations of secondary induced
currents in side chambers.

noparticles in a fluid, the aggregation of particles at surfaces and particle deposition on boundaries. The various
experimental methods we have developed offer complementary results that allow for a rapid and simple quantitative
sample analysis, which is particularly interesting for industrial use. In addition, we investigate the motion of magnetic
particles in a fluid flow. Particle motion results in the appearance of a magnetic field, which can be measured, and
the occurrence of birefringence, which can be observed. Research of the magnetic particle dynamics is still ongoing,

Some outstanding publications in the past year

1. Copic, Martin, Mertelj, Alenka. Q-tensor model of twist-bend and splay nematic phases. Physical review.
E, ISSN 2470-0045, 2020, vol. 101, no. 2, str. 022704-1-022704-6, doi: 10.1103/PhysRevE.101.022704.

[COBISS.SIID 33233191]
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Sebastidn Ugarteche, Nerea, Cmok, Luka, Mandle, Richard J., Fuente, Maria Rosario De La, Drevensek
Olenik, Irena, Copi¢, Martin, Mertelj, Alenka. Ferroelectric-ferroelastic phase transition in anematic liquid
crystal. Physical review letters, ISSN 0031-9007. [Print ed.], 2020, vol. 124, no. 3, str. 037801-1-037801-6,
doi: 10.1103/PhysRevLett.124.037801. [ COBISS.SI-ID 33088039

Konrad Gillmeister, Denis Golez, Chiang Cheng-Tien, Nikolaj Bittner, Yaroslav Pavlyukh, Jamal Berakdar,
Philipp Werner, Wolf Widdra, “Ultrafast coupled charge and spin dynamics instrongly correlated Ni0”,
Nature communications, vol. 11, str. 4095-1-4095-9, 2020, doi: 10.1038/s41467-020-17925-8. [ COBISS.
SIHID 46013187]

Denis Golez, Zhiyuan Sun, Yuta Murakami, Antoine Georges, Andrew J. Millis, “Nonlinear spectroscopy of
collective modes in an excitonic insulator”, Phys. rev. lett., vol. 125, no. 25, str. 257601-1-257601-6, 2020,
doi: 10.1103/PhysRevLett.125.257601. [ COBISS.SID 46028803]

Mimoza Naseska, Petra Sutar, Damjan Vengust, S. Tsuchiya, Miran Ceh, Dragan Mihailovi¢, Tomaz
Mertelj, “Orbitally driven insulator-metal transition in Culr2S4Culr284 etemperature-dependent tran-
sient reflectivity study”, Physical review. B, vol. 101, no. 16, str. 165134-1-165134-6, 2020, doi: 10.1103/
PhysRevB.101.165134. [COBISS.SI-ID 27075075]

Steven D. Conradson, Venera Nasretdinova, et al., “Nonadiabatic coupling of the dynamical structure to the
superconductivity in YSr2Cur2.75M00.2507.54YSr2Cur2.75M00.2507.54 and Sr2Cur03.3Sr2Cur03.3”,
Proc. Natl. Acad. Sci. U. S. A, 8 str., [in press] 2020, doi: 10.1073/pnas.2018336117. [COBISS.SI-ID 43427587
Pavc, Dasa, Wang, Baifan, Spindler, Lea, Drevensek Olenik, Irena, Plavec, Janez, Sket, Primoz. GC ends con-
trol topology of DNA G-quadruplexes and their cation-dependent assembly. Nucleic acids research, ISSN
0305-1048, 2020, vol. 48, iss. 5, str. 2749-2761, ilustr., doi:10.1093/nar/gkaa058.[ COBISS.SI-ID 34087401,
Verdel, Nina, Tanevski, Jovan, DZeroski, SaSo, Majaron, Boris. Predictive model for quantitative analysis
of human skin using photothermal radiometry and diffuse reflectance spectroscopy. Biomedical optics
express, ISSN 2156-7085, 2020, vol. 11, no. 3, str.1679-1696, doi: 10.1364/BOE.384982. [COBISS.SI-ID
33232423]

Awards and Appointments

L

Dr. Igor Vaskivskyi: Winner of the Director’s Fund for the Laboratory for 4D Resonance Magnetic Spec-
troscopy project , 20 April2020

Asst. Prof. Alenka Mertelj: Mid-Career Research Excellence Award, ILCS (The International Liquid Crystal
Society) for discovery of both magnetic and electric polar order in nematic phase and new spatially
modulated splay nematic phase that has macroscopic electric polarization, 2020

Prof. dr. Dragan Mihailovi¢, Damjan Svetin, AnZe Mraz, Rok Venturini: Gold medal at the 18th International
Innovation Exhibition ARCA 2020 for poster Innovative superconductor-based memory device and method
for its operation, using a switchable resistive element suitable for superconducting computing - compatible
with superconducting flex-quantum electronics, Zagreb, Croatia

Prof. dr. Dragan Mihailovi¢, Damjan Svetin, Anze Mraz, Rok Venturini: Silver medal at the 1st virtual fair
of innovation and entrepreneurship "Sarajevo 2020¢ for Memory device and method for its operation,
Startup studio Fondacije Mozaik in Sarajevo Business Forum (SBF), Bosna in Hercegovina, 24. 11. 2020

Organization of conferences, congresses and meetings

1. Nonequilibrium Dynamics and Ergodicity of Complex Quantum Systems, Krvavec, Slovenia, 14-17
December 2020 (virtually)
Patents granted
1. Marko Kazi¢, Matjaz Lukac, Laser treatment head and laser system, EP2957323 (B1), European Patent
Office, 23. 12. 2020.
2. Xinzheng Zhang, Jingjun Xu, Bin Shi, Xiaodan Xu, Yang Liu, Mengxin Ren, Wei Cai, Qiang Wu, Irena

Drevensek Olenik, Processing method and processing system for laser-induced graphene micronano
structure, CN107244669 (B), State Intellectual Property Office of the PR.C., 25. 12. 2020.
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IN TERNATIONAL PROJECTS

COST CA16101; MULTI-modal Imaging of FOREnsic SciEnce Evidence - tools for Forensic
Science
Prof. Boris Majaron
Cost Office
2. COST CA16218; Nanoscale Coherent Hybrid Devices for Superconducting Quantum
Technologies
Prof. Viktor Kabanov
Cost Association Aisbl
3. COST CA17123; MAGNETOFON; Ultrafast Opto-Magneto-Electronics for Non-Dissipative
Information Technology
Prof. Dragan Dragoljub Mihailovi¢
Cost Association Aisbl
4. COST CA17140 - Nano2Clinic; Cancer Nanomedicine - From the Bench to the Bedside
Prof. Boris Majaron
Cost Association Aisbl
5. H2020 - MAGNELIQ; A Magneto-Electric Liquid - Better Sensing
Asst. Prof. Alenka Mertelj
European Commission
6. Liquid Crystalline Properties of Guanosine-Rich DNA and RNA Oligonucleotides
Prof. Irena Drevensek Olenik
Slovenian Research Agency
7. Microstructuring of Liquid Crystals and Light Wave Manipulation by Photorefractive
Materials
Prof. Irena Drevensek Olenik
Slovenian Research Agency
8. Studies of Structure and Dynamics of Liquid Magnets by SAXS and SANS
Asst. Prof. Alenka Mertelj
Slovenian Research Agency
9. 'Tunable Optical Diffractive Structures from Liquid Crystalline Materials
Prof. Irena Drevensek Olenik
Slovenian Research Agency
10. Novel Liquid Crystalline Materials for Application in Diffractive Optical Elements
Prof. Irena Drevensek Olenik
Slovenian Research Agency
11. Stretchable Lasers
Dr. Luka Cmok
Slovenian Research Agency

Department for Complex Matter F-7

RESEARCH PROGRAMMES

1. Medical physics
Dr. Matija Milani¢

2. Lightand Matter
Prof. Irena Drevensek Olenik

3. Dynamics of complex nano-systems
Prof. Dragan Dragoljub Mihailovi¢

R & D GRANTS AND CONTRACTS

Femtosecond time-resolved scanning tunneling electron microscopy of complex
materials
Prof. Dragan Dragoljub Mihailovi¢
2. Electrically tunable ferromagnetic liquids
Asst. Prof. Alenka Mertelj
3. Probing spin states near the surface of quantum spin materials
Petra Sutar
4. Phase transitions in systems of nucleotide repeat expansions associated with
neurodegenerative diseases
Prof. Irena Drevensek Olenik
5. Mesoscopic Quantum Metastability
Prof. Dragan Dragoljub Mihailovi¢
6. Multiscale modeling of non-equilibrium quantum materials
Dr. Denis Golez
7. Liquid Magnets: fundamental studies of ferromagnetic order in liquids
Dr. Nerea Sebastian Ugarteche
8. Surface-selective hybridization technology for magneto-electric hybrids
Asst. Prof. Alenka Mertelj
9. Development of gradual optical shutter - OPTIGRAD
Dr. Luka Cmok
Ministry of Education, Science and Sport
10. Strategic Research & Innovation Partnership Factories of the Future (SRIP FoF)
Prof. Dragan Dragoljub Mihailovi¢
Ministry of Economic Development and Technology
11. CMEM: Ultrafast all-electronic charge density wave memory for next generation
computing
Dr. Igor Vaskivskyi
Ministry of Education, Science and Sport
12. Reimbursement of costs of scientific publications in golden open access for 2019, 2020
Prof. Dragan Dragoljub Mihailovi¢
Slovenian Research Agency

VISITORS FROM ABROAD

Dr Rinat Mamin, Zavoisky Physical-Technical Inst. of FIC KazanSC, Kazan, Russia,

16 January to 1 February 2020
2. Héloise Orihuel, Marseille University, Marseille, France, 3 February to 1 August 2020
Prof. Toda Yasunori, Hokkaido University, Sapporo, Japan, 20 February to 4 March 2020
Dejan Bo$njakovic, Faculty of Electrical Engineering, Computer Science and
Information Technology Osijek, Croatia, 9-10 March2020

Ea

5. Dipl. ing. Inna Belyaeva, Faculty of Electrical Engineering and Information Technology,
OTH Regensburg, Germany, 24 July to 3 August 2020

6. Dominik Brandl, Faculty of Electrical Engineering and Information Technology, OTH
Regensburg, Germany, 2 August to 28 September 2020

7. Prof. dr. Mikhail Chamonine, Faculty of Electrical Engineering and Information
Technology, OTH Regensburg, Germany, 15-22 September 2020

STAFF

Researchers

1. Dr. Steven Daniel Conradson
2. Prof. Irena Drevensek Olenik*

3. Dr. Denis Golez

4. Prof. Viktor Kabanov

5. Dr. Matjaz Lukac*

6. Prof. Boris Majaron

7. Asst. Prof. Alenka Mertelj

8. Asst. Prof. Tomaz Mertelj

9. Prof. Dragan Dragoljub Mihailovic, Head
10. Asst. Prof. Matija Milanic*

11. Dr. Ale$ Mrzel

12. Asst. Prof. Natan Osterman*

13. Dr. Nerea Sebastian Ugarteche

14. Asst. Prof. Lea Spindler*

15. Dr. Mojca Vilfan

Postdoctoral associates

16. Dr. Yelyzaveta Chernolevska

17. Dr: Luka Cmok, left 01.09.20

18. Dr: laroslav Gerasimenko, left 01.03.20
19. Dr. Andrej Petelin*

20. Dr. Igor Vaskivskyi

21. Dr. Nina Verdel

Postgraduates

22. NeZza Golmajer Zima, B. Sc.

23. Ziga Gregorin, B. Sc.

24. Patricija Hribar Bostjancic, B. Sc.
25. Andrej Kranjec, B. Sc.

26. Dr. Matjaz Licen, left 01.07.20
27. AnZe Mraz, B. Sc.

28. Mimoza Naseska, B. Sc.

29. Yevhenii Vaskivskyi, B. Sc.

30. Rok Venturini, B. Sc.

31. Jaka Vodeb, B. Sc.

Technical officers

32. Davor Grabnar, B. Sc.

33. Peter Medle Rupnik, B. Sc.

34. Damjan Svetin, B. Sc.

35, Petra Sutar, B. Sc.

36. Damjan Vengust, B. Sc.
Technical and administrative staff
37. Ula Groznik, B. Sc.

38. Martina Knavs, B. Sc.

Note:
* part-time JSI member
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DEPARTMENT OF REACTOR PHYSICS

During the past year we have been working mainly on:

* theoretical, experimental and applied reactor physics
* plasma physics

* neutron-transport calculations in fusion reactors

* physics of semiconductors

* medical physics

In the field of reactor physics our activities have been focused on the development of novel computation and
experimental methods for the analyses of research reactors and fusion and fission power reactors.

The main objective of the project entitled Stability of nuclear reactors in load follow mode of operation,
which started in 2020, is to examine restrictions of the nuclear power plant load-follow operation on the nuclear
aspects of the reactor core and nuclear fuel and provide effective solutions to the plant operator for optimizing the
plant’s operation. In 2020, communications with all partners, including the industry partners, were established.
Additionally, research activities on all work packages started and are proceeding according to the envisioned time
schedule. The first research results are expected to be produced in 2021.

The objective of the proposed research entitled Sexsitivity of nuclear reactor physical paramelers to thermal
nuclear data is to generate thermal neutron scattering cross-sections and the corresponding covariance data in
a rigorous manner that is from first principles, by employing state-of-the-art atomistic simulations, which rely
on the density functional theory in combination with lattice or molecular dynamics calculations. As part of the
project’s activities regarding atomistic simulations for the needs of producing thermal scattering data have begun.
Additionally, communication channels have been established with the North Carolina State University, whose
experts will contribute the know-how which will result in the successful start of the project. The work on the
project is proceeding according to the time schedule envisioned in the project proposal. The first research results
are expected to be produced in 2021.

The objective of the proposed research entitled Advances in Thermal
Scattering Law Analysis is to generate thermal neutron scattering cross-
sections for materials that have not yet been investigated, such as uranium
hydride fuel, as well as conventional moderators (such as polyethylene,

Lucite, Teflon and graphite). In addition to the thermal neutron scattering
cross-sections, also the corresponding covariance data need to be obtained.
Aprocess for generating thermal neutron scattering cross-sections in a form
for use in the Monte Carlo code from a predetermined density of states was
established and tested. The procedure was performed using NJOY modules
(LEAPR, RECONR, BROADR, THERMR and ACER modules). The obtained
data are currently in the process of validation with experimental values.

In the next year activities for the generation of density of states for various  Figure 1. TCV tokamak basic and updated computational model.

materials will begin.

The primary objective of the European TOURR project that started in 2020 is to develop a strategy for Research
Reactors in Europe and prepare the ground for its implementation. This strategic goal can be divided into specific
objectives: Assessment of the current status of European RR fleet, including plans for upgrade; evaluation of urgent
EU needs; developing tools for optimal use of RR fleet and rising awareness among decision makers on the (future)
role of RRs. JSTis leading the first objective, whereas we are responsible for gathering information on the status and
plans of the fleet of European research reactors. Additionally, we are involved in the strategy for the dissemination
of the results.

The aim of the project entitled Defermination and shielding upgrade of the TCV tokamak was to estimate
the reduction in neutron dose rates within the “Tokamak a configuration variable” or “Variable configuration
tokamak” (TCV) building after adding a ceiling and installing a shielded door at the TCV hall entrance. The analysis
was subdivided into three tasks. This included a comparison of several different shielding materials at different
thicknesses in the first task and the effect of existing gaps in the concrete walls in the second task. The material
shielding task showed Shieldwerx SWX201 borated polyethylene was the best-performing material closely followed
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by a laminate polyethylene/borated polyethylene material. The gap analysis showed that total dose from the gaps
in the concrete walls was insignificant. In the third and final task an upgraded MCNP model (reference model)
was used for dose-field calculations and dose-rate calculations at specific locations around the TCV machine. The
project was a success and the provided data will be used as an engineering basis for actual shielding designs. The
project also served to establish connections with the TCV team for future research activities.
Researchers of the Reactor Physics Department provided technical support for the safe and economic operation
of the Krsko Nuclear Power Plant (NPP) in 2020. We performed initial nuclear design calculations for the cycle 32
and provided support for the determination of the fresh fuel characteristics.
Our independent expert evaluation has confirmed that the 5 % increase
with respect to the equilibrium 18-month cycle burnup considered in the
NPP Krsko safety analysis of radiological consequences of design basis
accidents will not result in a dose increase that is “more than minimal”,
as defined by the guidance in NEI 96-07. In the framework of the applied
project financed by the Slovenian Research Agency (co-financed by the
NPP Kr3ko) “Development of Computational Tools for the Determination
of the Neutron Field in the Containment of a Pressurized Water Reactor”
calibration and verification process has been performed at HZP and HFP
conditions. Several calculations have been made to analyse the neutron
detector’s response.

In 2020 we have been working on the project “Support for implementa-
tion and calculations in the SFDS project”, whose aim is to support NEK
power plant in design and implementation of the dry storage repository for
spent fuel. According to an agreement with NEK, we have been conducting

Figure 2: Annual gamma dose rates around the fusion reactor DEMO studies and improvements needed to increase the accuracy of the spent fuel
during the maintenance of the breeding blankel. source term and help reduce uncertainty in future core design calculations
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for NEK. We have generated new ISOLIB libraries based on nuclear data
libraries ENDF/B-VIIL, JEFF-3.3 in JEFF-4T and compared the isotopic compositions from the generated libraries
with previous calculations. We have developed multiple updates to the CORD-2 source code, which will simplify its
use with modern compilers, such as new versions of gfortran.

In the framework of the internation project £-SiCure2 - Enhancing security at borders and ports, conducted
as an international collaboration and funded by the NATO Science for Peace and Security programme, we initiated
the development of silicon carbide (SiC) based detectors of multiple radiation types. The research activities are being
carried out on the basis of the results of a previous project - E-SiCure (2016-2019), their goal is the development of
pixelized detectors that will enable the simultaneous detection of thermal and fast neutrons, charged particles and
X-ray and gamma radiation. We have carried out an intensive testing campaign of prototype detectors using alpha
particle and neutron sources, and initiated simulations of the detector response for different converter materials,
enabling sensitivity to thermal and fast neutrons.

In 2020 we completed a project for the French Institute IRSN (Institut de Radioprotection et de Stireté Nucléaire)
as part of a consortium with IDOM. In the project entitled Activation Calculations of Metallic Nozzles of Fuel
Assemblies, we analysed the inventory of radioisotopes, primarily “Co, in the nozzles of fuel elements in different
fuel-cycle scenarios. Time-dependent calculations were performed with the MCNP transport code, whereby a precise
model of the fuel element with the upper and lower nozzle was made.

Within the given project, we checked the burn-up calculations for the case of a light-water fuel element with the
SCALE 6.2 package. In three phases, for the fuel element containing U02 or MOX fuel, we performed calculations
with the ORIGEN module, then with the 2D TRITON, and with the 3-D KENO model and compared the calculations
with the reference calculations provided by IRSN.

We continued our collaboration with the Rolls-Royce Civil Nuclear SAS company (Meylan, France) on the topic
of the experimental testing of detectors for nuclear instrumentation at the JSI TRIGA reactor. In 2020 we carried
out two experimental testing campaigns.

In 2020 we continued work in the framework of the European project EURAD, in WP3 CORI - cement-
organic interactions between radionuclides and WPS SFC - spent fuel characterization. In WP3 of the CORI
programme for radioactive waste management we investigated interactions between cement, organic molecules
and radionuclides in the context of safe disposal of low and intermediate level radioactive waste. We performed
a study on the radiolysis of super-plastificators through gamma irradiations at the JSI TRIGA reactor. In WP8 we
have performed several detailed calculations of the decay heat and photon/neutron source term of spent-fuel as-
semblies originating from PWR reactors. The focus was on the sensitivity and uncertainty analyses with the use
of different codes and models.
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In 2020 we continued our collaboration efforts in the framework of the European project ENEEP - European
Nuclear Experimental Educational Platform. The aim of the project is the establishment of a platform at the European
level, enabling experimental education activities in the field of nuclear science and engineering for students at all
educational levels and young professionals. The project is being carried out as a collaboration with STU (Slovakia),
CTU (Czech Republic), ATI (Austria) and BME (Hungary). In 2020 we collaborated mostly in WP3 of the project,
with the aim of collecting information on experimental facilities and equipment, educational activities and potential
users and the performance of a SWOT analysis. We have initiated work on WP4, which we are coordinating, with
the objective to perform the activities required for the establishment of the platform itself.

In collaboration with colleagues from CEA Cadarache we continued with research on the feasibility of using
reactor pulse mode for specific applications, e.g., for nuclear instrumentation testing at very high neutron flux lev-
els, i.e., up to 1016 n cm? s, achievable only in this operation mode. This requires the capability of online neutron
flux measurements in challenging conditions, as the neutron flux level changes by 6-7 orders of magnitude in a
few ms. In 2020 we performed a series of test measurements of Cherenkov light intensity in reactor pulse mode as
an alternative and physically independent method of reactor power measurement, and activation measurements.
An experimental campaign is scheduled in 2021 in which simultaneous measurements of the signals of miniature
fission chambers, Cherenkov light intensity and activation measurements will be performed.

In 2020 in collaboration with colleagues from CEA Cadarache activities we initiated activities in the framework
of the project “Experimental Benchmark for validation of the modelling of neutron and gamma instrumenta-
tion”. The aim of the project is the performance of an exhaustive experimental campaign at the JSI TRIGA reactor in
which the signals of several detector types will be measured (fission and ionization chambers, self-powered neutron
detectors, activation measurements, thermo-luminescent detectors), and the comparison of the experimental data
with the results of simulations performed using the Monte Carlo method. The experimental campaign is scheduled
in mid-2021.

In collaboration with CEA Cadarache, activities regarding planning
of 241Am thermal neutron capture cross-section measurements were
continued. A measurement of 242Am/242Cm activation was performed
in the central irradiation channel of the JSI TRIGA reactor using low-
activity 241Am samples, produced at the JSI. Optimal initial activities of
241Am samples for irradiation in other irradiation channels of the JSI
TRIGA reactor were calculated, and the experimental campaign at TRIGA
is planned for 2021.

In collaboration with CEA Cadarache we analysed benchmark ex-
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periments, which were performed in the United Kingdom at the NESTOR/  Figure 3 The evolution of blob-filament temperature (in eV) from a PIC-
Winfrith reactor within the ASPIS experimental setup. Besides the APSIS ~ MCC simulation of train of blobsfilaments entering the scrape-off layer

[ron88 experiment, which is already part of SINBAD, we contributed to
the analysis of other experiments that are not part of SINBAD yet. At the

region of a tokamak. x=0m is the inner divertor, x= 13 m is the blob source
and x=20 m is the outer divertor. The slope of the colour trace represents the
ion sound speed. The temperature drop at the divertors is due to charge-

JSIwe performed a simulation with the MCNP Monte Carlo code using exchange processes with neutrals that build up due to ion recycling.

several nuclear data libraries including ENDF/B-VIIL0, /B-VIL, /B-VI,

JENDL4.0u and JEFF3.3, while the group lead by A. Hajii at CEA used the TRIPOLI and SERPENT Monte Carlo codes
and JEFF-3.1.1, JEFF-3.2, ENDF/B-VIII, JENDL-4.0 and JEFF3.2 nuclear data libraries with neutron-scattering angular
distributions for Fe56 from the JENDL evaluation. The focus was on identifying small discrepancies of the results
of different benchmarks.

On this research topic a PhD thesis was concluded in September 2020 under the supervision of M. Hajii. L. A.
Kodeli from the JSI was part of the thesis defence committee.

In 2020 we continued our active participation in the OECD/NEA working groups of the /nternational Reactor
Physics Experiment Evaluation Project (IRPhEP) and the International Critical Safety Benchmark Evalua-
tion Project (ICSBEP), in which we contributed a new evaluation of a reference experiment containing highly
enriched uranium plates, moderated and reflected with Lucite. The experiment, which is important for uranium
storage and transportation, was performed with the assistance of colleagues from the American Los Alamos National
Laboratory, where the experiment was also performed. It is expected to be published in the 2021 ICSBEP Handbook.

In 2020 we collaborated within the European SANDA project. The JSI contributes work in several different areas,
including the use of programs for sensitivity and uncertainty analysis, calculations of benchmark experiments and
their use for the validation and improvement of nuclear data.

We continued an international collaboration led by the Swedish organizations Vattenfall, SKB and SSB in the
field of spent PWR fuel characterization. In close collaboration with EC-JRC and SCK ¢ CEN we have finished the
calculations, where the decay heat from PWR fuel assemblies was determined. A joint paper is in the preparation.
Further collaboration is foreseen under the NEA OECD.
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Figure 4: Laboratory for medical physics and microscopy. In the image

In the scope of a collaboration with the International Atomic Energy Agency (IAEA), we participated in a nuclear
data evaluation within the International Network of Nuclear Data Evaluators INDEN “/ittps.//www-nds.iaea.org/
INDEN,” . InJanuary 2020 the neutron dosimetry library IRDFF-Il was released, which serves as the main reference
in neutron dosimetry. Also, a paper was submitted for publication; it describes the evaluation of nuclear data for
chromium isotopes. The new evaluations to a large extent solve the long-standing problem of the over-prediction
of reactivity in reactor benchmarks that contain significant quantities of chromium or stainless steel.

During the COVID-19 pandemic there was a large demand for filtering facepiece respirators. Although such
respirators are designed for single use the Covid-19 pandemic crisis made it necessary to seek for emergency alterna-
tives. Recycling of single-use personal protective equipment is one such option, but requires appropriate and efficient
sterilization procedures. In collaboration with other departments at the
Jozef Stefan Institute we studied the sterilization options using gamma rays
and high-energy electrons as well as the relation between the irradiation,
particle removal efficiency and surface potential on the respirators.

Tonizing radiation has been identified as an option for the steriliza-
tion of disposable filtering facepiece respirators in situations where the
production of the respirators cannot keep up with demand. Gamma
radiation and high-energy electrons penetrate deep into the material and
can be used to sterilize large batches of masks within a short time period.
In relation to reports that sterilization by ionizing radiation reduces the
filtration efficiency of polypropylene membrane filters on account of static
charge loss, we have demonstrated that both gamma- and electron-beam
irradiation can be used for sterilization, provided that the respirators are
recharged afterwards. The results were published in the high-ranking
Journal of Membrane Science.

The plasma section of the department continues its involvement in the
endeavours of the EUROfusion Consortium. We have again been involved

is the custom hyperspectral microscope with control systems and a in several work packages (WPs) within its framework. In the WP MST1
custom monochromatic light source. we were a part of the international group studying the characteristics of

110

filamentary transport in a tokamak in H-mode. Filamentary transport is
predicted to be the main mode of transport in the scrape-off-layer (SOL) of the future large tokamaks, such as DEMO
reactor. The emphasis was put on the different fuelling scenarios. We also contributed kinetic particle-in-cell (PIC)
simulations using our further developed model, which we use to study the role of neutrals in the plasma transport
processes. We have also contributed to the WP MST2, where we helped with the simulations of the thermal response
of the so-called “New probe head” (NPH) to the plasma heat flux. The NPH is supposed to be the first instrument
capable of measuring electron and ion temperatures at the same time at the same location and it will also feature
the emissive probe, which is the only device capable of direct plasma potential measurements. Final calculations
were made for repeated exposure of the NPH for the TCV and AUG tokamaks. Our work in the EUROfusion Enabling
Research Project titled “Emissive divertor” involved the modelling of the inverted sheath using an analytical kinetic
model and a kinetic PIC simulation model, which we both developed. The models proved to be in good agreement
and can describe the range of the existence of the inverted sheath adequately. Some models predict the possibility
of a highly emissive divertor in the future tokamaks, which would completely change the behaviour of the SOL
plasma and consequently of the entire tokamak. We have also organized a small international experimental cam-
paign on our linear magnetized plasma device in the frame of this project. The experiments tried to replicate the
possibility of an electron emitting divertor in the tokamak using externally heated surfaces. Further experiments
are planned for 2021. In collaboration with the IPP.CR and University of Sofia we have also completed a study on
the effects of impurity seeding on the electron energy distribution function (EEDF) in the COMPASS tokamak. The
EEDF can have a great effect on the heat loads to the surface and our task was to develop a model for calculating the
energy flux to the divertor. We also contributed the interpretation of the phenomena of positive plasma potential
in front of the surface.

In 2020 the F8 team in collaboration with colleagues from multiple European institutes, laboratories and uni-
versities analysed results from experimental work on the Joint European Torus - JET tokamak, currently the largest
operational fusion reactor. The majority of our work was dedicated to calculations of the neutron field in various
parts of the reactor and comparisons of these values with experimentally obtained values. We simulated detector
responses for various plasma sources (DD, DT, TT) and evaluated the possibility of experimentally determining
the neutron spectrum of the TT plasma source. Our most important results were a comparison of calculations
and measurements for the neutron activation of samples during the C38-DD campaign at JET that were irradiated
in a long-term irradiation station (O-LTIS). The results showed excellent agreement between the calculated and
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experimentally determined activation of the samples, which is a good starting point for similar future analyses in
support of the future TT and DT campaigns at JET. Furthermore, in 2020 we also collaborated in the development
of a methodology for the simulation of a gamma source and transport in the tokamak JET. This work is done
in support of the experimental work as gamma-ray measurements could potentially complement fusion-power
measurements performed with neutron detectors.

Within the EUROfusion framework we continued an international collaboration in the field of fusion which
stared more than 20 year ago, specifically on 21-22 March 2000, when Slovenia joined the European fusion
programme. In 2020 we contributed to a new experiment at FNG in Frascati called WCLL (Water Cooled Lithium
Lead). The benchmark experiment was modelled using the XSUN-2017/SUSD3 code suite for particle transport and
sensitivity and uncertainty analysis. Sensitivity and uncertainty analyses enable the optimization of measurements
and the estimation of expected uncertainties. This enables the use of such experiments for nuclear data validation
and improvement. On the basis of sensitivity and uncertainty information alongside a comparison of measured
and calculated detector responses the quality of nuclear data can be assessed.

In 2021 we participated in several meetings and working groups at the OECD/NEA:

Working Party on International Nuclear Data Evaluation Co-operation (WPEC) Subgroup 46 in Subgroup
47 (SG46, SG47). The coordinator of the WPEC SG47 named “Using the complete SINBAD benchmark database for
validation of nuclear data” is prof. Dr. Ivan A. Kodeli from the JSI. Two meetings were organized in 2020 in May and
December. The goal of the work group is the further development of the SINBAD benchmark database. Measurement
uncertainties of these experiments are typical much lower than the calculations, which gives the opportunity for
nuclear data validation. The working group will finish its work in 2021.

Review Group Meeting IRPhE/ICSBEP/SINBAD (October 2020)

Meeting of the EGRTS group was held in February 2020. The topic of the meeting was neutron transport
simulation and the SINBAD benchmark database.

Joint European Fission and Fusion File (JEFF): Meetings are held twice per year. This year we contributed work
done on nuclear data within the EUROfusion project and JEFF dedicated work. In 2020 the reference publication for
the JEFF-3.3 evaluated nuclear data library was published in The European Physical Journal A.

In 2020 we have successfully completed the project of dose-rates analyses due to the skyshine effect (backscat-
tering of the particles in the air) on the demonstrational fusion reactor DEMO. As part of the project, we have deter-
mined the skyshine effect around the DEMO during the reactor operation, after shutdown and during the breeding
blanket maintenance, where in the latter case, the highly activated part of
the inner wall (breed blanket) was elevated to the upper maintenance hall.
Analyses were performed using hybrid codes for neutral particle transport
and programs developed at the JSI. Based on the performed analyses, we
confirmed that the primary thickness of the shield is adequate, and in
neither case the prescribed dose limits at the selected locations are not
exceeded. By additional analysis of the shield thickness variation, the
optimal thickness of the shield was determined. These analyses are an
important part of the research to optimize the design of the future DEMO
fusion reactor.

We participated in the work of the Fusion Technology programme
group, which started in January 2019. This programme group includes
leading Slovenian experts in the field of fusion technologies and plasma
physics from four departments of the JoZef Stefan Institute and two faculties
of the University of Ljubljana. Four of the eleven researchers in this group
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come from the F8 department.
In 2020 we continued with neutronics analyses in support of the
design and development of the fusion power plant DEMO. In the first half

Figure 5. lonizing radiation has been identified as an option for the steril-
ization of disposable filtering facepiece respirators in situations where the
production of the respirators cannot keep up with demand. We have dem-
onstrated that both gamma and electron beam irradiation can be used for

of the year, we performed this work as part of the EUROfusion engineering
grant and continued with it as a normal EUROfusion task in the second
half of the year. The work included model preparation and testing of new DEMO reactor configurations with the
emphasis on the nuclear heating of superconducting magnets and gamma fields around the reactor as a result
of the integration of various systems. Analyses highlighted some of the suitable configurations and useful shield-
ing strategies that will be taken into account in future models of the DEMO power plant. These analyses were an
important part of the preparations to the design review that was performed towards the end of the preconceptual
design phase at the end of 2020.

As in previous years we participated in the JET3-NEXP streaming benchmark experiment. This and last year,
2019, a new experimental camping in the so-called DD mode was conducted at JET. The experimental results from
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this campaign will be used for validation of simulation results of neutron fluence. The experiment was repeated
using thermo-luminescent detectors activation foils. The simulation of the neutron fluence and reaction rates were
conducted using hybrid (deterministic/Monte Carlo) transport codes for several experimental locations positioned
in the tokamak building. Six experimental locations were added to this camping. This year the JSI also contributed
pre-analysis calculations for the TT and DT experimental campaigns. The TT and DT experiments will be conducted
in 2021 and 2022.

In 2020 we continued our collaboration with the Culham Centre for Fusion Energy in the UK through the ap-
pointment of a post-doctoral researcher to along-term secondment to tokamak JET. In 2020 the researcher continued
in his role of TRANSP responsible officer, offering support to the experimental campaigns at the JET tokamak by
performing plasma transport analyses and in the roles of diagnostic coordinator and BEAST code inter-shot plasma
expert, both in the control room of JET. We participated in the preparation and analysis of numerous experiments
within the experimental campaigns using deuterium and, after almost 20 years, tritium plasmas. Through analyses
performed with the TRANSP transport solver, we have analysed the effects of plasma heating on the fusion power
produced and neutron emission properties, we have conducted studies of synergistic effects of the neutral beam
injection and radiofrequency heating systems, as well as performed analyses of the effects of fast ions on plasma
stability. Throughout the campaigns with deuterium plasma, we have conducted measurements of the activation of
aset of In, Al and Fe foils, with which we have validated a recently developed computational chain for simulations
of realistic neutron sources at JET.

In the field of medical physics, we focused mainly to the newly established field of biomedical optics. Here we
continued our research of hyperspectral microscopy (HSM). We calibrated the technique spectrally and spatially. We
performed the first imaging studies of tissue samples and histology and compared the results to the images obtained
by conventional techniques. HSM was also a part of the PKP student project POMIKRO, where HSM was used for
imaging histology slides of eye melanoma. The students took RGB and HSM images and developed machine-learning
algorithms for the classification of eye and tumour tissues. HSM was also explored in the context of doctoral work
of Jost Stergar, who will include the most important findings in his dissertation. We continued collaboration on
analysis of hyperspectral images with colleagues from University of Rijeka.

In addition to that, we have continued our research in the areas that have been our main focus in the last few
years: modelling, analysis of positron emission tomography (PET) images, and image-guided cancer therapy. We
completed a prospective immunotherapy study conducted in collaboration with the Institute of Oncology Ljubljana,
where patients with metastatic lung cancer were treated with anti-PD-1 immunotherapy (pembrolizumab) and
imaged with computed tomography (CT) and fluorodeoxyglucose (FDG) PET/CT before treatment, as well as 1, 4,
10, 16 and 20 months after the treatment. We found that pre-treatment radiomics analyses of FDG PET/CT images
correctly predicted patients’ response to immunotherapy with 80% accuracy, which is much better than the current
clinical standards. The manuscript has been published in a scientific journal.

We continued with the modelling of thermal transport for the purpose of thermography in medicine. Using a
finger model that was developed last year (based on the MR image of the finger, 15 different structures), our research
was mainly focused to mesh optimization in order to facilitate dynamic simulations and consequently to simulate
stress tests (e.g,, finger heat up after temporary immersion into cold water).

As always in recent years, we closely collaborated with the University of Wisconsin-Madison. The groups
became even more organizationally integrated this year (weekly Zoom meetings, internal reviews of papers, etc.)

Some outstanding publications in the past year

1. Zohar, Andrej, Lengar, Igor, Snoj, Luka. Analysis of water activation in fusion and fission nuclear facili-
ties. Fusion engineering and design. [Print ed.]. 2020, vol. 160, art. 111828, 17 str. ISSN 0920-3796. DOI:
10.1016/j.fusengdes.2020.111828. [ COBISS.SID 20616195]

2. Radulovi¢, Vladimir, Jacimovi¢, Radojko, Pungercic, AnZe, Vavtar, Ingrid, Snoj, Luka, Trkov, Andrej.
Characterization of the neutron spectra in three irradiation channels of the JSI TRIGA reactor using the
GRUPINT spectrum adjustment code. Nuclear data sheets. 2020, vol. 167, july-august, str. 61-75. ISSN
0090-3752. DOL: 10.1016/j.nds.2020.07.003. [ COBISS.SI-ID 25625091]

3. Stergar, Jost, Dolenec, Rok, Kojc, Nika, Lakota, Katja, PerSe, Martina, Tomsi¢, Matija, Milani¢, Matija.
Hyperspectral evaluation of peritoneal fibrosis in mouse models. Biomedical optics express. 2020, vol.
11, iss. 4, str. 1991-2006, ilustr. ISSN 2156-7085. DOI: 10.1364/BOE.387837. [ COBISS.SI-ID 34143721, [JCR,
SNIP, WoS do 13. 9. 2020: st. citatov (TC): 1, istih citatov (CI): 1, Scopus]

4. Naglic, Peter, Zelinskyi, Yevhen, Rogelj, Luka, Stergar, Jost, Milani¢, Matija, Novak, Jure, Kumper$cak,
Borut, Birmen, Miran. Optical properties of PlatSil SiliGlass tissue-mimicking phantoms. Biomedical
optics express. 1 Jul. 2020, vol. 11, no. 7, str. 3753-3768, ilustr. ISSN 2156-7085. https://www.osapublish-
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ing.org/boe/abstract.cim?uri=boe-11-7-3753, DOIL: 10.1364/BOE.391720. [COBISS.SID 199764511, [JCR,
SNIP, WoS do 17. 11. 2020: 8t. citatov (TC): 1, Cistih citatov (CI): 1, Scopus]

Valentinuzzi, Damijan, Vrankar, Martina, Boc, Nina, Ahac, Valentina, Zupancic, Ziga, Unk, Mojca, Skali¢,
Katja, Zagar, Ivana, Studen, Andrej, Simondic, Urban, Eickhoff, Jens C., Jeraj, Robert. [ 18F]FDG PET im-
munotherapy radiomics signature iRADIOMICS) predicts response of non-small-cell lung cancer patients
treated with pembrolizumab. Radiology and oncology. [ Printed. |. 2020, vol. 54, iss. 3, str. 285-294, ilustr.
ISSN 1318-2099. DOIL: 10.2478/raon-2020-0042. [ COBISS.SI-ID 24723203 ], [JCR, SNIP, WoS do 14. 11. 2020:
st. citatov (TC): 1, Cistih citatov (CI): 1, Scopus]

Plompen, AJ.M., Cabellos, 0., Saint-Jean, C. De, Fleming, M., Algora, A., Angelone, M., Archier, P, Bauge, E.,
Bersillon, 0., Kodeli, Ivan Aleksander, Kos, Bor, Trkov, Andrej, Zerovnik, Gasper, et al. The joint evaluated
fission and fusion nuclear datalibrary, JEFF-3.3. European physical journal. A, Hadrons and nuclei. 2020,
vol. 56, art. 181, 108 str. ISSN 1434-601X. DOIL: /10.1140/epja/s10050-020-00141-9. [ COBISS.SI-ID 22761219]
Kos, Bor, Sjostrand, H., Kodeli, Ivan Aleksander, Cufar, AljaZ, Drenik, Aleksander, Lengar, Igor, Stancar, Ziga,
Snoj, Luka, et al., JET Contributors. Nuclear data uncertainty propagation in complex fusion geometries.
Journal of nuclear engineering. 2020, vol. 1, no. 1, str. 63-69. ISSN 2673-4362. DOL: /10.3390/jne1010006.
[COBISS.SI-ID 41490947 |

A. Trkov, PJ. Griffin, S.P. Simakov, L.R. Greenwood, K.1.Zolotarev, R. Capote, D.L. Aldama, V. Chechev, C.
Destouche, A.C. Kahler, C. Konno, M.Kostdl, M.Majerle, E. Malambum, M. Ohta, V.G. Pronyaev, V. Radulovic,
S. Saton ... H. Yashimas, IRDFF-II: A New Nevtron Metrology Library, Nuclear Data Sheets, Volume 163,
January 2020, Pages 1-108

Awards and Appointments

L

Bor Kos: Best Poster Award, Portoroz, Slovenia, 29th International Conference Nuclear Energy for New
Europe - NENE 2020, September 2020, for a poster TCV Tokamak Neutron Shielding Assessment and
UpgradeDomen Kotnik: Faculty Preseren Award for MSc Thesis, Ljubljana, University of Ljubljana, Faculty
of Mathematics and Physics, January 2020 (more at: KOTNIK, Domen. Validacija in prakti¢na uporaba
programa za transport nevtronov in fotonov ADVANTG : magistrsko delo. Ljubljana: [ D. Kotnik ], 2019. XVI,
134 str., ilustr. https://repozitorij.uni-j.si/IzpisGradiva.php?id=107756&lang=slv. [COBISS.SI-ID 3313508]
nagrada: PreSernova nagrada Studentom Fak. za matematiko in fiziko za 1. 2020)

Andrej Zohar: Young Author Award for the best contribution, PortoroZ, Slovenia, 29th International
Conference Nuclear Energy for New Europe - NENE 2020, September 2020, for an article Water Activation
Experiment and Calculations at JSI TRIGA Research Reactor

Organization of Conferences, Congresses and Meetings

L

29th International Conference Nuclear Energy for New Europe - NENE 2020, PortoroZ, Slovenia, 7. 9.-
10.9. 2020, organizer (conference in hybrid format)
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IN TERNATIONAL PROJECTS Buropean Commision

Irradiation Services for the Rolls-Royce Civil Nuclear SAS Company

Applications
grll\{lzdln}erRgillﬁllO\fllcl ’ Prof. Ivan Aleksander Kodeli
olls-Royce Civil Nuclear Sas European Commission

2. E-SiCure2 - Enhancing Security at Borders and Ports 9
Prof. Luka Snoj
Nato - North Atlantic Treaty Organisation

3. Kinetic Approach to Modelling and Measurements in SOL of Tokamak; Network of

Learning
Prof. Ivan Aleksander Kodeli
European Commission

8. H2020- SANDA; Supplying Accurate Nuclear Data for Energy and Non-Energy

. H2020 - ARIEL; Accelerator and Research Reactor Infrastructures for Education and

Small and Medium Size Magnetic Confinement Fusion Devices for Fusion Research 10. 12020 - TOURR; Towards Optimized Use of Research Reactors in Europe
Dr. Jernej Kovaci¢ Prof. Luka Snoi
s . ) ) . Luka Snoj
IAEA - International Atomic Energy Agency B C -
4. Training Fees for Mr. Eyakifama Hazou, ICTP-IAEA Sandwich Training Educational Lropean Lommission . e o
‘ . o y ’ 11. H2020 - EUROfusion; Research Unit - Administration and Services RU - FU

Programme (STEP), from 16 February 2019 to 16 May 2019
Prof. Luka Snoj
Ictp - Centro Internazionale Di Fisica Teorica i ; eare
12. H2020 - EUROA ; Enabling R h-2-FU
5. TAEARC 24324 - Spent Fuel Characterization Uncertainties Due to Variations in Fuel 020- EUROfusion; Enabling Rescarch-2-FU
Characteristics and Irradiation History; CRP T13018: Spent Fuel Characterization

Prof. Luka Snoj
European Commission

Dr. Jernej Kovacic
European Commission

Asst. Prof. Marjan Kromar 13. H2020- EUROfusion; Exploatation of DT Operation for ITERJET3-FU

TAEA - International Atomic Energy Agency
6. H2020 - EURAD; European Joint Programme on Radioactive Waste Management

Prof. Luka Snoj
European Commission

Dr. Vladimir Radulovi¢ 14. H2020 - EUROfusion; Education-ED-FU
European Commission Prof. Luka Snoj

7. H2020 - ENEEP; European Nuclear Experimental Educational Platform

European Commission

15. H2020 - EUROfusion; JET Campaigns-JET1-2021-C40
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20.

—

22.

23.

24,

25.

21.

Dr. Ziga Stancar
European Commission

. H2020 - EUROfusion; Medium Size Tokamak Campaigns-MST1-FU

Dr. Jernej Kovacic
European Commission

. H2020 - EUROfusion; Preparation and Exploitation of Medium Size Tokamaks -

WPMST2-FU
Dr. Jernej Kovacic
European Commission

. H2020 - EUROfusion; PMI-PPPT-2-FU: Nuclear data

Prof. Ivan Aleksander Kodeli
European Commission

. H2020 - EUROfusion; Engineering Grants: Fusion Plant Nuclear Analyst - The modelling

of the proposed DEMO component designs, testing their performance under reactor
conditions and development of new design solutions

Dr. Alja Cufar

European Commission

Multiphysics Validation of High Fidelity Modelling and Simulation for Nuclear
Applications

Dr. Vladimir Radulovic

Slovenian Research Agency

Use of Shielding Benchmarks for Nuclear Data Validation and Improvement

Prof. Ivan Aleksander Kodeli

Slovenian Research Agency

Optimization of Neutron Converting Components for Enhanced Performance of Silicon
Carbide Based Neutron Detectors

Prof. Luka Snoj

Slovenian Research Agency

Steady-State and Transient Experimental Benchmark for Validation and Development
of the TRAPID Neutronics Code Using the JSI TRIGA Mark-II Reactor

Prof. Luka Snoj

Slovenian Research Agency

Development of Multiphysics Tools for Plasma and Neutron Transport Calculations in
Modern Fusion Devices

Dr. Ziga Stancar

Slovenian Research Agency

Steady-State and Transient Experimental Benchmark for Validation and Development
of the TRAPID Neutronics Code Using the JSI TRIGA Mark-I Reactor

Dr. AljaZ Cufar

Slovenian Research Agency

RESEARCH PROGRAMMES

Medical physics
Prof. Robert Jeraj
Reactor Physics
Prof. Luka Snoj
Fusion technologies
Prof. Igor Lengar

R&D GRANTS AND CONTRACTS

Analysis of nuclear heating in a reactor

Prof. Luka Snoj

Determination of the Am-241 thermal neutron capture cross section by activation
measurements at the JSI TRIGA reactor

Dr. Gasper Zerovnik

Contribution to the improvement of nuclear data for higly reliable reactor shielding
calculations

Prof. Ivan Aleksander Kodeli

Absolute radiation measurements at very high neutron flux levels in reactor pulse
mode

Prof. Igor Lengar

Electrocaloric elements for active cooling of electronic circuits

Prof. Luka Snoj

Advances in Thermal Scattering Law Analysis

Prof. Luka Snoj

Experimental Benchmark for validation of the modelling of neutron and gamma
instrumentation

Dr. Vladimir Radulovic

Sensitivity of nuclear reactor physical parameters to thermal nuclear data

Prof. Andrej Trkov

Development of Computational Tools for the Determination of the Neutron Field in the
Containment of a Pressurized Water Reactor

Prof. Andrej Trkov

. Stability of nuclear reactors in load follow mode of operation

Prof. Luka Snoj

. Fusion for Energy - F4E

Prof. Igor Lengar
Ministry of Education, Science and Sport

. ICERR Agreement for Receiving Affiliate Staff to CEA as a Designated International

Center based on Research Reactors, through its Research Centres of Saclay and
Cadarache

Prof. Luka Snoj

CEA - Commissariat A L“energie Atomique Et Aux

. Irradiation of Glycol

Prof. Luka Snoj
Lancaster University

. Irradiations on the TRIGA Reactor

Prof. Luka Snoj

. Neutron Transport and Criticality Calculations in Reactor Cores

Dr. Vladimir Radulovic
Institut de Radioprotection et de Surete Nucleaire

. Pre-design MCNP Calculations for the TCV Neutron Shielding

Dr. Bor Kos
EPFL/SB/SPC

. Irradiations of FI-TIMS Capsule on the TRIGA Reactor for Years 2020-2022

Prof. Luka Snoj
CEA-commissariat a | Energie Atomique et aux

N EW CONTRACTS

Independent Evaluation of the report ,KRSKO - Assessment of Increased Cycle Burnup
for Reload Safety Evaluation®

Asst. Prof. Marjan Kromar

Nuklearna Elektrarna Krsko d. 0. 0.

Optimization of storage in dry storage containers - SFDS

Asst. Prof. Marjan Kromar

Nuklearna Elektrarna Krsko d. 0. 0.

Support for reviews and calculations in the SFDS project for 2020 and 2021

Prof. Luka Snoj

Nuklearna Elektrarna Krsko d. o. o.

1.2-2612 co-financing of L-project: Stability of nuclear reactors in load follow mode of
operation

Prof. Luka Snoj

Gen Energija, d. 0. 0.

VISITORS FROM ABROAD

Dr Takihiro Makino, QST - National Institutes for Quantum and Radiological Science
and Technology, ’lakasakl Anagawa, Japan, 3. 2.-7. 2. 2020

Arran Plant, Lancaster University, Engineering Department, Lancaster, United
Kingdom, 17. 2.-21. 2. 2020

Dr Aidan Reilly, United Kingdom Atomic Energy Authority, Abingdon, United Kingdom,
20.2.-21.2.2020

Dr James P. Gunn, Institut de Recherches sur la Fusion Magnétique, Saint Paul Lez
Durance, France, 24. 2.-6. 3. 2020

Prof. Tsviatko K. Popov, University “St. Kliment Ohridski”, Faculty of Physics, Sofia,
Bulgaria, 24. 2.-6. 3. 2020

Dr Daniel de A.M. Campolina, Nuclear Technology Development Centre, Belo Horizonte,
MG, Brazil, 7. 3.-3. 4. 2020

Serhii Kupriianchuk, Institute for Safety Problems of NPPs, Ukraine’s National Academy
of Sciences, Kyiv, Ukraine, 7. 3.-7. 6. 2020

STAFF

Researchers

1.
2.
3.
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Dr. Dusan Cali¢
Prof. Tomaz Gyergyek*
Prof. Robert Jeraj

PR~ NI

Prof. Ivan Aleksander Kodeli
Asst. Prof. Marjan Kromar
Prof. Igor Lengar

Asst. Prof. Matija Milani¢*
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8.
9.
10.
11
12.

Dr. Vladimir Radulovic
Dr. Urban Simon¢ic*
Prof. Luka Snoj, Head
Prof. Andrej Trkov

Dr. Gaper Zerovnik

Postdoctoral associates

13.
14.
15.
16.
17.
18.

Stefan Costea, B. Sc.

Dr. Aljaz Cufar

Dr. Bor Kos

Dr. Jernej Kovacic

Dr: Vid Merljak, left 21.01.20
Dr. Ziga Stancar

Postgraduates

19.
20.

Klemen Ambrozic, B. Sc., left 16.05.20
Tanja Goricanec, B. Sc.
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reactor: doctoral dissertation, Ljubljana, 2020 (mentor Luka Snoj).

2. Anze Jazbec, Calculation of gamma and neutron dose field inside the JSI
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DEPARTMENT OF EXPERIMENTAL

PARTICLE PHYSICS

t-9

Departmental research is devoted to experimental studies of elementary particles, to reveal the
ultimate building blocks of matter and the nature of the interactions between them. Experiments
are carried out within large collaborative programmes at international centres for particle physics
at CERN near Geneva and at KEK in Tsukuba. The department is also engaged in developing and
applying the technologically advanced particle detectors demanded by such measurements.
Astroparticle physics is an emerging field applying the experimental techniques of particle physics
to solve astrophysical problems. Slovenian researchers are participating in measurements of ultra-
high-energy cosmic rays with the Pierre Auger observatory spread over a surface of 3000 km’ near
Malargue in Argentina.

Report on activities in 2020

In order to reveal the ultimate secrets of nature in the world of elementary particles, accelerators with higher
and higher energies are needed. Their cost, both in terms of money and human resources, has grown to the level
where they are affordable only as joint international enterprises. Thus, future accelerators will be unique facilities
of their kind. An example is the Large Hadron Collider (LHC) at the European Organization for Nuclear Research
(CERN) near Geneva. Researchers exploit this facility to perform experiments in presently inaccessible regions of
energy, which, though pushed higher and higher, still remain minute compared to that of the vast blast of the Big
Bang that led to the creation of the Universe.

Together with colleagues from the Physics Department of the Faculty of Mathematics and Physics and the
Faculty of Electrical Engineering of the University of Ljubljana, and from the Faculty of Chemistry and Chemical
Technology of the University of Maribor, we are performing measurements at CERN and the Japanese centre KEK
in Tsukuba. We are taking part in two experiments, each conducted as an international collaboration:

e ATLASatthe Large Hadron Collider (LHC) at CERN (3000 researchers, 183 institutions from 38 countries),

e Belle I at the asymmetric electron-positron collider (KEK-B) at KEK (750 researchers, 101 institutions

from 22 countries)

The European Research Council (ERC) awarded an advanced grant to the project “Flavour Anomalies with
advanced particle Identification Methods (FAIME)” proposed by our department in which data collected with the
Belle II detector will be analysed

In the field of astroparticle physics we are part of the Pierre Auger collaboration (250 researchers, 94 institu-
tions from 17 countries), which uses a giant scale (3000 km?) observatory near Malargue in Argentina for the
detection of ultra-high-energy cosmic rays. This endeavour is carried out in collaboration with colleagues from
the University of Nova Gorica.

A more detailed report on the 2020 activities follows, focused on the contributions of our researchers.

ATLAS experiment

In the last two years an upgrade has been taking place at CERN, as the Large Hadron Collider (LHC), as well as
its detectors, is being upgraded before the next re-start, which gives us the much-needed time to analyse the data
collected so far. The years 2015-2018 at CERN are the data-taking period of the Large Hadron Collider (LHC) named
“Run2”.1n 2015 the upgraded LHC began its operation and reached a record centre-of-mass energy of 13 TeV. The end

Head:
Prof. Marko Mikuz

of the Run 2 of the LHC's operation subsequently finished at the end of 2018
with heavy-ion collisions (Pb-Pb) at a centre-of-mass energy of 5.02 TeV. The
amount of the ATLAS experiment proton-proton collision data at 13 TeVin
2015-2018 reached the integrated luminosity of 150 fb of exceptional data,
whereby the LHC exceeded all expectations and facilitated the recording

¢ In the analysed data rare Higgs’ boson decays
were detected for the first time (H— pp,H— Zy),
for a final confirmation of these measurements,
however, more data is needed.

of the largest quantity of data at the ATLAS experiment so far. This setof s gh-Granularity Timing Detector (HGTD)

unique data led to the most precise Run 2 searches of new physics beyond
the Standard model hitherto achieved (figure 1). In the analysed data rare
Higgs boson decays were detected for the first time (H— uu,H— Zy), for a

will be a part of ATLAS upgrade for the High-
Luminosity LHC upgrade. The JSI group has
taken a large part in the development of the

final confirmation of these measurements; however, more data is needed. Low Gain Avalanche Detectors (LGAD) for the

In addition, a considerable number of different theories, which extend the HGTD.

Annual Report 2020

119



o0
3:. Jozef Stefan Institute

Standard Model, were excluded and there are some indications for potential
new discoveries in particle physics - but for confirming or refuting these
the full set of recorded data needs to be analysed. Subsequently, the next
year will still be full of challenges and expectations of pivotal events. In
2020 the ATLAS collaboration published more than 70 scientific papers
in the most distinguished scientific journals, bringing the total number of
scientific papers published by the collaboration to 970, with more than a
hundred further papers in preparation. Some of the outstanding papers
published last year are listed below [ 1-4].

The ATLAS Ljubljana group had a leading role in designing, building
and operating several beam- and radiation-monitoring systems, namely:
ATLAS Beam Condition Monitor (BCM), Beam Loss Monitor (BLM), Radia-
tion Monitor (RADMON) and Diamond Beam Monitor (DBM). The BCM

Figure 1- Event display visualisation of the highest jet multiplicity was built to monitor co.ndmons of the LHC b?ams and issue warnings at
event selected in signal regions targeling long cascade decays of pair- unexpected and potentially dangerous situations. In the first part of the
produced gluinos. This event was recorded by ATLAS on 23 October 2016, ~ LHC's operation it served as the main luminosity monitor of ATLAS. BLM
and contains 16 jets, illustrated by cones. Yellow blocks represent the on the other hand, is solely a safety system and protects the ATLAS Inner

calorimeler energy measured in noise-suppressed clusters. Detector from potential damage by LHC beams. It fired a few times and
successfully extracted LHC beams and prevented potential damage to the
detectors. RADMON records the doses received by different parts of the ATLAS Inner Detector. DBM was installed
during the last shutdown and was used for the first time in 2015. It is built from pCVD diamond sensor and pixel
readout chip with pixels of size 250x50 um?. It can provide luminosity measurement complementary to the BCM
and other luminosity monitors in ATLAS. Its readout was first tested during the last operation with beams.

Atlas detector upgrade

In 2020 the LHC was preparing for the new 2-year-long data-taking period “Run 3, starting in 2022. After Run
3 amajor upgrade of LHC to High Luminosity LHC (HL-LHC) will start and the beginning of operation is scheduled
for 2027. To adapt to the HL-LHC conditions a major upgrade of the ATLAS detector will be made. A large part of
the ATLAS collaboration, including the group from the F9 department is intensively working on developing and
building detector systems for the upgrade.

The group from the F9 department has taken a leading role in the development of a new system to replace the
current beam abort and luminosity monitors based on pCVD diamond sensors. A dedicated rad-hard ASIC readout
chip for the new system has been developed, which will be used to amplify and discriminate the signals coming
from a segmented pCVD diamond sensor. We are currently in the phase of verifying the radiation hardness of

individual components and planning the final architecture of the system.
The High Granularity Timing Detector has officially become part of an
ATLAS upgrade for the High-Luminosity LHC upgrade. The JSI group has
played a large part in the development and testing of suitable Low Gain
Avalanche Detectors LGADs (figure 2) for the HGTD, as documented in
publications [5-10]. We tested sensors from different producers and showed
their suitability for use in the ATLAS experiment. The dependence of charge
collection and timing properties of the sensors on neutron fluence were
systematically measured. We contributed to the development of different
LGAD gain layer designs and showed the beneficial effect of carbon co-
implantation to radiation hardness of the LGADs, particularly a reduced
acceptor removal. The effective inter-pad distance in multi-electrode sensors

were systematically measured using Scanning-TCT technique.
First, we thoroughly measured the effects of annealing on the sensor
performance and showed that the radiation damage in LGADs does not

Figure 2: A large multi-channel LGAD (15%30 pads ) which can achieve  depend on the neutron flux.

25-ps time and 375wum position resolution for fast charged particles In 2020, the ATLAS collaboration began assembling components to
during lesting upgrade the inner tracking detector (Inner tracker - ITk). Silicon microstrip
sensors will be used to track the path of charged particles. It is estimated that
in the first pre-series production phase we will assemble about 5% of the components. Our group participates in the
process of ensuring the quality of sensors (QA). At the Reactor Center in Podgorica, we will irradiate test structures
made on silicon wafers with neutrons. Regular irradiations are planned every month for a period of 4 years. In a
specially designed measuring system, we measure the response of sensors with the help of the Sr* source and the

120 Annual Report 2020



ALIBAVA multi-channel readout system. All sensors from the pre-series show
the expected degradation of the signals, the signal is reduced to about a
third after irradiation with 1.6 10° n, cm, this corresponds to about 7500
electrons. Measurements on pre-series sensors showed the expected results.

In addition to the sensors’ development we took part in special mul-
tilayer flexible circuit development together with company Elgoline d.o.o.
The circuit connects the sensors with peripheral read-out electronics and
power for HGTD. The first prototypes were produced in 2020. In collabora-
tion with Elgoline d.o.0. multilayer large dimension flexible circuits were
also developed for ITk and their production has started recently. Together
with Oxford University a robot (figure 3) for testing of these circuits was
developed. Elgoline from Cerknica will produce more than 1000 such
large flexible circuits needed for the assembly of two endcaps of ITk. Each
circuit will be tested three times in different stages of the assembly process.

Asystem for online measurements of integrated doses (RadMon) will
be installed in the ITk. In 2020 our group designed and manufactured a
prototype of a ceramic printed circuit, sensors for measurements of ionizing
doses (RadFETs) were tested and selected and the design of the readout
circuitry was started.

Belle detector at the asymmetric electron positron collider KEKB at K

Collaborators at the department continued activities at the Belle (Belle
1) experiment on the electron-positron collider KEKB (SuperKEKB) in
Tsukuba, Japan. The main motivation of the two experiments, belonging
to the so-called Intensity Frontier Experiments, is searching for so-far un-
known processes and particles beyond the theory of the Standard Model
(SM) and is commonly addressed as the New Physics (NP). Intensity Fron-
tier Experiments perform measurements of ultra-high precision in order
to compare the results to equally precise predictions of the SM. The latter
is nowadays considered as the most successful and experimentally verified
theory of elementary particles interactions at the currently achievable
energies and precision. NP processes must be responsible - among others
- for the observed dominance of matter over antimatter in the Universe.

Detector Belle finished data-taking in 2010. Numerous analyses of the
data, however, are still in progress. Among the results of 2020 is the search
for a hypothetical new gauge boson Z [11] (Figure 4). In the extensions
of the SM the latter could be responsible for some discrepancies between
the theoretical predictions and experimental results in measurements
of B— K [*]- decays, as well as for the composition of dark matter.

Another high-impact result of the Belle collaboration in 2020 was
a new test of lepton flavour universality through the measurement of
B— D*tv [12]. The measurement was performed using the so-called
Full Event Interpretation in which one of the B mesons, produced in
e’ —>Y(4S) — BBbar, is reconstructed through its semi-leptonic
decays B— X /v (where X_denotes any hadronic system composed of
ac quark). This enables a determination of the energy and momentum
of the other B meson decaying into D* #v (t lepton further decays into
a charged particle and one or more neutrinos). Despite the presence of
at least two undetected neutrinos in the final state the method enables
reconstruction of semi-tauonic decays and by this comparison of their
rate to the rate of semi-leptonic decays into electrons and muons, B—
D*mvinB— D*ev.

Perhaps the most important result of the Belle II collaboration in
2020 was the method of integrated luminosity measurement [ 13]. An
accurate knowledge of the integrated luminosity (Z) is essential since it
determines the rate of produced events of a given type through N =L &
(with o denoting the cross-section for a particular process). The detec-
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Figure 3: The figure shows two movable test stations, parts of the robot,
with which the robot makes electrical contact with the circuit and
measures ifs properties and detects any irregularities.

¢ In the extensions of the SM a new gauge boson
Z’ could explain some discrepancies between
the theoretical predictions and experimental
results in measurements of B— K™ | -
decays, as well as the composition of the dark
matter.

e European Research Council (ERC) awarded an
Advanced Grant to the FAIME project, led by
prof. dr. Peter Krizan.

* In the FAIME project we will try to confirm or
refute the preliminary results showing that
under certain conditions tau leptons behave
slightly differently than muons and electrons.
Confirmation would mean a major revolution
in elementary particle physics and in our
understanding of nature in general.

Figure 4: Area in the parametric plane of hypothetical Z’ boson mass
(M,,) and its coupling constant to muons and < leplons ('), excluded at
95% C.L. by the measurement [11]. The red area (notyet experimentally
excluded) is the region that could explain the so-called muon anomalous
magnetic dipole moment discrepancy.
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Figure 5: Ring Imaging Cherenkov (RICH ) detector with aerogel
radiator during assembly. Lefl: Cherenkov photons emitted by charged
particles in a fourcentimetre-thick aerogel layer are detecled by a large

photon detector consisting of 420 hybrid photosensors. Right: Slovenian-

Japanese team behind the RICH delector where readout electronics with
a multitude of connections can be seen.

tion and reconstruction of processes with accurately known cross-section
- in the case of [13] the process is Bhabha scattering and two-photon
processes - enables a precise determination of the integrated luminosity.

AEuropean Research Council (ERC) advanced grant was awarded to the
project “Flavour Anomalies with advanced particle Identification Methods
(FAIME)” lead by prof. Peter Krizan, a member of our department. Within
this project the decay properties of B mesons into leptons will be measured
with high precision. We will try to confirm or refute the preliminary results
showing that, under certain conditions, tau leptons behave slightly dif-
ferentlt to muons and electrons. If confirmed, these results would mean a
major revolution in elementary particle physics and in our understanding
of nature in general. The crucial component of the Belle Il spectrometer for
the FAIME project are the charged particle identification detectors (Figure

5). A research group from the JSI, the Faculty of Mathematics and Physics of the University of Ljubljana and the
Faculty of Chemistry and Chemical Engineering of the University of Maribor have played a decisive role in their
development, preparation and analysis of data taken by these detectors.

Pierre Auger observatory

The Pierre Auger Observatory is an international cosmic ray observatory in Argentina designed to detect
ultra-high-energy cosmic rays: sub-atomic particles traveling nearly at the speed of light and each with energies
beyond 10 eV. In the Earth’s atmosphere such particles interact with air nuclei and produce various other particles.
Secondary particles forming the so-called “air shower” can be detected and measured in order to clarify the origin

Figure 6: Figure shows one of 16000 ground Cherenkov detectors at the

Pierre Auger Observatory. In background communication tower for DAQ

data transfer. Detector network covers an area of 3000 km?.

of the highest-energy primary particles and their properties like energy,
arrival direction and the particle type (photons, protons, atomic nuclei).
But since these high-energy particles have an estimated arrival rate of
just 1 per km? per century, the Auger Observatory has created a detection
area of 3000 km? to be able to record significant number of these events.
Itis located in the western Mendoza Province, Argentina, near the Andes.
The Pierre Auger Observatory combines two complementary tech-
niques to measure air showers. On their way through the atmosphere
the secondary particles stimulate nitrogen molecules in the air to emit
fluorescence light. This light is measured with large telescopes. In addition,
secondary particles reaching ground level are registered in an array of parti-
cle detectors. The latter are water Cherenkov detectors, measuring the light
emitted by relativistic particles passing through a water tank (Figure 6).
The Pierre Auger Collaboration had shown that the energy spectrum
of cosmic rays exhibits a sharp drop around 10% eV [14]. This drop is

compatible with the Greisen-Zatsepin-Kuzmin (GZK) cut-off caused by the universe becoming opaque due to reso-
nant collisions between ultra-high-energy protons and the photons of the cosmic microwave 2.7 K background
radiation. Past measurements by the Pierre Auger Collaboration have already cast some doubt on this explanation,
and this year’s results further established that the GZK cut-off cannot be the entire story and even the extent of its
contribution to the cut-off remains unclear.

Collisions of ultra-high-energy cosmic rays on atmospheric molecules provide hadronic interactions at an
energy that exceeds the LHC centre-of-mass energy by one to two orders of magnitude. Although progress was
made in incorporating the LHC's results, some mysteries were not solved. The number of muons in the Monte Carlo
simulations is very significantly smaller than the number measured in experimental data. Also, the depth at which
most muons that reach the Earth'’s surface are produced cannot be described by Monte Carlo simulations for any
reasonable composition mix of cosmic rays.

The Pierre Auger observatory is currently upgrading its detection capabilities. The key element of the upgrade
is the installation of a plastic scintillator on top of each existing surface detector station. It will provide a comple-
mentary measurement of the showers, allowing the reconstruction of muons and electromagnetic particles. The
surface scintillator detector stations (SSD) are being deployed over the full 3000-km? area of the overall surface
detector (SD). To enhance the capabilities of the surface detector, especially for composition measurements, it is
being equipped with upgraded electronics with a larger sampling rate and a larger dynamic range.

122 Annual Report 2020



Distributed computing

In 2020, the SiGNET Tier-2 center was running with 8000 CPU cores
and 45 PB of storage space. The resources were mostly dedicated to the
production and analysis of ATLAS data and Monte-Carlo simulation, and
Belle I production. A smaller fraction was used by other departments at the
Jozef Stefan Institute and external users in Slovenia. The general purpose
NSC cluster at the JoZef Stefan Institute and computing center of ARNES
are transparently included in distributed computing infrastructure within
WLCG collaboration and EGl infrastructure. HPC.RIVR.UM, 2 new prototype
HPC infrastructure at University of Maribor was added to the grid and
supercomputing infrastructure. F9 was participating in EuroHPC activities
and contributed to the procurement of Vega EuroHPC supercomputer being
built at [ZUM in Maribor, which will start operation in March 2021. F9 was
also collaborating within the Leonardo consortium, one of the three pre-
exascale HPC systems to be procured at Gineca, Bologna. SIGNET-T2 is a full
member of international organizations EGI/InSPIRE, wLCG and Nordugrid
and participated in several joint projects related to support, maintenance
and planning of the computing infrastructure as well as the development,
distribution and deployment of the distributed computing infrastructure.

Detector development
Silicon and diamond detectors

Department of Experimental Particle Physics F-9

Figure 7. Efficiency of 22 pixel detector array on Mini-MALTA chip
after irradiation with 1015 n/cm? in TRIGA reactor. Figure on the

right shows pixel array with modified structure if the low doped n-layer
which significantly improves efficiency afier irradiation. Measurement
was made in the lest-beam experiment at ELSA synchrotron in Bonn,
Germany (from [15]).

In 2020, SiGNET Tier-2 center was running with
8000 CPU cores and 45 PB of storage space.

Most of the work on silicon detector development was performed in the framework of the ATLAS and CERN-
RD50 collaborations. Our group is also active in the development of diamond tracking detectors in the framework

of the RD42 collaboration.

Work on an upgrade of the ATLAS detector for the HL-LHC was the
main activity in the development of silicon detectors. This includes meas-
urements of silicon strip detectors for ITk and the development of LGAD
for HGTD, as described above. In addition to work for ATLAS, extensive
measurements with depleted CMOS detectors were made in 2020. Studies
were made with test structures on prototype chip RD50-MPW2 developed
by the RD50 collaboration. Depleted CMOS is a suitable technology for
monolithic tracking detectors for high radiation environments (figure 6)
as well as for applications where the amount of material in the tracking
volume must be minimized. Depleted CMOS also ensures fast charge collec-
tion [ 15], enabling good time resolution, which is becoming increasingly
important in all types of applications.

Alarge number of measurements of space charge concentration as a
function of irradiation fluence were made using the E-TCT method [16].
The removal of initial acceptors (boron) caused by neutron irradiation
was studied for p-type substrates with different initial resistivities. A study
of the behaviour of effective space charge concentration and detector cur-
rentas a function of annealing time at 60° C was made. A system for E-TCT
measurements with active CMOS pixels on an RD50-MPW?2 chip was built.

Our group is working on the development of detectors for the next
generation of hadron colliders, e.g., Future Circular Collider - FCC. Work
includes measurements of the detector’s response after irradiation to
extreme hadron fluences of 107 n/ecm? and beyond. In 2020, extensive
charge collection measurements with thin planar detectors were made
and the results published in [17] (figure 8).

Members of the F9 department continued work on diamond detectors
for charged particles. Studies of the effects of irradiation with protons and

Our group is working on the development of
detectors for next generation of hadron colliders
(e.g., Future Circular Collider - FCC). This
includes measurements of detector response
after irradiation to extreme hadron fluences of
107 n/cm? and beyond.

Figure 8: Measurement of effective trapping times in silicon irradiated
with neutrons to extreme fluences (from [17]). Measurements show
large discrepancies from predictions based on extrapolation of
measurements at lower fluences.

neutrons were made with poly and monocrystalline artificial diamonds [ 18]. In 2020 measurements of transients
caused by two (and more) photon absorption enabling three-dimensional mapping of detector response were made.

As a part of the bilateral project with NiirDAM institute, Bolu, Turkey the MOS-FET dosimetry sensors were
designed, tested and shown to be appropriate for the use in the ATLAS experiment [19].
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Photon detectors

In 2020 we continued with photon sensors’ research for a new generation of Cherenkov Ring Detectors
(RICH). For the upgrade of the Belle II detector in the forward region and
the upgrade of the Cherenkov ring detectors of the LHCb spectrometer, we
are developing a single photon sensor that will be very fast, will have fine
granulation, will be sensitive to light of long wavelengths and will also
withstand significant radiation levels, mainly due to neutrons. As a part of
this activity, as LHCb collaboration associated technical members, we have
established a collaboration with the research groups from the University
of Barcelona and Fondazione Bruno Kessler from Trento.

For the upgrade of the Belle Il detector in the
forward region and the upgrade of the Cherenkov
ring detectors of the LHCb spectrometer, we are
developing a single photon sensor that will be very
fast, will have fine granulation, will be sensitive to
light of long wavelengths and will also withstand
significant radiation levels due to neutrons.

Detectors for medical applications

Experimental particle physics requires the development and mastery of the latest developments in technology.
Other fields can benefit from cutting-edge technology we develop in our laboratories. One prolific example is apply-
ing to medical physics, where we are introducing advances in photodetectors and readout electronics to improve
detection technologies in positron emission tomography (PET) and fluorescence measurements. Leveraging our
experience from the design and deployment of Cherenkov detectors in experimental particle physics, we have devel-
oped a novel PET detector based on prompt Cherenkov photons detection. In 2020 we produced two multi-channel

Figure 9: Positron emission tomography is increasingly penetrating

the field of medical diagnostics. Using ultra-fast annihilation gamma
rays detectors, we can cover only a part of the solid angle. The images
obtained with such systems are entirely comparable to the images from
the apparatus used today. To design new devices, we use computer
simulations with which we can image digital phantoms. The figure
shows the reconstructed metabolic activity in the human head in three
projections, which is obtained using such an ultra-fast tomograph with a
limited field of view.

In 2020 we successfully concluded the EU
ATTRACT project, producing a prototype of an
ultra-fast fluorescence lifetime acquisition system.
The development has attracted the first potential
users in biology and pharmaceutical production

Irradiations in reactor TRIGA

detector Cherenkov positron emission tomography modules, integrated
with fast readout electronics capable of time-of-flight image reconstruction.

The PET detector development is linked with advanced physics simula-
tion and image reconstruction algorithm developments. Our experience
has played a central role in proposing a next-generation PET detector
exploiting ultra-fast timing and advanced geometries (figure 9). We initi-
ated the collaboration between the University of Barcelona, Fondazione
Bruno Kessler, University of California, Davies and Harvard University.

Detector technologies are also critical in the application of fluorescence
lifetime measurements. In 2020 we successfully concluded the EU AT-
TRACT project, producing a prototype of an ultra-fast fluorescence lifetime
acquisition system. The development has attracted the first potential users
in biology and pharmaceutical production and received the Jozef Stefan
Institute Center for Technology Transfer and Innovation Foundation grant
to progress the system’s technology readiness level.

We are also collaborating with CSIC/IFIC, Valencia Spain and the
Ohio State University at Columbus, OH, USA in the development of high-
resolution detectors and their applications in PET under partial sponsorship
of a bilateral Slovenia/USA project. This is a continuous effort of bridging
the gap between high-sensitivity detectors found in standard PET rings and
sub-millimeter detection probes and combining them to simultaneously
achieve high spatial resolution in a selected region of interest with the
minimum of interference with standard PET operation.

Asignificant number of irradiations with neutrons, as well as with ionizing radiation of the reactor core when
fission is stopped, was made for various institutions from around the world. The reactor at IS is the reference
neutron irradiation site for the development of silicon detectors and electronics for LHC and other particle-physics

experiments.

Some outstanding publications in the past year

[1] G.Aadetal. (ATLAS Collaboration), “Search for magnetic monopoles and stable high-electric charge objects
in 13 TeV proton-proton collisions with the ATLAS detector”, Phys. Rev. Lett. 124, 031802, (2020).

[2] G.Aadetal (ATLAS Collaboration), “Measurement of azimuthal anisotropy of muons from charm and bottom
hadrons in ppcollisions at v's=13 TeV with the ATLAS detector”, Phys. Rev. Lett. 124, 082301, (2020).

[3] G.Aad etal. (ATLAS Collaboration), “Search for heavy Higgs bosons decaying into two tau leptons with the
ATLAS detector using pp collisions at v/s=13 TeV”, Phys. Rev. Lett. 125, 051801, (2020).
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G. Aad etal., (ATLAS Collaboration), “Search for electroweak production of charginos and sleptons decaying
into final states with two leptons and missing transverse momentum in v's=13 TeV pp collisions using the
ATLAS detector”, The European physical journal. C. 80, art. 123, (2020).

G. Kramberger et. al, “Annealing effects on operation of thin Low Gain Avalanche Detectors”, JINST VoL.15
P08017 (2020).

S. Mazza, G. Kramberger et. al, “Properties of FBK UFSDs after neutron and proton irradiation up to 6e15
neq/cm2”, JINST Vol.15 , T04008 (2020).

Y. Jin, G. Kramberger et. al, “Experimental Study of Acceptor Removal in UFSD”, Nucl. Instr. & Meth. A 983
(2020) 164611.

X.Yang, G. Kramberger et. al, “Layout and performance of HPK prototype LGAD sensors for the High-Granularity
Timing Detector”, Nucl. Instr. & Meth. A 980 (2020) 164379.

X. Shi, G. Kramberger et. al, “Radiation campaign of HPK prototype LGAD sensors for the High-Granularity
Timing Detector (HGTD)”, Nucl. Instr. & Meth. A 979 (2020) 164382.

R. Padilla, G. Kramberger et. al, “Effect of deep gain layer and Carbon infusion on LGAD radiation hardness”,
JINST Vol.15, P10003 (2020).

1. Adachi et al. (Belle IT Coll.), “ Search for an Invisibly Decaying Z” Boson at Belle IT in e+e——p+u—(e+u+)
Plus Missing Energy Final States”, Phys. Rev. Lett. 124, 141801 (2020).

G. Caria et al. (Belle Coll.), “Measurement of R(D) and R(D*) with a Semileptonic Tagging Method”, Phys.
Rev. Lett. 124, 161803 (2020).

F. Abudinen et al. (Belle IT Coll.), “Measurement of the integrated luminosity of the Phase 2 data of the Belle
I experiment®, Chinese Phys. C 44, 021001 (2020).

A. Aab et al. (The Pierre Auger Collaboration) , “ Features of the Energy Spectrum of Cosmic Rays above
2.5x10'8 eV Using the Pierre Auger Observatory”, Phys. Rev. Lett. 125, 121106, (2020).

M. Dyndal et al., “Mini MALTA : radiation hard pixel designs for small-electrode monolithic CMOS sensors for
the High Luminosity LHC”, 2020 JINST 15 P02005.

R. Klanner et al., “Determination of the electric field in highly-irradiated silicon sensors using edge-TCT
measurements”. Nucl. Instr. & Meth. A 951 (2020) 162987.

I. Mandic et al., “Measurements with silicon detectors at extreme neutron fluences”, 2020 JINST 15 P11018.
L. Bini et al. (RD42 collaboration), "A study of the radiation tolerance of CVD diamond to 70 MeV protons,
fast neutrons and 200 MeV pions.” Sensors, Vol 20, 6648 (2020).

G. Kramberger et al, “Development of MOS-FET dosimeters for use in high radiation fields”, Nucl. Instr. &
Meth. A 978 (2020) 164283.

Awards and Appointments

1. Prof. Danilo Zavrtanik, Blinc Award for lifetime achievement in physics, Faculty of Mathematics and
Physics, University of Ljubljana and Jozef Stefan Institute, Ljubljana

2. Prof. Andrej Filipcic, Prof. Marko Zavrtanik: Zois Award for Outstanding Achievements in Research of

Extreme Energy Cosmic Particles, Ljubljana, Slovenia, Committee of the Republic of Slovenia for the Award-
ing of Prizes and Recognitions for Outstanding Achievements in Scientific Research and Development

Organization of Conferences, Congresses and Meetings

1. “Fromvisions to reality - proton therapy for cancer treatment in Slovenia”, JoZef Stefan Institute, Ljubljana,
Slovenia, 23 January 2020

2. “Researchers’ Night”, Jozef Stefan Institute, Ljubljana, Slovenia, 27 November 2020 (virtual)

IN TERNATION AL PROJECTS Euopen Commision

COST CA16108 - VBSCan; Vector Boson Scattering Coordination and Action Framework

Prof. Borut Paul Ker$evan

Cost Office 6
2. COST VBSCan; Vector Boson Scattering Coordination and Action Framework

Prof. Borut Paul KerSevan

Dr. Rok Dolenec
European Commission

Prof. Peter Krizan
European Commission

5. H2020 - ATTRACT; Real-time Flourescence Lifetime Acquisition System (RfLAS)

. H2020 - FAIME; Flavour Anomalies with advanced particle Identification MEthods

Cost Association Aisbl

H2020 - AIDA-2020; Advanced European Infrastructures for Detectors at Accelerators
Prof. Marko Mikuz

European Commission

H2020 - JENNIFER2; Japan and Europe Network for Neutrino and Intensity Frontier
Experimental Research 2

7. Fabrication and Qualification of NtirFETs Dosimeters for use at Nuclear Reactors

Dr. Gregor Kramberger
Slovenian Research Agency

8. Development of Segmented Silicon and Diamond Radiation Sensors and Readout

Electronics for Particle Physics and Medical Diagnostics
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Asst. Prof. Igor Mandic
Slovenian Research Agency
9. Study of Portion and Spatial Resolution of High-Resolution Events on Image Quality in
Hybrid Resolution PET Systems
Prof. Vladimir Cindro
Slovenian Research Agency

RESEARCH PROGRAMMES

Astroparticle Physics
Prof. Marko Zavrtanik

2. Experimental Particle Physics
Prof. Marko Mikuz

R & D GRANTS AND CONTRACTS

1. New atmospheric monitoring devices and techniques for Imaging Atmospheric
Cherenkov Telescopes
Prof. Marko Zavrtanik

2. Advanced detector for Time-of-Flight PET based on Cherenkov radiation
Prof. Samo Korpar

3. Depleted CMOS Sensors for the ATLAS Tracker Upgrade and Future Collider
Experiments
Prof. Marko Mikuz

4. Advanced hadron identification methods for Belle II
Prof. Peter Krizan

5. Development of High Granularity Timing Detector for ATLAS experiment
Dr. Gregor Kramberger

6. Resources Review Board
Prof. Marko Mikuz
Ministry of Education, Science and Sport

7. Member of Restricted European Committe for Future Accelerators (RECFA) and Plenary
ECFA (PECFA)
Prof. Marko Mikuz
Ministry of Education, Science and Sport

8. Design, Procurement and QA of Flex-rigid Hybrids
Prof. Marko Mikuz
European Organization for Nuclear Research

9. Irradiations in TRIGA Nuclear Reactor
Prof. Vladimir Cindro

VISITOR FROM ABROAD

1. Matthew Franks, University of Liverpool, Great Britain, 9-14 August 2020

STAFF

Researchers

Asst. Prof. Marko Bracko*
Prof. Vladimir Cindro

Prof. Andrej Filipcic

Prof. Bostjan Golob*

Dr. Andrej Gorisek

Prof. Borut Paul Ker$evan*
Prof. Samo Korpar*

Dr. Gregor Kramberger

9. Prof. Peter Krizan*

10. Dr. Bostjan Macek

11. Asst. Prof. Igor Mandic

12. Prof. Marko Mikuz*, Head
13. Prof. Rok Pestotnik

14. Asst. Prof. TomaZ Podobnik*
15. Prof. Marko Staric

16. Asst. Prof. Andrej Studen*
17. Prof. Marko Zavrtanik

18. Prof. Danilo Zavrtanik*

19. Asst. Prof. Dejan Zontar*
Postdoctoral associates

20. Dr. Rok Dolenec*

BIBLIOGRAPHY
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21. Dr. Bojan Hiti

22. Dr. Andrej Seljak

23. Dr. Luka Santelj

Postgraduates

24. Dania Consuegra Rodriguez, B. Sc.
25. Alissa Shirley-Ann Howard, B. Sc.
26. Blaz Leban, B. Sc.

27. Andrej Lozar, B. Sc.

28. Jakob Novak, B. Sc.

29. Dr:. Tadej Novak, left 01.10.20
30. Anja Novosel, B. Sc.

31. Leonardo Benjamin Rizzuto

32. Luka Senekovic, B. Sc.

Technical and administrative staff
33. Andreja Butina Cali¢, B. Sc.

34. Jurij ErZen

35. Dejan Lesjak

36. Erik Margan

Note:
* part-time JSI member
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Igor Mandic¢).
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DEPARTMENT OF INORGANIC
CHEMISTRY AND TECHNOLOGY K-1

The Department of Inorganic Chemistry and Technology is one of the world’s leading groups
Jor the synthesis of new inorganic compounds containing fluorine. The main research areas are:
the synthesis of new coordination compounds with various ligands, the chemistry of noble gases,
the chemistry of elements of the main groups, the synthesis of new hybrid materials and inorganic
materials with special properties. A large part of the group’s activity is devoted to technological,
environmental and process-safety issues in Slovenia. The group has been working closely with
Slovenian industry for more than 30 years. It is also active in the field of education and in promoting
science among students at universities and primary schools.

By treating gaseous, liquid or solid fluorides with UV-photolyzed 0,/F, mixtures and by treating solid oxides
with UV-photolyzed F, (or O /F, mixtures) in liquid anhydrous HF at room temperature, we investigated the pos-
sibility of preparing O,M"F, (M = B, Fe, Co, Ag), O,M"F, (M =Ti, Sn, Pb), (0,) M"F, (M = Ti, Ge, Sn, Pb, Pd, Ni, Mn),

O,MV,F, (M = Sn), O,M'F, (M = As, Sb, Au, Pt), O,M",F, (M = Pt), O,M"F, (M = Se), (0,)M"F, (M = Mo, W), and Head:

O,M"F, (M =1). The approach was successful in the case of the previously reported O,BF,, O, MF, (M = As, Sb, Au; Asst. Prof. Gasper Tavéar
Pt), 0,GeF,, and (0,),(TiF, ). Novel compounds O,GeF - HF, a-0,5n,F, (1-

D) and the HF - solvated and non-solvated forms of B-0,5n,F, (2-D) were
synthesized and their crystal structures were determined by single-crystal
X-ray diffraction. The anionic parts of the crystal structures of all these
materials arise from the condensation of octahedral MF, (M = Ge, Sn)
units. The anion in the crystal structure of O,GeF -HF consists of infinite
([GeFS]’)m—chains of GeF octahedra sharing common vertices. The crystal
structure of a-0,5nF, (1-D) is composed of polymeric ([Sn,F,I), anions
that appear as two parallel infinite chains of SnF, units, where each SnF,
unit of one chain is connected to a SnF, unit of the second chain via a
common fluorine vertex. A single-crystal structure determination of [0,]
[Sn2F9]-0.9HF shows that it consists of two-dimensional ([SnZFg]’)w. The 2D
grids have a wave-like conformation. The ([SH2F9]’)OO layer contains both
six-and seven-coordinated Sn(IV) atoms that are interconnected by bridg-
ing fluorine atoms. A new, more complex [0,]" salt, O,[Hg(HF)] 4[SbF6]9,
has also been prepared. In its crystal structure, the Hg atoms bridge to
SbF, units to form a 3D framework. Attempts to prepare several chlorine
analogs of O, fluorine salts (i.e., 0,TiCl; and O,MCl, (M = Nb, Sb)) failed.

By a direct synthesis method, oxidative dissolution of manganese
powder in the presence of Schiff bases, ammonium salt and oxygen in air,
we have prepared a family of eight polymeric manganese complexes (I11).
According to the results of an X-ray structural analysis, the main structural
feature of the compounds is the one-dimensional polymer structure. In
most cases, the cationic chains and anions are connected by electrostatic interactions and hydrogen
bonds. However, in one case, the polymers are composed of neutral units. The compounds were also
characterized by electronic paramagnetic resonance. The study was also complemented by ab-initio
CASSCF and DFT calculations. The research was carried out in collaboration with research groups from
the Ukraine, France and the USA.

Associate of the JoZef Stefan Institute, Asst. Prof. Dr. Matic Lozinsek, was the only Slovene to succeed
in obtaining a 5-year project in a tender of the European Research Council for researchers starting an
independent research career. ERC Starting Grant, European Research Council, “Challenging the Oxidation-
State Limitations of the Periodic Table via High-Pressure Fluorine Chemistry - HiPeR-F”, 2021-2026. The
HiPeR-F project focuses on the study of chemical reactions with fluorine under extremely high pressures
- from 10,000 bar to over 100,000 bar. The element fluorine, which can be called the tiger of the periodic
table, due to its extraordinary reactivity, will enable the testing of the limits of chemistry under extreme
conditions. The project is thus a combination of two specialized experimental as well as extreme research

Fragment of the crystal structure with C JH, N,0 IMn composition,
published in Cryst. Growth Des. 2020, 20, 1491-1502

Asst. Prof. Matic Lozinsek was awarded an ERC
Starting Grant worth €2.37 million

Figure 2: ERC Starting Grant - HiPeR-F,
study of chemical reactions with fluorine
under extremely high pressure
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Research in the field of technological solutions
for better use of secondary sources of raw
materials

Figure 3. JFC abstract - High fluorine content in superfoods, published
in Journal of Fluorine Chemistry, 2020, vol. 234

areas - the study of substances under extremely high pressures and the
study of extreme chemical reactivity. It is expected that if the experimental
barriers and difficulties in dealing with the most reactive halogen under
high pressure can be overcome, this will lead to discoveries that will influ-
ence and broaden our understanding of the periodic table of elements.

We determined the total fluoride content in some types of plant
superfoods. In eight of the fifteen cases (16-373 ug/g), it was significantly
higher than the fluorine content in plants from uncontaminated areas (10
ug/g). Consumption of such foods might contribute significantly to the
daily intake of fluoride, which can thus exceed an appropriate daily intake.

We participated in a study on the influence of the anodization electro-
lyte aging on its composition. It was shown that batch-type anodization
cells cannot yield reproducible TiO, nanotube films due to the aging
of the anodization electrolyte and that continuous regeneration of the
anodization electrolyte is necessary to obtain Ti0, films with comparable
photocatalytic activities.

We continued writing review articles for Structural Chemistry journal;
ashort summary of each article, a thermochemical comment and sugges-
tions for future research are added.

As part of the renovation of the analytical laboratory, the laboratory
was equipped with an instrument for atomic emission spectrometry with
inductively coupled plasma and a system for the microwave digestion of
samples.

In accordance with the principles of the circular economy, we started
research on the use of secondary resources - the reprocessing of waste
slag from the recycling of lead-acid batteries. Despite an efficient recycling

process, the slag still contains significant amounts of lead, which remain in it along with other useful materials.
Together with other research groups, we are trying to separate and reuse lead, iron and anthracite from the waste slag,

Within the topic of process safety, in 2020 we researched and published work on the introduction of the safe
use of Liquefied Natural gas (LNG) for ships propulsion (European project SUPER-LNG), the connection between
leadership styles and safety management systems in industrial organizations, and the resilience and protection of
sensitive industrial sites and facilities (critical infrastructure) against physical, cybernetic, technological hazards and
extreme natural phenomena (European project InfraStress). In addition, we were researching safety challenges in
industrial organizations related to the outbreak COVID-19 pandemic. We started working on the EU Interreg project
TRANSCPEARLY WARNING (“TRANSnational Civil Protection EARLY WARNING System” to improve the resilience of

Figure 4: Diamond anvil for the study of matter under high pressure

Adrion territories to natural and man-made risks).

We continued with our activities in the field of education and the
promotion of science. Members of the department actively participated in
the work of the JoZef Stefan International Postgraduate School as lectur-
ers and as mentors for M.Sc. and Ph.D. students. In addition, the School
of Experimental Chemistry maintained its very important relations with
primary and secondary schools and even kindergartens through experi-
mental courses conducted in a specialized laboratory or through direct
demonstrations in schools. With demonstrations of chemical experiments,
this year mainly with on-line demonstrations, we participated in the festival
Play with me and the Slovenian Science Festival. Nevertheless, we were also
able to carry out some activities of the School of Experimental Chemistry
with the direct participation of students. Some of the activities of the School
of Experimental Chemistry were carried out within the project funded by
JSIand the City of Ljubljana.

The promotion of science, research and non-formal education is also
linked to the European Action Researchers’ Night under the Horizon 2020
programme. At the end of November 2020, we organized and carried out
a series of activities as part of this project, which were moved online due
to the COVID-19 epidemic. Despite the circumstances, we believe that the
objectives of the project were achieved.
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Some outstanding publications in the past year

1. D.Kurzydlowski, S. Kobyakov, Z. Mazej, S. B. Pillai, B. Chakraborty, PX Jha, Unexpected persistence of cis-
bridged chains in compressed AuF,, Chemical Communications, 2020, vol. 56, no. 36, page 4902-4905.
2. 7. Mazej, E. A. Goreshnik, X-ray crystal structures of a- and B-0,Sn,F o 0,5n,F,-0.9HF, 0,GeF-HF,

and O,[Hg(HF)] 4(SbFG)g. Inorganic Chemistry, 2020, vol. 59, no. 3, page 2092-2103.

Organization of conferences, congresses and meetings

1. Matic Lozinsek, member of organizing committee, Slovenian Chemistry Days 2020, 16.-18. 9. 2020,
Portoroz, Slovenia

2. Melita Tramsek, Researchers’ night 2020 on “JoZef Stefan” institute, 27. 11. 2020, Ljubljana, Slovenia

Patent granted

1. Tomasz Gilewski, Piotr Potczyniski, Jakub Gawraczynski, Rafat Jurczakowski, Piotr J. Leszczyfiski, Wojciech
Grochala, Zoran Mazej, Silver (I1) sulfate (V1) hydrate and method to synthesize it, PL234672 (B1), Urzad
Patentowy Rzeczypospolitej Polskie, 31. 03. 2020.

2. 0. Stetsiuk, N. Plyuta, N. Avarvari, E. A. Goreshnik, V.N. Kokozay, S. R. Petrusenko, A. Ozarowski, Mn(III)
chain coordination polymers assembled by salicylidene-2-ethanolamine schiff base ligands: synthesis,
crystal structures, and HFEPR study. Crystal Growth & Design, 2020, vol. 20, no. 3, page 1491-1502.

3. 7. Mazej, Noble-gas chemistry more than half a century after the first report of the noble-gas com-
pound. Molecules, 2020, vol. 25, no. 13, page 3014-1-3014-18.

4. D.Stepec, G. Tavcar, M. Ponikvar-Svet, Surprisingly high fluorine content in some exotic superfoods. fous-

nal of Fluorine Chemistry, 2020, vol. 234, page 109521-1-109521-6.

INTERNATIONAL PROJECTS

fluoridoargentates(Il)
Asst. Prof. Matic Lozinsek

2. Utilization of s 7 lead slag as a sec v ial for th ction of
12020 - InfraStress; Improving Resilience of Sensitive Industrial Plants & Ezdlzatlon of secondary lead slag as asecondary raw materialfor the production o
Infrastructures Exposed to Cyber-Physical Threats, by Means of an Open Testbed Stress- Asst. Prof. Gasper Tavéar
Ees?lk% Sisteén b 3. Evaluation of greenhouse gasses mitigation measures in industry
ELYJ(;o'pezrrl gorfl;iescsion Dr. Robert Kocjancic
. SUstainability PERf f LNG- iti ili
2. H2020 - NOCMOG; European Researchers Night (NIGHT) i Is,tgftaﬁ] ;rbkloltgerbe Cormance Of LNG-basedmaritime mobility
Elil" g’gﬁ g)ar;nr;i{sion The Emillia-romagna Region
. Innovative ECO pl d treatment (fi Vi dforh d animal diet,
3. High-Pressure Structural Study of Hydrated Metal Salts of Superweak (B12F12)2- Anion ° anI:Si‘ti)ge plasma sced treatment (for sowing and for human and animal diet/
Asst. Prof. Matic Lozinsek Asst. Prof. Gasper Tavéar
Slovenian Research Agency Ministry of Education, Science and Sport
6. Evaluation of greenhouse gasses mitigation measures in industry

RESEARCH PROGRAMME

1. Inorganic Chemistry and Technology
Asst. Prof. GaSper Tavcar

R & D GRANTS AND CONTRACTS

1. The quest for high-temperature superconductvity and exotic magnetism in

Dr. Robert Kocjanci¢
Ministry of the Environment and Spatial Planning

NEW CONTRACT

L

Utilization of secondary lead slag as a secondary raw resource for the production of
lead

Asst. Prof. Gasper Tavcar

Th Re-mining d. d.

VISITOR FROM ABROAD

1. Prof. dr Simon Parsons; School of Chemistry and Centre for Science at Extreme
Conditions, The University of Edinburgh, Edinburgh, United Kingdom, 4.2.2020 to
7.2.2020

STAFF

Researchers 6. Prof. Maja Ponikvar-Svet

1. Prof. Marko Gerbec 7. Asst. Prof. Tomaz Skapin

2. Asst. Prof. Evgeny Goreshnik 8. Asst. Prof. Gasper Tavcar, Head
3. Dr. Robert Kocjancic 9. Dr. Melita Tramsek

4. Asst. Prof. Matic Lozin3ek Postgraduates

5. Dr. Zoran Mazej 10. Jan Gnidovec, B. Sc.
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11. Evelin Gruden, B. Sc.

12. David Levovnik, B. Sc.

13. Dona Stepec, B. Sc., left 01.05.20
14. Ziga Zupanek, B. Sc., left 01.05.20

Technical officers

15. Tine Oblak, M. Sc.

BIBLIOGRAPHY

16. Tomaz Ogrin, M. Sc.

Technical and administrative staff
17. Peter Frkal, B. Sc.

18. Pero Kolobari¢

19. Robert Moravec

20. Mira Zupancic

ORIGINAL ARTICLE

1. Andrii A. Fedorchuk, Evgeny A. Goreshnik, Yurii Slyvka, Marian G.
Mys'kiv, "Cu(I) arylsulfonate m-complexes with  3-allyl-2-
thiohydantoin: the role of the weak interactions in structural
organization", Acta chimica slovenica, 2020, 67, 4, 1148-1154.

. Dominik Kurzydtowski, Serhiy Kobyakov, Zoran Mazej, Sharad Babu
Pillai, Brahmananda Chakraborty, Prafulla K. Jha, "Unexpected
persistence of cis-bridged chains in compressed AuF;", Chemical
communications, 2020, 56, 36, 4902-4905.

. Yurii Slyvka, Andrii Fed'ko, Evgeny A. Goreshnik, Marian G. Mys'kiv,
"Synthesis and crystal structure of a new heteroligand copper(l) 7-
complex [Cug(CoHoN3),Cls(Cl0,),(EtOH),] based on 1-allyl-1H
benzotriazole", Chemistry of metals and alloys, 2020, 13, 8-13.

4. Oleh Stetsiuk, Narcis Plyuta, Narcis Avarvari, Evgeny A. Goreshnik,
Vladimir N. Kokozay, Svitlana R. Petrusenko, Andrzej Ozarowski,
"Mn(III) chain coordination polymers assembled by salicylidene-2-
ethanolamine schiff base ligands: synthesis, crystal structures, and
HFEPR study", Crystal growth & design, 2020, 20, 3, 1491-1502.

. Piotr Potczynski, Rafat Jurczakowski, Zoran Mazej, Lukasz Dobrzycki,
Adam Grzelak, Wojciech Grochala, "Electrosynthesis of unique Ag"
fluoride quantum antiferromagnets in anhydrous HF", European
Journal of Inorganic Chemistry, 2020, 2020, 33, 3151-3157.

6. Zoran Mazej, Evgeny A. Goreshnik, "X-ray crystal structures of a- and 8-
0,Sn,Fy, 0,Sn,F, - 0.9HF, 0,GeFs-HF, and O,[Hg(HF)],(SbF)s",
Inorganic chemistry, 2020, 59, 3, 2092-2103.

. Dona Stepec, GaSper Tavéar, Maja Ponikvar-Svet, "Surprisingly high

fluorine content in some exotic superfoods”, Journal of fluorine

chemistry, 2020, 234, 109521.

Evgeny A. Goreshnik, Zoran Mazej, "Crystal structures of isotypic

ASb,F;; (A =Rb*, TI*, 03) and B-NH,Sb,F,,, and the crystal structure

of the low-temperature a-NH,Sb,F,,", Journal of fluorine chemistry,

2020, 236, 109587.

9. Andrii Vakulka, Evgeny A. Goreshnik, Marko Jagodi¢, Zvonko Jaglici¢,
Zvonko Trontelj, "Tetrahydrated bis(ethylenediamine)copper(II)
sulfate: Crystal structure, Raman spectrum and magnetic
susceptibility”, Journal of molecular structure, 2020, 1210, 128002.
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10. Luka Suhadolnik, Ziva Marinko, Maja Ponikvar-Svet, Gasper Tavdar,

Janez Kova¢, Miran Ceh, "Influence of anodization-electrolyte aging on
the photocatalytic activity of TiOz nanotube arrays", The journal of
physical chemistry. C, Nanomaterials and interfaces, 2020, 124, 7, 4073~
4080.

11. Juan D. Forero-Saboya, Matic Lozinsek, Alexandre Ponrouch, "Towards

dry and contaminant free Ca(BF4)z-based electrolytes for Ca plating”,
Journal of power sources advances, 2020, 6, 100032.

12. Fatwa F. Abdi Abdi et al (12 authors), "Toward the synthesis,

fluorination and application of N-graphyne”, RSC advances, 2020, 10,
66,40019-40029.

REVIEW ARTICLE
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1. Zoran Mazej, "Noble-gas chemistry more than half a century after the
first report of the noble-gas compound”, Molecules, 2020, 25, 13, 3014.

2. Maja Ponikvar-Svet, Diana N. Zeiger, Joel F. Liebman, "Interplay of
thermochemistry and Structural Chemistry: the journal (volume 30,
2019, issues 1-2) and the discipline”, Structural chemistry, 2020, 31, 2,
841-850.

PUBLISHED CONFERENCE CONTRIBUTION

1.0lga Aneziris, Marko Gerbec, loanna Koromila, Zoe Nivolianitou,
Francesco Pilo, Francesco Salzano, "Risk assessment for LNG storage
and bunkering at ports”, In: ESREL 2020 PSAM15, the 30th European
Safety and Reliability Conference and 15th Probabilistic Safety
Assessment and Management Conference, 01-05 November 2020, Venice,
Italy, E-proceedings, 2020.

. David Levovnik, Marko Gerbec, "Role of leadership types in managers'
commitment to safety”, In: ESREL 2020 PSAM15, the 30th European
Safety and Reliability Conference and 15th Probabilistic Safety
Assessment and Management Conference, 01-05 November 2020, Venice,
Italy, E-proceedings, 2020.

. Marko Gerbec, Olga Aneziris, "Uncertainties in failure rates of LNG
bunkering risk assessment”, In: ESREL 2020 PSAM135, the 30th European
Safety and Reliability Conference and 15th Probabilistic Safety
Assessment and Management Conference, 01-05 November 2020, Venice,
Italy, E-proceedings, 2020.

4. Tomaz Ogrin, Ferdinand DeZelak, " Wind turbines not for Slovenia", In:
People and Environment, 7 October 2020, Ljubljana, Slovenia,
Proceedings of the 23rd International Multiconference Information
Society (IS 2020), volume F, Institut "JoZef Stefan", 2020, 28-32.
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PROFESSIONAL MONOGRAPH

1. Lina Boljka et al. (37 authors), Bela knjiga o strokovnem varovanju
okolja, Institut "JoZef Stefan”, 2020.

PATENT

1. Tomasz Gilewski, Piotr Polczynski, Jakub Gawraczynski, Rafat
Jurczakowski, Piotr J. Leszczynski, Wojciech Grochala, Zoran Mazej,
Silver (1I) sulfate (VI) hydrate and method to synthesize it, PL234672
(B1), Urzad Patentowy Rzeczypospolitej Polskie, 31. 03. 2020.

THESES AND MENTORING

1. Dona Stepec, Determination of fluorine in some food and environmental
samples: doctoral dissertation, Ljubljana, 2020 (mentor Maja Ponikvar-
Svet).

2. Ziga Zupanek, Reactions of fifth group Lewis acids with nitriles and
imidazolium-based compounds: doctoral dissertation, Ljubljana, 2020
(mentor Gasper Tavcar).
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ORGANIC CHEMISTRY K-3

The department is focused on investigating physicochemical processes on the surfaces of solids,
such as corrosion and heterogeneous catalysis, as well as the synthesis of new compounds. The
synergy of these fields is created in the studies of corrosion protection and functionalization of
materials by introducing an integrative experimental-modelling approach with a combination
of experimental electrochemical and surface analysis techniques and modelling and simulation
based on first principles using density functional theory (DFT) methods.

Corrosion is a widespread phenomenon with enormous economic and environmental impact. The cost of cor-
rosion damage is estimated at € 2.5 trillion per year worldwide. Due to these huge costs, the protection of metals
and alloys is essential. Corrosion protection with the main goal to prolong the lifetime of metal materials is one of
the important methodologies to reduce the need for steeply increasing production and thus preserve resources for
future centuries. Traditional ways of corrosion protection, such as conversion chromate coatings, can no longer be
used due to ecological restrictions. The needs of industry, in particular transportation, construction, machine and Head:
electronics, postulate the requirements for the development of efficient, sustainable and environmentally friendly Prof. Ingrid MiloSev

coatings, which at the same time exhibit additional functional character-

istics. Our research work in the field of corrosion protection is devoted to
all major surface treatments - corrosion inhibitors, conversion coatings,
organic coatings and inorganic coatings (Figure 1) - for major metal and
alloy groups, which are indispensable in today’s era, such as major light-
weight (Al), energy-efficient (Cu) and infrastructure (Fe and Zn) materials.
Lightweight aluminium alloys and contemporary high-strength steels are
used in various applications, especially in the transport industry, where
there is a great need to reduce the weight of vehicles and consequently to
reduce emissions into the environment. Steels and alloys based on copper
are indispensable materials in the field of infrastructure, construction, etc.

The type of anchor group of an organic cor-
rosion inhibitor is crucial for adsorption on Al.
Among the investigated anchor groups, the
phosphonic group forms stable adsorbed lay-
ers, while the carboxylic group does so only for
long alkyl chains. Other anchor groups do not
show noticeable adsorption affinity and the cor-
responding compounds are inefficient for inhibit-
ing the corrosion of Al.

Figure 1. Types of corrosion protection and functionalization of materials.
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Figure 2: Archetypal structure of investigated organic surfactant inhibi-
lors consist of reactive anchor group and alkyl backbone. The stability
of the adsorbed organic layer depends on the anchorgroup-surface
adhesion and lateral cohesion between the backbones. Among the inves-
tigated anchor groups, the phosphonic group forms inhibitive adsorbed
layers on the Al surface, irrespective of the alkyl chain length, while the
carboxylic group can form such layers only for long alkyl chains. Other
anchor groups do not show noticeable adsorption affinity and the cor-
responding compounds are inefficient for inhibiting the corrosion of Al.

Even something as conceptually simple as the
adsorption of electronegative atoms on metal
surfaces, where repulsive lateral interactions are
expected for obvious reasons, can lead to unan-
ticipated behaviour, such as apparent attractive
interactions between adsorbed anions.

Figure 3: Schematically indicated predominant scenarios for lateral
interactions between adsorbed electronegative atoms on the melal
surfaces. On s-melals, negative atoms either induce surface restructuring
or penetrate below the surface. On d-metals the lateral interactions
between adatoms are repulsive, whereas on p-melals the lateral
interactions between the electronegative adatoms can be surprisingly
attractive.

In our laboratory we investigate all of the above-mentioned alternatives
(Figure 1) and even combine them with each other, e.g., sol-gel coatings
and inhibitors in order to achieve not only barrier protection, but also active
protection, where the coating after corrosion damage is able to self-heal.
We also introduce modern methodologies, such as atomic layer deposition
(ALD), in corrosion protection.

We have achieved a major breakthrough in understanding the
mechanism of corrosion inhibition by organic compounds by introducing
an integrative experimental-modelling approach with the combination
of experimental electrochemical and surface analysis techniques, and
modelling and simulation based on first principles using density functional
theory (DFT) methods. This approach results in 2 more rational and eco-
logically oriented use of chemicals, which is in line with the directives of
the European Union on sustainable development and a circular economy.

Integrative experimental-modelling approach

In-depth fundamental knowledge of surface processes is needed
to design effective corrosion protection, because understanding of the
mechanism of corrosion inhibition at the atomic level is still very limited.
To overcome this, we introduced a synergistic iterative approach that
consists of the following three research directions: (1) inorganic or organic
synthesis, (2) electrochemical and surface analysis techniques, and (3)
modelling and simulations based on first-principles DFT. In this context, we
investigated alkyl-based organic compounds as surfactant corrosion inhibi-
tors, whose molecular structures consist of a reactive anchor group and
an alkyl backbone. We addressed the effect of the anchor group and alkyl
backbone chain on the performance of organic compounds as corrosion
inhibitors for aluminium using an integrative experimental-modelling
approach. Nine different anchor groups (azide, imidazole, thiocyanate,
amino, disulfide, thiol, phosphonic, carboxyl, and benzoic) and two dif-
ferent alkyl backbones (octyl and octadecyl) were investigated. Our study
clearly demonstrated that the corrosion resistant and superhydrophobic
properties depend on the anchor group, which governs adhesion to the
surface, and backbone, which is responsible for lateral cohesive interactions
(Figure 2). The morphology and chemical composition of modified layers
were studied using scanning electron microscopy, X-ray photoelectron
spectroscopy and time-of-flight secondary-ion mass spectrometry. Elec-
trochemical and long-term immersion properties were investigated in 0.5
M NaCl. Calculations based on DFT were performed to model the adsorp-
tion of selected anchor groups on the hydroxylated oxidized aluminium
surface. Integrated results allowed the identification of the anchor groups
that are able to form inhibitive adsorbed layers on Al surface regardless
of the alkyl chain length (phosphonic acids), those that are able to form
such layers only for long alkyl chain length (carboxylic acids), and those
that are not able to form adsorbed layers at all and are thus not efficient
corrosion inhibitors.

Further attention was then given to #-alkyl carboxylic acids (CA),
which can form inhibitive adsorbed layers only when the carboxylic
head-group is attached to the long alkyl backbone. In particular, with
DFT-based molecular modelling we systematically addressed the roles
of adsorption mode, molecular coverage, alkyl chain tilt-angle, and alkyl
chain length on the stability of the formed CA monolayers. The adsorp-
tion was modelled on two models of the hydroxylated ultrathin-oxide film
supported on aluminium. We considered plain adsorption and adsorption
via the condensation mechanism. While on a fully hydroxylated surface
only the monodentate carboxylate bonding mode was identified, the
bidentate mode was found to be viable near OH vacancies. We showed
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that the adsorption energy can be decomposed into two components: (i) the anchor-group-surface adhesion and
lateral cohesion between alkyl backbones. While the anchor-group-surface interaction is largely independent of
the alkyl chain length, lateral intermolecular interactions are proportional to the number of C atoms in the alkyl
chain. Consequently, adsorption is stabilized by about 1 eV/molecule at full monolayer coverage when the alkyl
chain length increases from 2 to 18 C atoms.

In the context of the initial stages of the oxidation and passivation of metal surfaces, we systematically inves-
tigated, by means of DFT calculations, the adsorption of four different electronegative atoms on 70 surfaces of 44
elemental metals and showed that even something as conceptually simple as the adsorption of electronegative
atoms on metal surfaces, where repulsive lateral interactions are expected for obvious reasons, can lead to unan-
ticipated behaviour, such as apparent attractive interactions between adsorbed anions. With the aid of a simple
developed model, we explained the origin of the surprising lateral interactions between electronegative adatoms
observed on some metal surfaces. Four different scenarios for lateral interactions were identified, some of them
being unexpected (Figure 3): (i) They are repulsive, which is the typical case and occurs on almost all the transition
Surface restructuring stabilizes the low-coverage configuration, preventing atypical lateral interactions. The last
case occurs predominantly on s-block metals.

Corrosion protection and functionalization of materials

Conversion coatings can be defined as coatings formed by conversion
from soluble salt to a slightly soluble or insoluble oxide and/or hydroxide
that precipitates either throughout the metal surface or at intermetallic
particles that are electrochemically more noble with respect to the sur-
rounding matrix and where oxygen reduction takes place. Conversion
coatings based on the salts of rare earths, zirconium or titanium are an
important research direction in the search for novel corrosion protection.
Cerium- and lanthanum rare-earth conversion coatings were deposited
from solutions of CeCl, and LaCl, salts on three aluminium-based substrates,
i.e., Al, AA2024-T3 and AA7075-T6, to investigate the effect of conversion
temperature, conversion time and the addition of hydrogen peroxide. Coat-
ings prepared under different conditions were then analysed in terms of
corrosion properties in 0.1 M NaCl, morphology, topography and compo-
sition. Morphology and composition of the coatings were analysed using
scanning electron microscopy with energy-dispersive X-ray spectroscopy
and X-ray photoelectron spectroscopy. Representative SEM images are given
for La-based coatings in Figures 4a-c. The corrosion resistance, morphology,

composition and homogeneity of coatings were largely dependent on the  Figure 4: SEM images recorded at (a) aluminium, (b) aluminium alloy

parameters of the conversion treatment and the type of substrates. The
most corrosion resistant were the Ce-based coatings produced at 60 °C for
1 hinabath containing CeCl, and H,0,. The La-based coating did not reach
a comparative resistance when deposited under the same conditions. The
morphology of the coatings ranged between individual deposits to thick,

7075, and (c) aluminium alloy 2024 substrates coated with conversion
coatings formed in a conversion bath of 0.01 M LaCl, and 0.13 M H,0,
Jor1hat60°C.(d) Images of AA7075 samples coated with Ce-based
conversion coatings afler exposure to salt-spray chamber.

cracked coatings with a nodular morphology. Ce-based coatings predominantly contained Ce(IV) hydroxide when
formed with added H,0,. La-based coatings contained La(IIT) hydroxide mixed with AI(III) hydroxide.

Cerium conversion coatings were also formed in a conversion bath of 0.05 M cerium salt and 0.25 M hydrogen
peroxide at room temperature. Various cerium salts were used: Ce(IIl) acetate, Ce(III) nitrate and Ce(III) chloride

(Figure 4d). The conversion process from Ce** to Ce* was followed by UV-vis
spectroscopy. The conversion of cerium coatings on the alloy surface was
monitored by measuring the open-circuit potential. To investigate the cor-
rosion properties of uncoated and coated samples, the linear polarization
and electrochemical potentiodynamic curves were recorded in 0.1 M NaCl.
Additionally, salt-spray-chamber testing was carried out. Samples were
characterized by scanning electron microscopy. Results revealed that the
cerium conversion and corrosion resistance were dependent on the type of

Zirconium conversion coatings offer good cor-
rosion protection when deposited on aluminium
alloys and even show the ability to self-seal;
however, the degree of protection is dependent
on the type of alloy.

cerium salt and conversion time in the conversion bath. The most compact and uniform cerium conversion coating
were produced from solution of cerium(1II) acetate, but better protection was obtained in nitrate and, especially,
chloride solutions due to thicker coatings (Figure 4d). Selected cerium conversion coatings showed the ability to
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protect AA7075-T6 under moderate, non-rigorous corrosive conditions.
Coatings are relatively easy to prepare, are low-cost and non-toxic.
Zirconium conversion coatings (ZrCCs) were prepared on alumin-
ium-manganese alloy AA3005 by immersion in 200 ppm of H, ZrF, bath
for 10 minutes at room temperature. Potentiodynamic polarization
curves and electrochemical impedance spectra were measured up to
10 and 40 days, respectively, in 0.5 M NaCl solutions. Microstructural
characterization of the samples was carried out using scanning electron
microscopy equipped with energy-dispersive X-ray spectroscopy, X-ray
photoelectron spectroscopy, time-of-flight secondary-ion mass spec-
trometry, focused-ion-beam microscopy and transmission electron
microscopy. The coating had a tri-layer structure with a thickness of
200 nm in the proximity of intermetallic particles and 30 nm far from
intermetallic particles at the coating matrix (Figure 5). After immersion

Figure 5: Schematic presentation of the structure of Zr conversion of 5 days in 0.5 M NaCl solution, the overall thickness of the coating
coating deposited on aluminium alloy AA3005 before and afler did not change, but the proportion of the individual layer changed, as
immersion in 0.5 M NaCl (upper panel). The coating shows a self well as the microstructure and composition, i.., a transformation of

sealing ability due fo densification related to the leaching of fluoride LtF, /210 F, to 210, -1.21,0, and the formation of AI(OH), in the top

and the formation of AI(111) hydroxide. Potentiodynamic polarization
curves and (left) and impedance and open-circuit polential (vight) are

layer of ZrCC, respectively. Mn segregated in the bottom layer of ZrCC.

given as a function of immersion time in 0.5 M NaCl. (lower panel). The thickness of the top layer decreased and that of the middle, and

Figure 6: (left panel) Schematic presentation of the self-sealing
mechanism of zirconium conversion coating applied on AlSi7 Mg0.3
alloy during its immersion in 0.5 M NaCl. (right panel) (a) Top view

especially, the bottom layer increased. Upon immersion in NaCl, a hat

consisting mainly of ZrO, with a small amount of Al formed above and
around (Mn, Fe) IMPs. However, at prolonged immersion channels around IMPs became filled with a dense layer
of aluminium oxide leading to passivation. At the same time, the concentration of fluorine decreased, while that
of O increased, especially in the middle and bottom layers of the ZrCC. Electrochemical measurements showed
that the corrosion resistance of the ZrCC on AA3005 were improving during immersion in the NaCl solution, i.e.,
impedance value at low frequency increased with immersion time, reaching an average value of 8.5-10° Q-cm? at
3 mHz after 10 days of immersion. These results indicate that ZrCC on AA3005 alloy exhibits a self-sealing/active
corrosion protection behaviour during immersion in a 0.5 M NaCl solution. Its corrosion performance seems to
be equal or better than that usually observed for chromium conversion coatings. It was proposed that Mn from
AA3005 together with Zr from ZrCC are able to trigger a self-sealing and
active corrosion protection within the coating by incorporation in the
bottom part of the conversion coating. These are very promising results,
and we suggest that future formulas of ZrCC should include Mn.

The mechanism of formation of ZrCCs was studied on other aluminium
alloys as well. For AlSi7Mg0.3 alloy, the electrochemical characterization
demonstrated the improvement of the corrosion resistance of AISi7TMg0.3
during the first 4 days of immersion in 0.5 M NaCl. This is followed by the
occurrence of pitting, as reflected in a drop of impedance modulus at 3
miz. However, on longer immersion, the value of |Z, | recovered up to
1.5-10° Q-cm?and remained at that value until the end of the immersion.
This electrochemical behaviour suggests that active corrosion protection

and (b) side view SEM images with EDS mapping (right) of a cross- takes place for ZrCC applied on AlSi7Mg0.3. The following mechanism
section of ZrCC-200 on AlSi7Mg0.3 prepared for a conversion time of 10 of self-sealing/active corrosion protection in ZrCC applied to AlSi7Mg0.3
minules after 5 days of immersion in 0.5 M NaCl solution. (Figure 6): Electrolyte penetrates into ZrCC through defects down to IMPs
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and Si-crystallites, where the corrosion process initiated. In these areas,
evolution of H, takes place and alkalinity increases. Weak spots under ZrCCs were Zn-rich. We assume that the spots
may be Al-Mg-Zn intermetallic particles (IMPs); at these spots the corrosion process was intense and led to de-alloying
of the Zn, Mg and Al This process caused the cracking of ZrCCs at the surface. However, Zr and Si were apparently
able to migrate to the pit walls and become incorporated into the dense conversion layer consisting mainly of alu-
minium oxide. This leads to the conclusion that Si and Zr may play a role in stabilizing the aluminium oxide and
preventing its dissolution. The majority of the ZrCC coating was not subjected to pitting because of the self-sealing of
ZrCCs. OH-ions and H,(g) moved towards the outer interface with electrolyte, causing leaching of F-ions from the
coating. This causes the transformation of ZrF,/ZrO F into ZrO,-xH,0 . In the electrolyte, F- ions are equilibrated
with Na* ions. ToF-SIMS analysis showed that F-ions could be exchanged with Cl-ions and incorporated into the
coating structure. We believe that, simultaneously with the hydrogen evolution reaction, dissolution of Si/Si0, in
the presence of F-ions could take place at a low pH inside the pit; Si could be dissolved from Si-crystallites and/or
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IMPs and play a role in improving the corrosion resistance of ZrCCs by the formation of Si0,-2H,0 during the first
4 days of immersion in 0.5 M NaCl.

Zirconium conversion coatings prepared in a 200-ppm H,ZrF, bath for optimal conversion times, were applied
on aluminium alloys starting from AA1xxx up to AA7xxx series. The electrochemical behaviour and self-sealing
abilities of the coatings were studied by electrochemical impedance spectroscopy during their immersion in 0.5 M
NaCl for five days. All the zirconium conversion coatings had a bi-layer structure, with an average thickness in the
range 30-60 nm, except for the coating applied on alloy AA2024, which exhibited a single-layer structure with a
thickness of 12 nm. The coatings provided excellent corrosion protection and self-sealing behaviour when applied
on AA3005, AAA356.0, and very good corrosion protection for AA380.0,

AA5754 and AA1050A. On the other hand, these coatings did not provide
adequate corrosion protection for AA2024 and AA7075. The results were
discussed in terms of the role of intermetallic particles on the properties
of the conversion coating. The main reason for the corrosion protection
of ZrCC-7075 being poor was that the content of Zn in the matrix was too
high (5.81 wt.%). Even for ZrCC-A356.0 and ZrCC-380.0, which contain
substantially lower contents of Zn in the matrix (0.07 and 1.2 wt.%,
respectively), the pitting was initiated at Zn-rich areas. Proper surface pre-
treatment for AA7075 before applying ZrCC could improve the performance
of ZrCC significantly. Optimal pre-treatment for AA7075 should remove or
passivate Zn-rich IMPs at the alloy surface before the application of ZrCC.

Avery important part of our research comprises various hybrid sol-gel
coatings designed to protect aluminium alloys or steel in a chloride envi-
ronment. We are currently investigating several types of coatings in our
laboratory. Polysiloxane coatings MMT is an acrylate-based coating com-
bining 3-methacryloxypropyl trimethoxysilane (MAPTMS) copolymerized

with methyl methacrylate (MMA), and hydrolysed tetraethyl orthosilicate  Figure 7: Synthesis and characterization of acrylate-based hybrid solgel
(TEOS) (Figure 7). We studied the optimisation of the copolymerisation ~ coating for the corrosion prolection of the aluminium alloy AA2024.

process of acrylate-based hybrid sol-gel coating to obtain long-lasting

corrosion protection of AA2024-T3. The sol synthesis was evaluated at various stages using real-time Fourier
transform infrared spectroscopy (FTIR), multinuclear liquid- and solid-state magnetic resonance spectroscopy and
gel-permeation chromatography. After deposition on AA2024-T3 substrate and curing, the coating properties were
further evaluated by contact profilometer and focused-ion-beam/scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy. The corrosion performance was evaluated in 0.1 M NaCl solution using electrochemical
impedance spectroscopy and salt-spray-chamber testing. The results indicated that the reaction performed in the
nitrogen atmosphere increases the degree of copolymerisation of acrylates groups, resulting in a larger molecular
weight of the formed copolymer. After curing, both sol-gels formed continuous, smooth, ~4-um-thick coatings that
provided excellent barrier properties. However, when the coating was synthesised under a nitrogen atmosphere, the
coating provided better long-term corrosion resistance, reaching almost 1 GQ cm? after 6 months of immersion in
0.1 MNaClsolution. Superior corrosion resistance was also confirmed in

the salt-spray chamber where the coating prepared under a N, atmosphere

remained unchanged for more than 500 hours.

Inaddition to copolymerization atmospheres, the effect of copolymeri-
zation time was also studied. The reactions taking place during preparation
were characterised using real-time FTIR, dynamic light scattering and gel
permeation chromatography. The solution characteristics were evaluated,

The properties of polysiloxane-acrylate-based
coatings can be improved by the optimisation

of co-polymerization parameters, i.e. time and
proper choice of gas atmosphere, between and
methyl methacrylate (MMA) and 3-methacryloxy-
propyl trimethoxysilane (MAPTMS).

using viscosimetry, followed by measurements of the thermal stability

determined by thermogravimetric analysis. The optimal temperature for
the condensation reaction was determined with the help of high-pressure differential scanning calorimetry. Once
deposited on aluminium alloy 7075-T6 substrates, the coatings were evaluated using a field-emission scanning
electron microscope coupled to an energy-dispersive spectrometer to determine surface morphology, topography,
composition and coating thickness. Corrosion properties were tested in dilute Harrison’s solution (3.5 g/L (NH,),SO,
and 0.5 g/L NaCl) using electrochemical impedance spectroscopy. The copolymerisation of MMA and MAPTMS
over 4 h was optimal for obtaining 1.4-um-thick coating with superior barrier protection against corrosion attack
(12,1 ~ 1 G cm?) during three months of exposure to the corrosive medium.

Acrylate-based polysiloxane hybrid sol-gel coatings were synthesized using two different precursors, i.e., methyl-
or ethyl- methacrylate (MMA or EMA), as corrosion protection of aluminium alloy 7075-T6. The hypothesis was that
the additional alkyl group might affect the chemical properties and, consequently, the corrosion properties. The
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synthesis of the sols proceeded in two steps, each involving either MMA
or EMA in the same molar ratio. The resulting sols, siloxane-(poly(methyl
methacrylate-co-MAPTMS)) or siloxane-(poly(ethyl methacrylate-co-MAPT-
MS)), were applied on the aluminium alloy followed by characterization
in terms of chemical structure and composition, topography, wettability,
adhesion and corrosion resistance in 0.1 M sodium chloride solution. Coat-
ings were similar in terms of surface topography, while the wettability of
the coating with EMA showed a 6° greater water contact angle compared
to the coating with MMA. Both coatings were shown, by electrochemical

Figure 8: Frames of de-icing process on ground and Ireated surface impedance spectroscopy in 0.1 M NaCl solution, to act as barriers to protect

after various times after taking the samples from the freezer (-15 °C) to
ambient temperature followed using thermal infrared camera.

the underlying substrate in which coating with EMA exhibits better protec-
tion properties after 2 months of immersion. Adhesion tests confirmed the
highest grade of adhesion to the substrate for both coatings. Testing in a salt-spray chamber demonstrated excellent
corrosion protection, where coatings remaining intact after more than 600 h of exposure.

Sol-gel methodology offers many possibilities for the synthesis of coatings with various functional properties.
One of them is hydrophobicity, which is then the basis for applications such as self-cleaning and anti-icing. A com-
bination of the chemical etching process in FeCl, solution and chemical surface grafting by immersion in ethanol
solution containing the 1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane is a viable route to achieve a hierarchical
surface topography and chemical bonding of silane molecules on aluminium surface leading to (super)hydrophobic
characteristics. Characterisation of the untreated and treated aluminium surface was carried out using a contact
profilometry, an optical tensiometry, scanning electron microscopy coupled with energy-dispersive spectroscopy and
X-ray photoelectron spectroscopy to define the surface topography, wettability, morphology and surface composi-
tion. Additionally, the dynamic characteristics were evaluated to define the bouncing and the self-cleaning effect.
The thermal infrared camera was employed to evaluate anti-icing properties (Figure 8). Nano-/micro-structured
etched aluminium surface grafted with perfluoroalkyl silane film showed
excellent super-hydrophobicity and bounce dynamics of a water droplet. A
superhydrophobic aluminium surface exhibits the efficient self-cleaning
ability of solid pollutants as well as improved anti-icing performance with
melting delay.

In 2020 we intensively collaborated with industrial partners within

Figure 9: (a) Objective of the KETACP project was to consider the the framework of Micro Grant KET4CP (Key Enabling Technology for
cleaning of melal surface by (b) a dry-ice process by the company Clean Production) of the Horizon 2020 programme. In the project entitled
FerroCrialic instead of chemical cleaning. (c) Testing of steel samples “Advanced environmentally friendly surface treatment for aluminium

covered by isocyanatefree coatings developed in collaboration with the

company Chemcolor d.o.o.
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and aluminium alloys used in aircraft industry” together with company
FerroCrtali¢ and Joanneum Research Institute from Austria we investigated
the possibility to use alternative pre-treatments instead of chemical pre-treatment. The innovative technological
solution introduced shot peening and dry-ice cleaning into pre-treatment technology to enhance the mechanical
properties and corrosion protection obtained with ZrCC. These technologies are low-cost, easy-to-use and non-
hazardous to the environment and reduce the reliance on raw materials as these novel processes (Figure 9). Used
materials can be recycled and reused in the system. The developed technological solution can have a cross-border
industry impact on other manufacturing companies, thus increasing their competitiveness and reducing the gen-
eration of pollution. Together with company Gabrijel Aluminium d. o. 0. and Iberian Nanotechnology Laboratory
(INL) from Portugal we worked on the project entitled “Surface-treatment process implementation for aluminium
sealing to improve anti-corrosion properties”. The objective was to investigate novel solutions for anodizing and
sealing. Anodisation is one of the most commonly used surface pre-treatments of various aluminium and aluminium
alloys. Due to several environmental restrictions on the use of chromate coatings, such a process is becoming the
technology of choice for a number of markets. The pre-treatment formulation is affected by stricter environmental
EU regulations (e.g., REACH) and standards of durability tests (ISO 9227). Moreover, the continued development
of a more environmentally acceptable and more efficient anodisation process will drive the surface pre-treatment
for enhanced corrosion protection in the automotive industry.

In the project entitled “Novel technological solution for the manufacturing of isocyanate-free polyurethane-based
coatings used for corrosion protection of various metals” together with the company Chemcolor d.0.0. and Bay Zoltin
Nonprofit Ltd. From Hungary we developed new alternatives based on organically modified silane precursors. The
polyurethane technology market is very important for coating manufacturers. The coating formulation is affected
by tighter volatile organic chemical (VOC) regulations and iso-cyanate. Moreover, the continued development of
higher solids, low viscosity resins and curing agents coupled with higher performance characteristics, will drive
the polyurethanes industry. The current coating systems often contain environmentally and human hazardous
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chemicals/components. One of them are isocyanates which are added into many coating systems to achieve final
polymerisation between the functional groups in the coatings processes (Figure 9). Nowadays, the challenge is
the preparation of “green”, non-porous, isocyanate-free coatings. The replacement of isocyanates with a suitable
alternative will make the production process cleaner and will reduce the pollution of the environment. The impact
of the significantly improved technology was twofold: (i) environmental due to the use of environmentally friendly
curing agents and (ii) economic due to possibility to increase sales of “greener” final product.

Organic synthesis of new compounds

We discovered that N-halosuccinimides in sub-stoichiometric amounts (1-7 mol.%) could be used as activators
for several alcohols to promote the nucleophilic displacement of hydroxyl functional group and in the presence of
various nucleophilic species enable the formation of new C-C, C-0, C-N or C-halogen bonds in target molecules.
The best results were obtained using N-iodosuccinimide as the promotor and benzylic alcohols as the targets, while
reactions could be performed under solvent-free reaction conditions.

The discovery was intensively evaluated in the case of direct cross-coupling of alcohols and C-nucleophiles,
enabling the introduction of a new C-C bond in the target alcohols. The best results were obtained by electron-rich
alkenes, such as 1,1-diphenylethenes, or 1,3-dicarbonyl compounds, which possess the electron-rich position C-2.

Some outstanding publications in the past year

1. L MiloSev,D. Zimerl, Ch. Carriérre, S. Zanna, A. Seyeux, J. Iskra, S. Stavber, F. Chiter, M. PoberZnik, D. Costa,
A. Kokalj, P. Marcus, The effect of anchor group and alkyl backbone chain on performance of organic
compounds as corrosion inhibitors for aluminum investigated using an integrative experimental-modeling
approach, Editor’s Choice, J. Electrochem. Soc. 167 (2020) 061509.

2. G.Sekularac, 1. Milosev, Electrochemical behavior and self-sealing ability of zirconium conversion coating
applied on alumnum alloy 3005 in 0.5 M NaCl solution, J. Electrochem. Soc. 167 (2020) 021509.

3. M. Poberznik, F. Chiter, I. MiloSev, P. Marcus, D. Costa, A. Kokalj, DFT study of 7-alkyl carboxylic acids
on oxidized aluminium surfaces: From standalone molecules to self-assembled-monolayers, Appl. Surf.
Sci., 525 (2020) 146156

4. P Rodi¢, M. Lekka, F. Andreatta, L. Fedrizzi, I. MiloSev, The effect of co-polymerization on the performance of
acrylate-based hybrid so-gel coating for corrosion protection of AA2024-T3, Prog. Org. Coat., 147 (2020) 105701.

5. P.Rodic, B. Kapun, M. Panjan, I. MiloSev, Easy and fast fabrication of self-cleaning and anti-icing perfluoro-
alkyl silane film on aluminium, Coatings, 10 (2020) 234.

6. M. Poberznik, A. Kokalj, Surprising lateral interactions between negatively charged adatoms on metal
surfaces, J. Phys. Chem. Lett., 11 (2020) 7122.

Awards and Appointments

1. Matjaz Dlouhy, First prize in the category best posters and lectures for the poster entitled “Adsorption
of imidazole on Cu (111), covered with corrosion-important species” at the 26™ annual meeting of the
Slovenian Chemical Society entitled “Slovenian Chemical Days 20207, September 16-18, 2020.

2. Dr. Klara Cebular, Krka Award 2020 for her PhD thesis entitled ‘Transformations of oxygen functional
groups in organic molecules mediated by molecular iodine or/and N-halo compounds”.
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2. Surface treatment process implementation for aluminium sealing to improve anti-
corrosion properties
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3. Novel technological solution for the manufacturing of isocynate-free polyurethane- . Chemistry for sustainable development
based coatings used for corrosion protection of various metals Dr. Peter Rodic
Dr. Peter Rodi¢ 2
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4. COST CA17126: Towards Understanding and Modelling Intense Electronic Excitation
Prof. Anton Kokalj
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5. H2020 - mCBEEs; Advanced Integrative Solutions to Corrosion Problems Beyond R & D GRAN TS AN D CONTRACTS
Micro-Scale: Towards Long-Term Durability of Miniaturized Biomedical, Electronic and 1. Modulation of polyketid synthase complex involved in early and late stages of

. Advanced materials for low-carbon and sustainable society
Prof. Ingrid Milosev

Energy Systems tetracycline biosynthesis
Prof. Ingrid Milosev Dr. Peter Rodi¢
European Commission 2. Multidisciplinary approach towards development of a novel multifunctional
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heterogeneous catalyst for efficient conversion of H2 and C02 gas mixtures into fuel
additives and surrogates

Prof. Anton Kokalj

Photocatalytic water treatment - development of immobilized catalysts and compact
reactor systems

Dr. Peter Rodic

4.

,COIN DESC: Corrosion inhibition and dealloying descriptors*
Prof. Anton Kokalj
Ministry of Education, Science and Sport
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ELECTRONIC CERAMICS
DEPARTMENT

The Electronic Ceramics Departmment is active in the research of the synthesis, properties and
applications of ceramic materials for electronics and energetics, mainly complex multifunctional
materials and structures that can perform multiple functions (multifunctional materials). The
malterials of interest include piezoelectrics, ferroelectrics, relaxors, multiferroics and conductive
oxides. The emphasis is on the creation of the properties through synthesis and structure on the
nano-, micro- and macro-levels. The group also works on the principles of basic technologies of
ceramic pressure sensors, ceramic MEMS and flexible electronics.

In the framework of lead-free piezoelectric ceramics, we continued the research of sodium potassium
niobate (K, ;Na, ;NbO,, KNN) based materials, which could replace efficient lead-based piezoelectrics. The focus
has been on the control of chemical homogeneity in multi-metal-modified KNN ceramics as the key to achieving
reproducible functional properties.

We continued with the work on polycrystalline BiFeO,. In collaboration with researchers from the Depart-
ment for Nanostructured Materials (JoZef Stefan Institute, JSI), and the National Institute of Chemistry, using a
combined characterisation of BiFeO, on the nano and atomic scales, we revealed a pinning mechanism associated
with conductive domain walls (DWs), whose origin lies in the dynamic coupling of the p-type defects gathered in

Head:
Prof. Barbara Malic

the DW regions with the DW displacements under an applied electric field.
We confirmed that the degree of defect ordering at the walls, which affect
the DW local structure and conductivity, can be tuned by the cooling rate
used during the annealing [Figure 1].

Owing to the high electrical conductivity and coercive field, the poling
of BiFe0, ceramics is notoriously difficult. In collaboration with colleagues
from Australia (University of New South Wales), China (Tsinghua Univer-
sity) and Norway (Norwegian University of Science and Technology), we
performed in-situ structural X-ray diffraction analysis that aimed to under-
stand the poling behaviour of BiFeO,. A peculiar inverse time-dependent
trend in the microstrain and non-180° domain texture was observed during
poling, attributed to the effect of conductive domain walls in redistributing
the internal electric fields inside the grains of the ceramics. The results
clarify, for the first time, the microstrain mechanisms in BiFeO, during
static field loading and act as a guideline for tailoring local conductivities
in view of the poling behaviour and the post-poling strain relaxation.

Experimental studies on BiFeO, ceramics modified with a controlled
amount of cobalt ions revealed details of the ferroelectric hardening behav-
iour of this perovskite. The data show two distinct hardening mechanisms
related to i) domain-wall pinning effects arising from oxygen-vacancy defect
complexes, which are known to dominate the hardening behaviour of hard
Pb(Zr,Ti)0, (PZT), and ii) less-common pinning effects associated with the
accumulation of electronic defects inside DW regions. The mechanism (i)
plays a dominant role in the polarization switching properties of BiFeO,
at high electric fields, while the mechanism (ii) has a crucial effect on
the weak-field piezoelectric response of BiFeO,. In particular, the charges
present at domain walls lead to a counterintuitive enhancement of the
piezoelectric response of BiFeO,. This happens due to a re-distribution of
the internal fields in different grain-families of the polycrystalline matrix,
triggered by the charge migration along the domain walls, which effectively
enhances the domain-wall contribution in those grains in which the field
is increased. The results explain the long-standing question of the complex
hardening behaviour of BiFe0, and provide the means for its control with
cobalt or similar acceptor dopants.

The study that reveals a unique dynamic
response of relaxor ferroelectrics to external
fields, reflecting their complex structure in
terms of the hierarchical texture of ferroelectric
domains on top of the disorder at the atomic
scale, both of which strongly affect the mobility
of the domain walls, was published in the journal
Advanced Functional Materials.

Figure 1: Atomic structure of domain walls (DWs) in pristine and
quenched BiFeO,

HAADF-STEM image of a 109° DW in (a) pristine and (b) quenched
BiFeO , with corresponding (¢, d) normalized distribution map of Bi-
column intensities and average intensity profiles across the DW region
and (e,f) lattice-strain maps represented in terms of lattice-distortion
angle (oc). The DW region is indicated by a dashed red box. In panels
(a,b) the arrows indicate the direction of the Fe displacements from the
centre of the Bi sublattice; enlarged distances between the sheared Bi
aloms colummns (shear lattice strain ) inside the DWs are indicated by
red lines.
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Figure 2: Anomalously large nonlinear piezoelectric response is
identified in relaxor ferroelectric PMN-xPT ceramics, revealing a
previously unrecognized softening mechanism arising from the highly
mobile nanodomain walls, facilitated by the nanoscale polar character
and lattice strain disorder, common fo relaxors.

A study that reports on a pinning mechanism
associated with conductive DWs, whose origin
lies in the dynamic coupling of the p-type
defects gathered in the DW regions with the
DW displacements under an applied electric
field, was published in the journal Nature
Communications.

Figure 3: Correlation between the dielectric permittivity (e) and
electrocaloric (EC) temperature change (DT, ) in Pb(. Mglﬁ,,,g/vbz/,;)O ;
(PMN). Lefi: microstructure of PMN (top) and temperature dependence
of e (@10 kHz) and DT, at the applied field of 50 kRV/cm revealing that
the peak of the dielectric permittivity (T ) is at a higher temperature
than the maximum DT, . Right: EC responsivity (DT, ./AE) in the frame
of the electric field—temperature phase diagram of PMN,

In collaboration with colleagues from the Norwegian University of
Science and Technology, Trondheim, Norway and from the National In-
stitute of Research and Development for Technical Physics, Iasi, Romania,
we investigated the magnetic properties of multiferroic Bi ,Gd, ,FeO,
ceramics. Using piezo-response force microscopy (PFM) and magnetic
force microscopy (MFM) we confirmed the intrinsic multiferroicity in the
perovskite phase with the coexistence of ferroelectric/ferroelastic and fer-
romagnetic domains. A strong magnetic hysteresis and high magnetization
were produced by heating the sample to 1000 °C due to degeneration of the
perovskite phase into iron oxide inclusions. These results highlighted the
importance of sample processing, thermal history and the thermodynamic
stability of secondary phases when considering the magnetic performance
of Bi, ,Gd, ,,FeO, ceramics.

In collaboration with colleagues from the Technical University of
Darmstadt in Germany we prepared and characterized lead-based pi-
ezoelectric ceramics Pb(Zr . Ti )0, with grain sizes in the range 3.9 to
10.4 um. A decrease in the grain size was accompanied by a reduction in
the electromechanical properties at switching fields and an increase in the
relative permittivity. The PFM analysis indicated an increased local coercive
voltage near the grain boundaries. The grain-size-dependent changes in
the properties were related to the strained material volume close to the
grain boundaries exhibiting reduced DW dynamics.

Despite numerous proposed models and diverse explanations, the
origins of the high piezoelectricity in lead-based relaxor ferroelectrics,
exemplified by Pb(MgMNbZV,S)O PbTi0, (PMN-PT), are still under debate.
Using a multiscale analytical approach and a wide range of PMN-PT
ceramic compositions, we managed to explain a piece of the puzzle, show-
ing the key role of the so-called, low-angle domain walls to the extrinsic
piezoelectric and dielectric response of PMN-PT. The high mobility of these
interfaces is intimately linked to the relaxor disorder, hence their dynamics
dominate the response of monoclinic PMN-rich compositions. The study
was performed in collaboration with colleges from the Department of
Systems and Control (JSI), the National Institute of Chemistry, the North
Carolina State University, USA, and the Swiss Federal Institute of Technol-
ogy in Lausanne, Switzerland. The new softening mechanism opens up
a plethora of possibilities for designing high-performance piezoceramics
via relaxor disorder [Figure 2].

In collaboration with colleagues from the Condensed Matter Depart-
ment, JSI, and the Technical University of Darmstadt, Germany, we studied
the correlation between the dielectric permittivity and the electrocaloric
(EC) temperature change (D7},) in (l—X)Pb(MgL,ﬁszr,s)Os—beTiO , (PMN-
100xPT, withx =0, 0.05, and 0.10). Both the peak permittivity temperature
and the temperature at which the D7, is the highest, increased with in-
creasing PT content for a given electric field (£). The peak of the dielectric
permittivity is always at a higher temperature than the maximum D7, .and
the temperature gap between both maxima progressively increases with
anincreasing applied field. This is even more evident above the threshold
field, which induces the long-range-ordered ferroelectric state. The results
are explained in the frame of the electric field—temperature phase diagram
of relaxor systems. Our study revealed that the temperature of the peak
permittivity only roughly indicates the temperature of the upper bound-
ary of the temperature—electric field window where the EC responsivity
(DT, /AE) is the highest [Figure 3].

We proceeded with the preparation and investigation of new

Pb(Fe, Nb, )0 -based single-phase multiferroic and multicaloric ceramic materials. The Pb(Fe  Nb, ,)0,-
BiFeO, (PFN-BFO) solid solutions offer a bridge between the low-temperature phase transitions of PFN and the
high-temperature phase transitions of BFO, which enables the tailoring of the multiferroic properties. Several
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(1-x)PEN-4BFO (& = 0-0.5) compositions were prepared by mechanochemical synthesis from constituent oxides,
followed by thermal treatment. The addition of BFO to PFN led to an enhanced relaxor-like behavior, which was
systematically investigated using a wide range of macroscopic and local characterization techniques [ Figure 4]. In
addition to promising relaxor-ferroelectric properties, the PFN-BFO system
also exhibits magnetic properties. The 0.8PFN-0.2BFO composition pos-
sesses both ferroic anomalies at room temperature, and is therefore one
of the first single-phase multiferroic materials. Further investigation of
caloric properties revealed its multicaloric nature, and with the targeted
doping of 0.8PFN-0.2BFO with Gd and Mn ions resulting in the coexist-
ence of the highest electrocaloric and magnetocaloric effects to date in a
single-phase material.
In collaboration with researchers from Canada (McMaster University
and Université de Sherbrooke) and the USA (Oak Ridge National Labora-
tory) we carried out a comprehensive study of underdoped and overdoped
La,, Nd ,Sr CuO, cuprate superconductors. We were able to map the
structural and superconducting phase transitions that take place as a
function of temperature and hole doping, p, and to propose an updated
temperature-doping phase diagram for La, . Nd, Sr CuO,. In addition, we

Electronic Ceramics Department K-5

also founq out .that the str.ucltural and pseudogap critical points are well Figure 4 Ph(Fe, Nb, .)O.,~BiFeO, (PFN-BFO) solid solutions (a)
separated in this system, similar to the parent compound, La,_ St CuO,.  Temperature and frequency dependences of the real component of
Another focus of our research was on the double perovskite La,LiMoO,.  relative permittivity, (b) P-E hysteresis loops.

Our study performed in collaboration with scientists from the Oak Ridge
National Laboratory, University of Tennessee, USA, and McMaster University and University of Winnipeg, Canada,
elucidated the magnetic ground state in this material. In contrast to other Mo’ double perovskites, we found
that La,LiMoO, is the first one showing long-range antiferromagnetic order with a 7, of 18 K, as evidenced by
resolution- 11m1ted magnetic Bragg peaks. These differences might be explained on the ba51s of the Mo-O coordina-
tion polyhedra that further determines the nature of the orbital ordering.

Hybrid organic-inorganic ferroelectrics, such as those based on tetramethylammonium bromotrichloroferrate
(N(CH,),[FeBrCL]), hold promises as the next generation of functional materials for sensing and energy-harvesting
dpphcatlons Whlle these so-called plastic crystals are structurally well un-

derstood, their essential ferroelectric and electromechanical properties are
largely unknown. Through a collaboration with the group from the Norwe-
gian University of Science and Technology in Trondheim we characterized
and recently reported the functional properties of N(CH3)4[ FeBrCl3 | plastic
crystals. The data suggested a classic ferroelectric response arising from
domain switching with a contribution from leakage current observed in
the low-frequency polarization response. The strong dependence of the
strain response on the driving frequency and field cycling indicated pin-
ning effects mediated by point defects. The results highlight the need for ¢ om Poland and the US.
a further investigation of the defect chemistry in this promising group of

The achievement Innovative approaches to
controlled functional responses of multiferroics
was selected for ‘Excellent in Science 2020’
recognition by Slovenian Research Agency. It is
the result of collaboration of researchers from
Departments of Electronic Ceramics, Condensed
Matter Physics, Nanostructured Materials (JSI),
National Institute of Chemistry, and colleagues

hybrid materials.

In collaboration with the Department for Gaseous Electronics (JSI) we investigated the ferroelectric domain
structure of undoped and Cu-doped Sn,P S, single crystals by PFM. In both cases a-few-hundred-nanometres-large
ferroelectric domains were observed; however, in the undoped samples, the domains were more rhombus-like with
sharp edges, while in Cu-doped samples the domains were more irregular in shape. The PFM amplitude and phase
hysteresis loops indicated a good domain-switching ability of both types of single crystals.

In collaboration with the Institute for Multidisciplinary Research, University of Belgrade, Serbia, we studied
the influence of strontium doping on the phase composition, microstructure and functional properties of sodium
potassium niobate thin films. The solution-derived films were deposited on platinized silicon substrates and rapid
thermally annealed. Sr-doping (0.5, 1 mol%) contributed to the fine-grained and dense thin-film microstructure,
and improved ferroelectric characteristics. Benefiting from improved leakage current characteristics at high elec-
tric fields, the films showed a high local piezoelectric activity (, ~110 pm/V) determined by piezo-response force
microscopy (PFM) and an ability to reach a fully saturated local hysteresis.

The research of piezoelectric thick films was performed in collaboration with researchers from the GREMAN/
CNRS/University of Tours, France. We continued the study of the electrophoretic deposition (EPD) of thick films
for the processing of environmentally benign (K Na, NbO, (KNNSr) thick films on metalized ceramic

)
0.570. 99 0 005
substrates for energy harvesting. The dielectric, ferro and plezoelectrlc properties of the thick films increased with
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the increasing sintering temperature, regardless of the sintering atmosphere. The KNNSr thick films sintered at
1100 °C for 2 hours in oxygen were 28 um thick with £, of 40 %, similar to that for a bulk ceramic with the same
nominal composition.

We continued with the processing of Pb(Zr,T)0, (PZT) based thick-film structures by piezoelectric inkjet
printing, a computer-controlled, low-cost and environmentally benign patterning technology. By adjusting the
surface tension, viscosity and wetting properties of the aqueous suspension (ink) and the printing conditions, we
prepared uniform, defect-free patterns with dimensions of 4 mm x 4 mm on metalized alumina substrates. After
sintering at 850 °C the 15-um-thick film with a relative density of 86 % and

Prof. Barbara Mali¢ received the Zois Award for
achievements in the research of electrocaloric
ceramic materials.

agrain size up to ~2 um had an effective thickness coupling factor k of 46
%, which is comparable to that of the bulk ceramic.
Together with colleagues from Tours, we developed a prototype of a

miniature, high-frequency ultrasonic transducer and established a method
for measuring the acoustic properties of backing in water in the frequency
range of 15 to 25 MHz. We were the first to report on this effective method.
The transducer consisted of a PZT thick film and a gold electrode that
were screen-printed on a backing. The backing consisted of a porous PZT
ceramic, and was fabricated by a sacrificial template method combined with
ahetero-coagulation process. The backing with 30 % porosity and spherical
pores with a diameter of 10 um had an attenuation coefficient o of 33 dB/
mmat 19 MHz, which is three times higher than the values reported in the
literature. The PZT backing with a high value of o effectively dampens the
ultrasonic waves, which makes it possible to reduce its thickness and thus
the total size of the transducer suitable for medical investigations [Figure 5].

We continued with the preparation of thick films using the aerosol
deposition method. The aerosol deposition system is a part of the Labora-
tory for the ultracool preparation of complex oxides, for which financial
support was granted by the Director’s fund ULTRACOOL project. In April
2020 the project was successfully completed [Figure 6]. Current research
related to aerosol deposition is focused on the optimization of processing pa-
rameters of functional PMN-PT thick films on metal and polymer substrates.

In the scope of the ULTRACOOL laboratory, the dedicated cold-sintering press made it possible to perform a
series of sintering experiments of the effects of pressure, temperature and liquids used in a cold-sintering process of
the multiferroic BFO ceramic. The optimization of parameters led to ceramics with improved properties compared
to the conventional high-temperature sintering from the inclusion of a secondary phase point of view, as well as
lower conductivity and larger field-induced strains.

The aerosol deposition method was the main method used in the frame of a European project Key Enabling
Technologies for Clean Production KET4CP - Alfernative process for producing metal electrodes on ceramic
electronic components with the partners Stelem d.o.0., Slovenia, Bay Zoltdn Nonprofit Ltd., Hungary, and the JSI.

In the KET4CP project “Developing a new clean manufacturing process for ceramic pressure sensors” the
partners KEKO Equipment, Slovenia, Hahn-Schickard, Germany and JSI a ceramic pressure-sensing element
with the operation up to 500 °C was designed, developed and successfully tested. Compared to the conventional
alumina-based sensing elements the use of LTCC (Low-Temperature Co-

Figure 5: a) Schematic of the acoustic measurements of ultrasound
transducer at frequencies over 10 MHz; b) time responses (U1 and U2
signals) and c) its wavelet transforms (c).

In 2020, two European KET4CP projects, in
which we were developing new products and
technologies for Slovenian companies, were

successfully concluded.

fired Ceramic) materials and technology leads to a ‘cleaner’ manufacturing
process based on lower energy and material consumption, and reduced
generation of waste and pollution.

In the KET4CP project “Manufacturing of invisible interconnections
from solutions of low-cost transparent conduction oxides by screen print-

ing” we collaborate with RC eNeM, Slovenia and Institute of Solid State Physics from Latvia. We have been studying
procedures for the deposition of zinc-oxide-based films on glass from solution by Chemical Solution Deposition and

screen-printing technology.

Some outstanding publications in the past year

1. Otonicar, Mojca, Bradesko, Andraz, Fulanovic, Lovro, Kos, Tomaz, Ursi¢ Nemevsek, Hana, Bencan, Andreja,
Cabral, Matthew, Henriques, Alexandra, Jones, Jacob L., Riemer, Lukas, Damjanovi¢, Dragan, DraZic, Goran,
Mali¢, Barbara, Rojac, Tadej. Connecting the multiscale structure with macroscopic response of relaxor

146 Annual Report 2020



Electronic Ceramics Department

ferroelectrics. Advanced functional materials, ISSN 1616-301X,
[in press] 2020, 13 str., doi: 10.1002/adfm.202006823. [COBISS.
SID 32051715]
2. Bencan, Andreja, Drazi¢, Goran, Ursi¢ Nemevsek, Hana,
Makarovic, Maja, Komelj, Matej, Rojac, Tadej. Domain-wall pin-
ning and defect ordering in BiFeO, probed on the atomic and
nanoscale. Nature communications, ISSN 2041-1723, 2020, vol.
11, str. 1762-1-1762-8, doi: 10.1038/s41467-020-15595-0. [COBISS.
SIID 33296423]
3. Prah, Uro, Dragomir, Mirela, Rojac, Tadej, Bencan, Andreja,
Broughton, Rachel, Chung, Ching-Chang, Jones, Jacob L., Sher-
bondy, Rachel, Brennecka, Geof, Ursi¢ Nemevéek Hana. Strength-
ened relaxor behavior in (1—x)Pb(Fe, Nb, .)0,xBiFeO,. Journal
of materials chemistry. C, Materlals for optlcal and electronlc
devices, ISSN 2050-7526. [Print ed.], 2020, vol. 8, no. 10, str.
3452-3462, doi: 10.1039/C9TC05883D. [COBISS.SIID 33157415]
4. Kuscer, Danjela, Bustillo, Julien, Bakaric, Tina, Drnovsek, Silvo,
Lethiecq, Marc, Levassort, Franck. Acoustic properties of porous
lead zirconate titanate backing for ultrasonic transducers. IEEE
transactions on ultrasonics, ferroelectrics, and frequency Figure 6: Successfully equipped and tested ULTRACOOL laboratory,
control, ISSN 0885-3010, 2020, vol. 67, no. 8, str. 1656-1666,  supported by the 2017 Director’s fund, for the preparation of functional
doi: 10.1109/TUFFC.2020.2983257. [COBISS.SI-ID 33285671] malerials at low lemperatures. (a) dense ceramic layer prepared by
5. Fulanovi, Lovro, Bradesko, Andraz, Novak, Nikola, Mali; aerosol deposition method. (b) Multiferroic BiFeO , ceramic prepared by
Barbara, Bobnar, Vid. Relation between dielectric permit the cold sintering method. (c) panoramic view oft/ze laboratory.
tivity and electrocaloric effect under high electric fields in
the Pb(Mg,, aNb ;0, and Pb(Mg, .Nb, )0.~PbTi0, ceramics. Journal of applied physics, ISSN 0021-
8979, 2020, vol. 127 no. 18, str. 184102 1- 1841027 d01 10.1063/5.0002096. [ COBISS.SIID 14687491

Awards and Appointments

1. Andreja Bencan Golob, Andraz Bradesko, Mirela Dragomir, Goran Drazi¢, Maja Makarovic, Barbara Malic,
Uros Prah, Tadej Rojac, Hana Ursic Nemevsek: Achievement Excellent in Science 2020 for Innovative ap-
proaches to the control of functional responses of multiferroices, Slovenian Research Agency

2. Mirela Dragomir: Seal of Excellence for project application QMAT - Towards Quantum States of Matter
via Chemistry under Ambient and Extreme Conditions, European Commission

3. BarbaraMalic: Zois Award for top achievements in the field of electrocaloric ceramic, Government of the

K-5

Republic of Slovenia
Minor Services - Foreign Customers Prof. Danjela Kuscer Hrovatin
Prof. Barbara Mali¢ Slovenian Research Agency
2. Laboratory Measurements 10. Understanding Size Effects in Antiferroelectric Materials
Prof. Barbara Mali¢ Dr. Mojca Otonicar
Tdk Electronics Gmbh & Co Og Slovenian Research Agency
3. Electrical Measurements 11. Multiferroics for Solid-State Cooling Applications
Prof. Tadej Rojac Asst. Prof. Hana Ursic Nemevsek
Tdk Electronics Gmbh & Co Og Slovenian Research Agency
4. Laboratory Measurements 12. Processing - Structure - Properties Study of Environmentally Friendly Piezoelectric
Prof. Andreja Bencan Golob Nanoparticles of Tailored Surface Morphology
Tdk Electronics Gmbh & Co Og Prof. Andreja Ben¢an Golob
5. Atomic Force Microscope Measurements Slovenian Research Agency
Asst. Prof. Hana Ursi¢ Nemevsek 13. High-Pressure Synthesis and Characterization of Selected Ferroics
Tdk Electronics Gmbh & Co Og Dr. Kristian Radan
6. Cold Sintering of Complex Oxide Materials Slovenian Research Agency
Dr. Mojca Otonicar 14. Crystal Growth and Magnetic Properties of Double Perovskites
Slovenian Research Agency Dr. Mirela Dragomir
7. Low Bandgap Ferroelectric Solar Cell Absorbers: Synthesis and Characterization Slovenian Research Agency
Asst. Prof. Hana Ursic Nemevsek 15. Porous Lead-Free Relaxor Ferroelectric Films for Energy Storage
Slovenian Research Agency Asst. Prof. Hana Ursic¢ Nemevsek
8. Interface Stability of Piezoelectric Ceramic Oxides Slovenian Research Agency
Prof. Tadej Rojac 16. Environment-Friendly Ferroelectric Oxide Thin Films for Energy Harvesting and Energy
Slovenian Research Agency Storage Applications
9. Environmental Benign Sodium Potassium Niobate-based Thick Films for Piezoelectric Prof. Barbara Mali¢
Energy Harvesting Applications Slovenian Research Agency
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17. Realizing In-Situ Studies of Dynamic Mechanisms in Ceramic Oxides in the Reducing
Environment in a Transmission Electron Microscope
Prof. Andreja Bencan Golob
Slovenian Research Agency

18. Engineering the Microstructure and Performance of Lead-Free Piezoelectrics for Energy
Harvesting
Prof. Barbara Mali¢
Slovenian Research Agency

19. Environment-Friendly Processing of Lead-Free Functional-Oxide Thin Films for Micro-
Electro-Mechanical Systems (MEMS) Applications
Prof. Barbara Mali¢
Slovenian Research Agency

RESEARCH PROGRAMME

1. Electronic Ceramics, Nano, 2D and 3D Structures
Prof. Barbara Mali¢

R & D GRANTS AND CONTRACTS

Multicaloric cooling
Asst. Prof. Hana Ursi¢ Nemevsek

2. Electrocaloric elements for active cooling of electronic circuits
Prof. Barbara Mali¢

3. Advanced inorganic and organic thin films with enhanced electrically-induced response
Prof. Barbara Mali¢

4. The quest for high-temperature superconductvity and exotic magnetism in
fluoridoargentates(Il)
Dr. Mirela Dragomir

5. Designing functionality of lead-free ferroelectrics through domain wall engineering
Prof. Andreja Bencan Golob

6. The cool way to polarize
Dr. Mojca Otonicar
7. Engineering of relaxor ferroelectric thin films for piezoelectric and energy storage
applications
Prof. Tadej Rojac
8. Domain engineered ferroelectric ceramic layer elements for efficient energy harvesting
and energy conversion applications
Prof. Barbara Mali¢
9. Strategic Research & Innovation Partnership Factories of the Future (SRIP FoF)
Prof. Barbara Mali¢
Ministry of Economic Development and Technology
10. Reimbursement of costs of scientific publications in golden open access for 2019, 2020
Prof. Barbara Mali¢
Slovenian Research Agency
. Stay of Oana Andreea Condurache in Al CUZA lasi, Romania - Functional
Characterisation of Potassium Sodium Niobate-Based and Bismuth Ferrite-Based
Ceramics
0Oana Andreea Condurache
Jecs Trust

N EW CONTRACTS

Developing clean manufacturing process for ceramic pressure sensors
Asst. Prof. Hana Ursi¢ Nemevsek
Stelem d. 0. 0. ZuZemberk

2. Developing clean manufacturing process for ceramic pressure sensors
Prof. Barbara Mali¢
Keko - Oprema d. 0. 0. Zuzemberk

3. Development of new production process for manufacturing of invisible
interconnections from solutions of low-cost transparent conduction oxides by screen
printing
Prof. Danjela Kuscer Hrovatin
Razvojni center Enem Novi Materiali d. 0. o.

—_
ja

VISITORS FROM ABROAD

Kristijan Kovacic, Bjelovar University of Applied Sciences, Bjelovar, Croatia,
16 September 2019 to 13 March 2020

2. Anja Mirjanic, University of Banja Luka, Faculty of Natural Sciences and Mathematics,
Bosnia and Hercegovina, 17 October 2019 to 30 November 2020

3. Prof. Dragan Damjanovic, Ecole polytechnique fédérale de Lausanne - EPFL, Lausanne,
Switzerland, 5-11 January 2020

4. DrMarco Deluca, Materials Center Leoben Forschung GmbH, Leoben, Austria,
9-11 January 2020

5. Vignaswaran Kaliyaperumal Veerapandiyan, Materials Center Leoben Forschung
GmbH, Leoben, Austria, 9-11 January 2020

6. Konstantin Rokas, University of loannina, loannina, Greece, 13 January to 13 March 2020

7. Gianni Ferrero, Meggitt Sensing Systems, Kvistgaard, Denmark, 13 January 2020 to 16
March 2020 and 1-27 October 2020

8. Mustafa Gagri Bayir, Gebze Technical University, Department of Materials Science and
Engineering, Kocaeli, Turkey, 3 February to 12 March 2020

9. Katharina Schuldt, Techniche Universitét Darmstadt, Darmstadt, Germany,
7-12 March 2020

STAFF

Researchers

1. Prof. Andreja Bencan Golob

Prof. Goran Drazic*

Prof. Danjela Kuscer Hrovatin
Prof. Barbara Mali¢, Head

Dr. Mojca Otonicar

Prof. Tadej Rojac

Asst. Prof. Hana Ur§i¢ Nemevsek
Postdoctoral associates

8. Dr: Andraz Bradesko, left 01.07.20
9. Dr. Mirela Dragomir

10. Dr. Kostja Makarovic*

11. Dr. Kristian Radan
Postgraduates

12. Matic Belak Vivod, B. Sc.

13. Oana Andreea Condurache, B. Sc.

PR NIV NS SN

14. Sabi William Konsago, B. Sc.

15. Maja Makarovic, B. Sc., left 09.11.20
16. Dr. Uro§ Prah

17. Samir Salmanov, B. Sc.

18. Matej Sadl, B. Sc.

19. Lia Sibav, B. Sc.

20. Katarina Ziberna, B. Sc.

Technical officers

21. Silvo Drnovsek, B. Sc.

22. Brigita Kmet, B. Sc.

23. Marija Sebjan Pusenjak, B. Sc., left 01.10.20
Technical and administrative staff

24. Tina Rucigaj Korogec, B. Sc.

Note:
* part-time JSI member
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DEPARTMENT FOR

NANOSTRUCTURED MATERIALS K-/

The research and development at the Department for Nanostructured Materials are focused on
the forefront areas of nanotechnology and advanced materials to address the most difficult societal
challenges that Europe and the world are currently facing. This includes clean and efficient energy,
health, environment remediation and critical-raw-materials resource efficiency. A versatile team
with synergies across a variety of complementary basic and applied expertise in combination
with state-of-the-art research methods enables us to respond promptly to various emerging societal
challenges. The basic and applied research of the Department for Nanostructured Materials includes
magnets andintermetallic alloys, engineering and functional ceramics, minerals, sensors, materials
Jor a sustainable and ecologically built environment, biomimetic- and bio-materials.

Magnetic Materials

For the transition to an energy-efficient and low-carbon society by 2050 set by “European Green Deal” we aim to
reduce the greenhouse-gas emissions by 80%. The major contributing segments are the development of e-mobility
and eco-power generation, requiring highly efficient electric motors that are based on rare-earth permanent mag-
nets (Nd-Fe-B). However, the rare earths are subject to political and economic manipulation and are recognized by
the EU as the most critical raw materials of strategic importance. Through research, we bring new knowledge to
areas of design and the manufacture of new Nd-Fe-B magnets with improved magnetic properties either from raw
materials or from recycled feedstocks. We also explore novel, economically feasible and environmentally friendly
routes of recycling, thus contributing to EU sustainability.

We have developed a new process for recycling permanent Nd-Fe-B magnets, allowing the simultaneous selective
extraction of the rare earths and the transition metals with a large reduction in energy consumption and environ-
mental burden, as it operates in a closed loop, so it literally does not produce waste. The article will be published
in the journal Green Chemistry and is the result of the recently completed ITN-MSCA-DEMETER project (Training
Network for the Design Recycling of Rare-Earth Permanent-Magnet Motors

Head:
Prof. Saso Sturm

and Generators in Hybrid and Full Electric Vehicles).

We correlated the magnetic properties of Th-treated Nd-Fe-B PMs with
a detailed microstructural study, via a paper on microstructural insights
into the coercivity enhancement of grain-boundary-diffusion-processed
Th-treated Nd-Fe-B sintered magnets beyond the core-shell formation
mechanism, where we determined the ultimate Tb concentration respon-
sible for a significant (30 %) coercivity increase, that we published in the
Journal of Alloys and compounds (IF=4.65 ). The obtained results pave
the way for engineering studies on grain boundaries that can be used to
increase the coercivity of Nd-Fe-B magnets for e-mobility and green energy.

We have developed a new approach to the manufacture of Nd-Fe-B-type
sintered magnets. The sintering process (pulsed electric current sintering
PECS) is based on the rapid consolidation of magnetic powders into bulk
metallic bodies by means of Joule heating. Short processing times, of
the order of minutes, prevent extensive grain growth during sintering,

Editorial Board from the prominent journal Green
Chemistry (IF=9.346) has selected a paper by XU,
Xuan, et al., “A facile method for the simultaneous
recovery of the rare-earth elements and transition
metals from Nd-Fe-B magnets” as a 2020 HOT
Green Chemistry article. This new closed-loop
technology of continuous process magnetic
leaching and rare-earth recovery surpasses the
current state-of-the-art method of hydrometallurgy
in relation to the chemical usage, waste production
and total costs and is under protection by a
patent application at the European patent office,
Application EP 19197716.4.

potentially leading to improved magnetic performance. To reduce the use of critical heavy-rare-earth elements, a
multicomponent magnet containing regions with different chemical compositions was prepared by adopting the
already mentioned rapid sintering approach. Furthermore, we used the PECS method to produce hotdeformed
Nd-Fe-B magnets with applicable magnetic properties, i.e., a coercivity of 1327 kAm?, a remanent magnetization
of 1.27 T and a maximum energy product of 310 kJm at a low sintering temperature and times. The results were
published in the Journal of Magnetism and Magnetic Materials (IF=2.717) in three papers.

In 2020 we started with a new project under the frame of EIT RawMaterials, initiated and funded by the Eu-
ropean Institute of Innovation & Technology (EIT); the INSPIRES project (INtelligent and Sustainable Processing
of Innovative Rare-Earth magnetS), which aims to recover and supply rare-earths within the EU through radical
innovations in the recycling of permanent magnets, focusing on one of the most readily available sources: home
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appliances. INSPIRES will optimize methods at an industrial scale for the sustainable extraction and recycling and
use of recycled magnets in new motors.

We continued with the European project SUSMAGPRO, which stands for Sustainable Recovery, Reprocessing
and Reuse of Rare Earth Magnets in a European Circular Economy. The project aims to develop a recycling supply
chain for rare-earth magnets in the European Union and to demonstrate the effective reuse of recycled rare-earth
materials within several industries. The multidisciplinary SUSMAGPRO consortium are 20 of Europe’s industry and
academic leaders in REEs, sustainable processing, reuse, recycling, and recovery schemes, and cover the whole value
chain from the collectors of magnet-containing scrap, to the producers of high-tech products.

As the coordinators, we continued with the European project MaXycle (A novel circular economy for sustain-
able REE-based magnets), a transnational collaborative research and innovation project, funded from the ERA-NET
Cofund on Raw Materials (ERA-MIN 2) instrument under Horizon 2020. Already, first results showed that recycling
EOL magnets would be a challenging task, as the difference in composition and coatings makes it impossible to
develop a uniform recycling route. EOL magnets with no history are the most problematic as they have to be analyzed
before recycling. That is why MaXycle is proposing a uniform labeling system for magnets for easy recyclability.

We successfully concluded two research and development projects for Kolektor d.d., Slovenian producer of
bonded magnets based on Nd-Fe-B: (i) the improvement of the coercivity of melt-spun powders used for bonded
magnets, and (ii) the development of a coating procedure using different coating materials to prevent corrosion
in aggressive conditions. We successfully increased the coercivity by more than 15%, and we established so far,
the most effective solution to protect sensitive Nd-Fe-B powders by using an optimized, thin protective layer. The
improvement of coercivity was achieved by the addition of a Nd-Cu low-melting-point alloy, which was subsequently

subjected to the optimized thermal treatment procedure. The upscaling
potential of this technology was successfully verified by preparing 6 kg of
coated powder for the pilot-plant production test. The results are excellent
and will be further transferred to large-scale production. The final analyses
showed that coated magnetic powder showed almost no loss of magnetic
properties after 2 months of the aggressive corrosion test in demineralized
water at 85 °C. The resistivity against corrosion of compressed bonded
magnets was significantly improved, and the surface hardness of coated
magnetic powders is lower than that of uncoated samples. This implies that
the proposed powder-protection technology will not significantly change
the existing tool wear used for the fabrication of final bonded magnets.
This innovative approach is under protection with a patent application.

We continued with the ARRS national project Effective recycling of
abrasive sludge in the production of Sm,Co,, magnets for a waste-free
economy in collaboration with company Magneti Ljubljana, where we are
investigating novel recycling of magnetic swarf based on Sm-Co. We found
that the magnetic swarf can be fully recycled via re-melting technologies.

Additive-manufacturing technologies make it possible to produce
magnets of arbitrary shapes and magnetization distributions. In order to
design a magnet as the source of a given magnetic-flux field, expressed

Figure 1 Calculated magnetization profile (red) for a Haalbach in terms of tf.le.lines-of—force patter.n, it i§ necessary to solve th(f, s.o-called
cylinder, with a homogenous magnetic field inside. A comparison magnetostatic inverse problem. With this aim we apply the adjoint-state
between the prescribed (blue) and calculated (green) pattern. and finite-element methods (figure 1).

In the frame of the ARRS project Development of complex shape mul-
ticomponent permanent magnets with the use of advanced 3D printing
technology we are developing complex-shape, multicomponent, permanent
magnets by additive manufacturing for the company Kolektor d.d. The goal
is to increase the output of an electric motor using new magnet designs
and multi-material usage in a single magnet. This complex shape will be
printed with a state-of-the-art fused-filament fabrication method. In the first
year we tested different polymers and magnetic powders to get the best
filling factor that could still be printed (Figure 2). We successfully printed

Figure 2 3D printed magnets produced by fusedsfilament fabrication. mzllgnet{c mat‘erlals of d.1fferer.1t sizes and cgmposﬁmns. The ne?(t s.tep isto
The particles were orientated during the printing with an external P .rlnt mdgnetlc parts with orientated p artlck?s and to use deb}ndlng and
magnetic field sintering to produce fully dense, metal, 3D printed parts. The first tests on
orientating the particles while printing showed promising results.
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In 2020 we finalised the successful execution of the European project AMPHIBIAN (AnisoMetric Permanent
Hybrld magnets Based on Inexpensive And Non-critical materials) by closing the administrative work (reports)
and consolidating manuscripts related to project's research activities. Two research and one review manuscripts
were submitted to the Journal of Physics D: Applied Physics (IF= 3.169) (two accepted and one under review).

In parallel to the research framework of AMPHIBIAN, research activities in the field of possible strengthening
of ferrite-based ceramic magnets were also initiated. Here, our research path is following the successful method of
strengthening engineering ceramics using cellulose nanofibers (CNF) developed in collaboration with colleagues
from Materials Science Institute (CSIC) of Madrid. Since consolidation is one of the important steps in the preparation
of sintered magnets, different possibilities of how to prepare dense ferrite-based magnets were also explored. One
of the emerging consolidation techniques that proved successful is sintering by intense thermal radiation (SITR).

Complex Intermetallic Alloys

In the frame of the International Research Laboratory, which was this
year restructured into the International Research Project IRP PAC, “Push-
Pull AlloyS and Complex CompoundsS: from bulk properties to surface
functions” we continued research in the field of Push-Pull alloys, which
are part of complex metallic alloys (CMAs), with the emphasis on their

preparation, properties and potential applications.

We studied the Al-Cr-Sc ternary system, which has potential as a high-
strength master alloy, with good thermal stability and corrosion resistance.
We successfully synthesized a ternary Al-Cr-Sc phase, which belongs to

Figure 3: TEM studies of the ternary Laves phase: (a) SAED pattern
analysis with the corresponding (b) atomically-resolved HAADF-STEM
image. (c¢) Projected atomic model of the fernary Laves phase, viewed in
[1010] zone-axis with the related (d) calculated HAADF-STEM image.

the Laves phase group, prototype MgZn,, and has a hexagonal crystal

structure P63/mmc, space group 194 with a stoichiometry of Al ,Cr, Sc,. The crystal-structure refinement of the
newly discovered phase showed a certain solubility range, which was further investigated by means of high-angle
annular dark-field scanning-transmission electron microscopy (HAADF-STEM) combined with image simulations
to quantify the observed intensity variations as a function of the mixed occupancies as predicted by the structural
model (Figure 3).

Within the frame of low-adhesive, high-strength composite materials our main research was focused on a
polymer matrix reinforced with an Al-Cu-Fe-B quasicrystalline powder. The main goal of this research is the develop-
ment of alow-adhesive, high-strength composite material made of quasicrystals (QCs) and polymer polyphtalamide
(PPA), which can effectively prevent future failures due to tribology problems, such as high-friction, fretting and cold
welding. QCs have a low surface energy, low coefficient of friction, high hardness, good oxidation and corrosion
resistance, low thermal and electrical conductivity, high wear resistance, non-stick properties, reduced wetting, but
are brittle at room temperature. PPA belongs to the high-temperature engineering plastics and is chemically resistant,
ductile, toughened, heat stabilized, has a high impact at low temperature and low warpage. First preliminary stud-
ies showed that the addition of QCs has a direct impact on the linear increase of maximum stress of the composite
materials. In addition, a study of the Vickers hardness of different composite materials showed that a relatively
low amount of QCs added to the polymer matrix does not have a significant influence on the overall Vickers hard-
ness, but becomes significant when larger amounts of QCs are added to the system, for example 20 vol.% of QCs.

Structural Materials

As part of the ongoing long-term EUROfusion’s European fusion
program, we continued our research of the tungsten-carbide composites
(W-W,C) and binder-less tungsten carbide (WC) for the DEMO demonstra-
tion fusion power plant. The composition and the process of preparation
of the W-W,C composite materials were optimized based on a study of the
interdependent relationships between the initial and final composition of
the material directly affecting its temperature-dependent (room tempera-
ture to 1000 °C) mechanical and thermal properties. The main criterion
for selecting the optimal composition was the resistance of the material to
thermal shocks during high-heat-fluxes testing (HHFT).

Based on the promising thermo-mechanical properties and HHFT de-
termined in the previous 2019 campaign, the W-11WC composition (Figure
4)was selected for the fabrication of monoblock components, which were

successfully produced and shaped to the specified dimensions. The samples Figure 4: W-11WC monoblock components fabricated by spark-plasma
will be joined to a CuCrZr cooling structure and subjected to HHF tests in ~ sintering and shaped by electrical discharge machining

an actively cooled mockup divertor system.
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Sensors

In the field of HCHO electrocatalytic detection in alkaline media, we have fabricated KOH-modified, Ni-based
receptor elements with different morphologies, surface chemical and crystal structures, and shape and dimen-

We are developing novel biosensing platforms
(Figure 5) with high selectivity and specificity
for the rapid detection of SARS-CoV-2 and its

mutants in saliva samples. The fabrication of
biosensing platforms will not be limited merely
to SARS-CoV-2, but could be easily upgraded to
detect different pathogens, and thus prevent the
spread of future similar infectious disease.

Figure 5. Schematic representation of SARS-CoV-2 detection using the
electrochemical biosensor plaiform

We are developing receptor elements for the
detection of toxic organic substances such as
formaldehyde (HCHO) (national project L2-
8182), acrylamide (AA) (national project J2-
1739) and benzenediols.

sionality (i.e., 1D nanowires and 2D thin films). We investigated their
electro-catalytic activity towards HCHO oxidation and elucidated the
mechanisms for each individual Ni-based receptor element. The results of
these studies were published in a highly ranked journals Applied Surface
Science (IF = 6.182) and Eletrochimica Acta (IF = 6.126). The before-
mentioned fundamental studies have shown that the HCHO oxidation in
alkaline media is the most effective when using Ni nanowires. Hence, Ni
nanowires have proven to be a promising and suitable candidate for use
in a particular application or field of use. We developed a fully functional,
Ni-nanowires-based sensor platform with Wi-Fi technology in collabora-
tion with an electrical engineering expert. By testing the sensor platform,
we detected HCHO in alkaline media, either in deionized or tap water. In
recognition of this fundamental and applied research, the researcher Dr
Spela Trafela was awarded by L'Oréal-UNESCO National Programme for
Women in Science in 2020.

Polyaniline is a conductive polymer with chemiresistive properties,
which make it a widely used material for sensors. Polyaniline is studied for
the potential resistivity sensing of gases like ammonia. We supplemented
our fundamental electrochemical deposition studies by in-situ dynamic cor-
relative approaches combining UV-vis spectroscopy and electrochemistry
(spectro-electrochemistry) to understand the polymerisation mechanism
in detail. The results were published in 7/ze Journal of the Electrochemical
Society (IF=3.721). In collaboration with the Department of Atmospheric
Science and Environmental Engineering (Mines-Télécom Institute (IMT))
in Douai France, we have successfully combined our electrochemical system
(electrochemically polymerized PANI on screen-printed electrode) with
their knowledge of gas detection through resistance measurements. The
result of the work is a feasible and direct construction of the NH, sensor
from a PANI-screen-printed electrode, converted into a two-electrode system
suitable for resistance measurements. We studied the responses to moisture,
its stability, and the detection of the presence of NH, at 70% relative humid-

ity. Despite a relatively simple system, without the presence of complex additives and nanomaterials, we achieved
alow detection limit (23 ppb). The results of the collaboration are published in an article in Sexzsors (1F=3.275).

Anew area of research is focused on the development of receptor elements for the selective and sensitive detec-
tion of benzenediols, namely catechol, resorcinol and hydroquinone. The sensor development paves the way to a
portable and miniaturized sensor able to detect analyte in water and in the future also in air.

Materials for Health and a Clean Environment

In collaboration with the Queen’s University Belfast, United Kingdom, and the Faculty of Medicine, University of
Ljubljana, we have developed temperature-sensitive liposomes for immune- and chemo therapy and MRI-guided
drug delivery. We investigated the effect of a PD1 blockade on the therapeutic efficacy of novel doxorubicin-loaded
temperature-sensitive liposomes. The cytotoxicity of our nanocarriers and photothermally activated drug release
were evaluated iz vitro. Then, in vivo drug release and tumour accumulation of the nanocarriers was assessed
using fluorescence and MRI, respectively. Finally, the therapeutic efficacy of a PD1 blockade in combination with
photothermally activated drug-loaded magneto-liposomes in a CT26-tumour model was evaluated by monitoring
tumour growth, cytokine release and immune cell infiltration in the tumour tissue. Doxorubicin therapeutic ef-
ficacy was potentiated in combination with anti-PD1 monoclonal antibodies, resulting in a significant reduction
in CT26 tumour growth via immune-cell activation. Our study highlights the potential of combining the PD1
blockade with drug-loaded temperature-sensitive magneto-liposomes, where the latter could facilitate chemo/
photothermal therapy and MRI-guided drug delivery. This study is currently in the second round of revision in
Journal of Controlled Release (IF=7.870).

As well as the field of cancer treatment, important results were achieved in diagnostics. The majority of the clini-
cally approved iron oxide nanoparticles (I0 NPs) used as contrast agents for magnetic resonance imaging (MRI)
have been withdrawn from the market, either due to safety concerns or lack of profits. Therefore, there is a need for
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novel 10 NPs-based imaging agents with a high safety margin and superior MRI properties. Thus, we investigated
magnetic-liposomes with different formulations and tested their contrast performance for MRI. We found that the
encapsulation of NPs into liposomes dramatically improves their contrast performance (up to 42-fold) due to the

favourable interactions between the water visualized in MRI and the lipid
coating. Importantly, an 772 vitro study showed improved selectivity of the
magnetic-liposomes compared to the free nanoparticles. The cancer cells
internalized a high concentration of liposomes, while their content was
minimal in the normal cells, which led to an improvement in the contrast
and an easier distinction between the healthy and the cancerous cells (Fig-
ure 7). In the case of free nanoparticles, the rate of internalization in both
types of cell lines is similar and thus the diagnostics is limited. This study
was published in Nanomaterials (IF=4.324). In addition, a review paper
entitled “A Review on the Optimal Design of Magnetic Nanoparticle-Based
T2 MRI Contrast Agents” was published in Magnetochemistry (IF=1.947),
where the factors affording r2 enhancement of magnetic nanoparticles
were discussed (Figure 6).

In collaboration with the Faculty of Health Science, University of
Ljubljana, we have studied the adhesion specifics of pathogens that we
performed, focused on the materials used for kitchen appliances, as well
as specialized multi-layer coatings that either destroy or limit the adhesion
of the bacteria. £. coli, P aeruginosa and C. jejuni have been chosen as

Figure 6: Relaxivity r,and thus the contrast efficacy of superparamagnetic
nanoparticles (NPs) as MRI contrast agents can be enhanced via either
the NPs' magnetic properties or coating optimization.

test bacteria as they are the most common food-borne contaminants that adhere to kitchen surfaces (ceramics,
Teflon). The hydrophobic nature of Teflon proved to be the decisive factor that determines bacterial adhesion
(International journal of food microbiology, IF=3.451). A study we published in Biofouling (IF=2.351)

paired bacterial adhesion against differently mechanically treated steel
substrates. It was shown that surface asperities predominantly affect the
bacterial attachment point and its ability to grow a biofilm. Moreover, we
evaluated dishwashing and the misuse of the detergent that led to elevated
amounts of residues on the dishes and may cause long-term side effects
on our health and environment, published in Environmental chemistry
letters (IF=5.849). Finally, we evaluated the bacterial adhesion capacity
of protein-terminating polyelectrolyte multilayers and it was shown that
in the case of a lysozyme-terminating layer the lysis takes place, whereas
in the case of BSA and glucanase-specific protein-bacteria interactions
are dominant (Figure 7). The study was published in the International
Journal of adhesion and adhesives (IF=2.671).

The final goal of the ongoing study within the ARRS project Degrada-
tion of textile microplastic for domestic wastewater treatment is to eliminate
microplastic fibers released from common washing machines’ drains
through degradation processes, such that when released it will be harmless
and ecologically unproblematic. A TiO, photocatalyst was used for the pho-
tocatalytic degradation of microplastics, which has proved to be successful,
but the studies are still in the initial phase of the research. The obtained
results showed that individual PP fibers were not as smooth as the pristine
fibers. PET fibers delaminated and deformed, while PA fibers thinned by
almost 50 percent, which indicates that the degradation strongly effects
the surface proven with environmental scanning electron microscopy
(ESEM). We have also found chemical changes using Raman spectroscopy.
The first successful trials were made and explained in detail on Water days
2020 and the 5" Green and Sustainable Chemistry Conference. Within the
scope of an ongoing collaboration with the UL Biotechnical faculty within
the ARRS project Degradation of plastics with polyextremotolerant fungi,
we showed that certain types of fungi, for example, Pleurostoma sp. and
Coniochaeta sp., grow on pristine plastic fibers, utilizing the plastic as the
sole source of carbon in our growth medium (Figure 8).

Figure 7: Schematic presentation of bacterial adhesion on protein-
terminating polyelectrolyte multilayers with lysozyme, BSA and
glucanase as final layers.

Figure 8: PET fibres overgrown with Coniochaeta sp.
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Biomaterials

As apartner in an ARRS funded project that is being carried out in collaboration with the Faculty of Veterinary
Medicine, University of Ljubljana, we continued our research on the silk fibroin carrier for hormone release. The
research was focused on the preparation of fibroin films with a low degree of crystallinity to increase the degrada-
tion rate of the hormone-releasing implant. The #7 vivo animal testing of the first fibroin films started. Knowledge
of the processing of various biomaterial-based carriers and scaffolds will be used in a newly granted ARRS project,
entitled Advanced 3D cell models: Bridging the gap between in vitro and in vivo experimental systems (hep-
3DGenTox), that will be conducted in collaboration with Department of Genetic Toxicology and Cancer Biology
of the National Institute of Biology (lead party).

The past knowledge of the biomaterial group on bioactive glasses and other calciums-silicate cements has been
successfully exploited under the framework of a granted ARRS project, entitled Post-radiation caries in head and
neck cancer patients: Aetiology and prevention, conducted in collaboration with the University Medical Centre
Ljubljana (lead party). The project aims to understand the mechanism of the formation of deep caries lesions in
patients being cancer treated by radiation. In addition, by understanding the cause of physiochemical changes in the
inorganic and organic parts of the tooth a prevention and treatments to reverse the carries formation a Ca-silicate
based formulation are being developed.

Catalysis
In the field of photo-electro-catalysis, we continued research on the anodization process of flexible titanium
foils and factors influencing the growth of rigidly attached TiO, nanotubes. On six different thicknesses of ano-
dized titanium foils, we investigated the photocatalytic activity, adhesion of Ti0, nanotubes, and the influence of
electrolyte age on the growth and catalytic properties of TiO, nanotubes.
We have successfully identified the main experimental parameters that
enable the growth of a flexible catalyst that can be used to purify organic
pollutants from water and air.
With the National Institute of Chemistry we collaborated in two studies,
where Ti0, nanotubes were prepared by anodic oxidation and subsequently
treated in ammonia at elevated temperature. The process resulted in a
TiO,N, substrate with a large surface area of the immobilized film and/or
powder. Afterwards, Ir nanoparticles (Figure 9) were applied to the sub-
strate or to the powder and the efficiency of the catalysts for electrocatalytic
water splitting were investigated. The results showed the very high activity
and stability of both catalysts for the oxygen evolution reaction (OER) in an
acidic medium. These outstanding studies were published in two separate
scientific papers in ACS Catalysis (IF=12.350).
Towards the end of the research year, we designed a project of Auto-

Figure 9: Procedure for TiON -nh-Ir catalyst preparation. (a) Anodic mated laboratory for the autonomous research of new materials. Within
oxidation of titanium foil, (b) detachment of TiO, nanotubes, (c) this project, we will implement robotized experimental and analytical pro-

annealing of detached Ti0, nanotubes in ammonia, (d) deposition of Ir
onto TION nanotubes, and (e) the final TiON -nh-Ir powder catalyst.
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cedures that will enable us to carry out practical experiments much more
reliably, traceably and faster, thus eliminating the main disadvantages and
deficiencies of standard materials-processing approaches. Consequently,
the implementation of this new approach in the synthesis and processing of materials will enable us to have a more
efficient and insightful interpretation of the experimental data.

Engineering Ceramics

The naturally self-driven AIN powder hydrolysis was exploited for a quick, facile and pure synthesis path for
the preparation of abundant amounts of hierarchically assembled, nanocrystalline, mesoporous alumina (MA)
powder in the form of micron-sized bundles of agglomerated nanocrystalline 2D lamellas, or nanosheets, forming
flower-like structures. A part of a PhD project included a study of the dispersion and rheological behaviour of aque-
ous suspensions containing MA powder. The aim was to prepare suspensions, containing micron-sized particles
of y-AL0,, able to defy sedimentation and segregation. The addition of divalent cations (Mg* in Ca*) or cellulose
nanofibers (CNF) triggered the formation of various interparticle associations for tailoring the sedimentation and
the stability of these suspensions (Figure 10). The work was published in the leading scientific journal for ceramic
materials Journal of the European Ceramic Society (IF=4.495 ). Preparation of such suspensions is an important
milestone in the preparation of advanced, porous ceramic materials relevant to catalysis and adsorption.

The AIN-powder-hydrolysis-derived hierarchical MA structures were adopted in a study published in the renowned
scientific journal Green Chemistry (IF=9.480), in collaboration with the Department for Materials Synthesis (JSI)
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and the Department of Catalysis and Reaction Engineering of the National
Institute of Chemistry. The paper demonstrates the application of a mag-
netic heating of nanoparticles in an AC field to drive a substantially more
efficient chemical reaction/conversion of furfural to furfuryl alcohol over
the catalyst as compared to conventional reactor heating.

In the field of dental ceramics, we have traditionally been involved
in the research of zirconia dental ceramics. In 2020, we have finalised a
study in collaboration with start-up company Vall-cer d.o.0., where we have
evaluated the effect of continuous impacting between zirconia (3Y-1ZP)
dental root posts during 500-hour-long shaking on the extent of (sub)

Department for Nanostructured Materials K-7

Figure 10: Hlustration of the proposed mechanism of hierarchical
assembly of y-A1,0, nanocrystals to MA particles and an overview of the
implemented mechanisms against sedimentation and segregation.

surface microstructural changes affecting the fracture strength. With an
increase of the shaking time the surface roughness decreased, where the grains were flattened and partially spalled.

The observed 6-micrometre-thick altered subsurface region containing compressive residual stresses contributed

to a systematic increase in the forces of fracture within the sample population; however, only for those containing

the surface type of critical flaws that were in the form of mould imprints. The work was published in Journal of
the European Ceramic Society (IF=4.495).

Functional ceramics: semiconducting ZnO-based ceramics (varistors, thermoelectrics)

In the field of oxide thermoelectric materials, we continued with the development of the n-type ZnO-based
ceramics for energy-harvesting applications at medium and high temperatures. The focus of the research is the
influence of interfaces like grain boundaries and special planar defects (i.e., inversion boundaries) on charge
and heat transport. Understanding of these phenomena is essential to enhance the electrical conductivity (o),
while preserving the high Seebeck coefficient (S) and to reduce the thermal conductivity. The aim is bottom-up
structural and microstructural engineering of Zn0-based ceramics with significantly improved thermoelectric
properties. Accordingly, the influence of the starting ZnO powder doped with selected elements like Al, In and
Co in very low amounts of few at.% and sintering methods on the thermoelectric characteristics was studied. We
collaborated with the National Institute for Materials Science (NIMS, Tsukuba, Japan) in the study, which showed
that the powder of Al-doped porous aggregates of ZnO nanoparticles enable the preparation of the ZnO ceramics
with substantially enhanced thermoelectric characteristics. The ZnO nanopowder was synthesized by a novel and
simple interface-reaction method (double-emulsion method). Densification of such powder using SPS results in
ceramics with markedly suppressed lattice thermal conductivity due to a significant reduction of the ZnO grain size,
inclusions of fine Al-rich nanoparticles and nanoporosity. Also, electrical conductivity (o) and power factor (PF =
$$?) are enhanced by increased donor (A*) doping of the grains. In collaboration with NIMS we continued with
our research about the influence of doping with magnetic elements such as Co on the structural, microstructural
and thermoelectric properties of the Al-doped ZnO ceramics. The results showed that the electrical conductivity and
the power factor of the ceramics are increased for about 50% already with the addition of 0.25at.% of Co. Additions
up to 0.5 at.% Co increase the thermal conductivity, but with higher additions it decreases. Furthermore, within
collaboration with the CRISMAT Laboratory (Caen, France) we started to study the influence of using either fine
Zn0 nanopowder with a particle size of about 20-30 nm or coarser Zn0 powder with a particle size of about 200
nm on the microstructure development and thermoelectric characteristics of the ZnO ceramics doped with up to
4 at.% of Al and up to 1.5% of In.

In collaboration with the Shanghai Institute of Ceramics, Chinese Academy of Science - SICCAS we continued
studies of the ZnO ceramics with specific electrical characteristics. Our previous studies showed that classic sintering
in areducing atmosphere and also spark-plasma sintering (SPS) in a vacuum prevent the formation of electrostatic
Schottky barriers at the grain boundaries and strongly increase the solid solubility of donor dopants such as Al
in the ZnO grains. Consequently, increased charge-carrier concentration and mobility result in several orders of
magnitude higher electrical conductivity (o), while increasingly the defect structure due to a large concentration
of point defects reduce the lattice conductivity significantly. Further studies also showed that although annealing
of such ceramics in air results in strongly reduced electrical conductivity and hence also power factor due to the
formation of Schottky barriers at the grain boundaries, their power factor is still 8-times higher than in ceramics
prepared only by sintering in air. Results confirmed the advantages of such two-stage sintering of the ZnO-based
ceramics for the thermoelectric applications. Accordingly, studies were aimed to evaluate the influence of annealing
in air on an eventual decrease of the Al solid solubility in Zn0 and its precipitation in grains or at the grain bounda-
ries, degree of structural defectness, changes in the microstructure and consequently the thermal conductivity of
ceramics conventionally sintered under a reducing atmosphere or SPS in vacuum. With SICCAS we also continued
the research on the development of the new type of the ZnO-based varistor ceramic with a very simple chemical
composition and without standard varistor dopants like oxides of Bi,0, (problem of liquid phase formation and
evaporation during sintering), Pr (expensive) and others (Ni, Cr).
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Collaboration with company Bourns is aimed to enhance the current-voltage (I-U) characteristics and stability
of the ZnO-based multilayer varistors. In collaboration with the Faculty of Mechanical Engineering, University of
Ljubljana and the VARSI company we study the influence of the surface machining of ceramics on their performance.

Mineralogy

Anewly initiated collaboration with the Department for Litospheric Research of Vienna University in the frame
of FWF-ARRS International Project GInA: ‘Mineral inclusions in garnets from macroscopic to atomic scale - opening
the petrogenetic archive’ and FWF-RFBR International Joint Project MiMa: ‘Fe-Ti oxide inclusions and magnetism of
oceanic gabbro’ was dedicated to experimental studies of petrological samples. The planned visits were stringently
reduced due to the COVID-19 outbreak and the research was conducted with minimum interactions. Except the
kickoff meeting in January, all further project meetings were held on-line. Collaboration with Dr. Pavel N. Gavry-
ushkin from the University in Novosibirsk was strengthened and connected to the existing collaboration with Acad.
Prof. Mihdly Postai from the University of Veszprém. Trilateral collaboration aims to address the theoretical and
structural aspects of the aragonite problem.

Self-assembly: Our studies were focused on the unusual displacements of rutile fibers grown on rutile templates
that could not be explained by simple epitaxial growth. For this purpose, we prepared models for virtual ab-initio
experiments aimed to resolve this problem. On the pure surfaces the optimization did not converge at all, and the
fiber separation was too large for hydrogen bonding, therefore we designed models with hydrated interface, which
closely simulate experimental conditions. DFT optimization showed an interesting trend of protonation in the case
of shift, which was not present in the models with no shift, directly suggesting that the observed displacements
are generated by acidic medium. Our studies give a fundamental insight into self-assembly processes on the
atomic scale.

Semiconductors: Collaboration with Dr. Ildiko Cora from the Institute of Technical Physics and Materials
Science of the Hungarian Academy of Sciences in Budapest on in-situ TEM studies of the Ga,0, transformation
resulted in a highly ranking, joint publication in Acta Materialia (IF=7.656). The work was conducted as a part
of Slovenian-Hungarian bilateral project (Characterization of structural

Studies of microstructure evolution and electrical
properties of SnO, -based varistor ceramics were
concluded by publishing two further papers in
the Journal of the European Ceramic Society

(IF=4.495).

defects in semiconductor ZnO films grown by atomic layer deposition
(ALD)). Quantum chemical and high-resolution TEM studies of stability
and the formation of chemically induced planar defects in crystals done in
acollaboration with the Institute for Multidisciplinary Research in Belgrade
resulted in another excellent publication in Acta Materialia (IF=7.656).
We demonstrated that ab-initio calculations can be used as a powerful

tool to perform virtual experiments that have the capacity to predict
and to reproduce experimentally observed non-periodic features, such as interfaces, which are responsible
for the quantum properties of materials. Combining atomistic modeling, DFT calculations and HRTEM analysis we
provided a new, fundamental insight into the structure and stability of Sh-rich, basal-plane IBs in Zn0. DFT screening
for the most stable IB model had an unexpected outcome - it predicted a model that was previously not known in
this system, to be the most stable one, and that the generally accepted IB model, identified by our group in 2001, is
the second most stable. This surprising result was verified by careful HRTEM screening of Sb,0,-doped ZnO samples
that resulted in an experimental confirmation of the theoretically identified structure. We showed that the energies
of the constituting stacking segments can be used to predict the stability of
IB structures without the need for further ab-initio calculations (Figure 11).
Our study demonstrates that the quantum-chemical modeling of materials
can be leveraged with atomic-scale electron microscopy methods to extract
fine structural details from interfaces. Refined structures are fundamental
to solving the open questions related to their role in the electron transport,
phonon scattering, the mysterious p-type conductivity of Zn0, the affinity
of dopants to generate IBs and the underlying formation mechanisms,
whereas the excellent match between the calculations and experiment
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Figure 11: SFs as a preparatory stage of IB formation (left). DFT analysis
of possible stacking modes demonstrates that a thermodynamically more
stable structures involve fewer cubic bonds (above). The two stable IB
structures in Sb,0 -doped ZnO: the old one (IB,) known from quantitative
HRTEM study of IBs by Recnik et al. (2001), and the new, more stable IB
structure (IB), predicted by DFT screening. Both IB structures coexist and
are confirmed experimentally (published by Ribic et al. Acta Materialia
(2020)).

demonstrated in our study opens new perspectives for the prediction of
such properties from first principles. Linking the two faces of the phe-
nomenon, our study makes a bridge between two scientific communities
both working at the atomic scale, theoreticians and experimentalists, and
will inspire these complementary groups to work hand in hand at solving
fundamental materials science problems.
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Advanced Electron Microscopy

For the microstructural characterization of materials we use advanced
correlative microscopy, which means the application of combined and
optimized several analytical microscopic methods including: scanning elec-
tron microscopy (SEM/FEGSEM), qualitative and quantitative elemental
analysis by electron-probe microanalysis (EPMA) with energy-dispersive
(EDXS) and wavelength-dispersive (WDXS) X-ray spectroscopy, electron-
backscatter diffraction (EBSD) and complementary light optical micros-
copy (LOM) and atomic force microscopy (AFM) (Figure 12).

By using optimized correlative microscopy, we have studied various
materials such as: thermoelectric ceramics, varistor ceramics, complex
metallic alloys and quasicrystals, permanent magnetic materials based
on Nd-Fe-B and Sm-Fe-Co, abrasives.

The ESTEEM consortium (Enabling Science and Technology through
European Electron Microscopy) continued its activities in the field of ma-
terials characterization using state-of-the-art techniques of transmission
electron microscopy, such as electron-energy-loss spectroscopy (EELS),
high-resolution scanning transmission electron microscopy (STEM,
HAADF-STEM), in-situ TEM and mechanical preparation of TEM samples.

The research group of the Department for Nanostructured Materi-
als is very strongly connected with the activities within the Center for
Electron Microscopy and Microanalysis (CEMM), mainly through the
implementation of various electron microscopy analytical techniques
and the possibility for the researchers to access research infrastructure
for electron microscopy.

Industrial partners

Department for Nanostructured Materials K-7

Figure 12: Correlative FEGSEM-EBSD microanalysis of the Nd-Fe-B
material with the marked matrix phase Nd Fe B (1) and secondary
o:-Fe phase (2) with the corresponding EBSD patterns, unit-cell
orientations and phase identification.

ESTEEM consortium, which was successfully
granted its third ESTEEM INFRAIA project
(ESTEEMS3), has the status of an EU Advanced
Community. A member of our department is the
coordinator for networking activities (NAs) within
the project.

Within the project “Microstructural investigations of abrasive materials” with industrial partner Weiler Abra-
sives, Zrece we have investigated innovative composite abrasives, intended to develop and manufacture improved

cutting and grinding tools with a prolonged lifetime.

Education and outreach activities

For the eighth year, the members of the department participated in science promotion activities within the

framework of the Science on the Street project. We organized 13 live and virtual popular-science lectures. On the
ZnG website we have published 5 blogs of researchers and 2 contests. At the invitation of the EIT “Raw Materials”
and JA Slovenia (Institute for the Promotion of Youth Entrepreneurship), we co-organised the Innovation Camp
2020. One hundred students from 20 high schools from all over Slovenia participated in the Innovation Camp.
The members of the department are further involved in the education program at the Jozef Stefan International
Postgraduate School, Faculty of Natural Sciences and Engineering, UL and at the Academy of Fine Arts and Design, UL.

SRIP ToP activities, vertical value chain (VVV) New materials
Within the SRIP ToP VVV New Materials activities, we prepared additions to the accepted action plan for the III.
phase of SRIP ToP for the period 2020-2023 which is following the successful conclusion of the II. phase.

Awards and appointments

1. DrSpela Trafela was awarded by 'Oréal-UNESCO National Programme for Women in Science in 2020
in recognition of her fundamental and applied research. She has developed nanostructured sensor plat-
forms based on a Ni(OH), /NiOOH-Ni redox system for the electrochemical detection of formaldehyde in
alkaline media.

2. After receiving the Krka Prize in 2019, for the study entitled “Colloidal silver in dental products”, students
Laura Drasler and Ula Dragman, from the Vi¢ High School, under the mentorship of prof. Alenke Mozer
(Vi¢ High School) and Anje Korent (JSI, K7), submitted a research paper to the GENIUS Olympiad 2020
competition. The submitted research paper has made it to the finals of the GENIUS Olympiad 2020. The
research focuses on a study of the colloidal silver concentration in dental products such as toothpaste,
mouthwash and toothbrush. Commercial products with silver content were purchased and studied by
students at the K7, IJS laboratories.
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The Editorial Board from the prominent journal Green Chemistry selected a paper by Xuan Xu, Saso
Sturm, Zoran SamardZija, Janez Scancar, Janez, Katarina Markovi¢, Kristina ZuZek Rozman, all from
the Jozef Stefan Institute, entitled “A facile method for the simultaneous recovery of the rare-earth elements
and transition metals from Nd-Fe-B magnets” as a 2020 HOT Green Chemistry article. The paper is a
result of the ITN-MSCA project DEMETER, Training Network for the Design and Recycling of Rare-Earth
Permanent Magnet Motors and Generators and Full Hybrid and Electric Vehicles [2015-2019] for which
funding is gratefully acknowledged.

Prof. Dr Saso Sturm, Head of Department for Nanostructured Materials, was elected as 2 member of the
Executive Board of European Microscopy Society (EMS) in August 2020. The EMS is an umbrella organi-
zation that brings together all national microscopy societies. Prof. Dr Saso Sturm was proposed by the
Slovene Society for Microscopy (SDM) Executive Board and thus the Slovenian representative in the EMS
Executive Board was elected for the first time.

Organization of conferences, congresses and meetings

1. Annual meeting of LIA PACS2: International Associated Laboratory; Push-Pull AlloyS and Complex Com-
pounds: from bulk properties to surface functions, 5 November 2020 (co-organisers, virtual)
2. The 12" Jozef Stefan International Postgraduate School Students’ Conference and 14 CMBE day, 15 May
2020 (co-organisers, virtual)
Patent granted
1. Paul]. McGuiness, Marko Soder7nik, Kristina Zagar, AndraZ Kocjan, Spomenka Kobe, Method of manu-

facturing fully dense Nd-Fe-B magnets with enhanced coercivity and gradient microstructure, EP2869311

(B1), European Patent Office, 24. 06. 2020.

INTERNATIONAL PROJECTS

K7, CTT - ID Creations; Rights and Obligations regarding the Development, Use and
Commercialization of Hydrothermally Synthetized TiO2 Coatings in Metal Orthopaedic
and Dental Implants

Prof. Sa$a Novak Krmpotic

1d Creations Oy

Spark Plasma Sintering (SPS) of Cost Effective and High Performance Rare-Earth Based
Permanent Magnets for Electrical Machines

Prof. Spomenka Kobe

ABB Switzerland Ltd

COST CA17140 - Nano2Clinic; Cancer Nanomedicine - From the Bench to the Bedside
Dr. Nina Kostevsek

RESEARCH PROGRAMMES

Nanostructured Materials

Prof. Saso Sturm

Ceramics and complementary materials for advanced engineering and biomedical
applications

Asst. Prof. Andraz Kocjan

Fusion technologies

Prof. Sasa Novak Krmpoti¢

R & D GRANTS AND CONTRACTS

Cost Association Aisbl Role of estrogens in active brain feminisation? and development of a novel hormone
H2020 - ESTEEM3; Enabling Science and Technology through European Electron 1mplamv mimicking estrous cycle
Microscopy Prof. Sasa Novak Krmpotic
Prof. Miran Ceh 2. Characterization of fractal structures and scale-up parameters in their synthesis
European Commission Dr. Matejka Podlogar T . . .
12020 - SUSMAGPRO; Sustainable Recovery, Reprocessing and Reuse of Rare-Earth 3. Development of 2 new reactor concept for microkinetic studies and its use for selective
Magnets in a CircularyEconomy ' oxidative dehydrogenation of alkanes and methane coupling
Prof. Spomenka Kobe Dr. Luka Suhadolnik
European Commission 4. Selective extraction of high value molecules from forest products processing residues in
H2020 - EUROfusion; Plasma Facing Components-1-IPH-FU, EUROfusion the speciality ghemlcals sector
Prof. Sasa Novak Krmpoti¢ Dr. Petra Jenu$ . . . A
European Commission 5. Molybdenum geobiochemical Cycle in modern environments
H2020 - EUROfusion; Materials-PPPT-FU Prof. Saso Sturm o o . .
Prof. Sasa Novak Krmpotic 6. Advanced 3D cell models: Bridging the gap between in vitro and vivo experimental
European Commission Systemsv(hcpSDGchox) .
12020 - EUROfusion; Education-ED-FU Prof. Sasa Novak Krmpotic ' ' .
Prof. Sasa Novak Krmpotic 7. Postradiation caries in head and neck cancer patients: Understanding and prevention
European Commission Asst. Prof. Andraz Kocjan
Investigation of Helium Retention in Plasma Facing Materials Using Advanced 8. Degradapon of plastics with polyextremotolerant fungi
Analytical Methods Dr. Matejka Podlogar
Asst. Prof. Janez Zavainik 9. Modulation of fruit polyphenolic profile by sustainable postharvest physical treatments
Slovenian Research Agency Dr. AnZe Abram ‘ B

. Tailoring Thermoelectric Properties through Defects Engineering in ZnO Bulk Ceramics 10. Catalytically-assisted high efficiency and low-cost nanostructured sensors based on
Prof. Slavko Bernik modified screen printed electrodes for analytical chemistry
Slovenian Research Agency Prof. Kristina ZuZek Rozman

. Nanostructured Metal Oxide-Based Materials for Applications in Photocatalytic 11. Nanoscale investigations of diffusion controlled topotaxial phase transformations in
Processes rutile-corundum host systems
Dr. Matejka Podlogar Prof. Aleksander Re¢nik
Slovenian Research Agency 12. Towards reliable implementation of monolithic zirconia dental restorations

Dr. Andraz Kocjan
13. Mineral inclusions in garnet from macroscopic to atomic scale: Opening the
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petrogenetic archive
Prof. Aleksander Re¢nik

Department for Nanostructured Materials K-7

Prof. Saso Sturm
Ministry of Education, Science and Sport

14. High performance nanostructured acrylamide sensors 23. Anovel ciruclar economy for sustainable RE-based magnets
Dr. Kristina Zagar Soderznik Prof. Spomenka Kobe
15. Designing functionality of lead-free ferroelectrics through domain wall engineering Ministry of Education, Science and Sport
Asst. Prof. Matej Andrej Komelj 24. Services for the Exports
16. UV sensors nanoparticles embedded into PA fibres Dr. Zoran Samardzija
Prof. Spomenka Kobe 25. External Services
17. Effective recycling of abrasive sludge in the production of Sm2Co17 magnets for a Asst. Prof. Andraz Kocjan
waste-free economy
Prof. Kristina ZuZek Rozman
18. Development of complex shape multicomponent permanent magnets with the use of N EW CON TRACTS
advanced 3D printing technology
Prof. Spomenka Kobe Measurements on the vibrating sample magnetometer, x-ray diffractometer and
19. Degradation of textile microplastic for domestic wastewater treatment transmission electron microscope on the CoNiP system
Dr. Matejka Podlogar Prof. Saso Sturm
20. Novel Flow Photoelectrocatalytic Reactors for Degradation of Pharmaceuticals in Waste Rls Merilna Tehnika d. 0.0. , o
Water 2. Novel Flow Photoelectrocatalytic Reactors for Degradation of Pharmaceuticals in
Prof. Miran Ceh WasteWater
21. Strategic Research & Innovation Partnership Factories of the Future (SRIP FoF) Prof MiranCeh
Dr. Kristina Zagar Soderznik Arhel Projektiranje in InZeniring d. 0. o.
Ministry of Economic Development and Technology 3. Characterization pf surface structure of machined ceramic materials
22. RECEMENT:Re-generating (raw) materials and end-of-ife products for re-use in Prof, Slavko Bernik
Cement/Concrete Unversity of Ljubljana
Laia Alfonso, Marina Salord Fiol and Maria Fernandez, University of Barcelona, 10. Dr Sophie Legeai, Institut Jean Lamour, University of Lorraine, France, 5-7 March 2020
Barcelona, Spain, 16 September 2019 to 16 January 2020 11. Milan Vuksic, Fakultet strojarstva i brodogradnje u Zagrebu, Sveuciliste u Zagrebu,
2. DrVincent Fournee, Institut Jean Lamour, Nancy, France, 21-26 January 2020 Zagreb, Croatia, 1 March to 6 April 2020
3. DrGerlinde Habler, Ge Bian, Olga Ageeva, Taisia Alifirova, Victoria Kohn, Rainer Abart, 12. doc. Dr Ale§ Omerzu, Univerza v Rijeki, Rijeka, Croatia, 7 July 2020
Thomas Griffiths, University of Vienna, Vienna, Austria, 22-31 January 2020 13. Milan Vuksic, Faculty of Mechanical Engineering and Naval Architecture, University
4. Dr Miguel Bernal and Dr Jon Ustarroz, Université Libre de Bruxelles, Brussels, Belgium, of Zagreb, Croatia, 28 June-26 July 2020
2-9 February 2020 14. Lana Staver, Faculty of Medicine, University of Ljubljana, Ljubljana, Slovenia,
5. Dr Goran Brankovic, University of Belgrade, Belgrade, Serbia, 11-14 February 2020 5-7 August 2020
6. Dr Thomas Schrefl, Danube University Krems, Krems an der Donau, Austria, 15. Andrea Delgado Lopez, Gran Via de les Corts Catalanes, Barcelona, Spain, 1 October to
13-14 February 2020 31 December 2020
7. Prof. Stoja Reskovic, Zavod za mehanicku metalurgiju, Sveuciliste u Zagrebu, 16. Dr Richard Wheeler, Edinburgh Scientific, Edinburgh, Scotland, 3 September 2020
Metalurski fakultet, Sisak, Croatia, 24 February 2020 17. TomaZ Bojko and Dr Cy Su, Keko-Varicon druzba za proizvodnjo in razvoj elektronskih
8. Biisra Ginhan, Kiitahya Dumlupinar University, Kiitahya, Turkey, 14 January to Komponent, d.0.0., Zuzemberk, Slovenia, 23 September 2020
16 March 2020 18. Tina Zajc Benda, RIS Manager, EIT RawMaterials Innovation Hub CLC East Sp.z 0. o,
9. Vesna Ribic, University of Belgrade, Belgrade, Serbia, 1 February to 31 December 2020 Wroctaw, Poland, 14 October 2020
Researchers 27. Dr. Spela Trafela
1. Prof. Slavko Bernik Postgraduates
2. Prof. Miran Ceh 28. Giulia Della Pelle, B. Sc.
3. Prof. Jean Marie Dubois 29. Hermina Hudelja, B. Sc.
4. Dr. Aljaz Ivekovic 30. Matej Kocen, B. Sc.
5. Dr. PetraJenu§ 31. Matic Korent, B. Sc.
6. Prof. Spomenka Kobe 32. Anja Korent, B. Sc.
7. Asst. Prof. Andraz Kocjan 33. Abhilash Krishnamurthy, B. Sc.
8. Asst. Prof. Matej Andrej Komel; 34. Monika Kuster, B. Sc.
9. Prof. Sasa Novak Krmpoti¢ 35. Ziva Marinko, B. Sc.
10. Dr. Matejka Podlogar 36. Ipeknaz Ozden, B. Sc.
11. Dr. Benjamin Podmiljsak 37. Patrick Seles, B. Sc.
12. Prof. Aleksander Recnik 38. SaraTominc, B. Sc.
13. Dr. Zoran Samardzija 39. Anubhav Vishwakarma, B. Sc.
14. Prof. SaSo Sturm, Head 40. Dr: Xuan Xu, left 26.01.20
15. Asst. Prof. Janez Zavasnik, 01.05.20, transferred to Department FO Technical officers
16. Dr. Kristina Zagar Soderznik 41. Sabina Cintauer, B. Sc.
17. Prof. Kristina Zuzek RoZzman 42. Sanja Fidler, B. Sc.
Postdoctoral associates 43. Kaja Krizman, B. Sc.
18. Dr. Anze Abram 44. Tina RadoSevic, B. Sc.
19. Dr. Maja Antanasova* 45. Dr. Boris Saje*
20. Dr. Natasa Drnovsek* Technical and administrative staff
21. Dr: Vanja Jordan, left 23.11.20 46. Darko Eterovic
22. Dr. Fevzi Kafexhiu 47. Tomislav Pustotnik
23. Dr. Nina Kostevsek
24. Sorour Semsari Parapari, B. Sc. Note:
25. Dr. Luka Suhadolnik i
2% Dr. Tomaj Tome part-time JSI member
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PATENT APPLICATION

1. Simon Reinhard, Ja¢im Ja¢imovi¢, Lorenz Herrmann, TomaZz Tomse,
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method of producing same, US2020143963 (A1), US Patent Office, 7. 05.
2020.
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1. Paul J. McGuiness, Marko Soderznik, Kristina Zagar, Andraz Kocjan,
Spomenka Kobe, Method of manufacturing fully dense Nd-Fe-B magnets
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European Patent Office, 24. 06. 2020.
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1. Bojan AmbrozZi¢, In situ synthesis and growth of nanoparticles using a
liquid cell transmission electron microscopy: doctoral dissertation,
Ljubljana, 2020 (mentor Sa$o Sturm).
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DEPARTMENT FOR MATERIALS

SYNTHESIS K-3

The research of the Department for Materials Synthesis is mainly related to the synthesis of
various advanced materials, especially magnetic materials, semiconducting oxides and optical
materials. Special attention is given to nanostructured materials, such as ferrofluids, functionalized
nanoparticles for use in biomedicine, multifunctional nanocomposites, magnetic coatings and
Sluorescent nanoparticles.

Alarge part of the research at the Department for Materials Synthesis is devoted to the synthesis of nanoparticles.
The wet-chemical synthesis of inorganic materials with complex compositions and crystal structures in the form
of small nanoparticles has great potential for the discovery of new compounds. Namely, according to the empirical
Ostwald step rule, metastable polymorphs frequently nucleate before the stable phase due to a lower nucleation
barrier. These metastable polymorphs can be stabilized at the small size of the nanoparticles if the surface energy
of the metastable phase is lower to that of the stable phase. The metastable polymorphs stabilized at the nanoscale
represent some of the technologically most important nanomaterials, e.g., photocatalytic anatase and magnetic Head:
maghemite nanoparticles. Even through it is expected that such metastable polymorphs are not restricted to simple  Prof. Darko Makovec
oxides, they were never reported for the mixed oxides with a complex structure. Our systematic research of mecha-
nisms involved in the formation of two types of mixed oxides, magnetic hexaferrites (AFe 0, A =Ba, Sr, Ca) and
ferroelectric Aurivillius bismuth titanate (Bi,Ti,0,,) during their hydrothermal synthesis confirmed the immense
potential of the stabilization of new metastable polymorphs for the discovery of new nanomaterials.
The hydrothermal synthesis of hexaferrite nanoplatelets has been a topic of our research for decades. The
barium-hexaferrite nanoplatelets exhibit unique magnetic properties defined by their very large, uniaxial magnetic
anisotropy, with the easy axis perpendicular to the platelet. They already enabled the development of new materi-
als, e.g., ferromagnetic fluids, soft magneto-electrics, and magneto-optic

composites. However, for applications in medicine, barium hexaferriteis ~ Discovery of new polymorphs in mixed oxides
not the preferred material because of the potential toxicity of barium. With ~ with a complex crystal structure: strontium
the hydrothermal method we can also synthesize strontium-hexaferrite ~ hexaferrite and bismuth titanate.

nanoplatelets; however, their magnetic properties cannot match those of
the barium analogue. A systematic study of nanoplatelet formation using conventional methods (TEM, XRD) did
not show any significant differences between the two analogues. Different mechanisms were only revealed by an
analysis of the nanoplatelets’ structure with an atomic-resolution scanning-transmission electron microscope (ARM).
The Ba-hexaferrite forms in reactions between Ba- and Fe-hydroxides at temperatures below 80 °C as ultrafine, less-
than-20-nm-wide discoid nanoplatelets. Their structure can be represented in terms of two alternating structural
blocks: a hexagonal (BaFe 0, )* R block and a cubic (Fe,0,)* spinel S
block, as a SRS* segment of the hexagonal magnetoplumbite RSR*S* unit
cell (8.G.: P63/mmc, a=5.88 A, c= 23.05 A). With the exaggerated growth
above 150 °C, the nanoplatelets’ thicknesses increase discretely with the
addition of the RS segments to their initial structure. Also, the Sr-hexaferrite
forms as the ultrafine discoid nanoplatelets (2-5 nm thick and a few tens
of nm wide); however, the ARM analysis showed that they have completely
different structure than the Ba-hexaferrite nanoplatelets. They exhibit an
incredibly complex crystalline structure with a very large hexagonal unit
cell (a= 56.6 A, c=18.0 A) (Figure 1). With exaggerated growth above 160
°C, the discoid nanoplatelets with the new structure recrystallize into larger
hexagonal nanoplatelets with the equilibrium magnet