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The Department for Nanostructured Materials (K7) is a new
department at the JoZef Stefan Institute. It was formed in 2001 as a
response to the rapidly expanding fields of nanotechnology and
nanomaterials. All the members of the new department were previously
members of Ceramics Department (K5), which was reorganised into five
new units: four departments and a Centre for Electron Microscopy.

The basic research in the Department for Nanostructured Materials
focuses on inorganic materials with specific physical properties that are a
consequence of their structural and chemical phenomena at the
nanostructural and atomic levels. The fields of research involve natural and
manufactured ceramic materials as

Head:
A/Prof. Spomenka Kobe

well as metals and intermetallic compounds. The basis of the
research is to find relationships between the physical
properties of a material and its structural and chemical
properties by using electron microscopy techniques to reveal
phenomena on the nanoscale. Macroscopic phenomena, for
example, phase transformations, phase equilibria, polytypisim,
polymorphism, crystal growth and the development of the
microstructure are areas of particular interest.

The research program in the field of intermetallic
materials continued to build on the research of previous years
with the emphasis on high-energy permanent magnets
combined with the broader area of powder metallurgy.
Research and development was concentrated on the following
rare-earth transition-metal (RE-TM) permanent-magnet alloys:
RETMs, RE,;TM;7, RE,TM14,B and the interstitially modified
RE,TM17N34, all of which exhibit exceptional magnetic
properties, enabling miniaturisation in many areas of their
application. The wuse of these magnets is growing
exponentially with the developments in telecommunications,
computers, medicine, etc. The research into magnetic
materials based on intermetallic alloys involves studies of
ecologically acceptable methods for the preparation of
nanocrystalline powders that can be used as a basic material
for bonded magnets. It also involves the study of the
rheological properties of nanocrystalline powders. By using a
monomolecular layer of organic substance as a coating
material the flowability of the powders was substantially

We proved the influence of planar
faults and polytypic sequences on
exaggerated grain growth of
polycrystalline oxide materials. We
developed aspecial analytical
method with high precision for
chemical composition
determination of asingle atomic
layer (collaboration with University
Bonn).

Nanocrystalline magnetic powders
based on RE-Fe-B with a
composition designed to induce
highly anisotropic (87%) grain
growth were prepared for bonded
magnets. We reduced the size of 3
kV varistors for 30% with
preserved electrical properties. As
part of an EU5 project we designed
and built a new closed-loop
magnetic measuring system for
determining permanent-magnet
properties at temperatures over
400°C. This new device will allow
the non-destructive
characterisation of magnets at
high temperatures.

improved, which is of great importance for industrial applications. The result of optimising the chemical
composition and the HDDR processing of RE,Fe4B-based alloys was a highly anisotropic high-
coercivity powder. Using TEM we were able to study the influence of the processing on the grains, the
grain boundaries and the phase boundaries in the final microstructure, and the influence of these
factors on the magnetic properties. We also made a study of the influence of various additives like Zr
and Ta on the development of microstructure and the induced anisotropy in the RE,TM17N3.4 powders
processed by the HDDR technique. Analytical microscopy is one of the few methods that allow us to
make such studies and due to the complicated and demanding preparation of samples for the TEM
and EDXS analyses from agglomerated nanocrxstalline magnetic powders we needed to develop a
special preparation method. As part of an EU 5" FW project we developed and constructed a device
to measure the magnetic properties of permanent magnets up to 450°C in a closed magnetic circuit, a
very important achievement in the area of high-temperature RE,TM;7 sintered magnets. Much of the
department’s research is linked to international projects, these include: NATO SfP, EU g" FW, and
bilateral projects with IFW, Dresden and the University of Florida, Gainesville.

1



“Jozef Stefan” Institute, Ljubljana, Slovenia ®
Department for Nanostructured Materials

(a) TEM bright field image of partially disproportionated alloy (decomposition of Nd-Fe-B grain),
(b) partially recombined Nd-Fe-B crystallite (around the NdH. phase) during the HDDR
processing of nanocrystalline Nd-Fe-B powders (A: Nd-Fe-B, B: aFe, C: NdH>)

The research in magnetic materials is supported by theoretical studies within the framework of
ab-initio electron-structure calculations using the full-potential linearized-augmented-plane-wave
(FLAPW) method. The results of these investigations are recognized as being among the leading
achievements in this field. The research and development work that is financially supported by
Termoelektrarna-Toplarna, Ljubljana, was continued in cooperation with a group at the Faculty of
Natural Science. Using X-ray diffraction analyses, zeta-potential measurements and HRTEM analyses
we systematically followed the influence of applied magnetic fields on the crystallization form of
CaCOs.

TEM micrograph (dark field) of particles of TEM micrograph (dark field) of Calcite
Calcite (C), Aragonite (A) and Vaterite (V) particle in magnetically treated water
found in magnetically treated water samples. samples.
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The research program of the group for Electron microscopy was primarily focused on
determining the structure and chemical composition of planar faults and polytypic sequences in
various polycrystalline ceramic materials using different electron microscopy techniques. Our recent
results showed that exaggerated grain growth in polycrystalline materials could be induced by
polytypic sequences in crystals. Our investigations of the phenomenon of exaggerated grain growth
have led us to a systematic study of the grain growth in various ceramic materials, with particular
reference to perovskites. Using atomic-resolution transmission electron microscopy we showed that,
as a rule, the exaggerated grains contain polytypic faults. These faults can be either isolated or in the
form of ordered polytypic sequences. The structure and chemical composition of these faults
unambiguously showed that such polytypic sequences in the crystals are the result of an early phase
transformation between the phase and the dopant. Faults of this type can only be observed in the
systems where a secondary polytypic phase exists between the main phase and the dopant. Such a
polytypic phase decomposes incongruently to a liquid phase and a different polytype with a lower
ordering sequence. In the past, most of the research work of the group was aimed at structural
investigations of the faults in crystals that can induce exaggerated grain growth only in a very narrow
thermodynamic regime. This phenomenon enables us to control the final microstructure in many
technologically important ceramic oxide systems.

In SrTiO; and CaTiOz perovskites with an AO excess (A=Ca,Sr,Ba) we investigated the
chemical composition of polytypic phases and isolated planar faults by scanning-transmission electron
microscopy (STEM) and incoherent Z-contrast imaging.
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(a) Experimental and simulated HRTEM image and (b) experimental
and simulated HAADF STEM image of a single Ruddlesden-Popper
fault in SrO-doped SrTiO3 in [001] zone axis. (¢) The structural model
of the observed planar fault.

We developed suitable image-processing algorithms that enabled us to quantitatively correlate
the observed images with the calculated images. We discovered that the dopant with the lower atomic
number (Z) is always concentrated at the planar faults. Also, the mechanism of nucleation and growth
of polytypic phases and planar faults in nonstoichiometric perovskites was determined.
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In the ZnO-Sh,03 system we studied the structural conditions for the formation of planar faults
that induce exaggerated grain growth in ZnO. The atomic structure of these so-called inversion
boundaries was studied by transmission electron microscopy. With electron microdiffraction and high-
resolution transmission electron microscopy (HRTEM) we determined the structure of the inversion
boundaries. For the chemical analysis of the mono-atomic layer at the inversion boundary, which apart
from Zn atoms also contains Sh atoms, we have developed, in collaboration with the University in
Bonn, a special analytical method for determining extremely low elemental concentrations at planar
faults or grain boundaries. The method has a precision of 0.5%, which is two orders of magnitude
better than commonly used techniques of comparable spatial resolution. The reconstruction of
structural and chemical information obtained from the inversion boundary confirmed that these planar
faults have the composition ZnSbh,, where the Zn and Sb atoms are completely ordered into a
superstructure with 3m symmetry.
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Reconstruction of the inversion boundary in Sb 203-doped ZnO (published in J.
Am. Ceram. Soc., 84, 2001, 2657-2668, A. Recnik, N. Daneu, T. Walther, W.
Mader, Structure and chemistry of basal-plane inversion boundaries in
antimony oxide-doped zinc oxide)

These results led us to a systematic investigation of microstructure developments in ZnO
doped with extremely small concentrations of Sb™, i.e. from 0 to a few 100 ppm. We found that even a
very small amount of Sb®* caused the formation of inversion boundaries that determine the
subsequent ZnO microstructure development. The grains that contain inversion boundaries grew at
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the expense of the grains without inversion boundaries until the grains with the inversion boundaries
came to dominate the microstructure.

The normal grains in ZnO ceramics grew with a
growth exponent of 3. The grains with the inversion
boundaries have a similar growth exponent that is
independent of the amount of added Sb™. As long as
there are normal grains with inversion boundaries
present, they grow faster, with the exponent 2. When
only the grains with the inversion boundaries are present
their growth is hindered and the growth exponent
reaches a value of 4. When the Sb™ additions exceed
250 ppm, a fine-grained spinel phase inhibits the grain
growth.

In ZnO-based varistor materials doped with rare- ! j 1) b
earth oxides REOs) we have studied the influence of R
the ratio of Sb,03 to Bi,04/Sh,05 on the microstructure  Influence of the amount of added Sb " on the

and the electrical properties of ZnO ceramics doped with ~ 9rain size of ZnO ceramics, fired at 1200°C.
Y,0s. In the background of the graph

backscattered electron (BE) image of the
The applied research with VARSI (formerly Iskra  microstructure of ZnO sample doped with
VARISTOR) was aimed at developing varistor blocks ~ 100ppm Sb* is given. Inversion boundaries
with a diameter and height of 40 mm for medium-voltage  (IB) are evident in all ZnO grains.
arrester applications within the EKOVARESTER project.

The starting varistor composition was modified
in terms of Co, Mn and Cr content. By optimizing the
sintering process in terms of the burnout of the binder,
as well as the sintering regime, we have achieved better
final electrical properties for the material. The obtained
results enabled the online production of medium-voltage
varistors. Within the
R&D phase of the
project “Miniaturiza-
tion of the energy
varistors for 3kV
voltages” we have
improved the
standard starting
composition and the

In the Y203-doped ZnO-Bi>0Os-based varistor
ceramics fine-grained Bi-Zn-Sb-Y-O-type
phase (Y) uniformly distributed along the grain

boundaries of ZnO (Z) contributes to the sintering procedure ZnO based varistor blocks
effective inhibition of grain growth which and increased the developed in colaboration
results in the fine-grained varistor ceramics breakdown voltage between 1JS and VARSI and
with increased threshold voltage. by a factor of 1.5t0 2.  produced by VARSI.

In 2001 the group for Electron microscopy carried out electron microscopy analyses of
inorganic and organic materials for the following customers: “Jozef Stefan” Institute
(K5,K9,F5,F3,K3,02), National Institute of Chemistry, Faculty of Pharmacy, Faculty for Natural
Sciences, Slovenian Restoration Center, Lek d.d., DONIT TESNIT d.d., BIA Separations d.o.0., Swaty
d.d., FERITI d.d., Akripol d.d., Mehanika d.d., Magneti d.d. and Premogovnik Velenje d.d..
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Boris Orel, Angela Surca Vuk, Ur§a Opara
KraSovec, Goran Drazic

Electrochromic and structural investigation of
InVO 2 and some other vanadia-based oxide
films

In: Electrochim. acta, Vol. 46, no. 13/14, pp.
2059-2068, 2001.

Aleksander Recnik
Twins in barium titanate

In: Acta chim. slov., Vol. 48, no. 1, pp. 1-50,
2001.

Aleksander Recnik, Miran Ceh, Drago Kolar
Polytype induced exaggerated grain growth in
ceramics

In: J. Eur. Ceram. Soc., Vol. 21, pp. 2117-2121,
2001.

Aleksander Recnik, Nina Daneu, Thomas
Walther, Werner Mader

Structure and chemistry of basal-plane inversion
boundaries in antimony oxide-doped zinc oxide
In: J. Am. Ceram. Soc., Vol. 84, pp. 2657-2668,
2001.

Maja Remskar, AleS Mrzel, Zora Skraba, Adolf
Jesih, Miran Ceh, Jure Demsar, Pierre

Sadelmann, Francis Lévy, Dragan Mihailovic
Self-assembly of subnanometer-diameter single-
wall MoS2 nanotubes

In: Science, Vol. 292, pp. 479-481, 2001.

Saso Sturm, Aleksander Recnik, Miran Ceh
Nucleation and growth of planar faults in SrO-
excess SrTiOs

In: J. Eur. Ceram. Soc., Vol. 21, pp. 2141-2144,
2001.

Angela Surca Vuk, Boris Orel, Goran DraZic

IR spectroelectrochemical studies of Fe2V4013,
FeVO 4 and InVOy4 thin films obtained via the sol-
gel synthesis

In: J. Solid State Electrochem ., Vol. 5, no. 7/8,
pp. 437-449, 2001.

Nguyen The Hung, Nguyen Dinh Quang, Slavko
Bernik
Electrical and microstructural characteristics of

ZnO-Bi20s-based varistors doped with rare-earth
exides
In: J. mater. res., Vol. 16, pp. 2817-2823, 2001.

29.Kristina Zuzek, Paul J. McGuiness, Goran DraZic,
Spomenka Kobe
The effect of hydrogen absorption and desorption
on Ta-doped SmFe nitrides: dedicated to
professor Dr. Drago Kolar in memory of this
brilliant scientist and teacher
In: Z. Met.kd., Vol. 92, pp. 167-171, 2001.

30.Saso Sturm, Danilo Suvorov
Razvoj stekla od kamenodobnih puScic do
satelitskih postaj
In: Kem. Soli, Vol. 13, no. 1, pp. 18-27, March
2001.

Published Invited Conference Papers

1. Miran Ceh, Aleksander Recnik, Saso Sturm
HRTEM and STEM of ruddlesnes-popper faults in

nonstoichiometric CaTiOs

In: Proceedings of 5th Multinational Congress on
Electron Microscopy: September 20-25, 2001,
Lecce, Italy, L. Dini, ed., M. Catalano, ed.,
Princeton, Rinton, 2001, pp. 453-459.

2. Goran DraZic
Analitska elektronska mikroskopija sodobnih
anorganskih materialov
In: Zbornik referatov s posvetovanja, Slovenski
kemijski dnevi 2001, Maribor, September 20-21,
2001, Peter Glavic, ed., Darinka Brodnjak-
Voncina, ed., Maribor, Slovensko kemijsko
drustvo, 2001, pp. 899-904.

3. Spomenka Kobe, Sasa Novak, M. Vedenik Novak
The influence of impurity elements and magnetic
fields on the crystallisation form of calcium
carbonate
In: Proceedings of an International Conference on
Mitigation of Heat Exchanger Fouling and Its
Economic and Environmental Implications: held at
the Banff Centre for Conferences, Banff, Alberta,
Canada, July 1999, Theodore Reginald Bott, ed.,
A. Paul Watkinson, ed., C. B. Panchal, ed., New
York, Wallingford, Begell House, 2001, pp. 451-
459.

Published Conference Papers

1. Andreja Bencan, Goran DraZic, Janez Holc, Marko
Hrovat, Marija Kosec
X-ray powder-diffraction analysis and analytical
electron microscopy of lanthanum ruthenates
In: Proceedings, 37th International Conference on
Microelectronics, Devices and Materials and the
Workshop on Optoelectronic Devices and
Applications, October 10-12, 2001, Bohinj,
Slovenia, Franc Smole, ed., Marko Topic, ed.,
Iztok Sorli, ed., Ljubljana, MIDEM - Society for
Microelectronics, Electronic Components and
Materials, 2001, pp. 329-334.
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2. Andreja Bencan, Janez Holc, Janez Holc, Marko
Hrovat, Goran Drazic, Marija Kosec
Interactions between PZT thick films and Ni
substrates
In: Euro ceramics VII: Proceedings of the 7th
Conference & Exhibition of the European
Ceramic society, Brugge, Belgium, September
9-13, 2001(Key engineering materials, Vol. 206-
213), Zirich, Trans Tech Publications, cop.
2002, pp. 1301-1304.

3. Slavko Bernik, Bui Ai
The influence of the amount of Sb20s-based

varistor ceramics doped with Y>O3

In: Proceedings, 37th International Conference
on Microelectronics, Devices and Materials and
the Workshop on Optoelectronic Devices and
Applications, October 10-12, 2001, Bohinj,
Slovenia, Franc Smole, ed., Marko Topic, ed.,
Iztok Sorli, ed., Ljubljana, MIDEM - Society for
Microelectronics, Electronic Components and
Materials, 2001, pp. 311-316.

4. Slavko Bernik, R. B. Marinenko, Zoran
SamardZija, Miran Ceh, Marija Kosec

A comparison of correction methods for the
guantitative electron-probe microanalysis of
PLZT ceramics

In: Proceedings of 5th Multinational Congress on
Electron Microscopy: September 20-25, 2001,
Lecce, ltaly, L. Dini, ed., M. Catalano, ed.,
Princeton, Rinton, 2001, pp. 467-468.

5. AleS Dakskobler, Miran Ceh, Tomaz Kosmac
Anisotropic grain growth in "ultra-pure"[alpha]-
alunima caused by lanthanum doping
In: Euro ceramics VII: Proceedings of the 7th
Conference & Exhibition of the European
Ceramic society, Brugge, Belgium, September
9-13, 2001(Key engineering materials, Vol. 206-
213), Zirich, Trans Tech Publications, cop.
2002, pp. 441-444.

6. Nina Daneu, Aleksander Recnik, Slavko Bernik
Experimental evidence for nucleation and

growth of inversion boundaries on single ZnO
crystals

In: Proceedings of 5th Multinational Congress on
Electron Microscopy: September 20-25, 2001,
Lecce, Italy, L. Dini, ed., M. Catalano, ed.,
Princeton, Rinton, 2001, pp. 471-472.

7. Goran DraZic, Drago Torkar
Absestos recognition from TEM-EDXS spetra
using artificial neural networks
In: Proceedings, 37th International Conference
on Microelectronics, Devices and Materials and
the Workshop on Optoelectronic Devices and
Applications, October 10-12, 2001, Bohinj,
Slovenia, Franc Smole, ed., Marko Topic, ed.,
Iztok Sorli, ed., Ljubljana, MIDEM - Society for
Microelectronics, Electronic Components and
Materials, 2001, pp. 323-328.

8. Medeja Gec, Andreja Bencan, BoStjan Jancar,
Goran Drazic

Cross-sectional sample preparation of diffusion
couples for TEM investigations
In: Proceedings of 5th Multinational Congress on

10.

11.

12.

13.

14.

15.

Electron Microscopy: September 20-25, 2001,
Lecce, Italy, L. Dini, ed., M. Catalano, ed.,
Princeton, Rinton, 2001, pp. 61-62.

Marko Hrovat, Darko Belavic, Andreja Bencan,
Janez Holc, Goran Drazic

Characterisation of thick-film PTC resistors

In: Proceedings, 37th International Conference on
Microelectronics, Devices and Materials and the
Workshop on Optoelectronic Devices and
Applications, October 10-12, 2001, Bohinj,
Slovenia, Franc Smole, ed., Marko Topic, ed.,
Iztok Sorli, ed., Ljubljana, MIDEM - Society for
Microelectronics, Electronic Components and
Materials, 2001, pp. 255-260.

Marko Hrovat, Darko Belavic, Zoran SamardZzija,
Janez Holc

An investigation of thick-film resistors, fired at
different temperatures, for strain sensors

In: Conference proceedings, loan Dumitrache, ed.,
Paul Svasta, ed., Piscataway, Institute of Electrical
and Electronics Engineers, 2001, pp. 32-36.

R. B. Marinenko, Zoran SamardZija, Slavko
Bernik, Miran Ceh, Marija Kosec

Evaluation of lead lanthanum zirconium titanate
(PLZT) specimen for use as an electron
microprobe reference material: presented at 59th
Annual Meeting of Microscopy and Microanalysis,
August 5-9, 2001, Long Beach, California

In: Microscopy and microanalysis, Vol. 7, Suppl. 2,
pp. 680-681, 2001.

Aleksander Recnik, Masahiro Kawasaki, Takashi
Yamazaki, Nina Daneu, Kazuto Watanabe, Miran
Ceh, Makoto Shiojiri

HAADF-STEM image simulations of basal-plane
inversion boundaries in Sh203-doped zinc oxide
In: Proceedings of 5th Multinational Congress on
Electron Microscopy: September 20-25, 2001,
Lecce, Italy, L. Dini, ed., M. Catalano, ed.,
Princeton, Rinton, 2001, pp. 487-488.

Zoran Samardzija, Miran Ceh

Microstructural characterization of Ti1xAlN and
Cr(C,N) hard coatings

In: Proceedings of 5th Multinational Congress on
Electron Microscopy: September 20-25, 2001,
Lecce, Italy, L. Dini, ed., M. Catalano, ed.,
Princeton, Rinton, 2001, pp. 489-490.

Vesna Srot, Aleksander Recnik, Breda Mirtic
HRTEM study of stacking faults and twin
boundaries insphalerite crystals from Trepca
mines in Kosovo

In: Proceedings of 5th Multinational Congress on
Electron Microscopy: September 20-25, 2001,
Lecce, Italy, L. Dini, ed., M. Catalano, ed.,
Princeton, Rinton, 2001, pp. 491-492.

Saso Sturm, Aleksander Recnik, Miran Ceh
Atomic resolution HAADF STEM imaging of the
superstructure-ordered phase in the BaO-doped
SrTiOs

In: Proceedings of 5th Multinational Congress on
Electron Microscopy: September 20-25, 2001,
Lecce, Italy, L. Dini, ed., M. Catalano, ed.,
Princeton, Rinton, 2001, pp. 493-494.
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Guest Lectures

1. Miran Ceh
Electron microscopy studies of planar faults in

perovskite ceramic materials: invited talk
Kyoto, Murata Manufacturing Co. Ltd., 12 Oct.
2001.

2. Miran Ceh
High-resolution HAADF STEM imaging of planar
faults in CaTiOs and Sr TiOz: invited talk
Haifa, Technion-Israel Institute of Technology,
Faculty of Materials Engineering, 25 Nov. 2001.

3. Matej Komelj
Magnetoelastic effects in epitaxial magnetic
films: a combination of phenomenological theory
of magnetoelasticity with ab initio calculations:

invited talk at 258. WE-Heraeus-Seminar
"Electronic origin of magnetoelastic anisotropy and
stress in atomic layers, Schlof3 Ringberg,
Tagernsee, Germany, Sep. 9-12, 2001, Halle,
Max-Panck-Institut fur Mikrostrukturphysik, 2001.

. Aleksander Recnik

The influence of polytypic faults on exaggerated
growth of crystals: [invited talk]
Materialwissenschaftliches Seminar

Bonn, Institut fir Anorganische Chemie,
Anorganische Materialforschung, 22 Oct. 2001.

. Aleksander Recnik

Solving the atomic structure of inversion
boundaries in Sh20s-doped zinc oxide: [invited
talk] Materialwissenschaftliches Seminar
Bonn, Institut fir Anorganische Chemie,
Anorganische Materialforschung, 19 Oct. 2001.
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