SERBI
CPHCK,;NA,?(%ADEMY OF SCIENCES AND ARTS
JEMHJA HAYKA H YMETHOCTH

o
4 .
" - TTER
. e aahla b
g YY)
p 4?"'...‘.
L

fopns aanrs NIl .
shd gpe® Flil!'rlilil--.A .
¥ ‘-dpuooc! Tl dsnanssnn sl i ils 5
'R R B 'YL 220 aw -Qll.l AN
T2 AR sew Jadaegpras s [ ] L I -
. agaEnw "R | daappean TPTLAL . L
Sl esngrengy e ssadpeosseny b
-'|14-||u-1!lil‘to llllllll ‘TR AR
» 'FTEALA " LR A sead@dw T AN ;
'irCiil 1) " AASST L L LS S A A ‘Y1), .
' -llw.t.l!t.lli.ill.u#il §RERn L
’Io..a- ------- ARSI EE AR, sanip
-loltlbtuu Y LALAR L] . "'y r.
'.Iiﬁ.lll .Il..l!l'. TREAL drew
AC T L LR A, L RA * L] (] 'Yy %
.ollll!tll.!ll.'..lltn'lu ----- 'y
.lo-l.---o- oooo AT LLLLLE ST TS
' '.ll!i.lli ERew YL AL RS saREr 'y R
onl!lt‘.ltt;uulo.l!l L LB # aen
\ . "X LA YT LLAA '.lli!Q (] ‘TR AR
‘.l.fil. Dstln.ll L SYLYELELAALE N garrEy
‘l"f‘-". ‘Il...ll! Qlllg‘u *
\\ 'I‘I.‘l"'.iil .i!I-n!Iil. ..... []
L] L Eee !"I!i‘..l!.l![ ...... TR
- ‘ll.l' YT LLE .ni-lllu FEPenN
o’ TEL AN -!t.ﬂ'..il.i TRl LA
Jgaewen O!'-Qlc gaaiw ..llillq!t
l.‘I'-'lll'l'l.‘.l.l..!-@l"lWI
Y - dgawm B 'b!l\ll' .'ﬁ!!il‘ -
-vl‘-iclllill‘!tIt!".""
- l-..»-mg--lwllu L T LB
- P . t‘l'l'l.-' Xy
- v -e # sd@dppadEers /'
' YT L LY L A oa--.l.-ti
al g pehd l‘-r-«-tl 4 ’
.- r,c’ll-\o-.-ilp.ln
. "I'It"!‘.lll ' B
., ',".". L] e
N - ,/1
- - ~ 4

FASCINQLING WORLD OF NANOSCIENCES
D NANOTECHNOLOGIES

®ACUHHAHTHH CBET HAHOHAYKA
U HAHOTEXHOJIOIH)A




FASCINATING WORLD OF NANOSCIENCES
AND NANOTECHNOLOGIES

OACIHHMHAHTHM CBET HAHOHAYKA
N HAHOTEXHOJIOTUJA



CPIICKA AKAIJEMUJA HAYKA M1 YMETHOCTHU

IOUKIIYC ITPEJABAIHA

Kmwura 6

OACIIMHAHTHINM CBET HAHOHAYKA
N HAHOTEXHOJIOTMJA

IIpummpeno Ha I ckyny Ope/berba TEXHUYKUX HayKa,
ofip>XKaHOM 22. janyapa 2020. rogune

Ypenuunu
BEJIMIMUP P. PAIMIMJIOBU'R
Cpricka akajieMnja HayKa ¥ YMETHOCTI
"
[IE® T. M. JEXOCOH

XonmaHpcKa Kpa/beBCKa aKajleMija HayKa ¥ YMETHOCTH

BEOTPA] 2020



SERBIAN ACADEMY OF SCIENCES AND ARTS

LECTURE SERIES
Book 6

FASCINATING WORLD OF NANOSCIENCE
AND NANOTECHNOLOGY

Accepted at the 1" meeting of the Department of Technical Sciences
held on January 22, 2020

Editors
VELIMIR R. RADMILOVIC
Serbian Academy of Sciences and Arts
and
JEFF TH. M. DEHOSSON
Royal Netherlands Academy of Arts and Sciences

BELGRADE 2020



Published by
Serbian Academy of Sciences and Arts
Belgrade, 35 Kneza Mihaila St.

Reviewers
Prof. Dr. Dragan Uskokovi¢
Prof. Dr. Djordje Janackovié

Copy editing for English
Jelena Mitri¢ and Vuk V. Radmilovi¢

Proofreader
Nevena Durdevié

Translation of Summaries
Vuk V. Radmilovi¢

Technical editor
Nikola Stevanovié¢

Print run
400 copies

Printed by

Planeta print

ISBN 978-86-7025-859-4

© Serbian Academy of Sciences and Arts 2020

Uspaje
Cpiicka akagemuja HayKa U ymMeilHOCiU
beorpap, Knesa Muxanna 35

Peniensentn
IIpog. gp Jlpaian Yckoxosuh
IIpoep. gp Bophe Janahkosuh

JlexTypa
Jenena Muitipuh u Byx B. Pagmunosuh

Kopekrypa
Hesena Byphesuh

IIpeBop pesumea
Byx B. Pagmunosuh

TeXHMYKN YPeEFHNK
Huxona Citiesarosuh

Tupax
400 mpumepaka

IIItamma

ITnaneitia tipunin

ISBN 978-86-7025-859-4

© Cpricka akajemuja HayKa u ymeTHoCTH 2020



CONTENTS

Velimir R. Radmilovic, Jeff Th. M. DeHosson
Fascinating world of nanosciences and nanotechnologies............................ .. 7

Benumup P. Pagmunosuh, Ile¢ [JeXocon
DacuMHAHTHY CBET HAHOHAYKA Y HAHOTEXHOMOTMA .« .o vvveveeteeeeeieieaeennns 11

Jeff Th. M. DeHosson, Eric Detsi

Metallic muscles: nanostructuresatwork................oii 15
IIe¢p lleXocon, Epux Jletiicu
Metamay MUIIMAY: HAHOCTPYKTYPE Y AKIIVGI . .« . eveveieieeeiee e eeaaennns 45

Alexandra E. Porter, Ioannis G. Theodorou
Emerging risks and opportunities for zinc oxide-engineered nanomaterials............ 47

Anexcangpa E. Iopiuep, Joanuc I. Teogopy
CarnefraBame py3nKa ¥ MOTyhHOCTI 32 IIMHK-OKCYTHE HAHOMATEPUJANe . ... .ovv.. .. 69

Miodrag Coli¢, Sergej Tomic¢

ToXicity Of NANOSTITCTUIES . . .« .ttt ettt ettt 71
Muogpai Yonuh, Cepiej Tomuh

TOKCHIHOCT HAHOCTPYKTYPA .« .t eteteteteteteteee et ettt et ie et eaeeaenens 121

Gordana Ciri¢-Marjanovié
Nanostructures of electro-conducting polymers and carbon nanomaterials
produced by their carbonization................ooiiiii 123

Topgana Rupuh-Mapjanosuh
HaHocTpyKType e1eKTponpoBOJHNX MOTMMEPa U YITbeHUYHI MaTepujann
IIPOM3BENCHM IVIXOBOM KAPOOHMBALIMOM . .« . e vvveeeteteteeeeeneeaeenennenen 154

Marija Radoicié, Mila Vranjes, Jadranka Kuljanin Jakovljevié,

Gordana Ciri¢-Marjanovié, Zoran Saponjic

Probing the optical, magnetic and photocatalytic properties of doped TIO,

nanocrystals and polymer based nanocomposites for various applications............ 155

Mapuja Pagouuuh, Muna Bpareus, Jagpanka Kymwanun Jakosmesuh,

Iopgana Bupuh Mapjanosuh, 3opan laiiorwuh

VcnmTrBame ONTUYKUX, MaTHETHNX U (POTOKATATUTUYKUX OCOOMHA

ponvpanux TIO, HaHOKpUCTa/Ta ¥ HAHOKOMIIO3MTA Ha dasu MmonuMepa

3 PASTIMYUMTE TIPYIMEHE . . o ottt ettt ittt ettt ettt it i e ie e 181



Vladimir V. Srdié, Branimir Bajac, Mirjana Vijatovié Petrovic,

Marija Milanovi¢, Zeljka Cveji¢, Biljana D. Stojanovié

Multiferroic BaTaO,-NaFe O, composites: from bulk to multilayer thin films......... 183
Bragumup B. Cpguh, bpanumup Bajay, Mupjana Bujainiosuh Ileitiposuh,

Mapuja Munanosuh, XKemwxa Llsejuh, Bumwana []. Citiojanosuh

Myntudepondnn BaTaO,-NaFe O, koMmosutu: of KepaMuke 10

BUIIECTOJHIX TAHKIUX PUTIMOBR . « .« . vttt tt e ete e et ettt e et et ee e eeeees 219

Tamara Radetié

Atomistic and crystallographic phenomena during nanograin island shrinkage......... 221
Tamapa Pageitiuh
ArtomucTiyku 1 Kpuctanorpabckyt GeHOMEHN P KOHTPAKIUji HAHO3PHA . . . . . ... 249

Igor A. Pasti, Ana S. Dobrota, Slavko V. Mentus
Modelling and simulations of NANOSIUCIUreS . . . ... o.vvvrvevtinn e 251

Hiop A. Hawitiu, Ana C. Jlobpoinia, Cnasxo B. Meniiyc
Mopenupame 1 CUMYTalMja HAHOCTPYKTYPA . .o vvvvvetetiiiieeeteiiiieieenennn, 282

SUBJECT INDEX . . ..o e e 285



FASCINATING WORLD OF NANOSCIENCE
AND NANOTECHNOLOGY

Researchers whose work has led to significant discoveries, looking much
further, beyond the immediate resolution of technical problems, are asking them-
selves important questions such as: why individual phenomena occur, how they
develop, and why they work. In order to enhance our knowledge about the world
around us, and to see pictures of worlds that elude the human eye, through histo-
ry many experimental and theoretical methods have been developed and are still
being improved, including the development of telescopes and microscopes, which
enable us to see "very large" and "very small" things.

Researchers involved in the "big things" (the universe, galaxies, stars and
planets) have found that a galaxy of an average size of about 100.000 light-years
has, on average, around one quadrillion (10'°) stars. Researchers involved in the
"little things" (nanostructures, molecules, clusters of atoms, individual atoms,
atomic defects, etc.) have discovered that 1 cm3 of aluminum alloys also contains
approximately one quadrillion (10"°) nanoparticles that strengthen these alloys in
order to be utilized as a structural material for aircrafts, without which modern
transport is unimaginable. How do we count the number of stars in a galaxy or the
number of nanoparticles in an aluminum alloy? Relatively easy, because we can
see the nanoparticles in aluminum alloys using electron microscopes, and stars in
a galaxy using telescopes. Scientific discoveries form the basis for scientific and
technological progress, and one such example are the discoveries in the fields of
nanosciences and nanotechnologies.

Why is this monograph dedicated to nanosciences and nanotechnologies?

To answer this question, we must first answer the question: what are nano-
science and nanotechnology? In the inevitable Wikipedia, Encyclopedia Britannica
(and any other encyclopedia), dictionaries as well as internet sources, the terms
"nanoscience” and "nanotechnology" are related to the study, understanding,
controlled manipulation of structures and phenomena, and the application of
extremely small things, which have at least one dimension less than 100 nm.
Modern aspects of nanosciences and nanotechnologies are quite new and have
been developing intensively in the last twenty to thirty years, but the nanoscale
substances have been used for centuries, if not millennia. Particulate pigments, for
example, have been used in ancient China, Egypt, etc., several thousands of years
ago. Artists have decorated windows in medieval churches using silver and gold
nanoparticles of various sizes and composition, without understanding the origin
of the various colors. Nanoparticles that strengthen alloys of iron, aluminum and
other metals, have been used for over a hundred years, although they have not
been branded with a prefix "nano", but rather called "precipitates”. Scientific disci-



plines, involved in significant research activities related to nanoscience and nano-
technology, are: physical metallurgy, materials science and materials engineering,
chemistry, physics, biology, electrical engineering, and so on.

Where does the prefix "nano" come from? "Nano" comes from the Greek
words vavog, which means a dwarf, indicating a dimension of one nanometer
(1 nm), which represents one-billionth (10°) of a meter; Similarly, "nanosecond"
(ns) denotes a billionth of a second, and so on. This sounds a bit abstract to many;,
but to put things into context with which we are familiar, we can mention that the
diameter of a human hair, for example, is on average about 100.000 nm (10° nm
=100 microns = 0.1 mm), which is roughly the bottom threshold of human eye
detection; Thickness of newsprint on average is also about 100.000 nm = 100 pm =
0.1 mm; Person of 2 m height is 2.000.000.000 (2x10°) nm high. For comparison,
if we assume that the diameter of a children's glass marble was 1 nm, then the
diameter of the Earth would be 1 m.

When we talk about the structures of inorganic, organic and bio-nanosys-
tems, their dimensions are as follows: Diameter of carbon atom is in the order of
0.1 nm, or one-tenth of a billionth of a meter; Single-wall carbon nanotubes have
a diameter of around 2 nm, or 2 billionth of a meter; The width of the deoxyribo-
nucleic acid (DNA) chain is also about 2 nm, or 2 billionths of a meter; Proteins,
which can vary in size, depending on how many amino acids they are composed
of, are in the range mainly between 2 and 10 nm, or between 2 and 10 billionths
of a meter (assuming their spherical shape); Diameter of individual molecules of
hemoglobin is about 5 nm, or 5 billionths of a meter.

Indeed, these are small sizes, but why should they be important, or why
does size matter? When analyzing physical systems on the nanoscale, their funda-
mental properties change drastically. Consider the example, melting point of gold:
transition temperature of solid to liquid for gold nanoparticles ~4 nm in size, is
about 400°C, while the melting temperature of bulk (macroscopic) gold is 1063°C.
The same can be said for other properties: mechanical properties, electric conduc-
tivity, magnetism, chemical reactivity, etc., also may be drastically changed, which
means that nanosystems deviate from the laws of classical physics that describe the
motion of the planets, the direction of movement of a rockets which carry satellites
to explore space, etc. The base of this fascinating behavior of nanostructures are
bonds between the atoms. As structures become smaller, more atoms are present
on the surface, hence the ratio of the surface area to volume for these structures
increases dramatically. It results in a dramatic change of physicochemical prop-
erties of nanostructures from the bulk, as well as possible appearance of quantum
effects: nanoscale structures become stronger, less brittle, demonstrate enhanced
optical and catalytic properties, and generally, are very different compared to the
usual, macroscopic system dimensions to which we are accustomed to in everyday
practice.

This monograph comprises a number of contributions which illustrate the
sparkling and fascinating world of nanoscience and nanotechnology.



Nanoporous organometallic materials, that can mimic the properties of
muscles upon outside stimuli, are ideal actuators, thereby offering a unique com-
bination of low operating voltages, relatively large strain amplitudes, high stiff-
ness and strength. These phenomena are discussed in the manuscript of J. Th. M.
DeHosson and E. Detsi.

Drugs in nanodimension range will become much more efficient with re-
duced adverse effects. A typical example are drugs, carried by various types of
nanoparticles which have been previously functionalized, so as to only recognize
diseased cells which is a highly selective medical procedure on a molecular level.
Besides drugs, functionalized nanoparticles can carry radioactive material or a
magnetic structure, which in a strong magnetic field develop high temperatures,
and destroy cancer cells. Some aspects of electron microscopy utilized in the study
of biological nanostructures are discussed in the paper of A. E. Porter and I. G.
Theodorou.

Increased production of nanomaterials raises concern about their safety, not
only for humans but also for animals and the environment as well. Their toxicity
depends on nanoparticle size, shape, surface area, surface chemistry, concentra-
tion, dispersion, aggregation, route of administration and many other factors. The
review by M. Coli¢ and S. Tomi¢ summarizes the main aspects of nano-toxicity in
vitro and in vivo, points out relevant tests of demonstrating toxicity and explains
the significance of reactive oxygen species, as the main mechanism of nanoparticle
cytotoxicity and genotoxicity through the complex interplay between nanoparti-
cles and cellular or genomic components.

Carbon nanomaterials are a large group of advanced materials that are in
focus of extensive research, due to their interesting properties and versatile appli-
cability, especially carbon nanostructures doped by covalently bonded heteroa-
toms (N, B, P, etc.) which leads to improved properties. This topic is discussed in
the manuscript by G. Ciri¢-Marjanovi¢.

Combinations of optical, magnetic and photocatalytic properties of nano-
materials, especially those with large energy gaps, are of great interest for nano-
science and nanotechnology. One of such systems are TiO2 nanostructures with
different crystal lattices and shapes (spheres, nanotubes, nanorods), either pure or
hybrid, in the form of nanocomposites with matrices based on conducting poly-
mers, which is presented in the work of Z. Saponji¢ and coauthors.

Design and manufacturing of multifunctional nanomaterials is one of the
most important trends in materials nanoscience, where combining nanomaterials
of various characteristics, such as ferroelectrics, ferromagnetics and ferroelastics
can lead to achieving adequate multifunctionality, a good example of which are
multiferroic nanomaterials, presented in the work of V. Srdi¢ and coauthors.

Materials containing crystal grains of nanodimensions can demonstrate
dramatically improved properties. Theoretically as well as experimentally, it has
been shown that metallic nanostructures can attain a high percentage of theoret-
ical strength, which questions the classical definition of material strength, stated
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until recently by textbooks that does not depend on size of a tested sample. Some
aspects of mechanisms of formation, growth and shrinking of crystal grains are
discussed in the paper of T. Radeti¢.

Computational methods, including first principal calculations, have been
proven to be a powerful tool in allowing investigations of systems of various com-
plexities, spatial and temporal scales. This allows for screening of a large number
of systems, which is not experimentally feasible, and also the understanding of
general trends which is of great importance for both theoreticians and experimen-
talists. The use of this concept in applications of metallic and oxide nanoparticles
is described in manuscript of I. A. Pasti and coauthors.

Being aware of the importance of nanosciences and nanotechnologies and
their global impact on humanity, in the autumn of 2017, Serbian Academy of
Sciences and Arts launched a series of lectures dedicated to these topics from
which this monograph arose. We hope that this monograph will be of interest to
the reader and can serve as a motivation for creating opportunity for research to
those who want to find out more about these fascinating fields of sciences and
technologies.

Velimir R. Radmilovi¢
Serbian Academy of Sciences and Arts

Jeff Th. M. DeHosson
Royal Netherlands Academy of Arts and Sciences



OACHVMHAHTHNM CBET HAHOHAYKA I
HAHOTEXHOJIOTUJA

VcTpaskuBauu uuju je paj; 0Beo 10 3Ha4ajHUX oTKpuha Iiefiajy MHOTO fiajbe,
M3BaH HeIIOCPEIHOT pelllaBarba TEXHIYKIMX IIPOodIeMa, HOCTaB/bajy cedu BaXkKHa M-
Tama, Kao ILITO Cy: 3alITO ce flelllaBajy ofpeheHe mojase, kako ce OHe pasBujajy u
Ha Koju HauuH ¢pyHkumonuury? Kpos ucropujy je passujex Benuku Opoj ekcrepu-
MEHTA/IHUX Vi TEOPUjCKMX METOfIa, Koje ce 1 aH-fAaHac yHanpebyjy, kako ducmo
odoraTim 3Hame 0 CBETY KOjJ Hac OKPY)Kyje ¥ MOIVIM Jja BUAVMO C/IMKe CBETOBA
KOjJ MI3MIYY JbYZICKOM OKY, YK/by4yjyhu Ty 11 IIpOHa/Ia3aK Te/ieckora 1 MUKPOCKO-
Ia, Koju HaM oMmoryhaBajy fa BUJMMO ,,BeOMa BeJlKe” U ,,BeoMa Majie” CTBapH.

VcTpaxxnBauu Koju ce daBe ,BeIMKMM CTBapuMa’~ (yHUBEP3yMOM, Tajak-
cMjaMa, 3Be3[jaMa I IIaHeTaMa) YCTAaHOBWIM CY fia jefHa Tajakcuja, oko 100.000
CBeT/IOCHMX TOIMHA, ¥ IPOCEKY CafApK! OKo jegHy dmmmjappy (10'°) 3Besna.
VcTpaknBaun Koju ce daBe ,ManuM CTBapuMa’ (HAHOCTPYKTYpaMma, MOJIEKY/IN-
Ma, KJTacTepyMa aToMa, Moje;HaYHIM aTOMIMa, aTOMCKUM JedeKTuma 1T.)
YCTaHOBWMIN CY Aa 1 cm® Jierype anyMuHmjymMa capyku oko jenHy dmnmjapay (10%)
HAHOYeCTHUIIA KOje 0jadyaBajy Ty /IeTypy, Kako Ou MOIJIa fia ce KOPMCTI Kao Mare-
pujas 3a u3pajiy Ba3gyxoIIoBa, de3 KOjiX je CaBpeMeH! TPAHCIIOPT He3aMUCTINB.
Kaxo MoxeMo 1pedpojatu 3Besie y jefHOj rajlakCyjy VI HAHOYECTHUIIE Y jeTHO]
JIeTypu aTyMuHUjymMa? PelaTuBHO J1aKo, 3aTO IITO y3 TOMOh e/IeKTPOHCKUX MU-
KPOCKOIIa MO>KEMO BIJIeTY HAaHOYeCTHUILIe Y JleTypaMa alyMUHIjyMa, a 3Be3jie y
rajlakcujama y3 nomoh reneckomna. Hayuna otkpuha mpepcraB/bajy 0oCHOBY Ha-
YYHOT ¥ TeXHOJIOIIKOT HAIIPETKa, a jeflaH TaKas IpumMep cy oTkpuha y odmactu
HaHOHAyKa M HAHOTEXHOJIOTHja.

3amTo je oBa MoHOrpaduja mocsehena HaHOHayKaMa ¥ HAHOTEXHOIOTMjaMa?

[la d1cMo ofroBOPM/IM Ha OBO NMUTaMe HajIpe MOPaMO /Ia YCTAHOBMMO
IITa Cy TO HAHOHAayKe U HaHOTexHosnoruje? Ilpema HemsdexxHoj Bukunennjn,
Ennuxnonenyjun bpurannim (may dumo Kojoj Apyroj eHIMKIONej), pedHM-
IVIMa, Kao ¥ M3BOPMMA Ca UHTEPHETa, II0jMOBU ,HAHOHAyKa M ,,HAHOTEXHOJIO-
ruja” ce OfHOCE Ha IIpOydYaBambe, pa3yMeBambe, KOHTPOIMCAHO MaHUITY/INCAE
CTPYKTYypaMa M I10jaBaMa, Kao U Ha IPUMEHY U3Y3€THO MaJINX YeCTUIIA, YNja je
HajMarbe jeffHa fuMeHsuja y oncery go 100 nm. Jako ¢y caBpeMeHu aclieKTy Ha-
HOHayKa M HaHOTEXHOJIOTHja CAaCBMM HOBM Y MIHTEH3MBHO C€ pa3Bujajy y IOC/IEN-
BUX IBajieceT 10 TPUeceT TOAMHA, OONNIM MaTepyje Ha HAaHO CKa/lu KOPNCTe
ce Beh BexoBNMMa, ako He 1 MwIeHrjymMmuMa. Ha nmpumep, oppebenn nmurmentn
kopuihenu cy jom y gpeBHoj Kuay n Erunry, mpe HeKOMMKO X1/bajia TOAMHA.
YMeTHMIIM Cy YKpalllaBa/iu IIpo30pe Ha CPehOBEKOBHIM LIpKBaMa KopucTtehn
cpedpHe I 37TaTHe HAHOYECTHIIE PA3/IMUNTe BeNIMHE VM CAcTaBa, P 4eMy HUCY
3HaJIM OfjaKje MoTu4y pasHe doje. HaHodecTuile kojuMa ce ojauyapajy yerype
reoxxba, anymMuHujyMa 1 Ipyrux MeTana, Kopucrte ce seh Buie oy cTo roguHa,
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MaKO Y HJUXOBOM Ha3MBY HUje cafpykaH npeduxc ,,HaHo , Beh ce odu4yHO Hasu-
Bajy ,Tano3n . HayuHe AMCUMIUINHE KOje Cy YK/bydeHe Y 3Ha4ajHe ICTPaXKMBauKe
aKTUMBHOCTY y 0O/IaCTM HAHOHAYKe U HAHOTEeXHOJIOTHje CY: pU3nIKa MeTalypruja,
HayKa 0 MaTepujaauMa ¥ MH>KelhepPCTBO MaTepujaa, XeMija, pusnuka, duonoruja,
€NIEKTPOTEXHIKA, U TAKO JaJbe.

Opaxie motnde npedukc ,HaHO ¢ IIpedukc ,HaHO” TOTNYE Off TPUKe pednt
VA&V0G, LIITO 3HAYM MATy/bakK, YKa3yjyhu Tako Ha IMEeH3Mjy Off jefHOT HAaHOMeTpa
(1 nm) xoja npencras/ba MuMjapauTH geo Merpa (10° m). Crmyao ToMe, ,HaHO-
ceKyHzia” (ns) 03Ha4YaBa MWIMjapANUTH [ieo ceKyHze. OBO MHOTMIMA MO>Ke 3By4aTH
IIOMaJIO aIlCTPAKTHO, MelyTuM, cTBapy MO>KeMO fia IIOCTaBUMO Y KOHTEKCT KOju
je HaMa II03HaT, U JlJa IOMEHEMO, Ha IIpPUMep, a IPEeYHMK BIACH JbyCKe KOCe y
npoceky n3uocu 100.000 nm (10° nm = 100 muxpona = 0.1 mm), IITO OTIIPUINKE
IpefiCTaB/ba IIpar OHOr'a IIITO MOXKE Jja Ce OIIa3) TOIMM OKOM. [led/b1iHa HOBUH-
CKOT mamupa y mpoceky takohe nsnocu oxo 100.000 nm = 100 um = 0.1 mm.
Ocoda BucuHe 2 m Bucoka je 2.000.000.000 (2x10°) nm. ITopebhewa pagn, ako
IPeTIIOCTaBUMO JIa je IPeYHMK Jednjer KIuKepa 1 nm, oHja Oy IpeYHNK [IaHeTe
3em/be M3HOCKO 1 m.

Kaza roBopuMo 0 cTpyKTypaMa HEOPTraHCKMX, OPTaHCKUX U IPUPOFHUX
HAHOCHICTEMA, BJIXOBE IMMeH3uje Cy crefiehe: mMpeyHNK aToMa yI/beHMKa je pefa
BenmyuHe 0.1 nm, a TO je jefiHa leceTMHA MUIUjapAUTOT Jje/la METPa; jeHO3MHE
yI/beHMYHe HaHOLIeBY MMajy IIPEeYHMK Off OKO 2 nm, a TO Cy AiBa MUIMjapAUTa
flena MeTpa; MMpUHA TaHIa Je30KcupudonyknenHcke kucenune (JTHK) Takobe
M3HOCK OKO 2 N, a TO CY IBa MUIMjapANTA ie/la MeTpa; IPEYHNK IIPOTENHA, YNja
Be/IMYMHA 4YeCTO Bapypa y 3aBYCHOCTH O} TOTa Off KOJIMKO Ceé aMMHO KICe/IMHA ca-
cToje, pena je BemuumHe 2—-10 nm, v nsMely fBa 1 feceT MUMMjapaUTHX JieT0-
Ba MeTpa (IIOf IPeTIIOCTaBKOM Jja Cy CepHOT 0d/MKa); IPEYHNK M0jeTHAaYHIX
MOJIEKY/Ia XeMOITIOSHA M3HOCK OKO 5 M, WIN 5 MWIMjapAUTHX [e/I0Ba MeTpa.

YucTtuny, 0BO Cy CBe MaJie AMMeH3uje, ajIi 3alITO O OHe yomuTe Tpedao
ma dymy BaxkHe, WM 3amITO je BenmnmunHa dutHa? Kaja ce anamsmpajy dpusmd-
KJ CHCTEMM Ha HaHO CKa/lM, BbJMX0Ba OCHOBHA CBOjCTBA Ce NPacTUYHO MEmHajy.
PasmoTpumo, Ha mpuMep, TauKy TOIbeIba 3/1aTa: TEMIIEpaTypa Ha KOjoj HaHOYe-
CTHLIE 371aTa pefja BeIMUMHe ~4 nm Ipenase U3 YBPCTOT Y T€YHO CTalbe M3HOCU
oko0 400°C, 10K je TeMIlepaTypa TOI/bebha MaKPOCKOIICKNX y3opaka 3nara 1063°C.
Ha ety HaumH Memajy ce U Heke pyre 0coOuHe: MeXaHU4Ke 0COOMHE, eleKTpud-
Ha IIPOBOJ/bMBOCT, MarHETU3aM, XeMIjCKa PEaKTUBHOCT UTJ,. MOTY IpaCTUYHO fia
ce IIPOMeHe, IITO 3HAYM JIa HAHOCKCTEMM OACTYIIajy Off 3aKOHa K/IacuHe QU3NKe
KOj! OINCYjy KpeTambe IIJIaHeTa, IpaBall KpeTama paKeTa Koje HoCe caTe/InTe 3a
UCTpaXxKMBambe cBeMupa nth. OBo GacuyHAHTHO OHAIIAkbe HAHOCTPYKTYpa I10-
Tide off Beza uaMeby aroma. IlITo cy cTpyKType Mame, TO je BUIIIe aToMa IIPUCYT-
HO Ha IIOBPILNHIY, YC/Ief] Yera ce OHOC IIOBPIINMHE I 3allpeMIHe OBUX CTPYKTYpa
npactu4Ho nosehasa. Kao mocmennia jaBpa ce pamariyHa npomeHa puamdko-
-XeMMjCKIX CBOjCTaBa HAHOCTPYKTYpa Yy OGHOCY Ha CTPYKTYpe MaKpOCKOIICKMX
AMMeH3Mja, Kao 1 Moryha rmojaBa KBaHTHMX edeKara: CTPYKType Ha HaHO CKaJIi
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nocrajy uBpirhe, Marmbe KpTe, IOKa3yjy do/ba ONTHYKA U KaTaTUTUYKa CBOjCTBA,
U, YOIILITEHO, BEOMa Ce PA3/IMKYjy Ofi CTPYKTYpa yodudajeHnx, MaKpOCKOIICKIX
[VIMEeH3Mja, Koje cycpeheMo y cBaKOJHEBHOj IIPaKCH.

OBa MoHOrpadmja cafipKyt HU3 pajjoBa KOji WIYCTPYjy daclMHaHTaH CBET
HaHOHayKa I HAHOTEXHOJIOTja.

HanonoposHu opranoMeTaaHM MaTepHjay, KOju MOTY [ja OIIOHAILAjy 0CO-
dune mymmha M3/10)KeHNX CIIOJbAIIBYIM MOACTUIAMMA, MJeA/THN Cy TIOKpeTadn,
KOju HyJie jeAMHCTBeHy KOMOMHAIN]y Ma/INX PajIHNX HAIIOHA, PeTIATVBHO BE/INKe
aMIUIUTYJle HAaIlpe3arba, BEMMKY KPyTOCT 1 cHary. OBe IlojaBe Cy OIMCaHe y pafy
unju cy ayropu I1. T. M. leXocon un E. [lercn.

JlexoBu y odnacTu HaHOfUMeH3uja he moctaTu MHOrO edpuKacHMju U ca
CMameHNM IITeTHUM edekTrMa. TummyaH npuMep cy JIeKOBU Koje IpeHoce
PasIMYNTU TUIIOBY HAHOYECTUIA, & KOje Cy MPEeTXOAHO (PYHKIMOHA/IN30BaHe
TAaKo fla Ipeno3Hajy camo odosesne henmje, mMTO MpefcTaB/ba BUCOKO CENEKT-
BaH IIOCTYIIaK Ha MOJIEKY/IapHOM HUBOY. [Iopen ekoBa, PyHKIMOHATM30BaHe
HAaHOYeCTHIle MOTy fa Oyly HOCauyl pafilOaKTVBHOT MaTepujaja My MarHe THIUX
CTPYKTYPa, KOjU Y jAKOM MarHeTHOM I10/bYy Pa3BUjajy BMCOKE TEMIIEPATYPE U TAKO
yHumTaBajy hennje paka. Onpehenn acrexTn eeKTpoHCKe MUKPOCKOIje KOju
ce KOPNCTe y IPOy4aBarby OMOJIOIIKIX HAHOCTPYKTYpa OIMCAHM Cy Y PafloBUMa
uyju cy ayropu A. E. Iloptep u 1. I. Teomopy.

IToBehaHa mponsBozba HAaHOMAaTepUjaIa N3a3MBa 3adPUHYTOCT Be3aHy 3a
BIXOBY de30eJHOCT, He caMo IO 37ipaBibe JbYAY, Beh 1 3a )KUBOTUIbE 1 )KMBOT-
Hy cpepiuHy. IbrxoBa TOKCMYHOCT 3aBMCHU Off BENMYMHE HAHOYECTUIIA, IUXOBOT
o0/1Ka, BeIMYMHE U XeMMje TIOBPIIIHE, KOHIIeHTpalluje, AUCIep3nje, CKTOHOCTH
Ka CTBapamy arjioMepara, Ha4lHa IIpYIMeHe, Kao ¥ MHOTUX Ipyrux ¢akropa. Pax
uuju cy ayropu M. Honnh n C. Tomuh faje mperieq rmaBHUX acrieKata HAHOTOK-
CMYHOCTH MH BUTPO U UH BUBO, yKa3yje Ha pelleBaHTHe TeCTOBe 3a yTBphusa-
€ TOKCUYHOCTH, II0jalllbaBa 3Ha4aj peaKTMBHOCTY MOJIEKY/Ia KMCEOHNKa, Kao
ITTABHOT MEXaHM3Ma IUTOTOKCMYHOCTH U TEHOTOKCUYHOCTY HAHOYECTUIIA KPO3
cnoxxeHo MehynejcTBo HaHOUecTHIIA 1 henmmjcKuX mmm reHCKMX KOMIOHEHTH.

YreHrYHY HAaHOMATEePUja/u IPEICTaB/bajy BEMMUKY IPYITy HAIIPEIHUX Ma-
Tepyjaja, Koju 300T CBOjUX 3aHUM/BUBMX CBOjCTaBa I MIMPOKe HPUMEHBUBOCTI
3ay3¥Majy LIEHTPATHO MECTO Y OIICEXKHMM MCTPAKMBAKMIMA, HAPOYUTO Kajja Cy Y
NUTalby YI/beHMYHE HAHOCTPYKType JONMPaHe PasHOPOJHUM aTOMMMA, ITOBE3a-
HMX KoBajleHTHMM Be3ama (N, B, P utz.), mto goBoau 0 modospluama BIXOBYX
cojcraBa. OBy Temy odpabyje pax uuju je ayrop I. Rupuh-Mapjanosuh.

KomOuHanuje onTUYKNX, MarHeTCKMX ¥ (OTOKATAIMTUIKIX CBOjCTaBa
HaHOMarepujaja, HAPOYUTO OHMX Ca BEIMKMM €HEPIUjCKUM IPOLEIIOM, Of Be-
JIMKe Cy BaYKHOCTH 32 HAHOHAyKe Ml HAHOTEXHOJIOTHje. JeflaH Off TAKBUX CUCTeMa
cy TiO, HaHOCTPYKTYpe ca pasMU4INTUM KPUCTaTHUM peleTKama 1 0dmniuma
(HaHOCepe, HAHOLEBY, HAHOWITANINAMK), Y YUCTOM WM XUOPUTHOM OONUKY, Y
00Ky HAaHOKOMIIO3MTA Ca OCHOBaMa Koje Cy Ha das3y MpOBOJTHMX MOMMepa,
IITO je IpeficTaBbeHo y pany 3. lllamomnha u capagnuka.
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[TpojexToBamwe 1 MPOU3BOAIbA MYITUDYHKIMOHATHIX HaHOMAaTepujaa
NPeJCTaB/bajy jeflaH Off HajBAKHUjUX TPEH0BA Yy HAHOHAYLM O MaTepujalnMa,
I7ie KOMOMHOBabe HaHOMaTepljaia Koji MOCeAyjy pasndnuTa CBOjCTBA, IOy T
depoenexTpruHocTy, Ppepomarnetnsma u GpepoeracCTUIHOCTH, MOXKe JOBECTH
JI0 IIOCTM3ama OAroBapajyhe MyITHQYHKIMOHATHOCTY, YUji CY Bodap mpumep
MynTrdeporyHy HaHOMATepujan, Koji Cy mpefcTaBbenn y pangy B. Cpauha n
capaJIHMKa.

Marepujanu Koju cafprKe KpUCTa/lIHa 3pHa HAHOAMMEH3Mja II0Ka3yjy 3HaT-
HO 1odosplraHe ocodyHe. Teopujckim 1 eKCIIepyMEeHTATHO je OKa3aHo Jja MeTaJl-
He HAaHOCTPYKTYype MOTY fia JOCTUTHY BUCOK IIPOLieHaT Teopujcke 4Bpcrohe, ITO
JIOBOZIM Y INTabe KIAcU4Hy AedrHMINjy uBpcTohe MaTepujaa, KojoM ce, 10 CKO-
PO, Y yIIOeHI[MMa HaBOAMIIO fla He 3aBUCHU Of Be/IMYMHe VICIIUTYBAHOT Y30pKa. Y
pany T. Pagetuh pasmarpanu cy Heku acrieKTu MexaHusama popMmpama, pacTta
U CMambMBamba KPUCTATHNUX 3PHA.

IToxasao ce ja padyHapcKe MeTOfe, YK/by4yjyhu Ty 1 mpopauyHe Ha dasu
IIPBOT NIPYHLMIIA, NIPeACTaB/bajy MONHY a/aTky koja omoryhasa ncTpaxupame
CHCTEMA Pa3INMYNTUX KOMIIEKCHOCTH, KaKO Ha UMEH3MOHO] TAKO M Ha BPEMeEH-
ckoj ckamm. OHe omoryhaBajy u mperyies; BemKor dpoja cucTeMa, IMTO eKCIIepu-
MEHTAJTHO HMj€ U3BOJI/bUBO, KaO U padyMeBarbe OIIITUX TPEH0BA KOju CY Off Be-
JINKOT 3Hayaja, KaKo 3a TeopeTryape Tako 1 3a eKcrepumeHTarope. Kopunrheme
OBOT KOHIIEIITa y IPMMEHM MeTaTHUX M OKCUJHUX HaHOYeCTHUIIA OIMCaHe Cy Y
pany unmju cy aytopu V. A. Tlamtu u capagauim.

CBecHa 3Hauaja HAHOHAyKa U HAHOTEXHOJIOTH]ja, Kao U HUXOBOT I7100aI-
HOT yTUIIaja Ha YOBe4aHCTBO, CpIICKa aKajieMyja HayKa 1 YMETHOCTH je Y jeceH
2017. rogyHe IIOKpEHYy/Ia Cepujy IpefaBama nocBeheny oBuM TeMama, Ha OCHOBY
KOjUX je HacTaza 1 oBa MoHorpaduja. Hagamo ce na he oBa MoHorpacduja dutn
3aHMM/BMBA YMTAOLY U Aa he MohM #a mOCIyX1 Kao MOTHUBAIVja 3a CTBapambe
IpWINKA 32 MCTPAKMBamba OHMMA KOjI >KeJle [ja Ca3Hajy HeITO BMUIIE O OBUM
dacuMHaHTHMM 00TacTVIMa HayKa M TeXHOJIOTHja.

Benmumup P. Pagmunosnh
Cpiicka akagemuja HAyKa u yMemiHOCTHU

Iledp T. M. leXocon
Kpamescka xonangcxka akagemuja Hayka u yMeimHOCIHU



MULTIFERROIC BaTaO,-NaFe O, COMPOSITES:
FROM BULK TO MULTILAYER THIN FILMS

VLADIMIR V. SRDIC*, BRANIMIR BAJAC? MIRJANA
VIJATOVIC PETROVIC?, MARIJA MILANOVIC!,
ZELJKA CVEJICY BILJANA D. STOJANOVIC?

Abstract - Over the past decade, magnetoelectric multiferroic materials
have been one of the highest priority research topics as they represent new gen-
eration of novel multifunctional materials. Multiferroics are characterized by the
coexistence of at least two ferroic orders and the presence of ferroelectricity and
ferromagnetism, as well as a strong coupling interaction between them (defined
as magnetoelectric effect). These properties are essential for new applications in
multifunctional devices. This article focuses on various fabrication techniques used
for preparation of multiferroic composite ceramics and thin films. The main goals
are comparing obtained composite and thin film structures and their properties
and acquiring a better understanding of the coupling between magnetic and ferro-
electric orders that could surely be very helpful in the design of novel multiferroic
materials and hence elucidating their new applications.

Keywords: multiferroics, BaTaO,-NaFe,O,, processing, ceramic composites,
thin films, nanodevices

INTRODUCTION

New discoveries in science have promoted interest in the development of
new and advanced materials and their investigations on the nanoscale. In addi-
tion, the possibility of tailoring material properties by changing its structure and
composition have brought us into the position to specifically design and fabricate
a material for the desired application. A very attractive way to create novel struc-
tures is to combine materials with different physical properties in one single struc-
ture, thus, improving its final functionality. One group of such novel materials
are multiferroics, characterized with the coexistence of at least two ferroic orders
(ferroelectric, ferromagnetic and ferroelastic). The coexistence of ferroelectricity

*Corresponding author: <srdicvv@uns.ac.rs>; 'Department of Materials Engineering, Faculty
of Technology Novi Sad, University of Novi Sad, Cara Lazara 1, 21000 Novi Sad, Serbia; *Institute
Biosense, University of Novi Sad, Dr. Zorana Djindi¢a 1, Serbia; *Institute for Multidisciplinary
Research, University of Belgrade, Kneza Vi$eslava 1, Serbia; “Department of Physics, Faculty of
Sciences, University of Novi Sad, Trg D. Obradovi¢a 4, 21000 Novi Sad, Serbia
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and ferromagnetism and a strong coupling interaction between two ferroic orders
(defined as magnetoelectric effect) is the most important factor for new appli-
cations in multifunctional devices. The magnetoelectric effect might be simply
described as induction of electric polarization in a material by application of a
magnetic field, or the change of magnetization by application of an electric field.

Research in the field of multiferroic materials started with single-phase
multiferroics, primarily BiFeO, and BiMnO,, although only relatively weak mag-
netoelectric coupling (i.e. small magnetoelectric coeflicient) was obtained. In re-
cent years, since most of the examined single-phase multiferroic materials did
not meet the expectations and requirements for certain applications, research fo-
cus has been largely transferred to composite multiferroics. These materials are
characterized with a higher magnetoelectric effect, which arises from interaction
between ferroelectric and magnetic phases. This interaction can be explained by
transfer of stress, induced in piezoelectric (electrostrictive) phase, by application
of an electric field to a magnetostrictive phase through shared interface, followed
by a change of magnetization.

The main goals of this research are elucidating the difference between the
structure and hence the properties of coupling effect between magnetic and fer-
roelectric orders which can lead to discover of new multiferroic materials and can
help in finding their use in novel applications.

FUNCTIONAL/MULTIFUNCTIONAL MATERIALS

One of the goals of engineers has always been the design of components
that will satisfy the desired application. Those components were processed in a
way that they could bear various loads, conditions, temperatures, vibrations, etc.
Accordingly, the process was focusing more on assembling all components into
a proper device. Presently, there is a different perspective: we can think about a
material (functional material) which is able to directly perform some actions and
not just be a passive component. A functional material can respond to a stimulus
(temperature, electric field changes, etc.) and therefore substitute an entire com-
plex device composed of several components. Functional materials are often called
smart materials. However, some authors are of the assumption that a smart mate-
rial is a material able to respond to various external influences and to adapt its re-
sponse accordingly [1-3]. A multifunctional material integrally combines two (or
possibly more) properties, e.g. optical, electrical, magnetic, thermal or mechanical
and the integration of those properties in such a material has become a special
area of interest in recent years [3, 4]. A multifunctional material could consist
of two or more phases/structures/materials. Because each phase/structure/mate-
rial performs a distinctive function, multifunctional materials promise a more
weight- and volume-efficient performance flexibility and require potentially less
maintenance than traditional multicomponent systems. In addition, when they
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act synergistically, they create new properties that cannot be achieved by each
of the material used alone, Fig. 1. Composite materials can be considered multi-
functional, since they can achieve multifunctionality through the proper selection
of different materials combined together. Biological materials are unique natural
multifunctional materials where structural capabilities are fully integrated with
sensing, actuation, and healing functions [5].

Transparent
conductive

Graphene

Strain
sensing Photocatalysis

Figure 1. Example of the synergetic effect in multifunctional materials
(scheme based on [6])

The evolution of multifunctional materials has been oriented towards the
creation of smart systems which have functions and capabilities far beyond the tra-
ditional structural materials, driven by the important concept of “environmental
awareness” [1]. Smart or intelligent materials, respond to environmental influences
with particular changes in some of their variables. There are many examples of
responding materials in nature, e.g. octopuses or chameleons have the ability to
rapidly change color as a reaction to a threat. The materials and structures involved
in natural systems have the capability to sense their environment, process the data
and respond accordingly [2]. By mimicking nature, this sense capability could be
acquired by embedding sensors into a material, activating particular chemical re-
actions or triggering specific components whose properties will be activated at a
particular load or as a response to particular environmental changes [1]. In such
a way, depending on the type of external influences, smart materials could change
their structure, properties or even composition.

Multifunctionality of a material could be achieved through control of di-
mensionality (at nano-, micro-, meso-, and macroscale) and composition (phase
structure, morphology, defects). This is where nanotechnology plays a significant



186 V. Srdi¢, B. Bajac, M. Vijatovié¢ Petrovi¢, M. Milanovi¢, Z. Cveji¢, B. Stojanovié

role. Nanotechnology is the direct control of materials and devices on a molecular
and atomic scale [2] and involves manipulation of matter with at least one dimen-
sion sized below 100 nanometers, known as nanomaterials. Nanomaterials could
be classified based on several aspects like chemical nature, dimensionality, mor-
phology, etc. Dimensionality classification is based on the number of dimensions,
which are not confined to the nanoscale range, where d < 100 nm. The value of d
does not have a certain meaning because it is dictated by a critical characteristic
of some physical phenomena (free path length of electrons, phonons, length of de
Broglie wave, length of external electromagnetic and acoustical waves, correlation
length, penetration length, diffusion length, etc.) giving rise to the size effects [7].
According to this classification we could distinguish four groups of nanomaterials:
i) zero dimensional, 0D (e.g. nanoparticles, quantum dots), ii) one dimension-
al, 1D (e.g. nanowires, nanorods, nanotubes, nanobelts, nanoribbons), iii) two
dimensional, 2D (e.g. nanolayers, nanoplates, nanosheets, nanowalls, nanodiscs)
and iv) three dimensional, 3D (nanoballs dendritic nanostructures, nanocoils, na-
nocones, nanopillars, nanoflowers). On the other hand, morphological diversity
among nanomaterials is vast and includes all kinds of shapes, such as nanoflowers,
hollow nanospheres, branched nanostructures, porous nanomaterials, core/shell
nanostructures etc. (Fig. 2). Regarding the chemical nature, nanomaterials could
be classified into organic, inorganic and hybrid nanostructures. If we talk about
their properties, we can distinguish magnetic nanomaterials, photonics, photocat-
alytic nanomaterials and so on.

Figure 2. Some interesting examples of nanostructures: a) titanate 1D nanostructure

with crystalline nanometer-sized particles attached to it [8], b) mesoporous alumina

[9], ¢) one step in formation of titanate nanotubes [10] and d) ferrite@SiO, core/shell
particles [11]

Producing nanoscale materials whose functionality can easily be tailored,
while using fewer resources and creating less waste and pollution, is the current
trend. The finer and more distributed the integration scale in the material, the
faster and more autonomous the reaction times of multifunctional material will
be [4]. Some authors suggest three types of integration with increasing intercon-
nectivity between phases [2, 3, 12]. Type I: sandwich structure with coated or
laminated phases that are not integrated. Type II: integrated materials, but with
distinct phases. Type III: materials interconnected at the molecular level with no
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physical distinctions between them. According to this classification, we could dis-
tinguish between multifunctional structures (MFS), multifunctional composites
(MFC) and multifunctional materials (MFM) as shown in Fig. 3 [11].

Multifunctional Structure Multifunctional Composite Multifunctional Material
(Type 1) (Type Il) (Type Ill)
nanofibres
substrate
Film Cross Section
electrodes

Multishel

Figure 3. Classification of materials based on levels of integration between phases:
multifunctional structure, multifunctional composite and multifunctional material
(image in the middle based on [13]; image on the right based on [14])

These multifunctional materials systems can be processed as layered struc-
tures, as matrix-reinforced nanocomposites, where matrix can be polymeric, me-
tallic or ceramic material, with the reinforcing phase commonly at the nanoscale,
or as a system where all phases are combined in one unique designed structure,
Fig. 4.

Nanowires

Core  Core Shell Shell  Double Shell

different morphology

—{ Isolator

Figure 4. Complex design structure of multifunctional material (image based on [15])

Unique and interesting properties of nanostructured materials, due to the
quantum confinement of charge carriers in small dimensions, have given rise to
significant desirable properties, such as improved electrical, chemical, as well as
mechanical properties compared to their bulk counterpart. Intensive research in
the field of nanotechnology, by studying nanostructures and their interfacial in-
teraction, has helped in developing nanomaterials with multifunctional applica-
tions. Owing to those properties, multifunctional nanomaterials have a variety
of applications in bioengineering, catalysis, nanoelectronics, sensors, renewable
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energy systems, etc. Good examples of interplay between the electric and mag-
netic properties could be found in materials such as multiferroics, spintronics,
piezoelectrics (piezotronics), magnetostrictors, thermoelectrics, chemoelectrics
etc. Among them, the study of multiferroic materials has driven considerable re-
search over the past decade.

MULTIFERROIC MATERIALS

During recent years, labeled by the integration and miniaturization of
electronic components, the study of new materials and their functionalities has
become widespread, and one of the main goals has been integration within the
existing technologies, processing and devices [16]. Due to unique combination of
properties, the research has been focusing on magnetic and ferroelectric materials
ranging from giant devices like electrical transformers to tiny devices like sensors,
used in integrated circuits or as storage devices. Presently, interest is dedicated
to multiferroic materials because of their promising properties and applications.
Furthermore, the properties of these materials are likely to offer new kinds devices
and functionality, which have motivated a lot of current research activity in the
area of ferroelectric, magnetic and multiferroic materials [17]. The evaluation of
passive magnetoelectronic components opens the field for the next generation
of devices, which combine memory and logic functions and promise to set new
standards in future information technology and nanoelectronics [18]. These per-
spectives require a new class of multifunctional materials and structures whose
properties can be manipulated by several independent stimuli by affecting physi-
cal degrees of freedom set by the order parameters. The field of multiferroic (MF)
and magnetoelectric (ME) materials has recently received a great deal of attention
[16]. Researchers have been looking for ways to couple magnetic and ferroelectric
ordering within a material for decades [19].

The development of MF and ME materials possessing coupled magnetic
and electrical order parameters started with pioneer work in Russia in the late
1950s and continued intensively in the 1960s [20]. The first multiferroic materi-
al discovered was nickel iodine boracite (Ni,B,O,.I) which was followed by the
synthesis of several multiferroic boracite compounds, all of which have complex
structures with many atoms per formula unit and more than one formula unit per
unit cell. However, the phenomena of ME/MF materials have mostly remained
in the theoretical domain owing to the fact that, in single-phase materials, such
couplings are rare and weak [21]. From the end of the 1990s, significant progress
has been made in synthesizing and characterizing various oxides, which exhibit
multiferroic properties at high temperatures, for example Bi-based compounds,
namely BiMnO, and BiFeO, [22]. Recently, the situation has changed dramatically
since advances in materials fabrication have made it possible to manufacture these
materials in structures of lower dimensionality, such as thin films or nanowires,
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or in composite structures such as laminates, epitaxial-layered heterostructures or
complex composites including flexible structures [19]. In short, one of the most
dynamic fields in the beginning of twenty-first century in material science re-
search is related to multiferroic materials.

Multiferroic (MF) materials exhibit two or more ferroic orders: magnetic
(ferromagnetic (FM), antiferromagnetic (AFM) or ferrimagnetic), ferroelectric
(FE), ferroelastic or ferrotoroidic (Fig. 5) [23]. Magnetoelectric (ME) materials,
on the other hand, exhibit coupling between the electric and magnetic degrees
of freedom, so an electric (magnetic) polarization can be induced by a magnetic
(electric) field. There are MF materials that are not ME and vice versa, for fun-
damental reasons, and ME coupling in composite multiferroics is larger than in
single-phase MF materials. As MEs and MFs allow the possibility of switching
the magnetization with electric field, they possess the opportunity for informa-
tion storage applications offering the miniaturization of magnetic random-access
memory (MRAM), where the write operation requires magnetic fields or large
currents [24]. Another possibility is the development of memory bits with multiple
stable states [25], or mixed memory and logic functions [26].

Stress field

Electric field Magnetoelectricity Magnetic field

Figure 5. Schematic illustrating magnetic-elastic-electric couplings
in multiferroic materials. M is magnetization, S is mechanical strain,
and P is dielectric polarization (adopted from [19]).
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The magnetoelectric effect appears when electric polarization occurs under
the influence of an external magnetic field and magnetization occurs under the
influence of an electric field. Macroscopically, the interaction of the electric (E)
and magnetic (H) fields and the stress tensor (s) with the material can be described
within the Landau theory of phase transitions [16]. This allows an electric field to
be used to control the magnetic properties of a material and a magnetic field to
be used to control the electric properties. Traditionally, one distinguishes linear,
quadratic, and higher order magnetoelectric effects, but more recently the term
“magnetoelectric effect” has been often used to describe any form of cross-corre-
lation between magnetic and (di)electric properties. It is important to point out
that not all magnetic ferroelectrics exhibit a linear magnetoelectric effect (in the
true sense of the word) and that not all materials which exhibit a linear magne-
toelectric effect are simultaneously multiferroic (Fig. 6). A multiferroic which is
ferromagnetic and ferroelectric is liable to display large linear magnetoelectric
effects and the magnetoelectric effect in a single-phase crystal is traditionally de-
scribed in Landau theory by expressing the free energy, F, of the system in terms
of an applied magnetic field H.

Multiferroic

Ferromagnetic Ferroelectric

Magnetically
Polarizable

Electrically
Polarizable

Magnetoelectric

Figure 6. Magnetoelectric (ME) and multiferroic (MF) behavior

Nanostructured multiferroic materials

Even though multiferroic materials have a relatively long history of applica-
tion, advancements in new techniques of synthesis supported by new theoretical
approaches led to substantial progress in achieving the new applications and novel
devices. New phenomena were found in ferroics and multiferroics when reduced
to the nanoscale. Emergent properties in small structures with unusual geometries
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(nanoislands, tubes, wires, rings, ribbons, plates, toroids for films and nanostruc-
tured powders) are recently of high interest [27]. Tybell et al. [28] showed that
ferroelectricity in perovskite Pb(Zr ,Ti| )O, thin films grown by RF magnetron
sputtering could exist down to thicknesses of 40 A. First-principle calculations
for PbTiO, thin films suggested the limit could be pushed even further [29] or
that there might not be a critical size in some materials [30]. The predicted size
effect was also confirmed experimentally in BaTiO, (Fig. 7) by Buscaglia et al.
[31]. In magnetic systems, there are similar size effects including diminished mag-
netization in ultrathin films, decreased magnetocrystalline anisotropy, etc. [30].
Additionally, it has been observed that thin film strain (tensile or compressive) can
change the easy magnetization direction in materials such as manganites.
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Figure 7. Relative dielectric constant at 10 kHz and loss tangent of BaTiO, ceramics
with various grain sizes as a function of temperature [31]

Innovative methods for preparing nanosized and nanostructured multifer-
roics (both single-phase and composite MF) are of a particular importance, as
achieving a nananostructured material is usually very difficult. Currently, there is
much interest in studying multiferroics and understanding controversial aspects
of traditional systems like BiFeO, [32-34]. Although expected to produce an ap-
plications breakthrough, single-phase multiferroics show poor properties at room
temperature, even when prepared at nanoscale dimensions.

However, composite multiferroics (bulk and film) which represent a combi-
nation of dissimilar materials can possess novel functionalities driven by nanoscale
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interface coupling. Examples of such couplings are strain-induced ferroelectricity
in quantum paraelectric heterostructures, giant permittivity in magnetic-ferroe-
lectric nanocomposites, enhanced polarization in ferroelectric superlattices, in-
terface spin-orbit or stress-induced magnetoelectric effect in composites [35, 36].
Their functional properties can be tailored through epitaxial strain, local chemis-
try engineering (inducing interface reactions) or via interface coupling. Preparing
heterostructures with atomic-level-growth control and in situ synthesis of magnet-
ic-ferroelectric core/shell morphology with various interconnectivities presents a
great challenge. Ab initio design of new combinations of dissimilar oxides in order
to obtain nanostructured multiferroics, in situ innovative synthesis of nanopow-
ders and anisotropic multiferroic composites with various interconnectivities and
production of ferroic-based composites multiferroics with emergent electromag-
netic properties (metamaterials) are definitely a big challenge in the nanostruc-
tured multiferroic materials field [37]. However, the complexity and fast growing
know-how requires a more integrated and synergic multidisciplinary approach
which is common to various disciplines, but often addressed in divergent ways.

The most challenging aspects in the field of nanostructured multiferroics
pertain to multiferric nanopowders, single-phase multiferroics with low dimen-
sionality and unusual geometry, thin and ultrathin films and supported nanos-
tructured ceramics.

SINGLE-PHASE MULTIFERRIOCS

Multiferroic, i.e. magnetoelectric materials can be single-phase or mul-
tiphase (di-phase). In single-phase multiferroics two ferroic properties are joined
in one phase, while in composite multiferroics two materials of different properties
(e.g. ferroelectic and ferromagnetic) are combined together.

Research into single-phase magnetoelectrics and multiferroics took oft dur-
ing the latter half of the twentieth century. The work on Cr,O, and other antiferro-
magnetic crystals, such as GdZCuO » Sm,CuO,, KNiPO,, LiCoPO, and BiFeO,, was
well summarized by Lee et al. [38]. As magnetoelectric coupling is determined by
the structure and magnetic symmetry of a crystal, small modifications might alter,
eliminate or allow magnetoelectric effects. Source of magnetically induced ferroe-
lectricity might be spiral spin ordering, or collinear spin ordering where ferroelec-
tricity is induced with competing FM and AFM interactions [39]. Magnetoelectric
switching has been observed in orthorhombic manganites, REMnO, or REMn,O,,
where RE is a rare-earth element. These are antiferromagnets that display improp-
er (weak) ferroelectricity. The most notable single-phase multiferroic is BiFeO,,
which is a commensurate ferroelectric and an incommensurate antiferromagnet at
room temperature. Promising multiferroic behavior was reported in thin epitaxial
BiFeO, films, but large magnetization only appeared in the deoxygenated films
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followed with high electrical conductivity [32, 34]. Bulk BiFeO, exhibits G-type
AFM order, where the magnetic moment of each Fe cation is antiparallel to that of
its nearest neighbors. A small canting of Fe magnetic moments leads to a net mag-
netic moment of about 0.05 y, per Fe atom. This weak ferromagnetism raises the
question of whether small magnetization is coupled with the electric polarization
so that it can be manipulated by applied electric fields [33].

Single-phase multiferroics, where magnetic and ferroelectric orders coex-
ist due to mutual polarization and magnetization mechanisms, such as BiMnO,,
BiFeO,, Pb(Fe, W, .)O,, YMnO,, EuTiO,, RMn,O, (R=Tb, Y, Eu, Gd) based solid
solutions, (Sr,Mn)TiO3, LuFe O,, Fe,O,, etc. [32] can be produced by alternative
methods in various structures whereby stabilizing the oxidation state of the mag-
netic ion and controlling the oxygen stoichiometry are of great interest for nanos-
tructured systems. However, a significant materials development will be required
to generate single-phase multiferroics that could make a real contribution even at
nanoscale.

COMPOSITE MULTIFERRIOCS

Composite structures offer an attractive way to combine phases with differ-
ent physical properties in one structure in order to take advantage of coupling be-
tween the individual phases and thus improving its final functionality. Composite
magnetoelectric multiferroics consist of two separate phases, ferroelectric and fer-
romagnetic, and are characterized with much higher magnetoelectric coefficients
than the intrinsic single-phase materials. High magnetoelectric response arises
from interaction between the phases and various strategies for achievement of
magnetoelectric coupling have been investigated [40, 41].

Strategies for achieving magnetoelectric coupling

The most popular approach for achievement of ME effect in composite MF
is based on cross coupling between two phases, i.e. piezoelectric (electrostrictive)
and magnetostrictive phases, indirectly via strain [40, 42-44]. Precisely, electric
field induces change of the dimensions of ferroelectric phase and the induced
stress can be transmitted to the magnetostrictive phase through the shared inter-
face leading to a change in its magnetization (Fig. 8).

Similarly, the application of a magnetic field causes the deformation of the
magnetostrictive phase which can be transferred to the piezoelectric constituent
and induces electric polarization (Fig. 9). Thus, cross interaction between phases is
very important and it can produce a strong magnetoelectric effect. Several material
combinations geometries have been explored.
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Ferromagnetic film —

Ferroelectric film —

Figure 8. Schematic illustration of strain-mediated ME effect in composites when an
external electric field, applied to FE phase, causes change of the preferred orientations
of the magnetic dipoles and magnetization (adopted from [45]).
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Figure 9. Schematic illustration of strain-mediated ME effect in composites when
an external magnetic field induces strain in FM phase, which is mechanically
transferred to FE phase and change its polarization (adopted from [46]).

An alternative approach is based on fact that modifications in the antifer-
romagnetic order, of multiferroics or magnetoelectrics layer, via electric fields can
lead to changes in the exchange bias and in properties of the magnetic layer. It is
well known that the exchange interaction that gives rise to magnetic order in ox-
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ides is often mediated through adjacent oxygen atoms and causes an antiferromag-
netic alignment of the spins [40]. Therefore, the magnetoelectric coupling in many
multiferroics ordered antiferromagnetically occurs between the electric order and
the antiferromagnetic spin configuration. This coupling offers the possibility of
controlling the magnetic properties of an adjacent ferromagnetic layer through
the exchange anisotropy effect, which can potentially result in a much larger mag-
netoelectric coupling effect [40]. Such behavior was observed in bilayer structures
consisting of multiferroics (BiFeO,, YMnO,) and ferromagnetic layers [47] and is
based on exchange coupling between the uncompensated interfacial spins of the
antiferromagnetic layer and the spins of the ferromagnetic layer (Fig. 10) [40, 47].
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Figure 10. Electric field control of the exchange bias effect in NiFe/YMnO,/Pt
heterostructures (large increase in the exchange bias is observed as the system
is cooled under an increasing electric field amplitude) (adopted from [46]).

Other multiferroic structures have also been investigated. Considerable
interest has been attracted by multiferroic tunnel junctions with a ferroelectric
barrier sandwiched between two ferromagnetic electrodes and the existence of
ferroelectric controlled spin polarization. This concept is based on a combina-
tion of a magnetic tunnel junction, which has two ferromagnetic electrodes and
ferroelectric tunneling, which utilizes a ferroelectric tunneling barrier instead of
a dielectric barrier [21, 49, 50] (Fig. 11). As a magnetic tunnel junction, the spin
dependent tunneling current depends on the relative orientation of the magnet-
izations of two ferromagnetic electrodes, creating a tunneling magnetoresistance
effect [50].
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Figure 11. Schematic diagram of FM/FE/FM/FE/FM double-barrier tunnel
junction with sixteen resistive states (adopted from [51]).

Composite structures

It is well known that strong magnetoelectric coupling is closely related to
composite structure, and connectivity between phases and interface bonding plays
an important role in determining magnetoelectric behavior. In this respect, two
different approaches were developed: i) bulk composite multiferroics and ii) mul-
tiferroic thin films. In both cases, there are three common connectivity types (Fig.
12): i) bulk composite where grains of piezoelectric and magnetic phases are ho-
mogenously mixed, or particles of one phase are embedded in a matrix of different
phase (i.e. 3-3 or 0-3 type of connectivity), ii) laminate ceramic composites con-
sisting of the piezoelectric and magnetic oxide layers (i.e. 2-2 type of connectivity)
and iii) 1D fibers of one phase embedded in the matrix of another phase (i.e. 1-3
type of connectivity) [40, 44, 52].

d

Figure 12. Different types of connectivity: a) 0-3, b) 3-3, ¢) 2-2 and d) 1-3 between
constituent phases in magnetoelectric multiferroic composites

Boomgaard and Born [53] defined some requirements of good ME eftect
in composites, summarized as follows: i) two phases should be in equilibrium
and no chemical reactions should occur between the constituent phases, ii) mag-
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netostriction coeflicient of ferromagnetic phase and piezoelectric coefficient of
ferroelectric phase should be high, iii) resistivity of the constituent phases should
be high in order to avoid the leakage of the charges developed in ferroelectric
phase and iv) proper poling strategy should be adopted to acquire higher ME sig-
nal. Poling is a processing technique used to increase the net polarization which
brings out piezoelectricity in polycrystals. In ferroelectric materials, domains are
formed spontaneously upon cooling from above the Curie temperature. The di-
rection of polarization among domains is random, so the ceramic has very small
net polarization or no polarization at all (Fig. 13a). However, during poling, the
domains become aligned by exposing the material to a strong DC field. Through
this polarizing (poling) treatment, material becomes elongated in the direction
of the field, Fig. 13b. When the field is removed, the orientation of domains is
largely retained (Fig. 13c). At this time, the material has a permanent polarization
(the remanent polarization) and is permanently elongated. Poling is therefore an
important process for enhancing the ferroelectric and piezoelectric properties in
ferroelectric materials [54]. Analogously to polarization, the magnetic field is used
to increase the net magnetization in ferromagnetic materials.

The selection of ferroelectric and ferromagnetic materials for the prepara-
tion of multiferroic materials depends on the various factors required for a certain
application. Ferroelectric materials used as a component in multiferroic compos-
ites usually possess a perovskite structure with a general formula ABO,, where
A (larger cation) is a monovalent, divalent or trivalent metal and B (smaller cat-
ion) a pentavalent, tetravalent or trivalent element, and O is an oxygen [56]. The
most crucial and desired properties of one ferroelectric material as a constituent
of multiferroic composite are high dielectric constant, low dielectric and piezoe-
lectric losses, and high piezoelectric coefficients. Further substantial properties of
ferroelectrics that should be considered are the Curie temperature (T_.), remanent
polarization (P,), coercive field (E_) etc.

DC field ! DC field
—
ON | OFF
L
Unpoled During poling *) After poling

Figure 13. Schematic illustration of the poling process (scheme based on [55])
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On the other hand, ferrites are mostly used as a magnetic component of
multiferroic composite. Ferrites are mixed metal oxides with iron(III) oxide as a
main component, with general formula MFe,O, (where M is a divalent cation like
Ni, Zn, Co, Mn, Mg). Additionally, some of the trivalent cations such as Nd, Cr,
Y, In etc. can be incorporated into the structure influencing the structural, electri-
cal and magnetic properties of the nanocrystalline ferrites [57], either as spinels
(cubic crystal structure), garnets (cubic crystal structure) or magnetoplumbites
(hexagonal crystal structure) [58]. The relevant properties of one magnetic mate-
rial in composites are magnetic permeability (i), remanent magnetization (M),
coercive magnetic field (H_), magnetostriction () ), piezomagnetic coefficient (qi].)
and the Curie and Neel temperatures (T and T, respectively).

BULK COMPOSITE MULTIFERRIOCS

Structure and fabrication of composite multiferroics

Bulk composite multiferroics with indirect coupling between two phases
via strain have relatively high magnetoelectric coeflicients, usually in the range of
1-1000 mV cm™ Oe’, which is much higher than those typical of intrinsic sin-
gle-phase multiferroics [44]. Besides composite structure (i.e. type of connectiv-
ity), selected materials and fabrication methods are also important factors which
affect magnetoelectric coupling in composites [19]. Magnetoelectric coefficients
of various bulk and film-based composites having 0-3, 1-3, and 2-2 connectivi-
ty are given in Fig. 14. Special attention was dedicated to composites containing
the rare-earth-iron alloy Tb, Dy Fe, (Terfenol-D) with giant magnetostrictance
[59] or Metglas [60] with very high magnetoelectric coupling coeflicients (Fig.
14). However, besides the alloy-based composites, particularly attractive, from a
fabrication point of view and for potential technological applications, are ceramic
based composites.

Magnetoelectric multiferroic bulk ceramic composites are usually prepared
by sintering of corresponding oxide powders at high temperatures. This fabrica-
tion technique has the advantage of being relatively simple and cheap, and the
properties of the obtained composite can be designed by selecting the constituent
phases, their mass ratio, grain sizes and grain arrangement. However, there are a
lot of other variables involved in the process, such as quality of the starting pow-
ders, homogenizing and shaping technique, sintering temperature and time, sub-
sequent annealing treatments, oxygen pressure, etc. All of them can strongly affect
the composite structure i.e. influence residual porosity, defects in the crystalline
structure of each phase (including vacancies and dislocations), interdiffusion and/
or chemical reactions between the two phases, appearance of undesirable second-
ary phases, variations in grain sizes and shapes, thermal expansion mismatch,
etc. [44, 61, 62]. Thus, it is not surprising to find a wide array of properties of the
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same multiferroics prepared by different researchers [40]. However, it should also
be underlined that magnetoelectric coupling of bulk composites are is lower than
theoretically predicted, mainly due to the mentioned inherent fabrication prob-
lems [19, 52].
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Figure 14. Reported values of off-resonance ME voltage coefficients for various material
systems: (a) bulk and (b) film-based ME composites (adopted from [19])

BaTiO~NiFe O, composites

Multiferroic magnetoelectric bulk ceramic composites are usually fabricat-
ed by combining magnetic spinel ferrites and ferroelectric perovskites. Ferrites
have large resistances (relative to other magnetic materials), but small magne-
tostriction and, as previously mentioned, the Ni, Mn and Co ferrites have been
mostly studied, usually with Cu, Zn and Cr substitutions that aim to increase elec-
trical resistivity [40]. Among ferrites, nickel ferrite is mostly used since it has the
largest magnetostriction of any ferrite, good mechanical properties and it can be
easily densified. For the ferroelectric phase, perovskite titanates are the most often
employed, including BaTiO,, PbTiOS, Pb(Zr,Ti)O3, Ba(Zr,Ti)O3, Pb(Mg1 /3Nb2 /3)
TiO,-PbTiO,, and corresponding solid solutions obtained by doping with var-
ious cations [40]. BaTiO, has a transverse piezoelectric constant of d,, = -90
pC/N and an electromechanical coupling coefficient of k,, = 0.63. Both are lower
than the corresponding values for Pb(Zr,Ti)O, (d,, = -175 pC/N, k,, = 0.72) and
Pb(Mn, ,Nb, ,)O,-PbTiO, (d,, ~ 2000 pC/N and k_, = 0.94) [63], but BaTiO, has
higher Curie temperatures and better mechanical properties [64].

The first results in this field appeared in 1970s when Van Run et al. [65]
confirmed a magnetoelectric effect due to the mechanical coupling of the mag-
netic spinel CoFe,O, and the piezoelectric BaTiO, perovskite phases. Moving



200 V. Srdi¢, B. Bajac, M. Vijatovié¢ Petrovi¢, M. Milanovi¢, Z. Cveji¢, B. Stojanovié

on from there, Boomgaard and Born [66] fabricated BaTiO,-Ni(Co,Mn)Fe,O,
composites by sintering a mixture of piezoelectric and magnetic phases and in-
vestigated the influence of the cooling rate after sintering, the mole ratio of both
phases and grain size on composite properties. After these pioneer works, it was
recognized that designing new combinations of dissimilar oxides in order to ob-
tain nanostructured multiferroics, in situ innovative synthesis of nanopowders and
fabrication of anisotropic multiferroic composites with various interconnectivities
are definitely big challenges in the field of nanostructured multiferroic materials.
It was obvious that more integrated and synergetic multidisciplinary approach-
es, common to different disciplines but often addressed in divergent ways, are
required. Thus, various approaches were used to tailor desired BaTiO,-NiFe,O,
(BT-NF) composite structure and solve fabrication problems such as: i) applica-
tion of novel synthesis techniques, ii) improvement of structure homogeneity, iii)
control of annealing and sintering processes, iv) optimization of perovskite—ferrite
phase ration, etc.

Application of novel synthesis techniques. -
Synthesis methods of BT and NF powders are being developed from conventional
solid state through chemical synthesis, such as sol-gel method, co-precipitation,
auto-combustion, polymeric precursor method, hydrothermal method, etc. [67-
70]. The solid state method requires barium titanate and nickel ferrite powders
with similar particle sizes and morphology in order to enable the proper packing
of the phases in multiferroic composite ceramics. It is a very convenient method
due to its simplicity and low cost, but it has disadvantages such as the introduction
of mechanical defects in the structure and low percolation threshold in the ran-
domly mixed ferrite grains [71]. An additional problem is high sintering tempera-
tures, necessary for required density of the composite ceramics. On the other hand,
chemical methods have been proven to give much smaller particle sizes, uniform
morphology and a more homogeneous microstructure of the ceramics, which is a
very important factor in the synthesis-structure-properties relations triad.

Modifications of powder synthesis methods have been focused on employ-
ment of novel techniques and structures. Thus, core/shell composite powders have
been synthesized in order to obtain better phase distribution and avoid connec-
tivity of the conductive ferrite particles (Fig. 15). Only a few studies on processing
and characterization of multiferroic composite ceramics from core/shell powders
[71-75] have been reported in literature. It was shown that both, the preparation
of the powder and its subsequent densification have a big impact on magnetic,
ferroelectric and magnetoelectric properties of prepared ceramics. In general,
preservation of core/shell structures in fabricated ceramics is often the issue and
perfect core/shell structure does not necessarily lead to desirable ceramic compos-
ite structure, due to agglomeration, lattice mismatch, difference in sinterability,
interfacial diffusion or phase reaction [76]. In other words, many factors, beside
the morphology of the powder, determine whether the desired characteristics of
the final product will be achieved.
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Figure 15. Fabrication steps in preparation of multiferroic bulk composites from
core/shell powders [76]

Improvement of structure homogeneity -Alot
of effort has been made in obtaining homogeneous dispersion of the magneto-
strictive phase into a piezoelectric matrix. Ortega et al. [52] prepared a series of
BT-NF ceramics with various contents of ferrite phase by solid-state reaction,
mechanical dry mixing and conventional sintering. The formed microstructure
was quite inhomogeneous, with an extreme difference in size between the small
barium titanate grains and large grains of the nickel ferrite, surrounded by BT
phase. Due to conductive nickel ferrite phase, dielectric properties of the barium
titanate in the composite were being diluted and dependent on the concentration
of NF phase. Grigalaitis et al. [77] prepared barium titanate and nickel ferrite
particles by chemical methods and used dry mixing method for homogenization.
After sintering, very uniform and homogeneous microstructures were obtained.
Dielectric permittivity vs. temperature dependence has shown similar values of
dielectric permittivity, but lower losses compare to previously published data [52].
Although the dry mixing method can improve homogeneity, introduction of me-
chanical defects into the structure by dry mixing might present a problem [71].
Thus, other solutions were explored, such as dispersing of previously synthesized
BT particles into a solution containing nickel nitrate, iron nitrate and citric acid
using a so called “wet mixing route” [78, 79].

Control of annealing and sintering processes. -
Sintering temperatures usually used for the preparation of BaTiO,-NiFe O, ce-
ramics range from 1050 to 1200 °C, depending on the mass ratio between the
phases, quality of the starting powders, green density of the compacts, etc. The
formation of microstructure with low density and poor contacts between the fer-
roelectric and ferromagnetic phases results in a low magnetoelectric effect. Thus,
high sintering temperature is required (Fig. 16), although it can usually lead to
the formation of secondary phases (such as BaFe ,0 ), which can collect space
charges at the grain boundaries thereby increasing the dielectric permittivity, but
also the dielectric losses [37]. Various heat treatment strategies have been used
to improve the composite structure. Therefore, the introduction of multiple step
sintering, hot pressing or spark plasma sintering can enable high density of the
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ceramics and produce much better magnetoelectric properties of the compos-
ites. PZT-Ni, , Fe ceramics, with various phase ratios, were processed by
hot pressing in order to achieve high density while avoiding possible reactions
between the constituent phases [61]. Jiang et al. [80] fabricated dense compos-
ites consisting of magnetic (nickel ferrite) and ferroelectric (PZT-Pb(Zr Ti,_])O,
with 0<x<1) phases by spark plasma sintering of mechanically mixed precursor
powders. They confirmed that the feasibility of retarding possible reactions occur-
ring between the ferrite and PZT was approved by applying such a dynamic spark
plasma sintering process. On the other hand, fast densification without interfacial
interactions at low temperatures was obtained by combination of spark plasma
and conventional sintering of SrTiO,-NiFe ,O, composites [75].
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Figure 16. SEM images of BT-NF composites sintered at 1170 °C/4h where BT is doped
with: a) 0.3 and b) 0.5 mol% Sb [81]

Optimization of perovskite - ferrite phase ratios. -
Ratio between the perovskite and ferrite phase within the multiferroic is very im-
portant. It was shown that the ME effect can disappear when the content of the
magnetic phase is below 20-30 wt.% [40]. Thus, Zhou et al. [71] prepared BT-NF
composites from the shell particles (200-300 nm) obtained by the hydrothermal
method. In ceramics with a lower concentration of NF phase (sintered at 1100 °C)
mostly uniform and homogeneous microstructure was obtained. However, in the
ceramics with a higher concentration of NF phase, exaggerated grain growth of
nickel ferrite phase was detected causing degradation of ferroelectric and magnet-
ic properties. Experimental studies of several ferrite-BaTiO, composites [82-85]
also confirmed that the maximum magnetoelectric coupling coefficient is found
for the content of perovskite phase in the range between 70-85 wt.%. In addition,
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Srinivasan et al. [61] showed that in PZT-Ni __, _Fe . ceramic system, the sample
with ~40 vol.% PZT has maximal magnetoelectric coefficient (Fig. 17), but also
that magnetoelectric coupling is sensitive to the composition of ferrite phase.
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Figure 17. Magnetoelectric coefficient versus amount of PZT phase in PZT-ferrite
composite [61].

Mojic et al. [75] confirmed that, with the increase of NiFe,O, content in
BT-NF composites, there is a decrease of dielectric constant and increase of die-
lectric loss (Fig. 18). The reasons are much lower dielectric constant and higher
conductivity of NiFe,O, in comparison with BaTiO,. The sharp dielectric peak at
the Curie temperature (~125 °C) for the pure BaTiO, becomes broader in the com-
posite ceramics and slowly disappears with the increase of NiFe,O, content (Fig.
18). This kind of temperature dependence of dielectric properties was also found
in composites obtained by dry mixing method [77]. Similar behavior was observed
from ferroelectric measurements and characteristic ferroelectric hysteresis curve
was observed only for pure BaTiO, and composite with the lowest amount of
ferrite phase (Fig. 18d). However, the so-called “banana” shape of hysteresis curve
is clear for the composites with higher amounts of ferrite phase (Fig. 18d), due to
higher conductivity of NiFe O, phase.

Magnetic behavior of composites fabricated from core/shell powders [75]
and by dry mixing method [77] was also analyzed. The symmetric ferromagnetic
hysteresis loops (Fig. 19) with narrow coercive field (insets in Fig. 19) show the
presence of ordered magnetic structures, originating from uncompensated an-
tiparallel oriented spins of Fe** ions at tetrahedral and octahedral sites, and Ni**

ions at octahedral sites of NiFe,O,.
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Figure 18. Temperature dependence of dielectric constant and dielectric loss
of composite BaTiO,-NiFe,O, ceramics prepared from core/shell powders [75]
with various BT/NF mass ratios: a) pure BaTiO,), b) BT:NF = 8:1 and c) BT:NF = 2:1.
Room temperature hysteresis P-E loops of pure BaTiO, and composite
BaTiO,-NiFe,O, ceramics with 3 different BT/NF mass ratios (d).
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Figure 19. Room temperature hysteresis M-H loops of BaTiO,-NiFe O, composite
ceramics with various BT-NF mass ratios, prepared: a) from core/shell powders [75]
and b) by dry mixing method [77].
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It is obvious from Fig. 19 that all magnetic parameters decrease with in-
crease of amount of BaTiO, content since the non-magnetic phase in the com-
posite can act as pores and break the magnetic circuit when a magnetic field is

applied [81].

MULTIFERRIOC THIN FILMS

Recent developments in nanoelectronics have been mostly based on na-
nostructuring and application of high quality thin films. In the 1990s theoretical
calculations showed possible strong magnetoelectric coupling in a multilayer (2-
2) configuration [86] after which this field continued to develop rapidly. Thus,
advanced growth techniques made it possible to fabricate ultra-thin films, either
single-phase multiferroic or with various FE and FM phases and design novel
devices based on magnetoelectric coupling. However, retaining their multiferroic
properties is very challenging. Compared with bulk ME composites, multiferroic
composite thin films have unique advantages. Various phases could be combined
at atomic-level, and by precise control of the lattice matching, epitaxial or su-
perlattice composite films can be designed, facilitating the understanding of ME
coupling at atomic scale [44]. It is also important to underline that multiferroic
films have much higher magnetoelectric coefficients and much larger anisotropy
than typical bulk composite multiferroics [52].

From the fabrication point of view, the easiest way is to prepare sin-
gle-phase multiferroic films. Research interest in magnetoelectric multiferroic
films has been focused on hexagonal manganites such as YMnO,, bismuth-based
perovskites (mostly pure or doped BiFeO,) and lead-based solid solution per-
ovskites [52, 87-91]. These single-phase films were deposited by various tech-
niques, such as pulsed laser deposition (PLD), metal-organic chemical vapor
deposition (MOCVD), sputtering, spin coating, spin-spray techniques, molecular
beam epitaxy (MBE), etc. [19, 44]. General problem with single-phase multiferroic
films is low magnetoelectric coupling (similar to single-phase bulk materials).

Structure and fabrication of multiferroic films

With regards to thin film geometry, there are three common configurations
(Fig. 20) similar to bulk multiferroic composites: 0-3, 2-2 and 1-3 type of connec-
tivity. The most commonly studied multiferroic magnetoelectric 2D structures
are bilayer and multilayer films of the 2-2 type, and only a few publications can
be found for the structures with 0-3 type of connectivity. The popularity of the
2-2 configuration is due to their ease of synthesis along with a reduced leakage
problem due to the blocking of the current flow by resistive ferroelectric layers
[52]. Despite the nature of multiferroics, indirect ME coupling has been observed
in various ways in the 2-2 structures, while evidence of direct coupling ME has
been absent in most of them.
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Figure 20. Different types of connectivity: a) 0-3, b) 2-2 and c) 1-3 between constituent
phases in magnetoelectric multiferroic films [44]

There are various factors that affect the magnetoelectric coupling in thin film
heterostructures, such as: i) types of FE and FM phases, ii) heterostructure config-
uration (i.e. geometry), iii) constrain from the substrate, iv) microstructural fea-
tures, etc. Thus, researchers are still trying to understand the main reasons for the
differences in the magnitude of ME coupling coeflicients reported in literature [52].

Influence of substrate on magnetoelectric coupling of multiferroic thin
films seems extremely important. It has been shown that most ME composite
films reported in the literature exhibit very weak ME properties due to reduced
electromechanical parameters as a consequence of substrate clamping [19]. In the
2-2 configuration, consisting of alternating layers of ferroelectric perovskites and
magnetic spinels, usually only weak ME effects are present due to large in-plane
constraint from the substrate (i.e. the strain generated in the magnetostrictive
phase cannot be effectively transmitted to the piezoelectric phase) [52]. There are
a few results which directly confirm this effect. Thus, Li et al [92] studied the ef-
fect of substrates on La,_Sr MnO,-BT bilayers and found a higher magnetoelec-
tric coefficient (263 mV cm™'Oe™") at 1 kHz on SrTiO, substrate compared with
(LaAlO,) ,(SrAl . Ta ,O,), . and LaAlO, (169 mV cm™'Oe™). This result is due to
the strain induced by the lattice mismatch between BT and La, Sr MnO, films and
larger interface coupling in the bilayer films deposited on the SrTiO.,. In addition,
Wang et al. [93] investigated the effect of geometry (0-3 and 2-2 type) on the mag-
netic properties of CoFe O,~PbTiO, heterostructures. They observed a reduction
in magnetic moments of the 2-2 type compared to the 0-3 type and attributed
this result to the formation of anti-phase boundaries due to compressive strain
in CoFe,O,, which was larger in the 2-2 structure. Another confirmation was re-
ported by Lorenz et al. [94] who showed that the substrate clamping is smaller
in vertical 1-3 configurations than in 2-2 structures. Thus, a maximum value of
magnetoelectric coefficient, obtained for the 1-3 structures of BT-CoFe,O, fabri-
cated using puled laser deposition, was three times higher than in the case of the
multilayer 2-2 film.

Various multiferroic magnetoelectric composite films were fabricated in re-
cent investigations and the main goal was selecting compositions with phases that
spontaneously separate due to their immiscibility. Thus, considerable attention
was given to quasi-2-2 structures such as terfenol-D-polymer (PVDF) and PZT-
polymer (PVDEF) due to extremely high magnetoelectric coupling [59]. These
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“soft” composites with relatively thick layers were fabricated using a hot molding
press. Bilayer and multilayer thick films prepared by tape casting (for example
NEF-PZT [95]) and electrophoretic deposition (for example BT-CoFe O, bilayer
films on AL O,/Pt substrate [96]) were also investigated. However, the focus of this
paper will be towards more attractive composite thin films composed of perovskite
(BaTiO,) ferroelectric and (NiFe,O,) magnetic phases.

Multilayer BaTiO -NiFe,O, films

In order to achieve their full potential, preparation of ME composite thin
films with high quality is desired. This has been done with a wide variety of dep-
osition techniques, such as PLD, MBE, sputtering, spin coating, MOCVD, etc.
Among them, spin coating (solution deposition by spin coating) is a convenient
and inexpensive chemical method for fabricating polycrystalline films or textured
films with preferential orientation, and provide flexibility in obtaining large area
thick films [44].

Spin coating technique - This technique consists of four
steps: i) synthesis of the precursor solution, ii) deposition of solution on substrate,
iii) low-temperature heat treatment for drying and/or pyrolysis of organics and iv)
densification by sintering. Bajac et al. [97, 98] used the spin coating technique for
fabrication of multilayer thin films by alternate deposition of BaTiO, and NiFe O,
layers. Up to twelve layers were deposited on ultrasonically cleaned commercially
available Pt/TiO,/SiO,/Si substrate starting with the BaTiO, layer. Immediately
after every deposited layer, the system was calcined at 500 °C in order to com-
pletely evaporate traces of residual solvents, which can cause surface defects in
the prepared films [97]. The obtained films had a well-defined layered structure
with an overall thickness of around 500 nm, and individual thicknesses of around
60 nm and 40 nm for BaTiO, and NiFe,O, layers, respectively (Fig. 21) [99]. The
films exhibited ferroelectric and ferromagnetic behavior and coupling between the
ferrite and titanate phases and the influence of layer geometry on the mentioned
behavior and coupling.

SOMCNF
NF
NF
NF

NF

Si-substrate

Figure 21. TEM images of multilayer BT-NF films prepared by solution
deposition technique [99]
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Dai et al. [100] also used chemical solution deposition for preparation of
BaTiO,-CoFe,O, multilayer thin films on the Pt/Ti/SiO,/Si (100) substrate (Fig.
22) with various thicknesses (obtained using precursor solutions with various
concentrations). The thickness effect on film microstructure as well as ferroelec-
tric, leakage, dielectric, magnetic and magnetoelectric properties was investigated.
The results show that the grain size, ferroelectric and dielectric response were
increased with the increasing thickness. A decrease in saturation magnetization
of the thickest film was also observed and attributed to the pinning effect of the
microcracks to the domain wall movement.

CF

BT

Substrate

Figure 22. Schematic presentation of multilayer BaTiO,-CoFe,O, films
prepared by solution deposition technique [100]

Vapor deposition techniques.— When the growth of ox-
ide thin films with high structural perfection and the ability of customizing oxide
layering down to the atomic layer level are demanded, traditional chemical depo-
sition methods are not applicable. Alternatively, vapor deposition techniques (e.g.
PLD, MBE, and sputtering) have the ability of yielding excellent epitaxial growth
of thin films with atomic scale thickness control and coherent interfaces [44].

In physical vapor deposition techniques, numerous factors need to be care-
tully controlled. First of all, the choice of substrate plays the most important role
in controlling the orientation and strain state of the epitaxial films. Orientation
control is vital for the preparation of films suitable for establishing the intrin-
sic properties of multiferroic materials, as it influences the crystallization and
morphology of a multi-component nanostructure [44]. PLD system consists of
a vacuum chamber equipped with pumps, a target holder and rotator, substrate
heater, and is typically equipped with various pressure gauges, controllers, and
other instruments which control the deposition environment of the system. The
deposition is achieved by vaporization of materials by an external energy source
and growth can be carried out in reactive environments.

Aguesse et al. [101] deposited various multilayer films, consisting of highly
magnetostrictive CoFe O, and piezoelectric BaTiO,, by PLD method on a SrRuO,
buffered SrTiO, (001) single crystal substrate, at 700 °C in an oxygen atmosphere.
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Dense BaTiO, and CoFe O, targets were struck by a KrF excimer laser. In order to
prevent the formation of oxygen vacancies, an annealing step in an oxygen atmos-
phere was performed. The thickness of each layer was controlled by the number of
laser pulses ranging from 6 to 60 nm (Fig. 23). It is important to underline that in
the epitaxial CoFe,O,-BaTiO, multilayer thin films a significant reduction in mag-
netization of ferrite layers was observed. It was also shown that there is a strong

correlation between the number of interfaces and the reduction in magnetization.

a b

BaTiO,

(004) S¢TiO,

/(004) CoFe0,
=—_._(002) BaTi0,

(002) SrRuO, / (002) SrTiO,
—— (M) SrRu(},

120 nm
(004) BaTiO,

Log Intensity (a.u.)

s

1-bilayer 3-bilayer  10-bilayer

40 60 80 100

Figure 23. Schematic presentation of CoFe,O, and BaTiO, multilayer structures (a),
XRD pattern of CoFe,0, and BaTiO, multilayer structure (b) and TEM images
of multilayer films (c) and (d) (adopted from [101])

Lin et al. [102] deposited (001)-oriented PZT/CoFe,O, multilayer thin films
on LaNiO,-coated Si substrate by a dual-cathode RF sputtering method (Fig. 24).
The total thickness of PZT and CoFe,O, sublayers were from 80 to 280 nm. The
multilayer films showed both FE and FM characteristics. The highly (001)-ori-
ented PZT-CoFe,O, thin films on LaNiO, ensured the alignment of electric po-
larization and magnetic moment. However, the FE and FM properties as well as
ME-coupling were reduced with increasing the number of layers suggesting the
presence of a passive layer at the PZT-CoFe,O, interface.
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Figure 24. Schematic picture (a) and TEM image (b) of PZT/CoFe O, multilayer thin
film (adopted from [102])

Bilayer multiferroic thin films

Advanced growth techniques make it possible to fabricate ultra-thin films
with various FM and FE phases, together with atomic level connections between
them. In addition, recent findings have suggested that ferroelectricity persists in
ultra-thin films (~3 nm) [28, 29], which enables further miniaturization and fab-
rication of new devices based on ferroelectric materials. One example of this ad-
ditional multifunctionality was demonstrated in the work of Binek and Doudin
[103] on the transport properties of multiferroic heterostructures, where tunnel
junction devices employing ME and MF materials as tunnel barriers were de-
signed. Such spintronic devices, having architectures obtained by combining a
giant-magnetoresistance or tunnel-magnetoresistance unit with ME/MFs systems,
have already found successful application in nanoelectronics. Thus, thin film bi-
layer heterostructures have opened a new field of research.

Bilayer (or trilayer) heterostructured thin films composed of manganite
magnetic (La, Sr MnO, or LSMO) and perovskite (BT, PZT, PMN-PT and PZN-
PT) layers have been of special interest and various fabrication approaches have
been investigated, the simplest of which is growth of a magnetic thin film on a
ferroelectric substrate (Fig. 25) [44]. In such a manner, Wang et al. [46] deposited
an epitaxial ferroelectric PZT film on LSMO single crystal, and conversely, an
epitaxial magnetic LaCa(Sr)MnO, (LCMO) film on a ferroelectric single crystal
(e.g. BT and Pb(Mg,Nb)O,-PbTiO,). Magnetoelectric coupling in such multifer-
roic thin film structure was analyzed and magnetization changes were observed
by electric field induced strain of FE phase.

The standard technology in fabrication of bilayer heterostructured thin
films utilizes epitaxial growth on a single crystal substrate by pulsed laser depo-
sition, such in the case of La  Sr, ,MnO,/BaTiO, bilayer film deposited on (001)
oriented SrTiO, single-crystal [90], or Pb(Zr  Ti ,)O, and La, Sr MnO, bilay-
er thin films on (100) oriented LaAlO, single-crystal [52]. From the application
point of view, various approaches have also been explored by introducing a phase
transition layer at the interface or by using an electrode material close to the phase
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transition boundary. Thus, a greatly enhanced tunneling electroresistance was ob-
served in LSMO/BT/LCMO/LSMO multiferroic tunnel junctions by inserting an
ultra-thin La .Ca ,MnO, (LCMO) layer between the BaTiO, ferroelectric barrier
and the La _Sr, MnO, electrode (Fig. 25a) [104]. For the ferroelectric polarization
pointing to the La Ca ,MnO, side (Fig. 25b), the screening electron accumula-
tion (hole depletlon) will eﬂ%ctwely reduce the doping level x of La, Ca MnO, to
x < 0.5 side, which is in the ferromagnetic metallic phase. On the other hand, for
the ferroelectric polarization pointing away from the La ,Ca ,MnO, layer (Fig.

25c¢), the electron depletion (hole accumulation) will change the La, Ca MnO,

to x > 0.5 side, pushing it into the antiferromagnetic insulating phase [105 106].

Figure 25. HRSTEM image of LSMO/BT/LCMO/LSMO multilayer structure (a)
and schematic demonstration of the screening charge accumulation in the electrodes
for the multiferroic tunnel junctions with ferroelectric polarization upwards (b)
and downwards (c) [106].

SUMMARY

Labeled by the integration and miniaturization of electronic components,
the study of new materials and their functionalities became very widespread, with
the main goal being the integration within the current technologies i.e. processing
and devices. Due to their unique combination of properties, research has been
focused on magnetic and ferroelectric materials, with a special interest dedicated
to multiferroics/magnetoelectrics. The multifeorroic materials are well known for
a very long time, but due to advances in materials fabrication and processing of
complex structures with lower dimensionality (such as nanostructured thin films,
nanowires, core/shell nanoparticles, etc.) offering some unexpected properties,
this field become increasingly important.
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Magnetoelectric multiferroic ceramics can be single-phase or composites.
The main difference between those two are the combination of two ferroic proper-
ties in one material (i.e. single-phase) or joining together two materials of different
properties (e.g. ferroelectric and ferromagnetic phase) in composite. Single-phase
multiferroics, produced by various methods, exhibit poor properties at room tem-
perature even when prepared at nanoscale dimension. Magnetoelectric coupling
is closely related to composite structure rather than single-phase structure, and
connectivity between phases and interface bonding play an important role in de-
termining the magnetoelectric behavior. Having this in mind, two distinguished
approaches were developed: i) bulk composite multiferroics and ii) multiferroic
thin films.

Magnetoelectric multiferroic bulk ceramic composites are usually prepared
by sintering process which is relatively simple and cheap technique. There are a
lot of parameters involved in the process, such quality of the starting powders,
homogenizing and shaping technique, sintering temperature and time, subsequent
annealing treatments, oxygen pressure, etc. However, by proper selection of varia-
bles influencing in this way the type of the constituent phases, their mass ratio and
distribution, grain size and size distribution it is possible to tailor the properties
of such materials.

Recently, special attention was given to the preparation of multiferroic thin
films. Fabrication methods for preparation of ultra-thin films and design of novel
complex nanodevices based on magnetoelectric coupling are developed nowa-
days. Compared to bulk magnetoelectric composites, multiferroic composite thin
films have unique advantages. Different phases could be combined at atomic-level,
and by precise control of the lattice matching, epitaxial or superlattice composite
films can be designed, facilitating understanding of magnetoelectric coupling at
atomic scale. Spin coating is a convenient and inexpensive chemical method for
fabrication of polycrystalline films or textured films with preferential orientation.
However, when the growth of multiferroic thin films with high structural perfec-
tion and the ability to customize oxide layering down to the atomic layer level are
demanded, the traditional chemical methods are not applicable. Alternatively, va-
por deposition techniques (e.g. PLD, MBE, and sputtering) offer excellent epitaxial
growth of thin films with atomic scale thickness control and coherent interfaces.

Multiferroic materials have many interesting properties that can help to
achieve the ambitious goals set for nanotechnology in general. Some future appli-
cations can greatly benefit the use of these materials, including electrical engineer-
ing, medicine, transportation, energy conversion, etc.
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MYJITU®EPOMYHN BaTaO,~NaFe O, KOMIIO3UTU: O]
KEPAMUVKE 1O BUIIECJIOJHNX TAHKNX OVMJIMOBA

Pesume

ToxoM mpoTeKsie fieljeH1je MarHeTOeNIeKTPUYHM MyITreponnu ¢y 61mm
jenaH o MPMOPUTETHNUX MCTPAXXMBAUKUX IIpaBalid y HaylLy O MaTepujannma,
jep HpencTaB/bajy HOBY TeHepalujy MyITUQYHKIVOHATHUX MaTepujaja.
Myntudeponke KapakTepuile ICTOBpeMeHO II0CTojambe Oap fBa dpepo-ypehemwa u
npucycTBa ¢pepoeneKTpunnuTera 1 pepoMarHeTriamMa, Kao  CHa)KHa MHTepaKIuja
usMeby wux (mepuHncana kao MarieroenekTpudHu edekar). Ta cBojcTBa cy
BeoMa OMTHa 3a NpMMeHe y PasIMIuTUM MYITU(YHKIMOHATHUM ypebajuma.
Y oBOM papy jiart je mperief; pasIMuuTHX TeXHMKA JOOMjamba My1TU(EepONIHIX
KepaMMYKMX KOMIIO3UTA U TaHKMX punmosa Ha 6asu BaTiO,-NiFe,O,. [maun
IV/beBU Cy 61 Topeherbe KOMIIOSUTHMX ¥ TAHKOC/IOJHUX CTPYKTYpPa U BbMXOBYX
CBOjcTaBa ¥ CTHUIIalbe OO/ber pasyMeBama II0OBE3aHOCTY MHTepaKIyje usmeby
MarHeTHUX U ¢epoeneKTpuIHNX ypebemwa, Koje 61 3acUTypHO MOrIe OUTHU Of
Be/IMKe KOPUCTY Y AM3ajHNPamby HOBMX MyITU(EPOHCKIUX MaTepujaja, a TUMe 1
caryiefjaBarmy HIXOBUX HOBUX IIPUMEHA.



