Ministry of Education and Science of Ukraine

National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute”

Yu. Poplavko, S. Voronov, Yu. Yakymenko

Selected problems
of materials science

Vol. 2

Nano-dielectrics metals
In electronics. Metamaterials.
Multiferroics. Nano-magnetics

Textbook

Recommended by the Methodological Council
of the Igor Sikorsky Kyiv Polytechnic Institute
as a study aid for master’s applicants
on the specialty 105 “Applied Physics and Nanomalgr

Kyiv
Igor Sikorsky Kyiv Polytechnic Institute
2023



UDK 620.22:537.22K075.8) The approval was granted by the Methodological @iun
P84 of the Igor Sikorsky Kyiv Polytechnic Institute
(minutes of meeting No. 2 dated October 26, 2023)

upon the submission of the Academic Council oEthgcational and
Research Institute of Physics and Technology
(minutes of meeting No. 11 dated September 18,)2023

Reviewers: O. StronskyDr. Phys.-Math. Sciences, Professor,
Institute of Semiconductor Physics V.Y. Lashkareva
National Academy of Sciences of Ukraine

V. KotovskyDr. Technical Sciences, Professor,
Department of General Physics and Solid State Bhysi
Igor Sikorsky Kyiv Polytechnic Institute

General Editor ~ S. VoronoyDr. Technical Sciences, Professor,
Department of Applied Physics
Igor Sikorsky Kyiv Polytechnic Institute

Poplavko Y. M.

P84 Selected problems of materials science. Vol. 2. d\dielectrics metals in
electronics. Mtamaterials. Multiferroics. Nano-magnetics [Text]textbook for
students of specialty 105 “Applied Physics and Naaterials” / Yu. Poplavko,
S. Voronov, Yu. Yakymenko ; Igor Sikorsky Kyiv Padghnic Institute. — Kyiv : Igor
Sikorsky Kyiv Polytechnic Institute; Polytechnicishing House, 2023. — 276 p.

The textbook examines physical foundations andtigacapplication of current electronics
materials. Modern theories are presented, morentapioexperimental data and specifications of basic
materials necessary for practical application areerg Contemporary research in the field of
microelectronics and nanophysics is taken into aetavhile special attention is paid to the inflaen
of the internal structure on the physical propertématerials and the prospects for their useliging
language lectures and other classes on the subjeitte book are held at Igor Sikorsky Kyiv
Polytechnic Institute at the departments of “ApglRehysics” and “Microelectronics” on the subject
of materials science, which is necessary for sttsderi higher educational institutions when
performing scientific works.

For master’s degree applicants in specialty 105010l physics and nanomaterials”.

( | ! 105 «

».
UDK 620.22:537.22§075.8)

© Yu. Poplavko, S. Voronov, Yu. Yakymenko,
2023
© Igor Sikorsky Kyiv Polytechnic Institute, 2023



%

%

«#

22.11.2013/
)

«

$ %
(# . 5354
) , 37
# , 03056
60 84Y1e.
o, . .16,1.+
10 . . 23-1-2-007.
»#$ . P %
, 14, .15
# , 03056

. (044) 204-81-78

»

25.05.2017 .,

.0 Times.

- . .18,0.



Contents

Preface

Introduction

Chapter 1. Nanodielectrics

1.1 Introduction

1.2 Size effects

1.3 Nanoclusters

1.4 Quantum-dimensional effects

1.5 Carbone nanostructures

1.6 Nano-dielectrics in polymer composites
1.7 Summary

1.8 References

1.9 Questions for self-examination

Chapter 2. Peculiar electronic states in metals
2.1 Basics electrical properties of metals

2.2 Necessary information from metals theory
2.3 Metals with intermediate valence

2.4 Electronic energy band theory and heavy fersion
2.5 Specificity of rare earth metals

2.6 Materials with unstable electronic spectrum
2.7 Some aspects of superconductivity

2.8. Absorbing and reflection of EM waves in metals
2.9 Summary

2.10 References

2.11 Questions for self-examination

Chapter 3. Metamaterials in electronics

3.1 Introduction

3.2 Possible media with which EM waves can interac
3.3e-negative metamaterials

3.4 pu-negative metamaterials

3.5 Double negative metamaterials<(0, u < 0)
3.6 Metasurfaces

3.7 Summary

3.8 References

3.9 Questions for self-examination

Chapter 4. Multiferroics in electronics

4.1 Basic definitions

4.2 Elements of ferromagnetism

4.3 Basics of ferroeletricity

4.4 Outlines of ferroelasticity

4.5 Magnetoelectric effects

4.6 Different types of multiferroics

15
17
24
29
37
60
77
77
78

79
80
85
92
96
100
110
118
130
136
140
141
142
143
145
151
156
157
162
168
169
170
171
173
174
198
216
220
226



4.7 Multiferroics application

4.8 Summary

4.9 References

4.10 Questions for self-examination
Chapter 5. Magnetic nanostructures

5.1 Magnetism in nanopatrticles

5.2 Soft and hard magnetic nanomaterials
5.3 Nanomagnetic films for computer memory devices
5.4 Giant and colossal magnetoresistance
5.5 Spin electronics

5.6 Ferromagnetic liquid

5.7 Nanobiomagnetism

5.8 Summary

5.9 References

5.10 Questions for self-examination
General References

227
229
234
235
236
237
240
243
245
249
255
260
268
271
272
273



Preface

The need to work with scientific and technical Estyllanguage literature
imposes new requirements on students of Techniu&ersity: to study special
courses in English. This is important already atftrst level of bachelor's training,
but it especially applies to the second and théwels - master's students and
postgraduate students. However, at present, orpara of students are able to
actively use technical English, and, therefore,téxtbooks written in English are
relevant. The importance of this tutorial publicatis due to the fact that Materials
Science is a very demanding training course focigpsts in the applied physics
and electronics.

The book examines both well-known physical theooieapplied electronics
and correspondent development based on new ideéasmbdern theoretical and
experimental data are presented, as well as spaaiins of functional materials
necessary for practical use in electronics. Spettahtion is paid to the influence
of internal structure on the physical propertiematerials and the prospects of their
use. The writing style of this book is similar totextbook: it considers new
developments, some methods of parameter calculahdrpractical application of
functional dielectrics. Modern theoretical ideagwnexperimental data, main
characteristics of basic materials are considdvain focus is on explaining the
physical mechanisms of many effects used in mod&xatronics. Book provides
significantly new in-depth knowledge, which is udeéspecially for master's and
postgraduate theses, and can also be used by bicimetliploma theses.

Key features:

(1) Provides students with scientifically basedenstanding of micro- and
nanomaterials and their practical applications.

(2) Takes simplified mathematical approach to tlespressential to understand of
micro- and nano-materials, and summarizes at eeddaf chapters.

(3) Interweaves modern experiments and theoriégpics such as micro- and
nanomaterials.

AcknowledgmentsAuthors are deeply grateful to Associate Professor
Yu. Didenko for his help in the design of this book



Introduction

Further progress in the creation of materials wéiv properties prepared real
opportunities for subsmall elements appearandeeielectronics (nano-electronics).
This progress is caused by such changes in thetwsteuof a matter that affect its
fundamental properties. Until now, these propertiage been determined mostly
for the macroscopic objects. However, dimensiorffdces observed in the thin
films, in the surface properties of crystals, amdhie ultra-small particles of matter
have long been noticed (and used in technology).

At the present time, it becomes possible to "mahdige properties of a
substance by the changing its fragmentation. Inneotion with the needs of
technology, great progress has been achieved ifigldeof nanophysics — a new
scientific direction of physical materials sciemeated to the creation and study of
structure and properties of materials condensad frery small crystals, clusters,
fragments (containing only $61C° atoms ). In scientific terminology, "nano" means
10 one nanometer (nm) is equal to one thousandthricrometer (micron), or
one millionth of a millimeter, or one billionth o& meter. The ultrafine
microstructure having an average the size of phaisgeanules (clusters), layers or
threads of the order of (or less) 100 nm is comedi@as nanostructured. Due to the
small size of the blocks (particles, granules, peagrom which they are built,
nanomaterials demonstrate unique mechanical, dptbectrical, and magnetic
properties.

Polycrystalline fine-grained materials with an age grain size of 50-150
nm are sometimes calledicrocrystalline and if the average grain size is less than
50 nm —nanocrystalline It is known that even in polycrystallinesubstance, a
decrease in the size of crystallite grains can lead significant change in its
properties. Such changes become particularly redtileewhen the average crystal
grain size decreases to 100 nm, but the propestiasge greatly if the grain size
becomes smaller than 10 nm.

Nanotechnologyn some aspects is a logical continuation and ldeveent of
microtechnology. Microtechnology, operating with jexdis of the order of a
micrometer, became the basis for creation of moaecnoelectronics. Cell phones,
computers, the Internet, various household, incddlstnd consumer electronics — all
this has changed the information space beyond nétomg It is assumed that
nanotechnology — technology of technical applicatth nanometer objects, which
are millionths of a millimeter, which is comparalie the size of individual
molecules and atoms — will change the world jugtigsificantly.
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Nanotechnology requires highly precise electrical mechanical devices to
arrange the atoms and molecules of various matarnied new order. For research
in nanophysics, it is necessary to apply very lagaputing power to simulate the
behavior of atoms in nanostructures. As a resally materials are created, mostly
with special properties required for technologyr Egample, these are thin and
flexible solar cells; flexible plastic screens hgk as a sheet of paper and with the
brightness of a modern monitor; compact electral@cices, the size and energy
consumption of which are hundreds of times smahan the size and energy
consumption of modern devices. In addition, nartwtetogy enables the creation
of transparent and flexible materials as lightlastc and as hard as steel, light and
flexible construction and building materials, higb¥ficient filters for air and water,
medicines that act at a deeper level, and much.more

Therefore, nanophysics and nanotechnology are aofetethods of
manufacturing and processing structures with a@iae-100 nm (at least in one of
the dimensions). It is generally recognized thahat@chnology is the most
promising direction of the modern electronic indyslt is believed that the country
that masters nanotechnology earlier will take dilegaplace in the techno-sphere of
the XXI century. That is why, the economically dieyed countries of the world
allocate billions of dollars to the developmentahotechnology.

This book consists d chaptersthat are not related to each other by topic,
but they are united by presentations of cuttingeetignds in electronic materials
science.

Chapter 1 is dedicated to nanodielectridhe modern successes of materials
science were largely determined by the long-terchdetailed study of the structure
and properties of new macroscopic mono- or polyatise materials containing
about 18” atoms/cri Both single crystals and polycrystals (in crylglgrains)
have a long-range arrangement of atoms: in theafgs®ycrystals, disordered grain
boundaries occupy only ¥810* atoms of a total volume of the material. The
technical properties of such bulk materials (eleatr mechanical, thermal,
magnetic, semiconductor, corrosion, etc.) have approached their maximum
achievable values. Therefore, it is considered thas unlikely to achieve a
significant improvement in the characteristics ofkbmaterials only by improving
the technology or changing the concentration oStituent elements.

It is assumed that further progress in the creatibmaterials with new
properties should be associated with such chamgéeg istructure of matter that will
affect its fundamental properties, defined mostlly rhacroscopic objects. One of
the most promising scientific directions in thddief physical materials science is
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the creation and study of the structure and prasedf materials condensed from
very small crystals, clusters, fragments, whichststnof only 16-1¢ atoms.
Materials of this structure are called nanostriedwr nanocrystalline.

Nanocrystalline materials represent a special stateondensed matter -
macroscopic ensembles of ultra-small particles witles up to several nanometers.
The unusual properties of these materials aremeted both by the characteristics
of individual particles (crystallites) and by theollective behavior, which depends
on the nature of the interaction between nanopestidf the dimensions of a solid
body in one, two or three directions are comparébEome characteristic physical
parameters that have the dimension of length (e &f magnetic domains, the
length of the free path of electrons, the Debraughavelength, etc.), then
dimensional effects will be observed in the coroespng properties. For example,
the diameter of an exciton in semiconductors rarfg@® tens to hundreds of
nanometers, the distance between domain walls ignetec materials reaches
several hundred nanometers. This enables the tican$o a new generation of
materials whose properties change by adjusting sike and shape of their
constituent structural elements (particles, graargstallites). Thus, dimensional
effects should be understood as a set of phenoassuiated with a change in the
properties of a substance as a result of a direahge in particle size; the
contribution of separation boundaries to the prigenf the system; proportionality
of the size of particles with physical parametexgiig the dimension of length.

Chapter 2 describes special electronic propertiésn@tals.Main task is to
discuss the highly unusual properties of some metad alloys that extend
application possibilities of electronic energy bdheory. Considerable attention is
paid to the special electronic states in metalsh sas the intermediate valence,
heavy-fermions, valence instability, and so on. é&apnductivity in metals and
alloys are also briefly discussed in connectiothedf effect use in electronics. Zero
resistance nature of superconductors, magnetid fiefluence on them and
mechanism of electron-phonon interaction are dsstisas well. The high-
temperature superconductivity is considered as saslfar new components of
electronic equipment.

Nanometals are metallic particles a few nanometesize or thin films of the
same thickness. These objects are of interestiptroconnection with their special
mechanical properties, but also due to unusualipdlyasnd chemical characteristics,
sometimes significantly different from those of ®grained metals. Metal
materials with magnetic properties are extremetgrasting from the point of view

of creating data storage facilities. Metals endlp$er example, in a carbon matrix,
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acquire resistance to oxidation without losing thenagnetic properties.

Encapsulated or anchored nanometals are less sibgedp sintering at elevated

temperatures. Thin metal films can be used in lib&m®@nics industry as compounds
or as magnetic and electrical layers. Nanometalsised, including in energy sector,
in manufacture of rocket engines, pyrotechnic naermicroelectronic films and

coatings, the production of superconducting alknyd powder metals and alloys of
increased strength. Any metal capable of forminigmrded flexible filament can be
processed into nano-metal spheres using moderndgy.

In recent years, an important class of solids watilomalous properties is
discovered: they are compounds of rare-earth meth&racterized by incomplete
4f-shell. Their electronic properties are difficudtéxplain within existing concepts.
These substances are intermediate between magndtimonmagnetic materials, as
well as between metals and dielectrics, because afidaeir electrons are found
amongst localized and free states. Studies of tbesgounds help to understand
many properties of metals and magnetics, to extendeptions of band theory for
metallic and dielectric states, as well as to itigate possible types of electronic
states in crystals. Some compounds and metalsharerk in which electrons have
the binary, ambivalent nature: keeping largely liaea (atomic) nature, they also
can show intention to collectivization. To system#h unstable valence (or
intermediate valence) belong compounds of rardreaetals and actinides, i.e., the
elements that have incompleté 4r 5-shells. These compounds have unique
physical properties and anomalous characterigtiasexplain formation of heavy
fermions — peculiar electrons, that have effeathass in 1810° times greater than
mass of free electron.

Heavy fermions arise in such system, where the ipnox of valence
instability exists. Such fermions have record lagffective mass; heaviest fermions
are observed primarily in compounds of cerium arahiwum — the elements, located
in beginning of # and 3-periods. Among compounds with heavy fermions there
are magnetic materials, disordered in their noristate crystals, as well as
superconductors. Superconductivity is one of "coajpee" effects in the ensemble
of conduction electrons, and it cannot be explaidgd simple models of
"iIndependent electrons". In the technique supenecindty is interesting in sense
that superconductors have no skin effect and camfgiantly reduce energy loss. In
superconductors two effects are found by Josephigmn:current, which flows
indefinitely long time without any voltage appliadross a junction that consists of
two superconductors, parted by weak link; when reevoltage is applied,
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Josephson junction demonstrates effect of microwaweration. With these effects
a variety of sensitive electronics devices areiaied.

Chapter 3 is devoted to metamaterialBhey are artificial created media
elaborated for controlling of electromagnetic orowstic waves propagation.
Periodic structure of metamaterial includes thavac{resonant) subwave-scale
elements. Due to their special structure, metanadgenave such electromagnetic,
optical, acoustic or other properties, which cainbsareproduced by known in nature
homogeneous materials. Further, only metamatewdls specialelectromagnetic
properties are considered (althowgtousticmetamaterials are also studied and are
widely used). As the special structure of electrgnaic metamaterials design, so
the properties of actually received materials usdtie structural elements, have a
specific effect on the propagation of the electrgnsic radiation. This applies
especially to such properties of metamaterialsclviare not observed in the known
bulk materials (at that, the especially impresgixegperty of some metamaterials is
the demonstration of negative refractive index aedain frequency range.

The electromagnetimetamaterialsare artificially structured in special way
mediums that electrical and magnetic propertiessagaificantly different from
original structural materials. For example, metanat can haveegative refractive
indexthat is never observed in natural materials. hakstructure of metamaterials
plays important role in the formation of charadics and parameters.
Metamaterials are constructed from tligcreteresonant micro- and nano- elements:
a sort of “meta-atoms”, whichimic electromagnetic reaction of real atoms and
molecules in the natural substances. The "metasitane grouped in the form of
single or multilayered lattices, while their smalke (less than wavelength of
radiation) makes it possible to treat the creasttice ashomogeneou$or given
wavelength (by analogy with natural crystals), aise@ the concept of "effective
medium" for characteristics calculating.

The 1-negative(ENG) materials are characterized by negative vafude< 0
but positive p > 0, so they have virtual (imaginasfractive index that promotes
the EM waves reflection. ENG phenomenon is pos$ibth in natural materials and
in artificially created media. First, the plasmassuch characteristics including
plasma in solid state matirials and secongegative materials can be created
artificially. The pnegative(MNG) materials possess negative value &f [0 in
some frequency range but the positve 0, so they have virtual value of refractive
index that contributes EM waves reflection. Firsitural materials,in which at
certain frequency parameter g < 0 can be obtaiaedthe ferrites, in which the

ferromagnetic resonance at the beginning of micvewaequency range is seen.
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Second, MNG can be created artificially as metanateArtificially created the
double negativéDNG) metamaterial possess both the negaiw® and p< 0 in
some frequency range, and they haggative valuef refractive indexn = — (1j1)*2
<0.

Chapter 4. Multiferroics.Thereare the class of crystalline solids, in which at
least two of three ordering parameters coexisgmeac, electrical, or mechanical.
Some classes of structurally ordered solids, whppeperties are widely used in
functional electronicsnamely: the ferromagnetics, ferroelectrics andofdastics,
despite completely different nature of structurablesings arising in them,
demonstrate a number sifnilar properties: the anomalies in physical properties i
vicinity of phase transition to the ordered stdles appearance of domains, the
presence of hysteresis, etc. They are combinedmga@ommon group of substances
with common nameferroics according to common prefix "ferro” in English
terminology (ferromagnetics, ferroelastics, ferem#lics). Substances, in which
functional magnetic, electrical, and elastic prdipsrcoexist, can have remarkable
properties for electronics applications.

Previously, magnetoelectrics and multiferroics wefrénterest to relatively
narrow circle of specialists, since very small magtes of magnetoelectric effects,
as well as rather low temperatures, at which thapifested themselves did not
allow to talk about their practical application. ®of reasons was low temperature
at which magnetoelectric effects were manifestad,another reason was the need
to apply very high controlling fields. But in redeyears, there has been a surge in
research activity in this area, which has foundreggion in numerous reviews and
special issues of journals devoted to multiferroidge reason for this interest is due,
on the one hand, to significant progress in undashg of physical mechanisms of
magnetoelectric interaction in the multiferroicsdaon the other hand, to discovery
of materials, which under normal conditions and eratk values of magnetic and
electric fields, exhibit such magnetoelectric pmies that allow magnetoelectrics
specific practical applications in spin electroniosagnetic memory and sensor
technology. Perhaps, the earliest studies of neafofcs were discovery of large
ferroelectric polarization in epitaxial fiims of Be(Q; ferromagnetic and
ferroelectricity with magnetic ordering in TbMBO which proved their
compatibility.

Before electric and magnetic ordering in solids@mesidered separately: the
point is that electric charges of electrons and iare responsible for theharge
effects, whereas magnetic charges are absentlyselectronspinsgovern magnetic
properties. The field of multiferroics has greakipanded in last years, particularly

12



with discovery of many different types of multifeic materials. Next, we consider,
in particular, such materials, which have both nedignand electric ordering - the
magneto-ferroelectrics, which are now more oftdleddy the name of wider class
of multiferroics. The connection between magnetid alectric subsystems in the
multiferroics, which manifests itself in form of gwetoelectric effects, makes it
possible to control thenagnetic propertiesf a material by using thaectric field
and vice versa, to modulate electrical propertigsnagnetic field. In addition to
scientific interest in their physical propertiele tmultiferroics have potential for
applications as actuators, switches, magnetic feddsors, and new types of
electronic memory devices.

Chapter 5 describes magnetic nanostructur@$ie nanostructuring of bulk
magnetic materials allows controlling their chaegistics within wide limits.
Nanotechnology can be used primarily to create nadgewith a given type of
magnetization type — both for very soft magnetictanals and for extremely
magnetically hard materials. Apparently, the pakséds of volumetric materials
used by engineers already reached their maximum.delieved that it is hardly
possible to get any significant improvement in thggrformance only through a
more thorough technology or by changing in comptsenherefore, it might be
assumed that a subsequent creation of materials neitv propertiesshould be
associated with fundamental changes instnectureof substances, affecting such
properties that are necessary for contemporarycgiains. It is considered that one
of most promising is new research area in fieldnaterial science is creation of
materials which are condensed fram@ry smallcrystals, clusters, fragments that
consist of around $81C° atoms.

Main reason of nanomaterials difference from coteaal materials is that
the ratio of surface to volumer nanomaterials is rather big. The smaller size o
nanocluster, the greater is influence of its s@fpmperties as compared to bulk
properties. In a certain sense, the nanostructaresforms properties of crystal
surface into the volumetric properties of condensaao-material. In other words,
properties of nano-formed substance depends omatie of number of atoms
located on surface of nanocluster to number of atmeated in its volume, and this
ratio might be quite different. Therefore, by calling the size and the shape of
clusters, the properties of nano-material can bpgaefully changed.

Nano-structurization ahagnetic materialenables to operate in a wide range
of their characteristics. Nanotechnology can belupamarily, to create material
with adjusted type of magnetization curve: both éatremely magnetically-soft
materials and for extremely magnetically-hard maler Fundamental magnetic
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properties of a matter in their nano-state varysatgrably due to correlation in the
interaction of spin and orbital moments in lattesls, located on the surface of
nano-particle. The properties of ferromarneticsfangmagnetics in their nano-state
can be changed especially strongly. In the magn&tiened from nano-clusters the
nature of short-range ordering becomes differdat, is why new properties appear
(sometimes, very important for technical applicatio

Currently, many different technologies for obtagen image of the internal
structure of the body are used in medicine, inclgdnagnetic resonance imaging
(MRI). This technology allows medicine to make siigant progress in the field of
diagnostics and therapy. In a magnetic field, magmanoparticles are magnetized
and create an induced magnetic field, which distuttiie process of magnetic
relaxation of protons in the water molecules sunthng the magnetic nanopatrticles.
In turn, this leads to a reduction in the spin-geilaxation time of protons, and, as
a result, is registered as contrast in MRI. Naniglas are used for controlled drug
delivery, which is of great importance for improgithe effectiveness of drugs, as
well as for the convenience of patients. Proteatingys before they reach the target
organ increases the convenience of using drugsdvata short half-life in the body.
Treatment with heat is called hyperthermia. The afsmagnetic nanoparticles in
hyperthermia is due to the fact that magnetic nartabes more effectively absorb
the energy of an external magnetic field.
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Chapter 1. Nanodielectrics

Contents

1.1 Introduction

1.2 Size effects

1.3 Nanoclusters

1.4 Quantum-dimensional effects

1.5 Carbone nanostructures

1.6 Nano-dielectrics in polymer composites
1.7 Summary

1.8 References

1.9 Questions for self-examination

New concepts: nanoelectronics, nanotechnologiegmpaticles, nanowires,
nanostructures, nanocomposites, nanoprobe micrgsaog others have become
widely used now. At that, nanomaterials and nanmas\start to play a particularly
important role in the electronics.

Nanoelectronics is rapidly developing field of étenics, which is engaged in
development of technological and physical foundetidor construction of
integrated electronic circuits with element sizesslthan 100 nanometers.

Term "nanoelectronics" itself reflects a transitioom the microelectronics
of modern semiconductors, where the dimensiondeshents are measured in the
units of micrometers, to the much smaller elemewith dimensions of tens of
nanometers. With transition to the nano-size elemehequantum effectbegin to
dominate in circuits, opening up many new propsytand, accordingly, signifying
the prospects for their useful use.

FEEE gt

Fig. 1.1 Three-dimensional images of quantum dot: a - cosrpubdel of quantum dot
which is pyramid with germanium atoms spontangoisined on silicon substrate; b - quantum
dot image by scanning electron microscope

The enormous possibilities of nanotechnology amwshby two examples.
Figure 1.1 demonstrates germanium quantum dot gimwithe silicon substrate. On
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the area of one square micron over a thousand edetluantum dots can be
accommodated. Historically, first studied quantuotsdvere the microcrystals of
cadmium selenide (CdSe). Electrons in such micstahare in three-dimensional
potential well so that they have several stationkyels of energy with a
characteristic distance between them (exact exprets energy levels depends on
shape of quantum dot). While electrons make tramsitboetween the energy levels
of a quantum dot, the photons can emit, similaslyransition of electron between
the energy levels of an atom. It is possible adsarbuse ("throw") the electron into
the highest energy level and obtain the radiatrmmftransition between levels
(luminescence). In this case, unlike actual atdhes frequencies of transitions are
easy to control, changing size of a microcrystaic€®again note that observations
of cadmium selenide nanoclusters (“microcrystdlsiinescence served as the first
opening of quantum dots. For example, in nanopbkysiae of the first nanoclusters
observed were CdSe clusters of different colore. [Ehgth of the optical wave (and
the color of fluorescence) depends on the sizkasfd clusters (Fig. 1.2). In the most
studied semiconductor CdSe, the blue (blue) shifimabsorption band begins with
nanoparticles 10-12 nm in size.

400 um 500 am 600 aMm 700 M

Fig. 1.2 Fluorescence of cadmium selenide nanoclustefsnd0— violet color; 450 nm
— blue; 500 nm — green; 600 nm — yellow; 700 nmeds

In CdSe clusters, the fluorescence covers almesetiire range of visible
light (wavelengths 400—-700 nmJhe length of optical wave in CdSe clusters (and
fluorescence color) depends on the size of thassterk. It is determined that fluorescence of
cadmium selenide nanoclusters corresponds: foro$ize!00 nm — purple; ~450 nm — blue; ~500
nm — green; ~600 nm — yellow; ~700 nm — red. Obeblue shift of absorption band begins with
nanoparticles of 2 nm in size. In semiconductor clusters, absorptibphotons generates
electron-hole pairs while their recombination i€@opanied by fluorescence. In other words,
decrease in the size of semiconductor nanopariiglascompanied by a shift in absorption band
in the high-frequency regioAt present, many experiments are devoted to quadaim

formed in two-dimensional electronic gas. In twoadnsional electronic gas
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electrons motion perpendicularly to the planenstkd, so region on plane can be
isolated by means of gate metallic electrodes smpesed on heterostructure.
Quantum dots in the two-dimensional electronicgasbe connected by the tunnel
contacts to other regions of the two-dimensiona, gand electrical conductivity

through a quantum dot can be studied. And therenarey such examples.

Thus, we can conclude th&tanoelectronics is the field of science and
technology engaged in the creation, research argliegttion of electronic devices
with nanometer-sized elements, the functioninglo€lwis based on the quantum
effects.

1.1 Introduction

Electronics is defined as an important branch @rs® and technology. The
scientific aspects of electronics consist in treeagch oktlectrons interaction with
electromagnetic fieldsn a material. The practical aspects of elect®rdce the
methods of new materials and technology creatingywhich this interaction is
applied, i.e., the development of different elecittalevices, which perform various
functions in information converting and transmissgystems, as well as in the
controlling systems, computer technology and padesices.

In its development, the electronics has gone thr@eyeral stages:

* tube electronics;

» semiconductor electronics;

» microelectronics- integrated electronics;

 nanoelectronics- the modern, fourth stage of electronics development

» molecular electronics (®possible future direction.

Each of these types of electronics is originatedhm depths of physics,
mathematics and chemistry, while for nanoelecti®aid molecular electronics the
advances in biology are also important.

The present time can be called as the time ofrilmaph of microelectronics.
Indeed, microelectronics began with the integrateclits which housed about 10
transistors per square centimeter (1960). A delede(in (1970), their density was
already 2000 per cinthen, in 1980, this density reached 1 milliomsiators and
now it is already more than 40%@ansistors per ¢t The nanoelectronicsis
designed to eliminate significant difficulties trebse during further development
of microelectronics. The point is that scaling dowh semiconductor devices
dimensions may have following consequences:
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- The decrease of insulating layers thickness léadlse increase of electric
field on the gate of transistor that leads to tlingeof electrons and gate breakdown.

- In low dimensional systems some quantum phenorbegmn to affect the
devices properties, when material dimensions &®tlean 10 nm. The point is that
structure of electrons energy bands in low dimeraisolids changes in comparison
to three-dimensional bulk materials.

- The heat dissipation due to higher density of cevbecomes mane problem
of microelectronics. that is wny, it is necessargignificantly reduce devices energy
consumption, which can be provided by the nano@eits.

Currently rapidly developing nanotechnology repnésehe further progress
in the obtaining materials with new properties:ytipgepare real opportunities for
the emergence of electronics of small elements pifugress is due to such changes
in structure of matter that affect itsndamental propertiesUntil now, main
properties of materials have been determined mdarlghe macroscopic objects.
However, dimensional effects observed in thin filimgproperties of crystal surface
and in very small particles of matter have longble®own, and now start to be used
in engineering.

The definition of nanoelectronics can be viewedrfidifferent angles.

There is no clear boundary between "nanoelectroamd "microelectronics”,
since the specific micro-or-nano sizes are notgileeibut are conditional. However,
unlike the classical laws used in electronics amcfaelectronics, the basis for the
operation of the nanoelectronic devices isdbhantum effectsquantum capacity,
kinetic inductance, quantum conductivity, plasmdns-dimensional electron gas,
and others. Due to this, not only a specific nortenoe of properties appears, but
also new prospects for their use. In particulainiimicro-size devices quantum
effects are largely undesirable (for example, endgperation of a classical transistor,
when its size decreases, there is a size limitadiom to the tunneling of charge
carriers), then in nano-electronics the quanturactsfare already the basis for the
operation of some devices.

In this case, the main point is that it is posstoleontrol the properties of
matter by the changing its fragmentation. Due ® nkeeds of technology, great
progress has been made in the fielshafiophysicswhich is a new scientific field
of physical materials science, associated witkcteation and study of the structure
and properties of materials condensed from veryjlsingstals, clusters, fragments
having a total volume of $201¢ atoms. In scientific terminology, term "nano"
means 1. one nanometer (nm) is equal to one thousandth oficrometer
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("micron™), or one millionth of a millimeter, or erbillionth of a meter. An ultrathin
microstructure having an average size of phaseganules (clusters), layers or
filaments of the order of (or less) per 100 nmaasidered nanostructured. Due to
the small size of the blocks (particles, granul@sases), from which they are
constructed, the nanomaterials demonstrate unigeehamical, optical, electrical
and magnetic properties.

Polycrystalline fine-grained materials with an ag grain size of 40 to 150
nm are sometimes calledicrocrystalline and if the average grain size is less than
40 nm —nanocrystalline It is known that in a polycrystalline substanae&lecrease
in the size of the "grains"” of crystallites cande@ a significant change in its
properties. Such changes become especially note&ceahen the average crystal
grain size decreases to 100 nm, but the propestiasge greatly, when the grain
size becomes less than 10 nm. In recent yearsy acientific and technical field is
developing — magnetoelectronics, or, as it is nalled — "spintronics"”, engaged in
the study and practical implementation of devibas tise electron spins. Spintronics
studies magnetic and magneto-optical interactionsnetal and semiconductor
structures, as well as quantum magnetic effectramometer-sized structures. Of
particular importance for magnetoelectronics aredeno nanotechnologies that
allow the implementation of new advances in thiel fe# nanophysics.

Thus, nanotechnology is a set of methods for theufie@ture and processing
of structures having a length of 1-100 nm (at l@astne of the dimensions). It is
generally accepted that nanotechnology is the maostnising area of modern
technology. It is believed that those who previgushstered nanotechnology will
take a leading place in the technosphere of the X&mtury. That is why
economically developed countries allocate billiohdollars for the development of
nanotechnology. Currently, the world market alreselfs more than 3,000 products
manufactured using nanotechnology. In the next &ars; the global need for
certified nanotechnology professionals will beha millions; the value of the world
market for nanotechnology products will be abodtilion US dollars. In recent
years, more than tens of thousands of nanotechyatognpanies have been
established, and their number is doubling everyyears.

Nanosize materials in modern technologis the size of object decreases to
micro- and, especially, nano-scale, the influerfch® surface and shape on all its
physical properties increases significantly in cangon with the influence of the
bulk material of the object. From a thermodynamanp of view, this fact is
explained by an increase and subsequent dominanttes ree surface energy

which is determined by the shape of the object @mdsurface area 2 in
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comparison with the free volumetric energy of tample, proportional t&3 with

a decrease in its characteristic sikkeMoreover, with a decrease sizes and shape
factors below the "critical" ones, the physicalgedies of objects themselves can
fundamentally change: the nano-objects and low-dgsmmal structures are
characterized by thgize-inducedtructural and phase transitions such as metal
semiconductor dielectric or paramagnetic ferromagnetic antiferromagnetic
ferroelectric  paraelectric, elasticity plasticity and many others. These effects,
predicted within the framework of phenomenologitatories, have numerous
experimental confirmations and are consistent thiblodern quantum-mechanical
microscopic calculations, proving fundamental cleeng the band structure and
symmetry of the unit cells, induced by the nanosgabf the object. In this case,
researchers are faced with nanomaterials, the gddysioperties of which may differ
significantly from the "generating" bulk materials.

For a number of properties of nano-scale objebtsnature of their material
can play a secondary role in comparison with timaany role of shape (for example,
a guantum dot, ellipsoid, sphere, tube, wire, onoalayers), topological dimension
(for example, ID, 2D, 3D confinement or fractal)daquantum size effect (in
particular, the dimensions of the object are betowabove the characteristic or
critical dimensions).

The most technologically, advanced and promisingorzbjects for the
applications are the nanotubes, nanowires, grapaedelathrates, which clearly
demonstrate the leading role of timanoscalefor the use of their physical
characteristics in the modern submicronics and elactronics, optoelectronics,
data storage devices and computer memory, envinotainenergy and medicine.

Turning to specific examples, we note that, fifstlh those nanoscale affects:
electronic emission, electromechanical and thereubet properties of objects.
Single-wall nanotubes, synthesized from the sendaotors with different band
gaps (carbon, silicon, boron nitride or zinc oxidan have both low (up to the
dielectric) and very high (up to the metallic) efexal conductivity, which can be
easily controlled, even electrically.

They are the objects with an almost ideal surfacee the existing defects,
as a rule, affect only the structure of severaklmeaells, but do not violate the
structure of the tube of other nano-particle ashale: Therefore, for the use of
nanotubes as channels for field-effect transistbesy easily controllable electrical
conductivity and extremely low wall roughness imguarison with conventional

silicon channels play a decisive role. The resuthe advanced scaling of gate and
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channel lengths down to a few nm, reduced charcatesing and, as a result,
improved transistor performance.

Many already implemented applications of nanoehestre known:

Memory storageElectronic memory designs in the past have largelied
on the formation of transistors. However, researdb crossbar switch based
electronics have offered an alternative using régorable interconnections
between vertical and horizontal wiring arrays teate ultra high density memories.
Some companies has proposed the ugsenfiristormaterial as a future replacement
of Flash memory. An example of such novel deviselsased ospintronics The
dependence of the resistance of a material (dtigetspin of the electrons) on the
magnetic external field is called magneto-resistaitis effect can be significantly
amplified (giant magneto-resistance) for the nazexsiobjects, for example when
two ferromagnetic layers are separated by a nonetaglayer, which is several
nanometers thick. This effect has led to a stroegeiase in the data storage density
of hard disks and made the gigabyte range pos&bkkdes, the so-called tunneling
magnetoresistance is very similar to giant magnesesstance but is based on the
spin-dependent tunneling of electrons through tthacant ferromagnetic layers.
Both effects are used to create the non-volatile meemory for computers, such as
the so-called magnetic random access memory or MRAM

Nano-modifications of carbonespecially graphene and similar 2D (layered),
1D (tubes) and 0D (fullenes) materials are onéd@fhain directions of nanophysics
and nanoelectronics. Such materials as one atak), thave remarkable properties
that can be combined to create various electromituits. For example, the
technologies associated with probe microscopy nitakessible to build various
structures of individual atoms on the surface afisenductor in ultrahigh vacuum,
simply by rearranging them that is basis for creathonatomic electronic devices.

Optoelectronic devicesIin the modern communication technology, the
traditional analog electrical devices are increglginreplaced by the optical
or optoelectronic devices due to their enormous divdith, capacity and
respectively. Two promising examples are the photamystals and quantum
dots. The photonic crystals are materials with @ogec variation in the refractive
index with a lattice constant that is half the wawugth of the light used. They offer
a selectable band gap for the propagation of aicesavelength, thus they resemble
a semiconductor, but using light or photons instafaglectrons. Quantum dots are
the nanoscaled objects, which can be used, amomy widker things, for the
construction of lasers. The advantage of a quardatriaser over the traditional
semiconductor laser is that their emitted wavelenigipends on thdiameterof the
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dot. Quantum dot lasers are cheaper and offer &ehidpeam quality than
conventional laser diodes.

Displays.The production of displays with low energy consumpimight be
accomplished using carbon nanotubes (CNT) andioosi nanowires. Such
nanostructures are electrically conductive andtdukeir small diameter of several
nanometers, they can be used as field emitters sithemely high efficiency
for field emission displays (FED). The principle @geration resembles that of the
cathode ray tube, but on a much smaller lengttescal

Quantum computersEntirely new approaches for computing exploit thed
of quantum mechanics for novel quantum computehg;ztwenable the use of fast
guantum algorithms. The quantum computer has quahtumemory space termed
"Qubit" for several computations at the same tifffas facility may improve the
performance of the older systems.

Plasmatronics Collective oscillations of free electrons insidenatal have
the characteristic plasmon resonance with a wagéteof the order of hundreds of
nanometers. Thus, it is possible to transmit tketedmagnetic wave along a chain
of metal nanopatrticles, exciting the plasmon ostidhs in them. This technology
will allow the logical chains introducing into commer technology that can work
much faster and transmit more information thaniti@ual optical systems, and the
size of such systems will be much smaller tharatteepted optical ones.

Medical diagnosticsThere is great interest in constructing nanoeleatro
devices that could detect the concentrations ahblecules in real time for use as
medical diagnostics, thus falling into the categoihmanomedicine. A parallel line
of research seeks to create nanoelectronic dewibeh could interact with single
cells for use in basic biological research. Theseaks are called nanosensors. Such
miniaturization on nanoelectronics towards in yoroteomic sensing should enable
new approaches for health monitoring, surveillaare, defense technology

Another example is emitters from nanowires, muliled or single-walled
nanotubes and their arrays, made of a wide vadétyaterials (carbon, silicon,
gallium arsenide or boron nitride, coated with ailvtitanium, platinum or gold,
which are used in vacuum electronics as a new ¢oydesld cathodes. The main
advantage of such emitters is the nanometer cuevafitheir tip. Due to the strong
field concentration near the tops of the nanotutresanowires, the nanoscale
provides the ultra-high field gains and ultra-ldweshold voltages of the cathode.

The use of empty nanotubes, inside which it is iptessso move the metal
nanoparticles and fix their position using eleetkiocr magnetic pulses, will make it
possible to achieve the ultra-high density of datarding. In this case, the material

22



of the tube and the method of its manufacture dlay a noticeable role (which

means that you can choose the cheapest one). ffadigh density is achieved due
to the fact that one nanotube is capable of fixmog only two positions of the

nanoparticle (presence or absence), but much nosiggns of the particle (in fact,

the coordinate of particle in tube).

Thermoelectric and electrocaloric properties diit@nes and clathrates (their
high electrical conductivity combined with low tineal conductivity due to the
dominant contribution of the ballistic mechanisninebt transfer) determine the high
efficiency of fullerenes in the thermoelectric certers of a future. Due to the
unique possibilities of storing and releasing otitems and molecules (in particular
hydrogen), fullerenes and clathrates may be of domehtal importance for the
energy of the future. It turned out that the fonmatof fullerenes, clathrates and
other very diverse supra-molecular ensembles marily determined not by the
chemical nature of their constituent substancesbyuheir topological, geometric
and charge correspondence.

This list of examples of unique properties that ‘amiversal” for various
nanomaterials and their use for the applicationsanous fields of science and
technology is far from complete. It should be notedwever, that for successful
application of nanomaterials properties it is neaegto develop new technologies,
such as the self-assembly; if possible, to usethksdiochemical nano-assemblers
and the "intelligent" molecular micro- and nano-mmaes, which will make it
possible to synthesize sufficient quantities ofiteal units of nhanomaterial and
integrate them directly into circuits.

In conclusion, we note that the words "nanotechmgland nanodevices have
become commonplace these days. For example, threseeds containing "nano”,
such as "nanoscale", "nanoparticle”, "nanophas&hdcrystal" or "nanomachine".
The field of nanotechnology and nanophysics owsesrgin to the study of active
particles; free atoms, clusters, reactive partiddsnotechnology also means the
application of new methods and tools: pulsed ctuseams, innovations in mass
spectrometry, vacuum technologies, microscopesrarch more. Nanophysics and
nanotechnology will expand into various fields, lutbng chemistry, physics,
materials science, engineering, and biology. Thisggess is justified because
nanoscale materials represent a new field of matsawell as new opportunities for
fundamental science.

Next, we discuss the most promising for applicaiorthe electronics of such
nanoobjects, in which, in order to use their phgistharacteristics, the leading role
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Is nanodimension. Known but important for underdiiag sections of nanophysics
are given in smaller print.

1.2 Size effects

The fundamental physical, chemical, and biologpralperties of substances
change significantly when their constituent eleraene reduced to nanometer sizes
(due to their size, shape, surface chemical priggerand topology). For example,
six-nanometer copper granules shows five timeshdredness of ordinary copper;
the semiconductor cadmium selenide (CdSe) canaialesy color depending on its
size-controlled granules. It is obvious that in €dl&e value of the band gap changes
in the spectrum of electronic states. Therefore pfoperties of small particles of a
substance are significantly different from the @nies of a massive material. For
these reasons, there has been a great scientific technical interest in
nanomaterials, and nanophysics has become an afeaetive research. New
molecular technologies have been developed andeiunajor "breakthroughs" in
material technology are expected, which will allongating their structure atom by
atom (atom by atom) [1].

Nanophysics covers a large section of physicalnseie where different
sections of physics, chemistry and even biologyidmal This branch of physics is
developing rapidly, as nanostructures have greegacts for use in military, space,
and commercial information and biological techn@adsgFrom the point of view of
thermodynamics, the peculiarity of hanomaterialdetermined by thgrowth of
their free surface energwhich is determined by the shape of object amdutface
areaR?, compared to the framlumeenergy of sample, which is proportionaRb
With the reduction of sizes and form factors bekawne critical ones, the very
physical properties of objects can fundamentallgnge: nano-objects and low-
dimensional structures are characterized sige-inducedstructural and phase
transitions:  dielectric—metal, = paramagnetic—ferrgn&ic,  ferroelectric—
paraelectric, etc. Fundamental changes in the sandture and symmetry of
elementary cells of nanoscale objects are alsogpréwy microscopic calculations.
At the same time, the physical properties of narterral may have significant
differences from the properties of original bulkteral.

To have idea of the real dimensions of the elemamdsstructures with which
nanophysics operates, in Fig. 1.3 compares the sizatom, molecule, quantum
dot, colloidal gold particle, bacterium, and ligircell in the logarithmic scale.
Nanoclusters, to which quantum dot belongs, aggelathan atoms and molecules,
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but smaller than bacteria and living cells. Objeftsanophysics have characteristic
sizes from 10 to 300 nm. Nano-objects can be coaaptar crystals, since the atoms
are arranged in such and such. In terms of sizeroerystals are placed between
ordinary crystals and nanocrystals. The "charaattersize" of 40-5@m can be
considered a conventional boundary between micstaly/and crystals.
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Fig. 1.3.Comparison of the sizes of various microscopic asje

For some properties of nanoscale objects, the atutheir material may be
secondary to the shape: quantum dot, sphericaec)usibe, wire, or monolayers,
and depends on the topological dimension (el,,2D, 3D, or fractal). Reducing
the size of crystal blocks in a substance (primarit ferromagnetics and
ferroelectrics) can lead to significant changehair properties. Such changes occur
when the average size of crystal grains decreasE30t nm.

The change in physical properties of materialsastmoticeable if grain size
is smaller than 10 nm. Polycrystalline fine-graimadterials with an average grain
size of 50 to 150 nm are sometimes cafladmicrocrystalling and if the average
grain size becomes smaller than 50 nm, thanocrystalline. In this case, the
concept of "long-range order" in the arrangemenatos of a substance can no
longer be applied.

% é>> =
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Fig. 1.4. Types of nanocrystalline materials: OD - zero-disienal clusters (quantum

dots); 1D - one-dimensional clusters (nanotubes quahtum threads); 2D - two-dimensional
nanomaterials (films and layers); 3D — three-dinmma structures (nanocomposites)
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The term "nano" comes from the Greek word "nannaas'tiwarf. The main
types of nanocrystalline structures are shown @n FEi4. Their characteristic sizes
are 5-300 nm.

Historically, crystals were first identified by tlwerrect shape of their faces,
which is characteristic of each type of crystalt Buvery small particles, this
specific feature of crystals is broken. On the epl@mof a cubic crystal of
magnesium oxide (Mg) in Fig. 1.5 shows a significant discrepancy ia taceting
of crystals, microcrystals and nanoparticles. Usimg example, you can make sure
that the change in size leads to a change in #ygestf the crystal. If the dimensions
exceed 100100 nm, the crystal long-range order prevails & #nrangement of
atoms, and the MgO crystal has a regular cubiceshBpt microcrystals of MgO
already have a tendency to the hexagonal shapke mdmosized "crystal" takes on
shape of dodecahedron [2].
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Fig. 1.5 Different forms of magnesium oxide: 4 nm — nandpkat 5 100 nm —
microcrystal, 100100 nm — crystal

Some of the nanomaterials always have a closegemaent of atoms. Such
are the well-studied amorphous metal alloys (metajlasses). The technical
characteristics of these substances have beefficignly changed, which makes it
possible to create, for example, ferromagnetich witch magnetic properties that
cannot be achieved in materials with a long-ramgengement of atoms. The surface
properties of a solid differ significantly from itailk properties. The fact is that on
the surface of a crystal, the regular electronidsoof atoms are "broken", as a result
of which the equilibrium structure of the surfasarranged in a different way than
the structure of volume. Studies have shown tleahtimber of atoms in the unit cell
changes on the surface of the crystal, a diffesgmmetry of the structure is created,
and the frequencies of oscillations of crystalidag (phonon frequencies) also
change.

As a result, th®ebye temperaturef the crystal changes (usually decreases)
on the surface of a crystal and, accordingly,nislting temperature decreases
Lowering the melting temperature of near-surfacgedais widely used in

microelectronic technology, for example, duringdrction of epitaxial layers. The
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unit cell of crystals also changes on the surface. Thegeepres are fundamental
because they are determined by the particularith@bonds of atoms in solids. The
decrease in the melting temperature of nanomategah be quite large. The
experimental dependence of the melting temperatfir@anoparticles of two
different substances - gold (which has a metalbad) and the semiconductor
cadmium sulfide (which has an ionic-covalent bosdghown in Fig. 1.4. It can be
seen that the lowering of the melting temperatarenfnoparticles can reach 1000
K, which is used in nanotechnology.
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Fig. 1.6 Experimental data on the melting temperature: tgpical metal (gold); b —
typical semiconductor (CdS) depending on the parsize (horizontal lines show the melting
point of macroscopic samples)

The main reason for the difference between nanaralteand ordinary
materials is that in such substances the ratib@humber of atoms on the surface
to the number of atoms in the volume is very laiffee smaller the size of the
nanocluster, the more the influence of the surfaoperties prevails over the bulk
properties [1].

In a certain sense, nanostructures allow ydtrémsform" surface properties
of crystal into bulk propertieDepending on the ratio of the surface of thetehss
to their volume, the properties of this or thatsahce in the nanostructured form
are quite different. Therefore, by changing the siad shape of nanoclusters, these
properties can be purposefully changed. In addittbe structural state of the
nanocluster grain itself changes significantly. &x$ in the crystal structure typical
of single crystals and large (over 1@én) crystallites in polycrystals, such as
dislocations (which typically have a density of abb0* cnt?), as well as vacancies
and packing defects (with a density of400'° cnT3) in nanomaterials often cannot
be contained inside the grain and come to the seirfairning the structure of the
grain into an almost defect-free one. However, imaaray of nanoclusters —
nanocomposites — intergranular boundaries are clemized by structural
instability, and therefore nanocrystalline bulk er&ls are characterized by a high
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diffusion mobility of atoms, which is 5-6 orders wiagnitude higher than that of
ordinary polycrystalline materials.

The theoretical model of different sizes nanochsstermation is shown in
Fig. 1.5. It is assumed that all interatomic boads spherically symmetric (the
model of densely packed elastic spheres). In tmplsist case, in this model, one
atom is surrounded by 12 atoms, since 12 is themar coordination number. It
Is obvious that only 13 atoms are contained irfitsecluster. Then percentage ratio
of number of atoms on surface (12) to number ahatm volume (1) is 92%. In the
second cluster in Fig. 1.7, another layer of atsadded to the surface, so their
total number is 55, and the ratio of the numbesurface atoms to volume atoms is
76%. As the number of atoms in the clusters inegaabout half of them are
contained within the cluster volume.

Cluster Atoms number Ratio, %
13 92
55 76
147 63
309 52

placed on surface

If the size of the particles is 4 nm, then abo#58f them are on the surface.

The "dimensional" effect affects not only the pmtjgs of the crystal lattice,
but also the energy spectrum of electrons in thstet (for example, the energy
spectrum of electrons in semiconductors changd®teTare new opportunities for
creating semiconductor devices using the nanostakectrons in a semiconductor.
The magnetic properties of substances, especlailyet that are ferro-, antiferro-,
and ferrimagnetic, also change significantly dutheoviolation of the correlation of
the interaction of spin and orbital moments of &tats on the surface of crystals.
Magnetic materials compacted from close-order elgstcquire new properties
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useful for technical applications. Reducing thee 9% grain clusters is assumed to
be an effective method of controlling many propsrtof solids. There are good
reasons for such predictions. Small size of grairses large changes in the structure
of solid body. If the thickness of boundary is #hte four atomic monolayers (0.5
to 1.5 nm), then the surface layer accounts foutb0% of the entire substance. In
ordinary crystals and polycrystalline substanchis tatio is equal to 18-109,
respectively.

The intergranular boundary of nanocomposite itsglfcharacterized by
structural instability, which is why nanocrystalincompacted materials are
characterized by high diffusion mobility of atomehich is five to six orders of
magnitude higher than in ordinary polycrystallinaterials. The growth of diffusion
in nanocrystalline materials can be due to thefalhg reasons [3]:

- lower concentration of impurities in intercrystadl boundaries compared to
boundaries of usual type, characteristic of polstals;

- possibility of accelerated diffusion along intgtstallite boundaries, which
are interconnected and form an almost continuotysark.

We can assume that the structures of intercryséalibundaries in nano- and
ordinary polycrystals are quite different due t@ thorosity of nanocrystalline
materials, which also accelerates diffusion. Swidievarious nanomaterials (Pd,
Ag, Ti+,, Mg+, W03, ZnS) and nanocomposites (Ag—Mg, Ag—¥YGhowed that
compacted nanocrystalline material has almost tmifstructure. Coherent double
boundaries are very often observed, but the gthm®mselves are characterized by
a periodic atomic structure.

1.3 Nanoclusters

The highly developed surface of isolated nanodagianakes a major
contribution to their properties. A distinctive feee of clusters is the non-monotonic
dependence of their properties on the number ofsia the cluster.

Structure of nanoclustersA cluster is a group of a small and, in general, a
variable number of interacting atoms, ions, or rooles. Clusters should be
energetically stable. Theoretically, the minimunmioer of atoms in a cluster is two.
The upper limit of the cluster corresponds to thmber of atoms when the addition
of one more atom no longer changes the propertidgeccluster. From a physico-
chemical point of view, this change ends when thealmer of atoms in the group
reaches 1-2 thousand. It is assumed that clusterdcshave a dense and regular
packing of atoms and be built from the simplesblstatomic configurations. For
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this, the structure of the cluster should contaifaege a proportion of tetrahedra as
possible - the smallest in terms of volume of satbmic configurations [2].

For relatively large clusters, the usual cubic @xdgonal packing of atoms is
observed for crystals. But small clusters can redfferent symmetry, which is
characterized by the symmetry axis of the fifthesrdwhich is "forbidden” in
macroscopic crystals). Many clusters are differg@mupings of three atoms, in
which the atoms are placed at equal distances f®aoh other and form an
equilateral triangle, Fig. 1.8. Tetrahedron, octlbr, cube, pentagonal pyramid,
icosahedron, etc. are usually considered structlgatents of clusters. The smallest
stable cluster with a fifth-order symmetry axis @ns seven atoms and is shaped
like a pentagonal bipyramid, which is a stable mpmhtion with fifth-order
symmetry axes. The most complex of those showiginlf8 configurations is an
icosahedron containing a central atom surrounded byatoms arranged in 20
equilateral triangles and having six fifth-ordemsyetry axes. This icosahedron can
also be presented as a figure composed of 20 addtttrahedra that have a common
vertex and are connected to each other by comnuas fa

Symmetry of nanomaterials.Nanomaterials exhibit the short-range ordering
of their atoms. Their relatives are, for instaweell-studied amorphous metal alloys
(metal glasses). In such substances their strucducbanged quite significantly,
allowing create, for example, ferromagnetics witlsts magnetic properties that in
principle can not be obtained in the materials \Wotlg-range ordering of atoms.

Topological models ochmorphous materialsare well developed, they based
on a combination of hard and soft areas randomedpasking: this is close to the
nanostructures. With regard to inorganic glassels wovalent bonds and random
packing of atoms, these structures correspond ¢o nlodel of random and
continuous grid of atoms. All said models are cbidzed by a set of different size
spheres, randomly packed to largest density.

They differ in the rules of packaging, in the i@etfon potentials, in the
relaxation modes, etc. In many configurations afid@n dense packing the
crystallographic structural elements are allocatesiwell as the non-crystalline
packing of clusters that illustrated by Bernal agira, Fig.1.8.

As known, coordination number (CN) in crystals ntigk 4, 6, 8 and 12. In
the amorphous metallic alloys coordination humloerailoys of transition metals
with copper remains only close to CN = 12 regaslt#scompound (in ideal model
CN = 12). In reality, for example, in Ni-Li and Cu-alloys average coordination
number is 12.8. In the alloys of rare earth metal$ transition metals, as usual, CN
=12, but in the amorphous alloys CN generally dases. For example, in Dye
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alloy CN = 7.1+ 1, while in the alloy TbFeCN = 8.4+ 1.8; at that, the environment
of iron atoms is approximately same as in crygtaus, the short-range ordering in
amorphous and in crystalline states of metallioyallis different [2].

A

Fig. 1.8. Models of amorphous structures clusters: 1 — tettedn; 2 — octahedron; 3 —
trigonal prism with three semi-octahedrons; 4 -reedes' antiprism with two semi-octahedrons;
5 — tetragonal dodecahedron

Consideration of the relative stability of variosguctural modifications
showed that for clusters containing less than 160-&oms, icosahedral forms
should be the most stable. Indeed, the existenstble icosahedral metal particles
smaller than 10 nm has been confirmed by numergpsrignents. An increase in
the number of atoms in the cluster leads to a raquickase in the energy of elastic
deformation, proportional to the volume; as a rgsal a large-sized cluster, the
increase Iin elastic energy exceeds the decream@face energy, which results in
the destabilization of the icosahedral structuhaisT there is some critical size above
which icosahedral structures become less stable tha cubic or hexagonal
structures characteristic of nanoparticles largantlO nm.

Lattice parametre of nanoclusters. The transition from massive cigsia
nanoparticles is accompanied by the change inatderic distances and periods of
crystal lattices. It is important to find out whetlcrystal lattice periods decrease or
increase with decreasing particle size and at wlaabparticle size this change
becomes noticeable. The available experimental @aé contradictory, and
theoretical analysis does not make it possible nequivocally state how the
parameter of crystal lattice of a nanoparticle whilange depending on its size. The
fact is that both an increase and a decrease ircrifstal lattice parameter are
possible in the case of a decrease in the sizaradparticles.

For both gold (Au) and silver (Ag), the distanceavieen lattice atoms in
nanoparticles decreases with decreasing partide Big. 1.9a. This was established
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by the method of electron diffraction.
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Fig. 1.9. Relative change in lattice periad/a from nanoparticles diameter D: a — gold

and silver; b — aluminum

The effect of nanoparticle size on crystal latpeeameter was noted not only
for metals, but also for compounds (for exampldeerease in the lattice period of
sub-microcrystalline nitrides of titanium, zircomyand niobium depending on the
size of the particles). The most likely reason tfoe decrease in lattice period of
small particles compared to massive substancenscompensation of interatomic
bonds of the surface atoms, in contrast to the sitocated inside the particle, and,
as a result, the reduction of distances betweemiatplanes near the surface of a
particle, that is, surface relaxation. Indeed, somain surface layer has fewer
neighboring atoms than in bulk, and they are albted on one side of it. This
disrupts the balance and symmetry in the distrioudif forces and masses and leads
to change in equilibrium interatomic distances astdeformations, and smoothing
of vertices and edges. However, sometimes tharmetia decrease, but an increase
in the nanoparticle lattice parameter. For examalelecrease in the size of Si
particles from 10 to 3 nm is accompanied by thedase in lattice parameter by 1%.
An increase in the CeQattice period was also found when the particlee si
decreased from 25 to 5 nm. However, it is posditée this increase in the lattice
period is due to the adsorption of water.

Thus, experimental data on the influence of siZecefon parameters of
crystal lattice of nanoparticles are ambiguous.sTambiguity can be caused
primarily by the adsorption of impurities or thdfdrent chemical composition of
particles; another possible reason for the ambjgaft results is the structural
transformations caused by the decrease in pasiiote

Phonon spectrumand heat capacity of nanoclusters. The main refmsdhe
change in the thermodynamic characteristics of mocrgstal compared to the
massive substance is a change in the form and boesdf phonon spectrum, i.e.
the change in function of frequency distribution atbmic vibrations. This is
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confirmed by the results of studying massive moystatline Si and nanopowder of
the same Si by the inelastic scattering of slowtnoes. According to these studies,
in the phonon spectrum of small particles, low-fregcy modes of oscillations
occur, which are not present in the spectra of imassystals. In nanopatrticles, only
such waves can occur, the length of which doeexeoted twice the largest size of
the particled, and therefore, from the side of low-frequencyil@dmons, the phonon
spectrum is limited by some minimum frequeneay:~ J2d, where sis the speed
of sound (in massive samples, there is no sucldiion). The value ofw, depends
on the properties of substance, the shape andsa@article. It can be expected
that decreasing the particle size will shift theopbn spectrum towards high
frequencies.
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Fig. 1.10 Temperature dependence of heat capacity C: ad-Is@icorresponds to Debye
theory; the dash-dotted line is Dulong-Piti lintite dashed curve shows deviation of heat capacity
from Debye theory caused by quantum size effedteait capacity of nanoparticles; b — heat
capacities of palladium with diameter of 3 nm (A)ym (2) and massive palladium (3)

Features of vibrational spectrum of nanopartichesitd primarily be affected
by the heat capacity, Fig. 1.10. Experimental datathe heat capacity of
nanopalladium are shown in Fig. 1bl0rhe increase in the heat capacity of Pd
nanoparticles compared to massive palladium inrttegval 1.4 K <T < 300 K is
entirely determined by the additional lattice cdmition, since the electronic heat
capacity, regardless of the size of particlesescdbed by usual linear law, and the
value of coefficient of electronic heat capacitynaihoparticles is the same as that
of massive palladium. It is also shown that thet lsegacity of Cu nanopatrticles is
~ 2 times greater than the heat capacity of massigper up to temperature of 450
K. But during further temperature increase, Cu pamiicles grow intensively and,
accordingly, the heat capacity decreases to thee\aflthe heat capacity of massive
copper [2].

Optical properties of nanoclustertn massive crystals, quanta of light falling
on the crystal are partly reflected and partly pdgtrough the crystal or absorbed.

Light is almost completely reflected from metal gd@s, and light propagates
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almost without loss in dielectrics. Special optigabperties are observed in
semiconductors - in the frequency band in whichetiergy of light quanta becomes
commensurate with or exceeds the width of the logapd

In nanoclusters of metals and semiconductors, eniileir crystals, the
properties of electrons cannot be described obaises of the idea of a "gas of free
electrons". In the small cluster, there can benee movement of electrons, and
therefore all changes that occur in the state wdtel electrons under the influence
of external disturbances (for example, optical aadn) are not reduced to their
movement inside the cluster, but to energy tramsstibetween different quantum
energy levels electrons

Thus, the scattering and absorption of light byapemticles compared to a
macroscopic solid has a number of features. Sieetsfof optical properties are
significant for such nanoparticles, the size ofehhs significantly smaller than the
length of an optical wave, but does not exceed3 @+h.

Experimentally, these features are most clearlgakd in the case of large
number of particles study. For this, nanopartichest be placed in the transparent
"matrix" - for example, in glass or in polymer, time volume or film. Due to the
specific optical properties of nanoparticles, stsblutions" (as well as granular
films with nanoparticles) can have an intense colbie classic object of studying
the optical properties of nanostructured metatbspersed media is gold, Fig. 1all
Dispersed gold has been used for high-quality glaksing for hundreds of years.
Colloidal gold, capable of coloring the environmédras been studied since Faraday.

Fig. 1.11.Optical properties: a — colloidal gold particle ab&2 nm in size: b — model of
heterostructural cluster composed of a CdSe cdieam epitaxial coating with a ZnS shell

Both in dispersed media and during light absorptgnfine-grained metal
films, absorption peaks appear in the visible parh spectrum that are absent in
massive metals. For example, granular films of gdicles with a diameter of 4
nm have a clearly defined absorption maximum in rdrege of 560 — 600 nm.

34



Absorption spectra of metal nanoparticles Ag, Cu, NMh, Li, Na, K also have
maxima in the optical range.

The study of size effects on the optical and lusoeat properties of
semiconductor substances is of great intereste siptical absorption is one of the
main methods of studying the band structure of senductors. Semiconductors are
characterized by interband absorption of lightsTdbsorption is due to the transition
of electrons from the valence band to the condocti@and. The absorption
coefficienta for a massive semiconductor crystal depends odiffezence between
the light energy h and the width of the energy gap [Eorbidden zone)a ~ (n —
39)1/2.

Characteristic features of the behavior of naness#éiluctures are clearly
revealed in their optical absorption and emissipacta. Due to peculiarities of
energy structure of clusters, it can be expectadtl peculiarities of their optical
properties will be manifested in selective absorpof light of certain frequencies.
This absorption is caused by transitions of eledtrfsom lower to higher energy
levels, or in the discrete emission of light oftaer frequencies, caused by reverse
transitions of electrons from higher to lower enelgvels. Therefore, electronic
processes in low-dimensional systems are primatigied using light absorption
and emission methods. It is the optical and lunuees properties of nanocluster
arrays that enable their practical use. For exampleanophysics, one of the first
nanoclusters observed were CdSe clusters of diffemlors. The optical
wavelength (and fluorescence color) depends ositleeof these clusters, Fig. 1.11b.
In the most studied semiconductor CdSe, the blifieashihe absorption band begins
with nanoparticles 10-12 nm in size.

Absorption of photons generates electron-hole pairssemiconductor
clusters, and their recombination is accompanieflunyescence. In other words, a
decrease in the size of semiconductor nanopariekscompanied by a shift of the
absorption band to the high-frequency region. Aifeatation of this effect is a blue
(blue) shift of the absorption band of semiconduc@noparticles when their size
decreases. Thus, in CdSe clusters, fluorescencaalmost the entire range of
visible light (wavelengths 400—-700 nm). But in atkkbalcogenides, depending on
the size and chemical composition of the clust@irerescence is observed both in
the ultraviolet and in the infrared band of thectpen. The ZnS, CdS and ZnSe
clusters fluoresce in the ultraviolet band of thectrum, CdSe and CdTe clusters -
in the visible band, and PbS, PbSe and PbTe ctusterthe infrared band (700-
3000 nm). In addition, cluster heterostructuredvexceptional optical properties
can be created from chalcogenides. Modern techresdagake it possible to build a
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shell from a wider bandgap semiconductor on thetetucore, which consists of a
narrowband semiconductor, for example, a ZnS shdluilt on a CdSe core (Fig.
1.11b). This makes it possible to obtain matenailh a continuous absorption
spectrum (fluorescence excitation) in a wide raoig@avelengths, which depends
on the size of the nanoclusters. Such clusterschegacterized by increased
brightness and greater photostability comparedattittonal fluorophores.

Peculiarities of the behavior of light-generatedrge carriers (electrons and
holes) in semiconductors are caused by the emezgehctheir bound states -
excitons - as a result of the Coulomb attractiotwben an electron and a hole.
Recall that an exciton is such a bound state @lectron and a hole that arises as a
result of the Coulomb attraction between them aqst®in the crystal as a single
entity. It follows from this that interband absogpt processes in nanoclusters at the
temperatures at which their quantum propertieseurealed must have an excitonic
character. Intense absorption of light caused bydhmation of excitons is observed
at lower energies (ie, lower frequencies of lighgn interband absorption, because
the binding energy of the exciton is small compédceH,. Therefore, on the energy
scale, exciton absorption is placed close to thensic absorption of light by a
semiconductor, but differs from it by a lower alpgan onset frequency. Interband
absorption in a semiconductor is described by ao$imalependence of the
absorption coefficient on the energy of a light mpuan, while exciton absorption
begins with a sharp peak-like growth at energieglathan the threshold value of
the interband absorption energy. Intrinsic absorptf light is accompanied by the
appearance and sharp increase of photoconductniiiyje no photoconductivity is
observed during exciton absorption of light [2].

Thus, electronic excitation of semiconductor crigstaads to the formation
of a weakly bound electron-hole pair (exciton). Exeiton delocalization radius
can be considered analogous to the Bohr radiuoofsa But the Bohr radius of the
exciton is much larger, it can significantly excekd period of the semiconductor
crystal lattice. Reducing a semiconductor crystalthe size of a nanocluster,
comparable to the size of an exciton, significaafffiects its optical properties. In
other words, the specific properties of semiconolunainoparticles are due to the
fact that the size of nanoparticles can be compartdthe size of the Bohr radius
of excitons in a macroscopic crystal. In semiconolis; the Bohr radius of an
exciton can vary widely — from 0.7 nm for a CuCystal to 10 nm for a GaAs
crystal. From theoretical calculations, it follotist with a decrease in the size of
nanoparticles, the lines of the optical spectruiwugh shift to the high-frequency
region. The energy of electronic excitation of @olated molecule is usually
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significantly greater than the energy of the inéed transition (gap width) in a
macroscopic semiconductor. Therefore, in the cheedransition from a crystal to
a molecule, that is, in the case of a particle cada, there must be a range of such
sizes in which the energy of electronic excitatiwii smoothly change from a
smaller value to a larger one. This size rangeesponds to the size of nanoclusters,
which can be considered as one example of quantdsn d

The unique optical properties of semiconductor chrsters, like other
quantum dots, are promising for use in medicine@atical sensors, fluorescent
markers, photosensitizers, and in optoelectronios the production of
photodetectors operating in the infrared frequebeyd, efficient solar cells,
superminiature LEDs, light emitters and nonlingatical devices

1.4 Quantum-dimensional effects

Strong dependence of properties of a solid onizis is observed in many
cases. For example, in piezoelectrics the frequeh@yezoelectric resonance and
magnitude of dielectric constant depend on the gize sample. Just like that, the
magnetic permeability of ferromagnetic films ana tHielectric permittivity of
ferroelectric films strongly dependent on theickmess, etc.

As for the electrical conductivity of low dimenselmanosized materials, in
addition to quantization effect of electronic enesgectrum, the wave properties of
particles begin to affect. The coherence leng#ledtronic wave in a solid at normal
temperature has a magnitude of several nanométegsefore, at distances of 1-10
nm the wave properties of electrons begin to beated. This is expressed by the
fact that when a substance is taken in small quesitit can not always be clearly
attributed to isolators, conductors, or semiconohgctFor example, some chemical
elements taken in an amount of, say, 20, 50 anctds will consistently pass the
stages of isolator, semiconductor and conductepeatively [3].

Dimensional effect occurs if the length of a badyeast in one dimension
becomes comparable with some critical magnitydd~br classical dimensional
effects I, is the classical value, such as the diffusion tlenthe length of the free
run of electrons, etc. During charge carriers mox@mor oscillation in the
semiconductor nanostructures the wave nature ofrefes and the discreteness of
energy spectrum vividly manifest itself. There igj@antum mode of transfer of
charge carriers, in contrast to the classical regivhen free path of electrons is
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much smaller than the size of a system and elextesa regarded as classical
charged particles.
This Section deals with the basic fundamental m&ysphenomena that

determine transfer of charge carriers in the naedsstructures. Since the size of
nanostructures is comparable to free path of elestrcharge carriers can freely pass
through nanostructure without scattering on defdatpurities, phonons, etc. In
such structures the phase of non-interacting @eaetaves is maintained throughout
the path and therefore effects of phase interferane observed.

Recall that the basis of quantum mechanics is basdte fact that there is
light under the (corpuscular-hvil) nature. Photoanmentum modulus = | | you
can see through = h/l , wherel =c/n, cis the light velocityn is the frequency,
found for a given quantum of light with energyfrom Planck's formula: = hn.
The physical dimension of Planck's constantmeans "moment of motion" =
energy time = lengthmomentum; i.e.. the action is the moment of amaafnt
movement - a physical quantity that has the dintanef the product of energy by
time (Et). It is one of the most important dynamic charasties of the movement
of particles and their systems - both in classaaad quantum mechanics. That is
why, the Planck’'s constaht(or = h/2p) belongs to the fundamental physical
constants in the same way as Boltzmann's conlgiglike the electron chargeand
the electron magse. Planck's constant was accepted by physics indhditions of
rejection of classical ideas - together with quam{wave) mechanics. Note that a
formal transition from quantum mechanics to thesileal Newtonian mechanics can
always be made If = 0. Planck's constant is associated with a vadge of physical
phenomena in the microcosm, for which the quantimabf quantities with the
dimension of action is essential.

In quantum mechanics, the formula h/l is usually written in vector form:
p = k, wherelk| = 2p/l . The quantityk, called the wave vector, is widely used in
guantum mechanics. The direction of the wave vemborcides with the direction
of the momentum vectqr of the photon, that is, the wave vector is dirdctethe
direction of the propagation of the light wave. Thedulus of the wave vectfi is
called the wave number.

De Broglie established that wave properties arerfit not only to photons,
but also to any particles of matter. It is very orfant for nanoelectronics that the
electron has a wave nature. The wavelength comelspg to any moving particle is

called the de Broglie wave and is determined bydhaula:l =h/p =h/{m ), where
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mis the mass of the particle ands its speed. The wave propertiesrotroparticle
make it impossible to describe its movement by #smeously specifying precise
values of coordinates and velocities. This faadnhathematically described by the
Heisenberg uncertainty ratio:

D D?¢3 /2, D,by3 /2; D Dz3 /2,
whereD , D y, andD ; are the uncertainty of the particle momentum camepts
along thex, y, andz axes, respectivelyx, Dy and Dz — uncertainty of particle
coordinate values at the same moment in time. tulsh be noted that for
combinations of the typP Dy, D \D , D Dy, etc. the ratio of uncertainties does
not apply - the uncertainties of the values of dowtes and components of
momentum that are not conjugated to each otheinc@pendently have any values.
This feature of the uncertainty rataxquires considerable significander the
analysis of the behavior of electrons in nanosstilectures.
The ratio of uncertainties is also valid for eneapd time variablesD Dt 3 /2,
whereDE is the uncertainty of the energy of the systethenquantum stat&t is
the time the system stays in this state. The mtiancertainties belongs to the
fundamental provisions of physics; it has comprshenexperimental confirmation.
The de Broglie wavelength for an electron with an effective mass m* and mgvi
In a crystal at a speeds:

| =h/p=Hm* =h2mE )*?

wherep = m* — impulseEx is kinetic energy. Thushe shorter the effective mass
of the electron, the greater the de Broglie wavglRifil]

In mostmetals the effective mass of electrons is almost theesamin a
vacuum:n* ~ m, therefore, for metals, the de Broglie wavelergjthn electron is
small:l £ 1 nm. This value is close to the crystal lattieegmeter. Therefore, it is
almost impossible to observe quantum nanoscaletefia metals under normal
conditions (at temperature of about 300 K), bus iguite possible at a very low
temperature, when the de Broglie wavelength becahbest 10 times longer.

In semiconductorghe effective mass of an electron is smaller thanetals.
So, at a temperature of 4 K, for silicoti = 0,2m andl » 500 nm, and for gallium
arsenidem* = 0,07m andl » 5000 nm. At room temperature (about 300 K) for
silicon m* = 0,9m and, accordinglyl, = 8 nm; for gallium arsenidei* = 0,07m
andl =30 nm.

Thus, since the de Broglie wavelength in semicotadtads nanoscale, it is
technologically easier to create conditions for tnanifestation of quantum-
dimensional effects in them.
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Potential wells, barriers and tunnelingl'o analyze the properties of quantum
systems, their energy models should be used. Nanmdpea in their discrete
spectrum can be compared with atoms. Based on kmm&rgy distribution, the
method of potential curves allows determine dyngram@ameters of moving patrticle.

According to classical mechanics, the particle osarcome the potential
barrier only if its energy exceeds the potentiaérgg on the top of a barrier.
Quantum particle behaves completely differentlg.different from zero probability
exists to penetrate the barrier, even if energguzEntum particle is less than the
height of potential barrier. Such quantum-mechdnétgect is the isoenergetic
tunneling.

From the point of view of classical physics, inea$ a tunneling effect, the
law of energy conservation is violated. But for guen physics of tunneling effect,
it is possible to overcome the "deficit" of pamicenergy over a short time
Dt = /(2DE) in accordance with the uncertainty relation. Eiere, in terms of
guantum physics, if during this time the particé ¢unnel through the barrier, then
law of conservation of energy is not violated. Thimg is that after the tunneling
the particle retains its energy. The tunnelingaffes at the basis of tunnel diodes
operation and is widely used in other nanoelectrdevices.

Another feature of a quantum particle behaviohmm potential well of nano-
and atomic size is the discreteness of energy ymecExactly a discreteness of
energy spectrum of electrons is the basis of fonaig of many nanoelectronic
structures. The configurations of real potentiallsvand barriers in the “micro-
world” depend on the geometric features of fields form of these wells. Behavior
of micro-particle in potential well can be deteradnby Schrodinger equation solving
under corresponding initial conditions. This idafiéntial equation: for its solution it is
necessary to know how potential energy U of miaudigles depends on coordinates,
that is, need to set the function U(xz). Here and thereafter it will be assumed that t
function does not depend on time (since micro-garis in the stationary state).

To find out main features of micro-particle behawiothe potential well, it is
enough to consider the one-dimensional cbi$e) and the potential well of
rectangular shape (Fig. 8.40, a). The width of pidéwell is denoted by |, and its
depth isUC. In this model the width of barriers that limitstpntial well to the right
and to the left is infinite. The depth of welf tan vary from a finite value to infinity
(if the well would be considered as indefinitelyege
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The solution of Schrodinger equation (result ofalhs graphically illustrates in
Fig. 1,12) enables to determine the energy spedafumnicro-particle, that is, a complete
set of its energy values E and the wave functi¢r), whose module squar¥ ( ) 2 is
the probability density of finding micro-particle@oint x.

It can also be shown that on the width of wellisipossible to put the integer
number of de Broglie half-wavdss n(l /2). For the infinitely deep well the wave function
IS expressed in the terms of trigonometric funstitimough cosines in case of oda A (L,

3, 5) and sinus in case of even n (these solutiokgy. 1.1D are shown by the dashed
curves). It can be seen from the figure that ;¢hse the amplitude of de Broglie wave at
pointsx = + 1/2 vanishes. So, wheli5 6, the micro-particle can neither penetrate inside
the barrier nor go beyond the boundary of the well.

However, if the depth of well is finite, then thelitude of de Broglie wave at the
pointsx = +1/2 does not vanish for any n and has conionuaeyond the boundary of
barrier.
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Fig. 1.12 One-dimensional potential well: a — energy spectrinmicro-particle in
potential well; b — wave function§( ) for three states of micro-particles (n = 1, 2irBpotential
well (dotted line shows distribution function inseaof infinitely deep of well)

This important result is shown in Fig. 10 By solid curves in the shaded
areas. That is, micro-patrticle in the potentiallwéLltimate deptiU® can penetrate
beyond the boundary of barrier for enerdgiekess tharlJ°, which contradicts the
law of energy conservation of classical physics a@der observed in the “macro-
world”. In addition, from Fig. 1.12 which shows the probability density for three
different values of n, implies that the energy $psu of quantum particle is
discrete, with its minimal energy not equal to zg9 > 0). This energy is called
zero energy and usually is denotedegsZero energy is peculiar to any quantum
systems: physical vacuum, quarks in hadrons, nasl@oatomic nuclei, electrons

in atoms, atoms in molecules and crystals. Thegitiby to find micro-particle at
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different points inside the well, as seen from Eid.3, greatly varies. There are some
points, where probability of "visiting" by partickkhows the maximum: they are
called the parochiakf). There are also points in which the particle neeen, these
are nodesx;). Such behavior is not a characteristic of maaudtgles. It should be
noted that the probability of penetration by mipesticle beyond boundary of barrigr=
+1/2) is not equal zero, but it only gradually @éases with the increasing distance from
boundaries of barrier (shaded areas in Fig. 1.13).

The most important result is that if the barriedtviis not infinite, then probability
of its penetration by microparticle beyond bounddityarrier (tunneling effect) is different
from zero.
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Fig. 1.13 Probability densityY ( ) 2to find micro-particle at different points x ofemtial
well of ultimate depth

Quantum dimensional effects the electronic structures are observed when
the role of critical length.lis played by electron de Broglie wavelendth) (vhen
the size of a structure at least in one dimensias the order of .. Thus, the
guantum-dimensional effects are conditioned by waatire of electrons. In the
nanosized regions behavior of electrons is detexthby the reflection of electronic
waves from the boundaries of such areas, as wehlaterference of electronic
waves or the passage of waves through potentiaeb&arThe quantization of the
energy of electrons might be spatially limitedheit displacements, or the passage
of electrons through nanometer dielectric layergjusintized, or the electrical
resistance of nanowires has quantum peculiaraies,others.

De Broglie wavelength for electron that has effeetinassn* and moves in
crystal with velocityu has following meanings..= /p = /m*u, where = m*u
is the impulse. Thus, de Broglie wavelength theatgiethe less effective electron
mass. In most metals it is almost same as in vaguym m so that de Broglie

wavelength is relatively small. However, in somm&®nductors the effective mass
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of electron can vary widely. At room temperature8Q0 K) in siliconmg= 0.9 m
andl e = 8 nm, in gallium arsenidex = 0.0fm andl. = 30 nm. Thus, In
semiconductors the size of de Broglie wave hasastale, and hence the quantum-
dimensional effects are technologically easientplement just in semiconductors.

Density of states (@) determines the number of quantum states of elegtro
per unit of volume (or area, or length, dependinglimension of object) referenced
to single energy interval. According to this defiom, the density of states is equal
to dn(E), i.e., number of states in the energy range fEaimE + d

g(E) = dn(E)/dE.

The knowledge of density of statgE) and probability of their filling by
electrons w(E) allows determine the distributiorlgctrons of a system in quantum
states and to describe many electrical, opticalsante other properties of a system.
The electrons are characterized by a half-integer, stherefore the probability of
their filling quantum states is determined by stats of Fermi-Dirac, which is based
on Pauli principle.

Energy spectrum of electrons E(las the density of their quantum states are
most important characteristics of a quantum objebich determine its electronic
properties and the response to external influences.

The energy spectrum characterizes the dependeraeafy of a particle on
its impulse: E(p) or, equivalently, the energy degence on wave vector E(k), since
the impulse and wave vector are bound by simpbdiogip = k (module of wave
vector is determined by inverse wavelength: kp#l 2 The energy spectrum
represents a set of possible values of particlesgy in given conditions. If energy
Is quantized, then energy spectrum is called therelie (quantum), but if energy can
accept continuous series of values, then the sprct called the continuous.

"Infinite” crystal quantum properties are characterized by three-
dimensional (3D) long-range ordering of atoms. Frdme point of view of
nanophysics, even a crystal having one micron siready looks "infinite", since
in all directions its regular crystalline latticertsists of thousands of atoms being
many times larger than the de Broglie wave

Metals and semiconductors crystals are filled witree-dimensional 3D-
electronic gas, in which electrons can move fréelgny direction. The energy of
electron in the 3D gas:

E:(mefu)z_ p2 :(p§+ p)2/+ pg)_ 2(k)%+ k)2,+ kzz)

2 2my 2Megs 2 Mgy
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where p and k are quasi-impulse and quasi-vecteleatron, respectively, and.:m
is electron’s effective mass (for simplicity itasnsidered as isotropic). The spectral
dependence of E(K) looks like quasi-continuous;esthe energy levels are as much

as electrons are held in the 3D crystalf1010?? cnt3).
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Fig. 1.14 Electronic spectrum of unlimited size crystal: amedel of sample; b —
dependence of electron energy on quasi-vector coanis; ¢ — dependence of quantum states
density g(E) on electrons energy

In Fig. 1.14b the dependence of energy on wave vector componeatsthe
bottom of conduction band is given, and in Fig4t.the density of quantum states
of electrongy(E) for unbounded (3D) crystal is described by palatmfE) ~ 2.

Near the bottom of conduction band the densitytafes is small, but it
gradually increases with the growth of E, reactsatyration. From Fig. 1.b4it is
evident that in limits of same band the functi&ls) andg(E) are quasi-continuous,
and therefore properties of 3D crystals under thiguence of fields change
continuously.

Quantum well corresponds to two-dimensional (2D) object. Usuthlis is a
thin layer of crystal which thicknesss commensurate with de Broglie wavelength
(d ~1). The system of electrons in such a layer is date two-dimensional (or
2D) electronic gas. Fragment of such a layer isgmted in Fig. 1.J® The motion
of electrons in this layer is limited by the segmeénin the directionx but is not
limited in the directiony andz.

Moving in thex direction, the electron is not able to leave thyer, since its
output work (equal, for example, in aluminum ardent 4.5 eV) is much greater
than thermal energy (0.026 eV at room temperature¢refore, the motion in X
direction is legitimately regarded as a movementhe one-dimensional deep
enough rectangular potential well with the widthFig. 1.1%. The energy of such
motion is quantized and characterized by quantumbeun =1, 2, 3,...
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Fig. 1.15 Two-dimensional (2D) nano-object (thin layer): achematic representation of
thin layer limited along; x-axis; b — potential Bslfor electrons in this layer; ¢ — dependence of

state density on energy in case of infinitely dgeantum well

If the quantum well would be infinitely deep, them its widthdy the integer
quantity of half-wavd /2 will be spaced. This means that only those stafe
electrons motion would be stationary, which willrr@spond to standing wave
formed by de Broglie waves falling and reflectednfrthe walls of a well (dotted
curves in Fig. 1.15). The values of are called quantum-dimensional levels [3].

The motion energy along theandz is not quantized and is determined by
same expressions as for free particle (or for veluriherefore, the total electron
energy, taking into account that effective masslettron ng is the same for
movements in all directions, can be represented as

2(kf+ kzz) e 2(k}?+ kzz) . 2p%n?
2Meg " 2 Mg Zmefdi

where the quantum number 1, 2, 3, ....

Consequently, the energy spectrum of electron quantum well of two-
dimensional nano-object will be discrete-continudegch dimensional level of
corresponds to a set of possible energy valuesalfree motion of electron along
the axesy and z. This set of energiek is the two-dimensional subbands of
dimensional quantization. The dependerk(gsk;) andg(E) are shown in Fig. 1.15,
b, c

The graph oE(k ,k,) dependences is the paraboloids system; the battom
th paraboloid corresponds to the level= . The dependence di(E) is
straightforward. Each dimensional subband makealamuntribution rg/p72 to the
density of states. Strictly speaking, the modehfahitely deep rectangular potential
well is valid only for the motion of electron ingHtisolated" thin film with nanosized
thicknessd. Such separate model — flat-parallel film of naeten thickness — is
difficult to implement. In practice, in the nan@ad structures such nano-layers are
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formed inside the crystal, so that charge carrramvement is limited in one
dimension; therefore, it is possible to assume thase carriers are in the one-
dimensional potential well. An example is the gleas in the nanometer layer of
narrow-band semiconductor between two layers cddiivand semiconductor.

Practical examples of quantum wells with 2D eladtogas may be
conductive channels in the unipolar transistors t@the oxide-semiconductor
structures on silicon) and narrow-band layers iefostructures from compounds
A"BY (required for injection lasers). Systems of clgsepaced equilibrium
guantum wells, which make electronic tunneling gmesform the superlattices that
are the heterostructures made of two or more eiffermaterials. In these
heterostructures an important role belongs to thesttion layer, that is, the
boundary between two materials

All elemental materials of which semiconductor nes¢ructures are made
(Zn, Cd, Hg, Al, Ga, In, Si, Ge, P, As, Sb, S, Be,Ti) are located in the central
part of the Periodic Table Elements and belond-dligroups. In the middle there
iIs a silicon, which in the technology of electrommaterials occupies the same
important place as the steel in manufacture ofcgiral materials. In addition to
silicon, electronics often deal with semicondud@d/BY compounds and their solid
solutions, as well as with'8' compounds. Of the compounds of the typ&BX
most often used the GaAs (gallium arsenide) thamd$osolid solutions AGa.- As.
The use of such solid solutions allows creatiohetérostructures with a continuous
(rather than abrupt) change in the relative contémiements of group Ill. In such
heterostructures the width of the bandgap alsogdsnontinuously.

For the manufacture of heterostructures, it is weyortant to reconcile the
parameters of crystalline lattices of two contagtinaterials. If two materials that
have different permanent of crystal lattices a@agr on one another, then, with
increasing thickness of layers, large mechanicassés and deformations can occur
in area of the interface that can cause microcrackarrence in layers. Mechanical
stresses and deformations appear irrespective eth&hthe transition between two
layers is smooth or not. In order to reduce defdiong, the permanent gratings of
two materials must differ at least. That is whythe application of heterostructures
the solid solutions of AlAs-GaAs system are mostmfused, since aluminum and
gallium arsenides have almost identical latticeap@aters. In this case, GaAs in a
form of single crystals is the ideal substrateHfeterostructures growing. Another
natural substrate is the indium phosphide, InP¢ useéhe combination with solid
solutions of GaAs-InAs, AlAs-AlISb and other semidantors of A'BY type.
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The progress in the creation of thin-layer heteuastires is due to the
emergence of practical technologies for the groefthin layers by methods of
molecular beam epitaxy (MBE), metal-organic vaploage epitaxy (MOVPE) and
liquid phase epitaxy. These methods provide oppditdo grow heterostructures
with a very sharp boundary [3].

The quantum wire (quantum thread) is a one-dimensional (1D) nanegibj
The motion of the electrons is limited along thesax and z by sizes @nd d,
respectively, but not limited along the axis y (FIgl6). Square cross section of
guantum wire is only a comfortable model for cadtian but does not violate the
generality of reasoning. It is important that poeanwell for free electrons in a
guantum wire (thread) is two-dimensional.

The motion of electron is associated with the axésit its energy must be
guantized in one-dimensional potential wellandd,. The total electron energy is

2,2 2,2 2,22 2
E= ky+Emn: % 4 pn2+ pm
2Mey 2Mgr  2mgrd;  2mys

wherem, n=1, 2, 3, ... an8nnis the energy of dimensional levels. The positbn
each of them depends on two quantum numbers m and an the quantities end

d; while in the direction of wire (y) spectrum is ¢imous. The conduction band in
the quantum wire is divided into one-dimensiondlsands, Fig. 1.16 The density

of states per unit length g(E) has a series ofpspaaks, Fig. 1.Xk6corresponding
to dimensional levels. This means that most elastm subbands have energy near

corresponding dimensional level.
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Fig. 1.16.0ne-dimensional (1D) nano-object (quantum wire}.raodel representation; b
— energy dependence on wave vector; ¢ — densgtatds dependence on energy

Most methods for producing quantum wires are basethe fact that in a
system with two-dimensional electronic gas (usualybasis of heterostructure) by
one or another technological way the motion of teters in one of directions is
limited. The conductivity of quantum wires can havgortant features. The most
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interesting case is short wire with a length tkdess than the length of free run of
electrons (the latter is determined by scatteringnapurities and defects of wire).
In this case, the electron, having flown from opatact of a quantum wire reaches
to another contact without collisions, like a paile released from a cannon. Such
analogy has led to the consideration of structur@ghich there are no collisions of
electrons, which are often referred to as ballisties.

Quantum dot is zero-dimensional (OD) nano-object, where theiomoof
electrons is limited in all three dimensiorsy, z Figure 1,1@ shows a convenient
model for calculations; in fact, the shape of quantdot is usually different from
cubic. Potential well for a quantum dot is a thdemensional. The energy of free
electrons should be quantized for movements ithale dimensions. The energy
spectrum of electrons in quantum dot is quite @isgras in a separate atom. Energy
Is defined by the expression:

2522 . 2p2n2+ 2 %m 2

E =
Zmef d)z( 2 Mgy d%, 2 Mg+ dzz

wherel, m, n=1, 2, 3, ..., whilél, d,, d, are dimensions of the dot in three directions.
The energy spectrum of electrons consists of sepdimensional levels of;, |,
which resembles the spectrum of isolated atom.élffe¥gy | depends on three
quantum numbers I, m, n and sizksd,, d.. The graph of the density of statgg)

for the quantum dot has a type of delta functidi) g ¥, if 3 =Emn (E coincides
with dimensional level) and(E) = 0, if 3 * Em, (i.€., E lies in the gap between
dimensional levels).

As example of quantum dots the nanocrystals care sgrown on the surface
of epitaxial layer of another material. In the éatuction to this book one quantum
dot is shown (Fig. 1.5), the islet from Ge atongiiewn on Si surface while its image
Is obtained by atomic-force microscopy.

1 2(E)4

!

X

0 E
¥
a b
Fig. 1.17 Zero-dimensional (0D) nano-object (quantum dot:raodel of quantum dot; b
— density of states dependence on energy
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Historically, first studied quantum dots were mimgstals of cadmium
selenide (CdSe). Electrons in such microcrystalimaithree-dimensional potential
well so that they have several stationary levelemérgy with a characteristic
distance between them (exact expression for enlengts depends on shape of
gquantum dot). While electrons make transitions betwthe energy levels of a
guantum dot, the photons can emit, similarly tmsraon of electron between the
energy levels of an atom. It is possible also tmse ("throw") the electron into the
highest energy level and obtain the radiation froamsition between levels
(luminescence). In this case, unlike actual atdhes frequencies of transitions are
easy to control, changing size of a microcrystalcé®again note that observations
of cadmium selenide nanoclusters (“microcrystdlstiinescence served as the first
opening of quantum dots.

The length of optical wave in CdSe clusters (andrtsscence color) depends
on the size of these clusters. It is determinetftharescence of cadmium selenide
nanoclusters corresponds: for size of ~ 400 nmrpleu~450 nm — blue; ~500 nm
— green; ~600 nm — yellow; ~700 nm — red. Obsehted shift of absorption band
begins with nanoparticles of 402 nm in size. In the semiconductor clusters
absorption of photons generates electron-hole pdnige their recombination is
accompanied by fluorescence. In other words, deer@asize of semiconductor
nanoparticles is accompanied by a shift in absomptiand in the high-frequency
region.

At present, many experiments are devoted to quawdiois formed in two-
dimensional electronic gas. In two-dimensional &tetc gas electrons motion
perpendicularly to the plane is limited, so regionplane can be isolated by means
of gate metallic electrodes superimposed on hetegiare. Quantum dots in the
two-dimensional electronic gas can be connectethbytunnel contacts to other
regions of the two-dimensional gas, and electwcalductivity through a quantum
dot can be studied.

Ballistic conductivity of nanoscale conductors The conductanceG) of
ordinary wire with a circular cross section equal§& = 1R =sS/L, whereS = pr?

Is cross-sectional arel,is length of wirery is its radius and is specific electrical
conductivity. This formula is valid, if r anld are much greater than the mean free
path of electronke. In these conditions, the motion of electron ia donductor has

a diffusive character, and trajectory of its motisthe broken line, Fig. 1.48
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Fig. 1.18 Schematic representation of diffusion type (aj &allistic type (b) electron
motion in conductor

If I >L andl¢>r, Fig. 1.1®), then the electron flies from one contact to
another practically without collision with atomsai/stalline lattices. Such a mode
of movement is called ballistic. The moving elentdbes not feel resistance to its
motion in conductor's volume [3].

I 3 2 \
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IeU
Ei'?_
©) @ ©) )
) I , ] 5 ,
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Fig. 1.19.Spatial (a) and energy (b) presentation of batlistinductor (3) and contacts to

In Fig. 1.1% the ballistic conductor 3 with quantum-sized ditenés placed
between two metal contacts 1 and 2. Suppose thgdet@ture is of the order of
several degrees Kelvin and all electrons in coatantenergy diagram of Fig. 149
are located below Fermi levels; and r,. If the potentiall is applied between the
contacts, then energy levels of métaire reduced by a value @) with respect to
levels of metall. In this casdr; — r» =eU. The current can be generated only by
electrons that have energy in the range fEpato ro. It is just these electrons that
from contact 1 that have the ability to move teeflevels of conta@.

If conductor (or semiconductor) 3 is characterizag N dimensional
subzones, and it is a ballistic (that is, it haarqum-dimensional sectid) then its
electrons are located in the dimensional subzoDesy those electrons of sub-
regions can participate in the transfer of a curtleat are located in the range from
Er1 to r,. In this case the conductanceGs 2 2N/h, while the resistance R =
h/2 2N.

Thus, unlike the classical wire, the resistancbatlistic quantum wire does
not depend on its length. The number N is determined by a distance between
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subzones, and this distance increases when theent®mn of wire S decreases. If
one gradually reduces the diameter of a wire, th@m the intervaEr1% 2 will

be in turn, one after another, the dimensional aotluleviate. With the departure of
each of subband the conducta@shows a jump decrease by/A. When there in
the intervalEr1 22 (2 there is not a single subband, the conductivityilGvanish.

The quantity 2%/h is called theconduction quanturwhile reciprocal value
h/2 2=12.9 B is the quantum of resistance. In fact, the quatitin of resistance
is conditioned by dimensional quantization of egerg§io monitor the effect of
guantization of resistance, the sufficiently lomfeeratures (~ 1 K) are required. At
higher temperatures jumps of conductance G becblaa®d or disappear, because
of thermal motion in the contacts "throws" electat the level wherd > E.. It
should be noted that resistance measured in thesditions is the resistance in
contacts. In the ballistic nanowire there is nateceng of electrons. Consequently,
it should not have any electrical resistance.

It should be noted that functioning of many instemal structures of
nanoelectronics is determined by the features thestrabove energy spectra of
guantum-dimensional elements. In this case it igporant that considered
guantization of energy is observed only when the ef objects has the order of de
Broglie wave (at least in one dimension).

Resonance tunneling.Usual tunneling effect, as already noted above, is
micro-particles passage through a potential bamibich height U is greater than
the energy of moving particle. At the same time, enery time particle with this
energy passes through the barrier. There is aicgotabability of its passage
through the barrier, called the coefficient of 8parency.

The magnitude of transparency coefficient is treatgr the smaller width of
the barrier | and the difference between its helghand energy of particle E, that
is, the smaller "deficit" of particle energy insittee barrier; 9—- 3. In a nanosized
structure this effect can be manifested, for exampl the passage of electrons
through thin layers of dielectric.

The tunneling time is very small{(U° — ) » 10*®s, which can be estimated
using the uncertainty relationrd xD ¢ /2. Tunneling effect has essential
probability, if the barrier width | is comparabtede Broglie wavelength of electron.
It defines the boundaries of functioning elemenisthe integrated circuits,
constructed on a basis of traditional principlest Btunneling effect would be put
in the basis of principle of device, it can incre#s speed to hundreds of terahertz.
For example, just on this principle some singlettn devices work.
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Fig. 1.20.Structure (a) and energy diagrams (b, c) resonamre| diode

Important for nanoelectronics features show theal®d resonance tunneling
effect. It manifests itself in the two- or multidational periodic structure, Fig.
1.20), and looks like the sharp increase in probabdityparticle passing through
barriers, if its energy coincides with any dimemnsibenergy level of potential well
that separates barrier, Fig 1c20

Resonance tunneling through a series of barridssaucurs if the width of
wells and barriers is of the order of de Broglierelangth. In this effect the time of
electron passage of structure includes, in additiotme of tunneling, the time of
electron life in the well, that is, the tinteof its life on the resonant level. For
example, according to estimations, for double lostencture consisting of layers
Al sGa 7As(5nm)-GaAs(7nm)—-AbGa 7As(5nm) at the barrier height of 0.2 eV
the time ig ~ 10!s. Thus, tunneling time provides the operationasfesponding
devices in the terahertz range. It should be ntitatithe value of decreases also
with further reduction of structure size [12].

Two-barrier structures are of great interest t@tedmics, because they can
operate at ultrahigh-frequency (microwave) deviceshe range of hundreds of
gigahertz (GHz) and switches with delay time ldsemntl ps (picoseconds). These
devices are created on the basis of two-barrigctire — resonant-tunnel diode and
transistor. Moreover, multi-barrier structures)@akuperlattices, are developed and
found wide application.

Superlattices.As known, there are various possibilities for cnegtp-n
junction, but they all were implemented in the saseeniconductor, doped in
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different ways — acceptors and donors. In the lghsubsequent presentation,
such junction can be called the homojunction, fareple, the pSi-nSi.

The following heterojunctions occur at the contadttwo different
chemical components of semiconductors. In this aonhot only the band gap
changes, but also other fundamental propertiesgghdmand structure, effective
masses of charge carriers, their mobility, physat@®mical and optical
properties.

Heterojunctions can be sharp and smooth. In a shatgrojunction the
change in chemical composition occurs at a distasfcéhe order of lattice
constant. In ideal heterojunction there are no dsf@nd boundary states at
interface. The possibility of obtaining monocrystad heterojunctions, that is,
the close contacts of various chemical compositi@hsemiconductors carried
out in single crystal is associated with developtedrtechnological methods of
epitaxial growth of semiconductor crystals, thattiee formation of uniformly
oriented layers of crystals of one substance orstineace of another substance.

The heterostructure is the combination of seves&itojunctions in a single
crystal structure that forms part of semiconduatevice. In the case of many
layers of alternating crystals, the planar pericsticicture is formed, which is
called the superlattice. The characteristic dimemsi of the layers in
heterostructures and superlattices are nanometrds therefore corresponding
semiconductor devices belong to relatively new gatnen of electronics devices
— nanoelectronics.

Superlattices are crystalline structures in whiapart from the periodic
potential of crystalline lattices, there is anotperiodic potential, period of which
far exceeds the constant lattice, but correspamtlset nanoscale. The most widely
used are the semiconductor superlattices. They istord layers of two
semiconductors, differing in either chemical compas or type of conductivity.
Superlattices are made, for example, with the fuélpnolecular-beam epitaxy
technology, which allows build up layers of any gaund and thickness. Period of
repetition of layers lies from several nanometarsteéns of nanometers (for
comparison, lattice constant of crystals Si and &sfabout 0.5 nm).

Two types of semiconductor superlattices are widshkd: the composite and
the doped (it is appropriate to note that thereadse superlattices exist made of
metals, superconductors and dielectrics). The caitgosuperlattices are
heterostructures made of different chemical conposilayers having different
widths of bandgap, but with the close values inftfagnitude of lattice parameters.
For example, composite superlattices aneGa.,As—GaAs; InGa . As—GaAs;
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InGaxAs—In ; ZnS—-ZnSe and many others. Additional periodiepbal in them

is created by the periodical changing the widtbaridgaps. The doped superlattice
Is a periodic sequence of layers of the n- andop-tf same semiconductor. Donor
atoms in n-layers supplies electrons, which binddceptor atoms in the p-layers.
Embedded in the crystal lattice charges of ioniaedeptors and ionized donors

create obviously need for superlittice additionadipdic potential.
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Fig. 1.21 Energy charts of simple composite (a) and moddhaioped (b) superlattices: d
— period of superlattice

Exactly this potential crucially changes the batrdcdure of semiconductor
on basis of which superlattice created. Therefeuperlattice can be considered as
a new, synthesized semiconductor that does not exisature and has unusual
properties. The choice of composition materialddgers can broadly vary the band
structure of the superlattice. The combination ethnds for obtaining materials
with a modified zone structure is at the basidefto-called "band engineering".

Energy diagram of superlattice (its potential gejfis given as example in
Fig. 1,.2% for the composite superconductot,Ga.,As—GaAs in the direction
perpendicular to layers. Due to periodic changénbandga® = wo— viza
sequence of rectangular quantum wells separatdtetbarriers is created. The wells
are formed in a narrow-band semiconductor: forted®s — in the conduction band,
for holes — in the valence band. It should be ntitatl the superlattices with much
more complex profile exist, for example, in thaistures GgSii—Si or GaAs—-Ga.

In Fig. 1.2Db the potential profile of modulated-doped supddatts shown.
In this case the donor impurity is implemented omlythe wide-band material.
Electrons from donor levels pass into the quantusiisywspatially separating by
ionized donors. The alternation of charges cause®gc bends of the edges of
bands. The Fig. 1.20b shows the mini-bands on which the valence bandtlaad
conduction band are divided.
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Figure 1.22 shows potential profile of doped sugide. The charges of
ilonized donors and acceptors create a sequenageaftial wells for electrons and
holes. The electrons and holes are spatially segzhrthe holes are located in the
potential wells of valence band of p-layer, white telectrons are in the potential
wells of conduction band of n-layer. Bindings shaowwi-band; g is the width of
bandgap of output semiconductddE.; is the effective width of superlattice
bandgap. To obtain doped superlattices the Gagfan used.

»

Fig. 1.22.Energy charts of dope?j superlattiOS.s - 'effective width of suppressed band
gap; d — its period

To construct energy spectrum of electrons in th@edattice, Schrédinger
equation can be solved (as in case of a bulk djyista taking into account the
additional periodic potential. Using results of @Oastructure calculating, it is
possible to make qualitative conclusions aboutgynstructure of superlattice. Its
potential is periodic, so the dimensional levels split into bands. Spectrum has
band character; in the band as many levels as¢lis i structure. Since period of
superlattice is much larger than usual lattice tamis the superlattice bands
represent a finer splitting of energy band of cadynsemiconductor that are called
the mini-bands. The splitting of the conduction damd the valence band into the
mini-bands is shown by the hatching in Fig. 1.22.

The smaller the width of well, the greater distabeéwveen mini-bands and
the more effective band g8k, as well the smaller width of barrier the widenmi
band. Thus, one can rebuild the energy spectrusaérlattice by a simple change
in the thickness of layers, which is easy to acd@njin the molecular-beam epitaxy
method. The graph of states dengitly) has a stepped form, like for a quantum well,
but with another form of steps.

Electronic gas in superlattices differs in the féett electrons and holes are
spatially separated. Generated by light electrde-Ipairs (equilibrium carriers)
becomes also spatially separated, which preveatsrgcombination and increases
their lifetime to ~ 16° seconds.
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In modulated-doped composite superlattice a widedls@miconductor (e.g.,
AlGaAs) is doped with donor impurity. The electrdnsm donor levels of barrier
pass into the wells in conduction band of the na#b@and semiconductor. lonized
donors (impurity centers) remain in the barrierslevBD electronic gas with high
density and mobility of electrons is formed in thells. High mobility is due to the
fact that density of electrons in the narrow-gaetas greater than density of centers
of dispersion, and donor impurity centers are ledan wide-gap layers.

The effect of increasing mobility is especiallyrgifgcant at low temperatures,
when main contribution to electrons dissipation asatheir scattering on impurities.
High mobility electrons allow create high-speedides on superlattices, such as
transistors with high-conductive channels. The dwitg time of such transistors
can be picoseconds.

Thus, semiconductor superclattices are solid-statetures in which, besides
to three-dimensional periodic potential of crystedllattices, there is additional one-
dimensional potential, the period of which substdiytexceeds lattice constant. The
presence of such a potential substantially chargyesrgy spectrum so that
superlattices have a number of interesting propertnat are absent in ordinary
semiconductors.

Superlattices represent a unique opportunity tamatmandomly modify their
band structure. The features of the superlatticesinescence (possibility of
rearranging the emitted wavelengths, the excitoaitire of radiation up to room
temperature, the strong limitation of impurity aaet the femtosecond kinetics,
etc.) are used to create new generation of lighttiewgn devices. Acoustic properties
of superlattices are characterized by the preseiselective reflection of phonons.
Semiconductor superlattices are characterized bgnéially nonlinear transport
properties due to the presence of very narrow framels in their energy spectrum.

Quantum nanoelectronic devices. The physical limitations of
semiconductor microelectronics required new sohgidOne of them is molecular
electronics, which makes it possible to implememgidal devices based on one
molecule or a group of molecules and new princigdésnolecular computing
systems. Although most of these ideas have nobgen realized, research in the
field of molecular electronics and thin organiard has forced technologies and
devices to move into the nanometer zone. As atrestificial neural networks have
become available in modern software packages. Bbudies of molecular systems
stimulated the development of solid-state eleca®ni

Molecular electronics has moved towards sensorb@sgstems, while solid
state electronics has prevailed with several idgaguantum electronic devices.
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Three major breakthroughs are worth mentioning:hesonant tunneling devices,
single-electron devices, and quantum dots. Thesaceke are based on the
phenomenon of electron tunneling through a compkxier having intermediate
electronic states. When the energy level of thetelas in the source coincides with
one of the intermediate levels, the probabilitytwineling increases dramatically,
even if the total barrier thickness is greater tthemntunneling distance.

The idea of one-electron devices is due to theoststy of the Coulomb
blockade: the transfer of one electron betweenpamicles separated by a tunnel
distance will create a potential barrier propordildio their radius. If the particles are
relatively large, then this potential barrier isghismaller than kT even at very low
temperatures, so that the rest of the electronsnoave between these particles
almost unhindered, ignoring the potential bartwever, a decrease in the particle
size can lead to another situation where the patdydrrier is comparable to or even
exceeds KT at a certain temperature. In this ¢hegotential barrier caused by the
transfer of one electron will prevent further eteattransfer, and this effect is called
Coulomb blockade. Another very attractive idea fisiure quantum computing
systems has to do with quantum dots. These aréarBgapaced nano-objects (eg,
nanoclusters, nanoislands, nanoparticles, macramel®) separated by nanometer
distances to provide a relay-race charge transéshamism.

Resume.Limitation of the substance in terms of size meamanges in the
conditions of movement of free charge carriers.alncertain range - up to
micrometers - these changes can have a purelyitaiast nature, without changing
the laws of particle motion. In the case of furtmeduction, they can become
significant and take on the features of not onlgrguative, but also qualitative laws
of particle movement. If we talk about the rangdanfie sizes, then it is natural to
expect that the laws of motion will be the lawslafssical physics. It is also natural
to expect that these laws will be the laws of quamphysics in the range of small
sizes.

The transition from "large sizes" to "small" shoblel sought on the basis of
guantum physics, where quantum mechanical lawsyafh® main parameters are
the de Broglie wavelength of a free electrbre h/p wherep is the momentum of
the electron anth is Planck's constant. Let's estimate the lengtth@fDebrougli
wave of a free electron in those crystalline materin which such electrons exist -
in metals and semiconductors. It is natural thailltbe different in these materials,
since the concentrations of free charge carrieesvary different in them, and
therefore the values of the quasi-momentum of betr®ns involved in the transfer
of the electric charge are significantly differeimtmetals, there is one free electron
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per atom of the crystal lattice, and therefor@rater of magnitude, the concentration
of the latter is close to #cnt®. In semiconductors, it can be many orders of
magnitude smaller, depending on the nature of émeiconductor, the degree and
nature of its doping, and temperature.

At high concentrations of free charge carriersytaee in a state of strong
degeneracy, and therefore only those of them whkeaosegy is close to the Fermi
energy Ef, which is quite large, participate inrgjeatransfer. Correspondingly, the
quasi-momentum of the electron is also large, &mdefore the length of its de
Broglie wave is small. In our semiconductors, eslgcat low levels of their
doping, and therefore low concentrations of fregrgh carriers, the latter can be in
a non-degenerate state, and therefore, the avenaggy of the carriers participating
in charge transfer is a value close to the theemaigy okgT. In any case, this value
iIs smaller than the Fermi energy for degenerategehearriers. Moreover, at low
temperatures it will be small in absolute termscédingly, the quasi-momentum
of a non-degenerate electron will also be smad, itsxde Broglie wavelength will
be large.

Numerical values of the de Broglie wavelength dfee electron in metals
and semiconductors provide an answer to the questis the nanometer scale that
leads to the appearance of fundamentally new qoaptaperties in small structures
that are not inherent in massive crystals. If,ther sake of simplicity, the crystal
structure is considered to be elementary cubig) the concentration of atoms of
10?2 cnt® increases the thickness of the crystal latticagigroximately 0.5 nm. This
value is of the same order as the de Broglie monesgth of a free electron in a
metal. At the same time, it is more than two orddrsiagnitude inferior to the de
Broglie wavelength of a free electron in a semiaandr. It follows from this that
to form a structure in a metal that would, on tine dand, already be crystalline,
that is, if at least a few elementary cells wemnied, and on the other hand, have
dimensions smaller than the de Broglie wavelength foee electron, is practically
impossible At the same time, for semiconductorsiciuhunlike metals, allow
control of the concentration of free charge casrgithin very wide limits, this task
is a goal within reach.

The dimensions of a real structure can be limitethb de Broglie wavelength
of a free electron in a different number of direns - in one, two or three directions.
As a result, later quantum-dimensional structundés many fundamentally different
physical properties arise. If the restriction oé thystem movement occurs in one
direction, then a structure called a 2D structurquantum layer (another common
name is a quantum well) arises. The main featuréhefenergy spectrum of a
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guantum layer is its dimensional quantization ie direction (the direction of size
limitation) and the continuous dependence of therggnof the charge carrier on its
quasi-momentum in the other two directions (in pene of the layer). Physical
phenomena characteristic of 2D structures are th@ntgm Hall effect and
guantization of ballistic contact conductivity. Thmain technological approaches to
the controlled production of 2D structures are a&nstfrom molecular beams or
organometallic compounds and hydrides.

Under the quantum limitation of the size of thetegsin two directions, 1D
structures, or quantum threads (roads, wires)plt@ned. The main feature of the
energy spectrum of a quantum thread is its dim@asiquantization in the plane
perpendicular to the oci of the thread, and thdicoaus dependence of the energy
of the charge carrier in its quasi-momentum fordinection along this oci. Physical
phenomena characteristic of ID structures are #ierlB phase change "metal -
dielectric" in the case of cooling of a 1D crydtalow the critical temperature and
suppression of the scattering processes of freggehaarriers. Innovative
technological approaches to the controlled productof 1D structures are a
combination of molecular beam epitaxy and electrtithography or the use of self-
organization processes for epitaxial growth of ldensity material on surface
surfaces. Carbon nanotubes are a special type sfrittures.

Due to the presencel of a quantum-dimensional aplatitation of the
system in three directions, structures called Ofcsires or quantum dots are
obtained. The main feature of the energy spectriim quantum dot is its full
dimensional quantization in ycix three directioBbysical phenomena characteristic
of OD structures are Coulomb blockade and one+elecprocesses. The main
technological steps to the controlled productio@@fstructures are the combination
of molecular beam or MOS hydride entaxy with elewctc lithography, the use of
self-organization processes for the epitaxial ghoat low-density material on a
crystal-incompatible substrate, as well as the owktbf colloidal chemistry.
Fullerenes are a special type of 0D structures [3].

The combination of a large number of quantum shapgesordered systems
with one-dimensional quantum potential wells andntl-transparent potential
barriers, in which, in addition to the natural #gud@imensional periodic potential of
crystal lattice layers, an artificial one-dimensbperiodic potential arises, which
leads to the formation of a new class of low- disienal structures, which are called
superlattices. The main feature of the energy specbf the superlattice is its
interband nature. Physical phenomena charactevistigperlattices are the presence
of complex structures with negative differentiasistance on the current-current
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characteristics, resonant tunneling of electromspldication and generation of
electromagnetic interference. The main technoldgparoaches to the controlled
production of superlattices are epitaxy from molacieams or organometallic
compounds and hydrides.

1.5 Carbon nanostructures

Another important example, that demonstrates hawermal bonding and
symmetry influence on the properties of materies;arious forms of carbon. In
Periodic Table of Elements carbon relates to suljgrh electronic shell of carbon
atom has four valence electrons with configurastpi, allowing carbon to have
valences —4, +2, +4. In addition to amorphous aattlack, only two crystalline
(three-dimensional) allotropic modifications of lsan were previously known:
graphite and diamond. Recently, fullerite was adettiem - a new bulky form of
carbon, which is a crystalline structure consisth@s, molecules.

Classification of carbon structures is shown in. BEig3. The classidH{ree-
dimensiongl structures of solid carbon comes in differentfeiknown as allotropes
depending on the type of chemical bond. The twotrmoosimon allotropes of pure
carbon are diamond and graphite

Diamondis one of ® form of a carbon; its structure is formed fronogienic
state ofsp-hybridization, Fig. 1.24. In diamond crystal each carbon atom is
surrounded by four others that are in the tetradlesites; neighbouring atoms are
combined together by a strong covalent bond. Imdrad the atoms form tetrahedra
with each bound to four nearest neighbors. Theasghiedra are rigid, the bonds are
strong, and of all known substances diamond hagréetest number of atoms per
unit volume, which is why it is both the hardestl éine least compressible (distance
between atoms in diamond is 0.154 nm). Diamonde len adopted for many
uses because of the material's exceptional physicafacteristics. It has the
highest thermal conductivity and the highest sotgldcity. It has low adhesion and
friction, and its coefficient of thermal expansisnextremely low. Its optical
transparency extends from the far infrared to theepdultraviolet and it has
high optical dispersion. It also has high electrresistance. It is chemically inert,
not reacting with most corrosive substances, and &zacellent biological
compatibility.
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Carbon’s structures

[

Volumetric Low-dimension Nanostructures
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Diamond| [Graphite Fullerite Graphene Carbyne Fullerenes Nanotubes

Fig. 1.23.Classification of different forms of carbon

Graphite is a substance where carbon atoms are connecteceach other
forming thehexagonal nettingn which each atom has three neighbours, Figihl.2
In such quasi-two dimensional (plane) form of carlte structure is originated from
the state ofsp-hybridization, The layers of plane nettings of mite are
accommodated one above another. In covalent chebooas formation the three
electrons from each atom take part in creasiflgpnding Distance between atoms,
arranged in hexagonal mesh nodes of graphitel#&0m — less than in diamond.
That is why neighbouring atoms within each layegdphite are linked bgnore
strongcovalent bonds. However, these layers fit togdtlgeheweakVan der Waals
forces, in which four electrons are involved. Thexdgonal graphite netting is
located at distance of 0.335 nm from each other, the distance between atoms is
bigger more than twice than in layers. This bondegveen layers is thebond.
Large distance between layers determines the weskokforces that combine
layers. This structure — strong segments, poankell — makes specific properties
of graphite, particularly, its flexibility that elgans a slight sliding of layers relative
to each other, as well as low hardness of grapdniie large anisotropy of its
properties. Thus, in graphite, the bonds betweanaesé neighbors are even stronger
thtn in diamond, but the bonds between paralleh@at)t planes are weak, so the
planes easily slip past each other. That is whglgta is much softer than diamond.
However, the stronger bonds make graphite lesafi@nhe [3].

Carbineis linear polymer of carbon that can be obtaimediiro in form of
long chains of carbon atoms, parallel to each otkay. 1.24. String (linear)
structure of carbine is formed by tephybridized carbon atoms. In the very long
molecule of carbine the carbon atoms are stromgtgd in chains by theiple bond,
as well as by thdoublebonds between them. Carbyne can be obtained nmsfof
fiber, powder and films of different structure: alidered long chains, amorphous
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and quasi-amorphous material with microcrystalimegusions, by-layer oriented

chains. Crystalline-type samples of carbine hagbape of plate-form crystals, as
well as samples in a form of fiber up to 10 mmhedthus carbyne is a modification
of carbon, known as an allotrope. It is manufaduwenthetically, comprises one
single and very long chain of carbon atoms, andegarded as material with

extremely interesting electronic and mechanicapertes.

Fig. 1.24 Carbon atoms location in various structures: aamdind, b — graphite, ¢ —
carbine, d — fullerenedg, e — fullerene &

Grapheneis the plane polymer of carbon: the layer of carlaboms with
thickness only one atom is connected by spebonds in the two-dimensional
hexagonal crystal lattice. Graphene can be reptedas a single plane of graphite,
separated from bulk crystal, Fig. 1&25The graphene is characterized by big
mechanical stiffness and large thermal conductivitye high mobility of charge
carriers in the graphene at room temperature mékesmising material for use in
various electronic devices. In particular, grapheaa be regarded as important
material for nanoelectronics that allows in somgesareplace silicon in integrated
circuits. One of the areas of application is the aEgraphene as a very sensitive
sensor for detecting individual molecules of chexhgubstances on the surface of
the film. Such substances as NIBO, HO, NO, were studied. Sensors with a size
of 1x12m2 were used to detect the attachment of individN@i molecules to
graphene. The principle of operation of this semsmsists in the ability of various
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molecules in graphene to play the role of donoescoeptors, which, in turn, changes
the electrical resistance of graphene.

The study of graphene has shown that, due togts $trength and electrical
conductivity, it is not only a valuable material f@ number of industries, but can
also be used to conduct experiments to test thegmoas of the theory of relativity.
The fact is that in graphene electric charges beli&e relativistic particles with
zero rest mass. As is known, near the Dirac pomuiasiparticles (in this case, they
are electrons and holes) are characterized byarliaispersion law. These patrticles,
known as massless Dirac fermions, were previousdipted by Einstein's theory
of relativity and described by the Dirac equation.

Thus, graphene - two-dimensional carbon - hasreleict properties that are
completely unlike the properties of other electcomnaterials. Graphene is a
semiconductor, but its unusual property is thatoasd gap is exactly zero. The
unique band structure of graphene causes exotectsffthat can improve the
characteristics of electronic devices. Unlike mositerials, the rate of charge
carriers in graphene does not decrease eithetim=op of the valence band or near
the bottom of the conduction band. It became iz@iles, including the point where
the conduction zone and the valence zone meetlditi@n to the fact that graphene
does not have a band gap of finite width (otherisenductor materials are
characterized by a band gap of 1-2 eV), the enafrgy electron in graphene is a
linear function of its momentum in a two-dimensiblager (in all other quasi-two-
dimensional materials, the electron energy is propwal to the square of the
momentum).

Fig. 1.25.Graphene (a) and lower models ap@llerene: b — hexagons and pentahedra
of a truncated icosahedron; ¢ — electron cloudcherfullerene surface

Such a linear dispersion dependence of energy onemtum is similar to the
law of dispersion of photons in free space, whictiascribed by the Dirac equation.
This means that electrons in graphene move at stawnspeed regardless of the
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direction of their momentum, that is, they behake photons. This is also true in
the limiting case - at the Dirac point, where thengsity of states vanishes. This
feature of graphene determines the existence oftager quantum Hall effect in it.

Among the new physical results of experiments witaphene, it is worth
noting some relativistic effects. In particular,sskess fermions (predicted by Dirac)
in a magnetic field acquire dynamic mass descripethe well-known equation E
= mc2, just as photons (Bose particles that haveesiomass) acquire it under the
influence of the Sun's gravity. Electronic fieldva®s on graphene exploit the fact
that a curtain voltage modulates the density destan graphene and switches it
between the Dirac point and highly conductive statdis switching mechanism is
the basis of the principle of operation of thedieffect transistor. Unlike two-
dimensional electronic layers in semiconductorsenghcharge carriers become
immobile at low density of states, the mobilitycbfarge carriers in graphene remains
high even when the density of states becomes zettteeDirac point. Therefore,
there is a significant difference between semicctmunanotubes with a bandgap
of the order of 1 eV, which effectively blocks cemt in the "off" (reverse) mode,
while the low-conductivity state in graphene hainge current density even at
temperatures close to absolute zero. The minimunduciivity of graphene is
determined by defects, edge effects, impuritiesl, due substrate on which it is
deposited.

However, if graphene is deposited on a dielecuigstrate (such as SiO2),
fluctuations in the electrical potential of the strhte blur the physical picture at the
Dirac point because the substrate partially bindstecal charges, inducing an
“Image charge" in the graphene. As a result, attrelle-hole disordered background
is created in graphene, and the conductivity iemened by the level of this
disorder (in contrast to other materials, wheredmeductivity approaches zero as
the disorder of the structure increases).

Fullerenes are molecular compounds belonging to one of redgtinew
forms of carbon. They are closed polyhedra compadechrbon atoms that are
located on a surface of convex polyhedron, Fighld,@ Discovery of fullerenes is
also awarded by Nobel Prize. Most stable form d&fanes is the molecules§&-
polyhedron made of hexagon and pentagon faceserEo#s are a new form of
carbon - molecular. It was found that pure carbarlecules can have a closed
surface in the form of a sphere or spheroid. ¥pé outer electron shell provides
fairly stable bonds when neighboring atoms formtpgons and hexagons, from

which carbon clusters are formed. The same streicsupptimal for the most stable
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carbon clusters. For example, they Gtructure contains 12 regular pentagons
(pentagons) and 20 irregular hexagons (hexagond)iveo types of bonds should
be distinguished in it. One of them is double asdhe common side of two
hexagons, and the second - single - is the commdero§a pentagon and a hexagon.
It was experimentally determined that the lengtthef C—C sides connecting two
hexagons is 0.139 nm, while the length of the Cid€ssconnecting a hexagon to a
pentagon is about 0.144 nm. Long sides in theckatf C60 bonds correspond to
single bonds, and shorter sides to double bondss,Tthe hexagons that make up
the structure of the C60 molecule differ littlefiaegular hexagons, which are the
basis of graphite, in which the side of a reguktdgon is 0.142 nm.

During the study of the properties of fullerenedy@mely high mechanical
and chemical stability of thes&molecule was revealed. For an individuah C
molecule, this property is characterized by theklbzdmpression modulus:s&
molecule is less compressible than a diamond dryEtés fact corresponds to the
fact that the carbon atoms in the hexagonal latreebound together by covalent
bonds, which are stronger than in diamond.

Endofullerenesre those fullerenes in which one or more nonaraidtoms
are placed inside the fullerene molecule. This #&rom is one example of
nanoclathrates. The fact that the fullerenes arptyemside is used (for 4 the
cavity diameter is 0.4 nm). Such a cavity can acooduate any atom; the foreign
atom is closed by a continuous shell consistinganbon atoms. If metal atoms are
introduced into the fullerene molecule, then suctiolhedral complexes are called
metalfullerenes. These are unique nanocontainensgchware considered quite
promising for use in nanotechnology and nanocheist

Fullerites are condensed systems consisting of fullerene culds. In
addition, topical compounds are thdlerides— fullerite crystals doped with alkali
metal atoms. Some of fullerides exhibit high-tenapere superconductivity, for
example, in fulleride-superconductor Rb@scritical temperature is 33 K. It turned
out that fullerenes can form various compounds @rdplexes both with simple
elements and with their compounds. Such materaatgedo be called fullerides. The
study of properties and applications of fullerite®sd fullerides concerns physics,
chemistry, mathematics, biology, materials scienoedicine and architecture.
Interest in them is supported by the prospecteaf aipplication in nanoelectronics,
energy, and in the creation of new polymers. Fiiarystals can have a different
structure, but most often it is a close-packed peral centered crystal (HCC)

structure with a crystal lattice constant of 1.4hY(Fig. 2.13). The distance between
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two neighboring fullerene molecules is 1.002 nme Tdoordination number of
fullerene molecules is 12. Given that the radiuthefG, molecule is 0.353 nm, the
distance between the nearest neighboring carbomsat0.294 nm, which is much
smaller than the distance between the hexagonalesatin graphite (0.335 nm). It
was established that the intermolecular forcesllierite are van der Waals.

Fig. 1.26. Unit cell of fullerite lattice (a) Schematic repentation of a face of cube
perpendicular to Z axis for §so, M = K, Rb,%s

The unit cell of fullerite contains eight tetrahaldvoids and four octahedral
voids, each of which is surrounded by four and260 molecules, respectively. This
circumstance contributes to the formation of mooenglex crystals based on
fullerenes - fullerides whereggmolecules contained in the nodes of the crystal
lattice of fullerite rotate rapidly. According toudear magnetic resonance, the
frequency of such rotation at a temperatur€ ©f300 K is about '8 Hz. Molecules
in of fullerite lattice occupy four non-equivalepbositions. Each of the four
molecules of such cube rotates near one of theéatiyses. The rotation is localized
due to the C=C bond, which is adjacent to the ceatethe pentagon of the
neighboring molecule, which has a lower electromstyg.

In the process of cooling solid fullerite to a teargture of 250 K, a phase
transition of the first kind was revealed, whenlatice is rearranged into a simple
cubic lattice. The phase transformation almost dusschange the stable crystal
lattice of fullerite, but the frequency of rotatiaf fullerene molecules decreases
millions of times. The nature of such a phase ttamsis associated with the fact
that at the temperatuiie = Tmi, in the fullerite crystals, individual &g clusters are
fixed, while at room temperature the rotation oé tmolecules does not allow
determining their orientation. During heating, thexa "defrosting" of the rotational
motion of individual C60 molecules, and therefdre phase transition occurring in
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the temperature range of 250-260 K is classifiech dsansition of orientational
ordering of the first kind.

Fulleridesare compounds of fullerenes, usually with the nsetalillerides of
alkali metals! %y (! =#, Rb, Cs) have face-centered lattices. In fullexjdbere
is no low-temperature phase transition and rotatdnCso molecules under
conditions of high temperatures, since the conaeratif fullerene molecules with
the metal atom is almost purabnic, that is, the alkali metal donates one valence
electron to the g~ molecule. The ionic bond is much stronger thanwan der
Waals bond, and therefore the possible types ofomaif the fullerene molecules
are limited. The unit cell of the face-centeredidat of fulleride (that is, smallest
part of crystal lattice, the repetition of whichhaaproduce entire crystal) contains
eight tetrahedral and four octahedral voids (integs). In the first case, the center
of the internode is surrounded by foug,Gnolecules at the vertices of the
tetrahedron; in the second case, si¥r@olecules on the vertices of the octahedron
[3].

According to their electrical properties, fulleredare semiconductors with a
band gap of 1.5-1.95 eV foggdapproximately 1.91 eV for &) and have a rather
hollow structure. In this regard, a significant oba in specific electrical resistance
under pressure is observed in them. Samples afridd measuring 0.83.7 0.04
mm were placed in a cell with a diameter of 1 mnd #hen subjected to pressure at
different temperatures. The results showed thatahee of electrical resistancen
the case of an increase in pressure taifd. decreases almost 10 times. Significant
advances in molecular and solid-state chemistryemagossible to synthesize
various Gy compounds with other elements, including interteal@ompounds (with
atoms introduced into the fullerite crystal latjic&hanks to the introduction of
monovalent ions of alkali metals into all threenaa of solid G, its properties
acquire electrical conductivity of a metallic naukarge tetrahedral and octahedral
cavities in a crystal with an fcc lattice form lagd galleries. While the basic
structure remains unchanged, metallic propertiesaahieved when half of the
conduction band is filled due to the addition akthelectrons per molecule.

Obtaining such compounds based on fullerenes oM@, type (M = K,
Rb) contributed to the discovery of the first sujpexductors of the fullerite type,
Fig. 1.2@. Analysis of the properties of fullerite dopedsaduration with potassium
(K) and cesium (Cs) showed that under extreme tiondithe composition ¥Csgo
(M is an alkali metal) is formed. In the case dfistent impurity concentrationsx(

> 3), the fullerite lattice takes on a form diffetérom the fcc lattice. For example,
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fullerite doping with K, Rb, Cs to saturation iscampanied by the rearrangement
of the fcc lattice into bcc with loose packing. Qufethe faces of such a cube is
schematically shown in Fig. 1.86The cell has the form of four atoms placed in
equivalent positions, as in the crystal latticeaofliamond. Each 4 molecule is
surrounded by 24 metal atoms, and each of thesesatetermines the tetragonality
of four Gso molecules.

Clathrates are nanocellular materials that should be placezhgside
graphene and fullerene. The frameworks of wellisdiccommon (for example,
water) clathrates are formed by molecules of watesome organic substances, for
example, hydroquinone, and the introduced parti€lggests") are various gases
and liquids. But for submicroelectronics and naactkbnics, other clathrates are of
interest, which are based on crystals, the lattafes/hich represent an ordered
system consisting of atoms of semiconductor elespéot example, Si, Ge, Sn, etc.
Such clathrates can be very strong materials likaplgene and fullerenes.
Nanoclathrates are molecular ensembles in whiclstistructures of the "guest"”
and "host" are connected by weak bonds, whiledtiieé of the "host" is built from
strong covalent bonds, and mobile atoms or molscoiehe "guest” are placed in
its cavities ", able to oscillate or rotate withiire volume intended for them. This
feature of clathrates determined their special nioedectric properties: high
electronic conductivity with low thermal conductii which determines the high
efficiency of clathrates in thermoelectric conveste-ullerenes and clathrates can
be fundamentally important for the energy indusfrthe future due to the ability to
store and release other atoms and molecules (iicydar, hydrogen). The existence
of clathrates, like other types of submoleculaeemses, is determined not so much
by the chemical nature of their substance, butheytbpological, geometric, and
charge correspondence of the "guest" and "hoststeutiures, which is called
complementarity.

Carbon nanotubesshown in Fig. 1.27, are the lingering cylindrisalctures
with diameter from one to several tens of nanormsetéerd lengths up to several
micrometers. They consist of one or more rolled iattube hexagonal graphite
planes (graphene) and usually are ended with héeig@l head. There are both
metallic and semiconducting carbon nanotulddstallic nanotubes well conduct
electricity even near absolute zero temperaturbgewn thesemiconductotype of
nanotubes at temperature of absolute zero eldotocaluctivity is nearly zero but
increases with temperature rise. The tubes haweryasmall diameter and are the
micro-capillaries.
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Therefore, they are used as capsules for activeaulds, for the preservation
of metals and gases, etc. High mechanical straligivs the use of carbon materials
based on nanotubes as super-strong threads, coves\rom tubes, and composite
materials. The applications of nanotubes in mi@ckebnics are widely known:
transistors, nanoconductors, transparent condustisfaces, miniature sensors with
ultrahigh sensitivity for detecting molecules igaseous medium or in solutions,
optical displays and LEDs.

Fig. 1.27. Single-walled carbon nanotubas: schematic representatidn- fullerene-like
closed end of nanotube

Single-wall nanotubes, synthesized from the sendaotors with different
band gaps (carbon, silicon, boron nitride or ziricle) can have both low (up to the
dielectric) and very high (up to the metallic) efexal conductivity, which can be
easily controlled, even electrically. They aredbgects with an almost ideal surface,
since the existing defects, as a rule, affect dmdystructure of several nearby cells,
but do not violate the structure of the tube ofeothano-particle as a whole.
Therefore, for the use of nanotubes as channeléidl-effect transistors, their
easily controllable electrical conductivity and rexhely low wall roughness in
comparison with conventional silicon channels @alecisive role. The result is the
advanced scaling of gate and channel lengths dovenféw nm, reduced channel
scattering and, as a result, improved transistdopeaance.

Another example is emitters from nanowires, muélled or single-walled
nanotubes and their arrays, made of a wide vasfatyaterials (carbon, silicon, gallium
arsenide or boron nitride, coated with silverntitan, platinum or gold, which are used in
vacuum electronics as a new type of field cathobles.main advantage of such emitters
Is the nanometer curvature of their tip. Due tostineng field concentration near the tops
of the nanotubes or nanowires, the nanoscale g®the ultra-high field gains and ultra-
low threshold voltages of the cathode. The usargitg nanotubes, inside which it is
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possible to move the metal nanoparticles and éix gosition using electrical or magnetic
pulses, will make it possible to achieve the utigh density of data recording. In this case,
the material of the tube and the method of its rfaatwre do not play a noticeable role
(which means that you can choose the cheapestidrelltra-high density is achieved
due to the fact that one nanotube is capable wfgfirot only two positions of the
nanoparticle (presence or absence), but much rositeops of particle (in fact, coordinate
of a patrticle in the tube).

The use of oriented arrays of nanoparticles (ndestwr nanowires) as the
nanogenerators of electrical current, operatingtlom mechanical bending or
thermoelectric principle, will make it possible use the random vibrations or the
temperature fluctuations to power supply of varialiea-small devices. For these
applications, one must expect various matoriatgesthe flexoelectric and tertiary
pyroelectric effects are inherent in all substaneesl when going to the nanosize
and mono-layers, strong surface piezoelectric gnalgbectric effects should appear,
induced by the loss of the inversion center duthéodominant contribution from
the surface. Thermoelectric and electrocaloric ertgs of the fullerenes and
clathrates (their high electrical conductivity candd with low thermal conductivity
due to the dominant contribution of the ballistiechanism of heat transfer)
determine the high efficiency of fullerenes in thermoelectric converters of a
future. Due to the unique possibilities of storiagd releasing other atoms and
molecules (in particular hydrogen), fullerenes aladhrates may be of fundamental
importance for the energy of the future. It turoedlthat the formation of fullerenes,
clathrates and other very diverse supra-moleculsgmbles is primarily determined
not by the chemical nature of their constituentssaiices, but by their topological,
geometric and charge correspondence.

The list of examples of unique properties that 'angversal" for various
nanomaterials and their use for the applicationsanous fields of science and
technology is far from complete. It should be notealvever, that for the successful
application of nanomaterials properties, it is ssegy to develop new technologies
such as the self-assembly; if possible, to usethksdiochemical nano-assemblers
and the "intelligent” molecular micro- and nano-hnaes, which will make it
possible to synthesize sufficient quantities oitEal units of nhanomaterial and
integrate them directly into circuits.

Therefore as the size of object decreases to micro- anmkcesly, nano-
scale, the influence of the surface and shapelots @hysical properties increases

significantly in comparison with the influence dfet bulk material of the object.
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From a thermodynamic point of view, this fact ipkmned by an increase and
subsequent dominance of tinee surface energyvhich is determined by the shape
of the object and its surface areB%-in comparison with the free volumetric energy
of the sample, proportional tB, with a decrease in its characteristic ske
Moreover, with a decrease sizes and shape fac®osvithe "critical" ones, the
physical properties of objects themselves can foneshdally change: the nano-
objects and low-dimensional structures are chamaett by thesize-induced
structural and phase transitions such as metademiconductor dielectric or
paramagnetic ferromagnetic antiferromagnetic ferroelectric paraelectric,
elasticity plasticity and many others.

These effects, predicted within the framework ofémdmenological theories,
have numerous experimental confirmations and arsis@nt with the modern
guantum-mechanical microscopic calculations, p¥undamental changes in the
band structure and symmetry of the unit cells, agduby the nanoscaling of the
object. In this case, researchers are faced witbmaterials, the physical properties
of which may differ significantly from the "geneirag" bulk materials. For a number
of properties of nano-scale objects, the natuteaf material can play a secondary
role in comparison with the primary role of shapar €xample, a quantum dot,
ellipsoid, sphere, tube, wire, or mono-layers)otogical dimension (for example,
ID, 2D, 3D confinement or fractal) and quantum seféect (in particular, the
dimensions of the object are below or above theradteristic or critical
dimensions).

The most technologically, advanced and promisingor@bjects for the
applications are the nanotubes, nanowires, grapaedelathrates, which clearly
demonstrate the leading role of timanoscalefor the use of their physical
characteristics in the modern submicronics and @l@cstronics, optoelectronics,
data storage devices and computer memory, envinotainenergy and medicine.

1.6 Nano-dielectrics in polymer composites

Flexible composites based on a polymer matrixdilNath nano-dielectrics
are increasingly being used. In electronics andtedal engineering, they are used
to suppress the spatial electric charge, to inerélas density of the accumulated
electric energy, to counteract partial electriccdages, to increase the thermal
conductivity of insulating layers. In biomedicirtkey are used in electronic skin, in

elastomers (artificial muscles of robots, etc.).gkneral, in terms of design and
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application of materials, nanotechnology providesibility in tuning the dielectric
properties of the composite by selecting the micuature and distributing the filler
in the polymer matrix [4].

A feature of the use of nano-structural fillerpolymers is the appearance of
an additional factor for controlling the propertefsa composite. This factor is the
sharply increased volume fraction of interfacesveen the embedded nanopatrticles
and the polymer. The fact is that the role of stef@roperties in nanoparticles
dominates over its bulk properties due to the wmatibn of molecular bonds on the
surface of nanoparticles, as a result of whichrtability to chemically react with
the nearest polymer molecules greatly increaseshdiuld be noted that the
possibilities of using polymeric materials filledtkv nano-dielectrics are still far
from being fully disclosed, which contributes te tthevelopment of theoretical and
experimental work in this area. At the same tin® microscopic mechanisms
governing the macroscopic behavior of nanocomp®ate also not completely
clear and definite.

Unlike conventional composite materials, the propsrof which, with
known parameters of the polymer and filler (fillecan be calculated from models
and formulas of a physical mixture, in compositéthwano-dielectrics, the role of
transition layers between a nanoparticle and anmpefymatrix increases sharply,
which limits the use of models of a simple physioatture.

The point is that the presence of interfaces hpedominant effect on the
macroscopic behavior of composites. In this cdsejrterface zone formed by two
heterogeneous materials sharply increases as #ee i the filler particles
approaches the nanometer scale, since the numltaoros on the surface of the
nanoparticle significantly predominates over thenhar of particles in its volume.
It is known that atoms or ions located on the s@faf a nanoparticle are
characterized by free chemical bonds, which in@gdiseir chemical activity. Due
to the interface effect, it is possible to contvoth the dimensional morphology of
nanoparticles and the degree of their agglomerafitms applies to both zero-
dimensional (0OD) grains, one-dimensional (1D) fdyeand two-dimensional (2D)
nano-plates. It is also possible to directionaligrge the spatial distribution of the
filler in the polymer matrix, while achieving thesired properties of the composites
by changing various properties of the compositestdihe concentration and spatial
configuration of the nanofiller [5].

In the theory of polymer composites with a dieliectitler, a sharp increase
in the interface area with a decrease in the padize is taken into account. For this
reason, for nanodielectrics, the interfacial zooeupies a large volume fraction of
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the material, and this is what affects their macopsc properties. At first glance,
the interface between a nanoparticle and a polyoeld be considered simply a
transition zone, the properties of which are inetrate between those of a polymer
and nanoparticles. However, in fact, with a largiumne fraction of the interface,
some properties of the composite are enhanced sgitgficantly, and are not a
simple arithmetic average of the properties ofithial components. This means
that a truly new material is formed in the interéhzone. In addition, some dielectric
properties such as electronic conductivity, integfapolarization, dielectric
degradation and breakdown are closely relatedtesfates in composites, which
should be analyzed at different spatial and tensoales.

The configuration of polymer dielectrics is much ma@omplex than the
structure of crystals with regularly arranged atoifise fact is that in a polymer
material there are variations in size from a nartente a millimeter (from the length
of a chemical bond (of the order of 0.1 nm) to dewolar chain with a size of tens
of nanometers. All these configurations have d#fe@bility to move, characterized
by different relaxation times in response.

With the introduction of nanoparticles, these ctonds become even more
complex due to the presence of various interfacetsvden the polymer and
nanoparticles, which affects the process of relamabf the response of the
composite to any external impact both in spatial smporal scales, including
electrical conductivity, electrical polarizationeetrical degradation.

As the measurement frequency increases, the dieleonstant decreases in
accordance with the Debye equations, with the phd®in peak occurring in a
certain frequency region. A number of dielectrigi@delation time can last from
hours to many years.

It has been experimentally established that asfillee size decreases to
nanosizes, the role of the physical and chemicattre at the interfaces inside the
composites can significantly dominate the macroscppperties. Various models
have been proposed to explain the microscopic phena occurring in the interface
zone.

The two-layer Lewis model [4] assumes that therfate zone is divided into
two layers. The layer closest to the nanopartiakh & thickness of about 1 nm
carries a high-density positive electric chargee thustrong electrostatic force; in
this layer there is a sharp drop in the electrieptal. In the outer (diffuse) layer,
both positive and negative charges coexist, exdiyeelectrical or thermal voltage.
The thickness of this layer depends on the conagotr of ions in the polymer
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matrix: it is small for polymers with high electaicconductivity, but for weakly
conductive polymers, this thickness can reach 10 nm

The Tanaka multilayer model [5] considers a splaéngorganic particle
embedded in a polymer matrix. The layer close#ititoparticle is a transition layer,
rigidly bound by chemical interaction with the pwigr matrix. The second
(intermediate) layer up to 10 nm thick consistpaf/mer chains constrained in their
movement due to significant interaction with thestflayer. The third (outer) layer
Is a more free-moving layer, consisting of polymieains, which are weakly affected
by the perturbing stress caused by the implanteittjea The thickness of the outer
layer can reach several tens of nanometers.

Polymer composites filled with nano-dielectrics swecessfully used in many
areas of electrical engineering, electronics andkdicine.

1. Composites withigh energy storage densifyue to the flexibility and low
cost of composite materials, polymer nanocomposyids a high permittivity and
high breakdown strength are of interest for thetalepower industry and compact
electronics. For example, the ferroelectric polympelyvinylidene fluoride (PVDF)
can be used as a base material for the manufamtasnodielectrics that store high
energy. The fillers can be ceramic nanoparticleth \ai high dielectric constant
(hundreds for TiQ CaTiQ, SrTiG; and thousands for BaTiOand its solid
solutions. For example, a sandwich-shaped thres-lstyucture of BaTiedPVDF
nanocomposites with different content of BaJi@® the polymer, which gradually
increases layer by layer. Three-dimensional strastwith BaTiQ nanoparticles
were also obtained in polymer composites by inengethe permittivity.

2. Polymer nanodielectrics fepace charge suppressidnjection from the
electrode accompanied by the accumulation of spheege in dielectrics occurs
commonly in high voltage direct current devicese Tasulting volume distorts the
local distribution of the electric field and, inggks of increased field strength,
accelerates the gradual degradation of the polychamn. The introduction of
inorganic nanoparticles into the polymer matrixypties suppression of injection by
significantly reducing the space charge. In theegixpents, nanowire oxides SiO
MgO or AlLOs; were introduced into the polymer, which effectiwslippresses the
formation of a space charge and equalizes theldisityn of the electric field of high
strength in the polymer.

3. Polymer nanodielectrics withesistance to partial dischargeUnder
conditions of high electrical voltage, it is diffit to obtain a uniform distribution of
the electric field. In electrical insulation, theaee many places where the local
electric field strength is higher than the breakdostrength of air domains (3
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kV/mm), for example, this is the winding termindlahigh-voltage generator and
cable insulation. The result is a partial dischalge accelerates the degradation of
the polymer chain and acts as a harbinger of semoalfunctions and problems.
Therefore, the study of the property of resistatacpartial discharges is of great
importance for assessing the qualitative and lengrperformance characteristics
of polymer nanodielectrics in high-voltage equipmen

The addition of ceramic nanoparticles to the pollymatrix enhances the
bond between the fillers and the polymer matrix. rélamportantly, the
nanodielectric acts as an obstacle to high-enengyges, protecting the polymer
from the direct impact of these charges. Dependmghe localization of a partial
discharge, it can be divided into internal and atefcorona discharge, the former
being mainly caused by the presence of voids, irtipsirand defects. To assess the
ability of the surface of nanocomposites to withdtpartial discharge, three main
parameters are used: partial discharge currefcgiroughness, and erosion depth.
An experimental study of polymers and their nangeosites with colloidal silica
(Si0, ) shows that the partial discharge resistance ang® markedly after the
addition of a nanofiller. Layered silicate-polymminocomposites can effectively
reduce surface roughness caused by partial dissharg

4. Polymeric nanodielectrics witmon-linear characteristicsuse the
dependence of conductivity and permittivity of #lectric field voltage applied to
the material. Electrical non-linearity is usedrtorease uniformity in the distribution
of the electric field, making it possible to avewltage concentration in many high-
voltage devices, both AC and DC. This phenomenars&l as protection against
corona in motors and cables, as well as to praoecsurface of the outer silicone
rubber polymer insulator. Semiconductor nanofilleush as silicon carbide (SiC)
and zinc oxide ZnO are added to the polymer mataxcreate nonlinear
characteristics. Carbon-based fillers, includingboa nanotubes and graphene
oxide, are also used for field-regulating nanocosites. In this case, the
phenomenon of percolation is used, which is imparfiar nanoparticles containing
an insulating matrix and conducting and semicormutcdnoparticles. It is important
to note that the percolation threshold depends @mynfactors, such as the
morphology of the nanoparticles, the uniformityté filler distribution, and the
type of conduction between neighboring particles.

5. Polymer nanodielectrics withigh thermal conductivityConventional
polymer layers used for electrical insulation usulaéve low thermal conductivity,
which can cause local overheating of devices. bsingly compact arrangement of
electronic components in integrated circuits letmlsncreased heat dissipation.
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Therefore, composites that could combine good mtattinsulation with high
thermal conductivity are of considerable inter&&iny fillers increase the thermal
conductivity of polymer composites: metals (Ag, dodprganic particles (BN, AIN,
Si), carbon materials (nanotubes, graphene). Impgo\electrical insulating
properties at high dielectric constant, low digliectlosses at high thermal
conductivity are important for film capacitors fmergy storage. Boron nitride (BN)
nanolayers introduced into polymer nanocompositagebeen found to increase
thermal conductivity while maintaining electricakulating properties. In this case,
the thermal conductivity of polymer compositesisisgly affected by the geometric
distribution of fillers in the polymer matrix.

6. Polymer nanodielectrics iniomedical system®ielectric elastomers are
flexible materials that change size or shape whdnested to an external electric
field. Some of them, made from a soft and thin membé placed with pliable
electrodes, are materials used for artificial mes@nd other robotic parts. It was
found that in elastomeric nhanocomposites, the obgtectric fields decrease as the
deformation characteristics improve. In additiompglications in artificial muscles,
the electromechanical properties of these sofedigt materials are widely used as
functional sensors to detect external stimuli ahlan movements or environmental
conditions. In particular, capacitive-type sensase preferred for various
biomedical applications such as e-skin, health mong, and wearable equipment
due to their advantages of low power consumptiath lzetter fault tolerance. The
reason for the improvement in the characteristicgioh materials is to increase the
dielectric constant and reduce the rigidity.

Thus, many electrical properties of nanocomposigeefit from the inclusion
of nanoparticles in polymers. The introduction tofistural nanoparticles with their
core and shell is one of the most effective wayadapt the physical, mechanical,
and electrical properties of the interface zoneghis case, the interface between
the nanoparticle and the polymer matrix plays asiee role in the properties of
nanocomposites.

However, it is difficult to technologically ensuaeuniform dispersion of the
filler, since it is affected by the high cohesiamesgy of nanoparticles, i.e. bond
energy between molecules, atoms or ions, whichaciteamzes the strength of
chemical bonds and their ability to withstand exétrinfluences. It is generally
necessary to avoid the formation of agglomeratés;iwnot only reduce the merits
of the nanoscale, but also generate structurattse$eich as voids and impurities in
the nanocomposites, which lead to deterioratiorthef long-term electrical and
mechanical properties of the nanocomposites.
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1.7 Summary

1. Nanomaterials, as a rule, are small particles{ers) of materials
consisting of 10=1000 atoms. Their properties ddmenthe number of atoms in
cluster and on relative position of atoms, as aglbn clusters shape and
symmetry.

2. Nanoelectronics is rapidly developing field tdatronics, which is
engaged in development of technological and phiy&cadations for construction
of integrated electronic circuits with element si#ess than 100 nanometers.

3. Nanoelectronics is the field of science and rietbgy engaged in the
creation, research and application of electronigiags with nanometer-sized
elements, the functioning of which is based ongih@ntum effects.

4. Polycrystalline fine-grained materials with aiage grain size of 50 to 150
nm are sometimes calledbmicrocrystallingeand if the average grain size becomes
smaller than 50 nm, thamanocrystalline.In this case, the concept of "long-range
order" in the arrangement of atoms of a substaanao longer be applied.

5. Quantum dimensional effeatsthe electronic structures are observed when
the role of critical length:lis played by electron de Broglie wavelendth (vhen
the size of a structure at least in one dimensias the order of . Thus, the
gquantum-dimensional effects are conditioned by weaatere of electrons.

6. Thenanocompositeare solid formations consisting of basic matrixi an
nano-sized components that differ in their strutysarameters and chemical
properties. Mechanical, electrical, thermal, optiaad other characteristics of
nanocomposites differ significantly from properteordinary composite materials
made of same basic substances or elements.
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1.9 Questions for self-examination

1. What is nanophysics? Give examples of 2D, 1DCGihdhanostructures.

2. Describe the ratio of surface and bulk atomsainoclusters.

3. What are the features of the structure of narsteis? Describe the optical
properties of nanoclusters.

4. What is the role of the de Broglie wavelength e&ctrons for
nanostructures?

5. Energy spectrum of electrons and density ofr theantum states for 2D
structures. Give an example of the implementatifcam 2D structure.

6. Describe quantum threads - energy spectrumamsitgt of quantum states.
Give examples of implementation of 1D structure.

7. Describe quantum dots - energy spectrum andtgerfsquantum states.
Give an example of the implementation of a OD dtmec

8. What is single-electron tunneling? How to expliie Coulomb blockade?

9. What are the features of ballistic transportiudrges?

10. Basic carbon nanostructures

11. List and explain the main features of nanoedigics in a polymer matrix.

78



Chapter 2. Peculiar electronic states in metals

2.1. Basics electrical properties of metals

2.2. Necessary information from methé&ory

2.3. Metals with intermediate valence

2.4. Electronic energy band theory and heavy fensi
2.5 Specificity of rare earth metals

2.6. Materials with unstable electronic spectrum
2.7. Some aspects of superconductivity

2.8. Absorbing and reflection of EM waves in mgtal
2.9. Summary

2.10. References

2.11. Questions for self-examination

Mane electrical characteristic of metals is theatieg temperature coefficient
of electrical conductivity. In metals, the electsare practically free and chaotically
move with Fermi speed. In the electrical field mment of electrons becomes
partially directed: the drift of electrons superwsps over their chaotic movement.
From direct proportionality of drift velocity toattrical field the concept of mobility
follows which determines the measure of reaction of substém electric charge
transfer Electromagnetic waves up to the optical rangeabm®st entirely reflected
from the surface of a metal that leads to the rhetaktre. Metals have high thermal
conductivity caused by the high-mobility electroasthat, the thermal conductivity
is proportional to the electrical conductivity [1].

Classic electronic theory of metals is mostly cstesit with quantum theory
of electronic gas and electronic energy band thedrynetals and successfully
explains most properties of metals. However, in s@ases, the experiments are
confronted with the habitual simple explanationsd dhese cases are not only
important in themselves but also allow to enharfe® understanding of some
peculiarities of electronic energy band theory.r€he a special class of metals and
alloys with the strong anomalous in different pmbjes: this is the compounds of
rare-earth metals, characterized by the incompldtehell. Their electronic
properties are difficult to explain within existirgpncepts: the point is that these
substances are intermediate materials betweendbgaetics and non-magnetics, as
well as between the metals and dielectrics, wihdevalence electrons in them are
found between the localized and free states. ligadgin of these compounds helps
to understand more deeply the nature as the nuetallihe magnetic properties, and
specify the conditions of “energy bands arrangemanhe metallic and dielectric
states, as well as to investigate some peculiaritielectronic states in the crystals

2].
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Below, as a quick reminder, in the first paragréapl, properties of common
metals are listed and explained. But the main tdsthis Chapter to discuss the
highly unusual propertieof some metals and alloys that extend application
possibilities of electronic energy band theory. §ldarable attention is paid to the
special electronic states in metals, such as teemmediate valence, heavy-fermions,
valence instability, and so on. Superconductivitymetals and alloys are briefly
discussed in connection of this effect use in ed®its. Zero resistance nature of
superconductors, magnetic field influence on therd mechanism of electron-
phonon interaction are discussed. The high-temperauperconductivity is also
considered as a basis for new components of efecteguipment.

Nanometals are metallic particles a few nanometesize or thin films of the
same thickness. These objects are of interestiptroconnection with their special
mechanical properties, but also due to unusualiphlyasnd chemical characteristics,
sometimes significantly different from those of ®grained metals. Metal
materials with magnetic properties are extremetgrasting from the point of view
of creating data storage facilities. Metals endlp$er example, in a carbon matrix,
acquire resistance to oxidation without losing thenagnetic properties.
Encapsulated or anchored nanometals are less sibgedp sintering at elevated
temperatures. Thin metal films can be used in lib&m®@nics industry as compounds
or as magnetic and electrical layers. Nanometalsised, including in energy sector,
in manufacture of rocket engines, pyrotechnic naermicroelectronic films and
coatings, the production of superconducting alknyd powder metals and alloys of
increased strength. Any metal capable of forminigmded flexible filament can be
processed into nano-metal spheres using moderndtedy [3].

2.1 Basic electrical properties of metals

Metals are characterized by special kind of intarat bonding — thenetal
type connectionin which crystalline lattice is formed by the gin® ions while the
valence electrons are delocalized throughout iad¢atpace. Therefore, metal can be
presented as the lattice of positive ions crowdgd"deas of electrons" that
compensates forces of mutual repulsion of positwe.

According to structure of electronic shells, metzd® be divided into four
groups:s-metals (alkaline metals and alkaline earth eles)eptmetals (elements
of third group);d-metals (transition elements); and theetals (also transition
elements but of lanthanide group). Most of mesaés crystallized in one of three

structural types, namely; cubic, hexagonal dens&ipg and space-centred cubic
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lattice. In case of dense packing each ion of natabjual distances has 12 nearest
neighbours. The inter-atomic distances in metaksiire characterizes the "metallic
ionic radius." Optical range radiation is almodtirety reflected from metal surface,
so that metals are opaque and have peculiar nocehadiier. Being reflected from
metal surface, the plane-polarized light becomigstieblly polarized. Some metals,
such as gold (Au) in a form of very thin foil cae lght translucent [1].

Electrical conductivity(or charge transfer) in metals is their main proper
which is described by the conductivity. It is thiellity of material to conduct
electrical current under the influence of constasitage (not changing in time). If
the substance is placed in the electrical fielf//m], free charged particles — the
carriers — under the forée= qE get acceleratiorg is charge of particle; in metals
this is charge of electron; = e. The acceleration of charges is directed towdrds t
vector E for carries with positive chargegi.e., for electronic holes or positive
ions), or in the opposite direction for charge earrwith negative chargeg-—
Directed in space motion of electrical chargedastecal current.

In the case of electronic conductivity, when onhyecsign of free charge
carriers exist, the current densjtyi.e., electrical charge that flows per unit time
through unit area (oriented perpendicularly to eeg) equals tg = n ¢, wheren
[m~3] is number of charge carriers per unit volume ofubstance (carriers
concentration);w [m/s] is the drift velocity, i.e., the average oty of ordered
movement of charge carries that arises under glalttield influence. This velocity
usually is proportional to the field strendthv = uE, whereu is the proportionality
factor called themobility of charge carriers measured in?[(w>s)]. Above
expressions can be representeqlas = E/r, wheres [S/m] is specific electrical
conductivity,r =1k [+hmm] = [WRr1] is electrical resistivity,([S] = Siemens is the
Sl unit of conductivity). Specific conductivity or resistivityr defines the current
density in material at given electrical field; dat, phenomenon of electrical
conductivity is the electrical charge transfer [2].

Parameters or s are determined by the scattering process (lossks)
electrical power in a matter. According to Joulert’s law, the density of thermal
energyp, [W/md], i.e., electrical energy that is converted intheat per unit time
and unit volume, is = ?%r =s 2

Temperature dependence of conducticay be described by the power law
s( ) ~ 7! which is explained by the scattering of electreamsthe "dynamic"
inhomogeneities of the lattice - phonons. But atyvew temperatures this
dependence show saturation, Figtb&couse in case of deep cooling the dependence

s( ) becomes depends on the concentration of "staéife’cts. When cooling metal,
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which has ferromagnetic impurities, at certain v of temperatures( )
dependence can even show minimum (effect Kondo) [3]
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Fig. 2.1.Conductivity different dependences— temperature change sfand thermal
conductivity/ in copperp— temperature change of resistivitpf Cu, Be and Alg — interaction
and penetration of electromagnetic wave into a ingtaconductivitys and effective permittivity
&\ frequency dependence in vicinity of plasma resoeanc

In some metals at low temperaturdarge conductivitycan be seen; Fig. al
shows the specific resistance= s~ for convenience. This effect is different from
the superconductivity and it is called tmgperconductivityln fact, conductivity is
the proportionality coefficient between the curreahd applied electrical fielgl:=
s¥E. However, in the superconductdes= O; as a result, parametermight be
considered as an infinite quantity (only in DC). Qne contrary, in the
hyperconductos is quite certain parameter but it is unusual lavifeen describing
temperature dependence, more convenient paramadter iesistivity: = 1/s shown
in Fig.2.1a: at 77 Krge < rcy. The cause of such behaviour of Be is its largesing
metals free electrons concentratiop= 2.540% cnt>. In the same way, but at low
cryogenic temperatures best hyperconductor i3 AlL rc,. At that, the advantage
of hyperproducibility is that it cannot be suppegsdy the magnetic field unlike
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superconductivity, which, as known, can be desttagehe strong magnetic field.
At cryogenic temperature 77 K (liquid nitrogen lag point) the largest possible
hyper conductivity (surpassing even the condugtieit copper) demonstrates the
hyperconductoberylliumthat is important in some applications.

Temperature dependence of thermal conductoitynetals | , [W/(K>m)],
Fig. 2.1a, in addition to the their electrical conductivitig, also very important
parameter for the electrical engineering and ededtr equipment. Thermal
conductivity of metals is conditioned mainly by tpeesence of high mobility
electrons, and, therefore,is proportional to conductivity. The identity lofs ratio
for different metals is the Wiedemann-Franz's lahe ratiol /sT is weakly
dependent on temperature (becaluses practically independent on temperature).
This ratio has same value for many metals and septe the Lorenz number=L
(I /s;). For most metals at temperature 300 K this parameguals b 2.440%8
Wx K2,

Frequency dependence of conductivifyig 2.1d, is almost entirely
corresponds to the electromagnetic waves refleetitinthe coefficient igR = [(n—
1)/(n +1)]? » 1, where refractive index is = (en)*?. Up to the optical range of
electro-magnetic waves the conductivity of metaiacpcally not changes with
frequency, because electrons have very low inédtia to their small mass). Since
in the range of optical frequencies the magnetreneability m= 1, the very large
optical reflection of metalsR» 1) means that the effective dielectric permittivity
e » ?is large (and negative). However, in the ultravioknge of spectrum, the
inertia of “electrons ensemble" (which is assoclatéth the interaction with ionic
lattice) shows the plasma resonance at frequegcyrequency of this resonance
(located approximately at 10Hz) is inversely proportional to the relaxatiomé
trel Of electrons in plasmaw, = 14.. As a result, in the range of ultraviolet light
conductivity of metals decreases with increasiegudiency, Fig. 2d, and the metal
gradually becomes transparent for harsh electrostagwaves X-rays).

Charge transfer descriptionValence electrons in the ionic lattice of a metal
are practically free, because the ions form enmagt favourable lattice for
electrons movement. The concentration of free \astin metals is large (number
of atoms per unit volume is approximately equall@® cnt®). Electrons can be
treated as particles which weakly interact withheather; virtually they have no
volume and move randomly through a crystal. Theauragsion that electrons
practically do not interact with each other, seajtyin contradicts to Coulomb
repulsion between them. But it should be also takém account the Coulomb
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attraction of electrons to positively charged iaiscrystal lattice. As quantum
mechanical analysis shows, these joint actionsarstrongly periodical structure of
crystal make reasonable an assumption about “pedigtiree electrons” (although
this supposition has approximate nature).

Electronic gas exists in the thermodynamic equiior with crystal lattice
that is established through the collisions of mgvetectrons and ions in lattice.
Electrons in metal are always found in a movemamd, they move even at lowest
temperatures (near absolute zero). This quantunomof electrons is chaotic, and
different electrons move with different velocitiddost of electrons in metals move
with Fermi velocityu ~ 1 m/s. This value can be defined from Fermi energy
taking into account kinetic energy of electram:¢?)/2 = £. In the ideal metal with
infinite conductivity, the electrical field cannexist. To a real metal only very small
electrical field can be applied (otherwise, hugeceical current would appear and
melt the metal). Under the influence of externakctrical field a current flows in
metal, i.e., chaotic movement of electrons becqmaesally directed: on disordered
motion of electrons their drift is superimposed.cBdculate corresponding current,
one need to take into account the average velegityf electrons drift (at that,
velocity of random motion of electrons is indepemtden electrical field). Since
current density is the amount of electricity passing per secomduhh unit area of
a conductor, then, according to this definitipa:— n . If current density is big
enough, for examplg,= 1 A/cn?, calculations show that average drift velocity of
electrons is onlyg, £ 103 cm/s. Thus, directional movement of electronshia t
metals is very slow as compared not only with vié&yoaf their chaotic movement
but even in the macroscopic scalée smallness of drift velocity is due to the fact
that only a very weak electrical field can be aggplio the metal.

Charge carriers mobilitcharacterises the direct proportionality betwden t
applied to metal field and caused by it currgent: s . Using the expression for
current density, it is possible to establish thatdverage drift velocity of electrons
in conductor is proportional to the force acting them: vy, = (s/en) = u .
Parameteun = s/en.is the mobility which is the drift velocity causkd the influence
of unit of field. Its unit can be clarified fromrfimulau = ¢/ ; as a result, in Sl the
dimension of mobility isui] = [m?(s¥V)]. It is seen that such unit of mobility diffidul
to relate with physical meaning of this phenomeribone continue to find physical
sense of mobility unit using Sl system, it can iten as {i] =; 72, i.e., return value
of “Tesla” that is unit of magnetic induction in,®lecause % = Wb (Weber) and
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Whb/m? = T. Another possibility to find mobility unit il is also inconvenient for
easy interpretation: [u] £>6?>x gL,

On the contrary, in the Gauss system of units (OGBE&t of mobility is
estimated as [s/g] (second/gram), that is much nsorele, and, hence, more
understandable content. Really, mobility charazésrthe increase of velocity (m/s)
under force influence ofr= u 4. The force i$ = maand in Sl has unit [N] = Newton,
so in Gauss system force is 1N = ¢8R0 sm/<; then mobility has simple unitt =
ult, therefore (Il = [s/g]. In fact, mobility indirectly charactess the opposition of
a medium through which electrons drift under eleatrfield influence. If any
braking force would be absent, the electron unteatrecal field will move with
constant acceleration (such as in vacuum), butwibt constant velocity as they
really move in crystalMobility characterizes how charge carriers, beioigéd by
electrical field to the directed ordered motion) ewvercome their thermal chaotic
motion that is characterized by continuous -colhsiowith phonons and
defectsTherefore, the mobility is the degree of freedometdctron’s directed
motion in a mediawhile almost nothing prevents the electrons inrtlodiaotic
guantum Fermi motion) [2].

Analogy of a current, flowing in conductor, withiguid, flowing through the
pipe indicates that electrons in conductor movénwame similarity of "friction".
Thus, there are some reasons that brake field-edulrectional movement of
electrons inside a metal.

Analyzing these reasons and taking into considardtiat mobility should be
expressed through specific conductivity, it is fplolssto get:s = n u. Necessity to
express the metal conductiveyby means of two others parameterandu is due
to a fact that each of them can be found in inddpehexperiments. Indeed, the
concentration of free electroms never changes with temperature: it is peculiar
property of given metal. Conversely, another patamehe mobilityu, can vary
with the change of temperature in hundreds and gh@msands times. In addition,
by cleaning metal from impurities it is possiblarnorease electrons mobility many
times. That is why, it is important that two chaeaistics — number of electrons per
unit volume g and their mobilityu — allow independent measurement.

2.2 Necessary information from metals theory

High electrical and thermal conductivity of metals,well as typical metallic
luster indicate that electrons in a metal can éatéd as free. Analysis of Ohm's law

leads to same conclusion: when even a very smilgeis applied to metal it is
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always seen that current is proportional to voltagel proportionality factor (&)

Is same as it is for increased values of voltagecanrent. If electrons in metal would
be linked to specific nodes in a crystal lattitert the threshold electrical field will
exist, from which "normal” Ohm's law will begin tan. In other words, at lower
electrical field the conductivity of metal would less than at bigger field. The fact
that such phenomenon is not observed testifies huddieee electrons [1].

The Drude’s theory, supposing chaotic (thermal)iomodf electrons and their
drift under the influence of directional electrielfi, makes possible to conclude
Ohm's law. In case of electrons collision with itn@erfections in crystal lattice, the
energy, accumulated during electrons acceleratidhd electrical field, passes into
crystal lattice, so that it becomes heated (Joelezls law). Thus, classic electronic
theory of metals can analytically describe and &xpéxperimentally obtained basic
laws of conductivity and power losses in metalsah explain also the relationship
between electrical conductivity and thermal conthitgtof metals. Moreover, some
others experiments confirm the hypothesis of ebeotrgas existing in metal, for
example, the curvature of electron trajectory ie thansverse magnetic field:
electromotive force changes electrical resistariGeaonductor.

Therefore, metals are different from other solidlibe by free electrons
existence that practically are not connected witima but nearly freely move inside
a metal. With a concept of free electrons not @hdgtrical properties of metals, but
other peculiarities can be explained, such asHilktyi. Assuming that electrons in
a metal represent the classic gas, Drude’'s modeleof metal as a "vessel"
containing "gas" of freely circulating electrongitimakes possible to get formulas
for high frequency conductivitg (w) and for electronic contribution to thermal
conductivityl :

s=so/(l-iwt); So=n£t/m; | =Ls,,
wherene is the number of electrons in 1 rw = 2pn is the frequency of electrical
field; sois the conductivity at low frequencidsis the free path of electrob;is the
universal constant (Lorentz number). Thus, by ohiiing metal as a system, in
which positive ions are fastened by means of frespile electrons, it is possible
to explain basic properties of metals: elastiayctility, big thermal conductivity
and large amount of electrical conductivity.

Quantum distribution of electronic gak the process of metal heating, the
electrons, locating in lower energy levels, can murease their velocity (by
additional energy), because most of higher eneeggl$ are already occupied.
Occupied levels and free levels in electronic epemectrum of metal are divided
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by the Fermi level. Thus, the only those electritrad located near the Fermi level
can be thermally excited — only they can rise ®uhoccupied states located just
above the Fermi level.

A

Particle quantity
~
”~
Particle quantity

Velocity Velocity
a b

Fig. 2.2 Comparison classical Maxwell-Boltzmann distribbatiof gas molecules velocity
(a) and quantum Fermi-Dirac distribution of eleaic gas velocities (b); dotted lines corresponds
to higher temperatures

Quantum distribution of electronic gas velocitisssignificantly different
from classic distribution of molecules velocity the normal gas, described by
Maxwell-Boltzmann function. The point is that classlistribution is greatly
dependent on temperature: at lower temperaturengsemum of distribution is
narrower than at higher temperature. Moreover, theximum becomes more
blurred and noticeably shifts toward higher velesit Fig. 2.2). In contrast, in case
of quantum electronic gas distribution, the densitystates at room temperature,
Fig. 2.2, dotted line differs only a little from the density of statsabsolute zero,
Fig. 2.2, solid curve

However, during study electrical and thermal prapsrof metals, usually the
distribution of energy but not the velocity is ugad

Fermi energy levelTo determine a number of free charge carriersetahit
needs to know the quantity of energy levels (sjaiéslectrons in that conduction
band which is actually occupied. Dependent on teatpee and energy, the
probability w(T,E) of electron existing on the energy level E isedeined by
distribution function of Fermi-Dirac:

W(T.B) = {1 + exp[E-B)k T}
wherekg is the Boltzmann constank,is the absolute temperature; enelgyis the
Fermi level. As seen from this formula, at 0 the distribution function in level
= pisw=1%.
In theground statei.e., at temperaturé= 0 K:

87



- For energy levels which are located below the Féwel, the distribution
function is unity v = 1), because < Er and exp[E — B)/ks ® 0. This means that
all levels, which lie below the Fermi level, at alge zero are occupied by electrons.

- For energy levels which are located above the Hewnal, the Fermi-Dirac
distribution function equals zeraw(= 0), because, if the energy > Ef and
temperature ® 0, the function expl — B&)/ks ® ¥, so the probability(T,E) ®
0, i.e., at the absolute zero, all levels, lyingabthe Fermi energy, are empty.

Thus, in metals, at temperatufe= O the Fermi level divides the conduction
band on a half: entirely occupied lower part obadh, and entirely empty upper part
of a band, without any energy gap between theds.pline Fermi-Dirac statistics
should be used, only when the quantum effects@rsidered, and the particles (in
this case — electrons) do not differ from each ot@Qeantum effects are found in the
case, when the concentration of particiesgreater, than the quantum concentration
ng, While the distance between the particles is ctosthe de-Broglie wavelength,
i.e., if the wave functions of particles are tounghbutnot overlapping Exactly this
situation corresponds to the metals. As a resuéil@ftrostatic repulsion, the free
electrons in a metal never come close to one anatheh electron is surrounded by
a free cavity, into which another electron can eoter. However, this cavity is
partially filled by the positive charge of latticgy the positive charge screens given
electron from all others. Thus, due to the eleatriepulsion force, the electrons
move inside a metal with very rarely collisionsvbe¢n them.

Typically, Fermi-Dirac statistics is used at lowmgeratures, but in the case
of metals this statistics should be appliesh@tmal temperatureThe point is that
temperature ~ 300 K with correspondent endgdJy~ 0.03 eV looks as a very low
for metals, because the Fermi energy in metalgelEr ~ 5 - 10 eV). In contrast
to the ideal gas, in which any additional energghsorbed bywll moleculesin the
metal absorbed heat ar other energy can excite ardiatively small amounof
electrons located near the Fermi level. That is,whyraise the temperature of
electronic gas, much less heat is required and etals heat capacity is small,
increasing linearly with temperature.

Fermi surface.Unlike classic electronic theory, the quantum meats®
shows that gas of electrons in a metal, under Naem@erature. is found in a state
of degenerationin this state, the energy of electronic gas afically independent
on temperature, i.e., the thermal motion changesléctrons energy only a little.
That is why, the thermal energy practically carimedts the electronic gas, and this
is clearly detected by measurement of thermal dppdn the state, similar to the
conventional gas, the electronic gas looks as temperature were several thousand
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degrees. According to the quantum statistics, §akeotrons cannot have more than
two electrons with the same quantum parameterstrales occupy all allowed
states of impulses, but not higher than limitingnkidevel. The Fermi surface, Fig.
3, is a boundary between the occupied and unoatgpédes of electronic gas at the
absolute zero. Therefore, the Fermi-surface issthenergetic surface in a space of
quasi-pulsegp-space) which corresponds to the Fermi energy ) = ¢. Here

« ) is the dispersion law of the conduction electrareeres is the number of
energy band; so the Fermi-surface at temperdtured K separates the occupied
electronic levels from the empty levels.

Sometimes, when Fermi-surface representation, ppssible to restrict the
task by using only onp-space, namely, the st-Brillouin zone, located just at the
ends of vectorp which describes all non-equivalent states. IfReemi-surface is
completely housed in the one cell@épace, then this surfaced®sed Fig. 2.3.

In this case, the Fermi surface is fpherewith radiusks = (2m )2 1, which is
determined by the concentration of valence elestrtfrihe Fermi surface intersects
the boundaries of cell in thp-space, it is calledbpened Fig. 2.. When the
extended-space is used, the closed Fermi surface is emglegeated from cell to
cell.

In the impulse space, all states inside Fermi spbkradiugr are filled. The
linear response of a metal to the electrical angneac fields or onto thermal
gradient is determined by the shape of Fermi sarfaecause the electrical current
is due to changes in the occupancy of the statmsthe Fermi energy.

Fig. 2.3. Closed &) and openedd) Fermi surfaces for copper and lead, respectively

Thus, the Fermi surface is the abstract boundahereciprocal spagavhich
Is useful to predict thermal, electrical, magnemc optical properties of theetals
andsemimetalsThe shape of the Fermi surface is derived froenpriodicity and
symmetry ofcrystal lattice as well as from the occupation efectronic energy
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bands The success of Fermi surface model is a diredircoation ofPauli principle
which allows maximum one electron per one quanttatesMost of electrons are
placed inside the Fermi surface, and only soméemtcan be outside of it (in the
strip ofk T, Fig. 2.3)

Some important remarks to band theory of metals

- Band theory utilizes a fact that electron has lpwtiperties of particle and
wave, so, in case of close location to ions intecks the wave properties of electrons
necessarily manifest themselves. The Bloch wavetims, used in the one-electron
band theory, is well true for the metals wsthandp-electronic shells, which have
big length of orbital space with a considerableuatioverlap. However, in the case
of metals withd- andf-shells, the use of band theory might be with causi tha
conduction electrons in these metals (and in thiiys) have increased effective
mass; moreover, other physical properties of tieegstals might be very specific.

- The curvature of the Fermi surface is dependetit@alowed states density
near it, and this curvature affects the electrittedrmal and magnetic properties of
a metal. The more electrons are located near thaifsarface, the more electrons
can increase their energy during metal heatingyelsas the more electrons can
orient their spins in the magnetic field (that fesun the paramagnetism of the
electronic gas in metal).

- Metals always have some electrons on the blardtdabove the Fermi level
(that is why, the metals are good conductors aftetaty). It means that metals have
such Fermi surface, from which electrons can eds#ly\transferred to the blank
(allowed) higher energy levels. The current in awtdr is carried by those free
electrons which can be easily accelerated, movmgugh the allowed unfilled
states.

- Decrease of electrical conductivity with incregstamperature is a typical
property of metals. This dependence is due tooted thermal vibrations in a crystal
lattice. Accelerated by the electrical field elecis are scattered on these vibrations,
and, therefore, the velocity of electrons redu&sssing temperature increases the
thermal vibrations intensity, so the free path leiceons between two collisions
decreases. Conversely, with temperature lowerimg iriterval between collisions
(and corresponding relaxation time) increases canductivity increases. Electrical
conductivity of any metal can be calculated, if #iape of Fermi surface and the
relaxation time for these electrons are known. Feemi surface permits also to
evaluate the electrical and thermal conductivityaahetal at different conditions.
Finally, the knowledge of the shape of Fermi swafee necessary to explain the
peculiarities of metals structure and their absonpaind reflection properties, as
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well as to describe the superconductivity in sonetafs at low temperatures, and
many others physical properties.

- Charge carriers in metals are the free electrdnshware called also as the
conduction electrons. They are typical quasipa$iel and their properties are
substantially different from the “normal” electrogsisting in a free space, although
the electrical charge of conduction electron calasiwith the charge of electron in
a vacuum. However, thenergyof “electron = quasiparticle” is the complex pelio
function of the impulse. In the case, when elecifound in a free space, the
surface of its equal energy is the sphere. For wainmh electron in a metal, the
surface of equal energy might be complicated, beargespondent to the surface of
equal energy in the impulse space. The form ofghi$éace and its size depend on
the energy value that in its turn is dependenherdispersion law of quasiparticle.

- Fermi surfaces of different metals can be quiteous. In some metals, they
resemble the billiard balls (K, Na, Rb, Cs), inerg the complex designs of various
shapes (Au, Ag, Cu, Zn, Cd, and others). One ahargt Fermi surfaces — for copper
crystal — is shown in Fig.a3 This example is chosen, because the copper leagfon
highest values of conductivity at 300 K, and copisewidely used in electrical
engineering and electronics.

- The change of particle energy is equivalent tomsulse change multiplied
by velocity. Therefore, to explain the complicageergy spectrum in a given metal,
one needs to know the shape of Fermi surface, apdrgose with this surface
electron velocity. Increasing energy of any cry<gdrticularly, metal) can be
described as the generation of new quasi-partidies. increase of conducting
electrons energy in a metal is possible by the nut least one electron under the
Fermi surface into the external impulse space.hat,tthe appearance of electron
beyond the Fermi surface is always accompanielddoynoccupied state in the filled
part of a band — the hole, which can also be intéep as a kind of quasiparticle —
I.e., the antiparticle tthe electron, which emerges from under the Fermiase.
Therefore, the increasing energy of a free eleamanetal is always accompanied
by the birth oftwo quasiparticlesCalling hole as a “antiparticle”, one has in mind
the possibility of recombination: in the case, wiedectron returns "into its place"
(under the Fermi surface), the metal is returneainagloser to its ground state,
because both quasiparticles — electron and hoisapoear.

- Therefore, from full Fermi sphere, only those #&l@ts should be selected,
which are located directly beneath the Fermi safaad in small distance from it.
That is why, it is important to identify and expgust thenearest neighbourhood
of the Fermi surface — those portion of impulsecepa which the quasiparticles —
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electrons and holes — can coexist. The mechanisrouoent flow through a
conductor might be rather intricate: due to theliagpelectrical field, the electrons,
by infinitely small portions, increase their impegs(and energy); next, by the
collisions with foreign atoms, dislocations, bounes of crystallites and phonons
(i.e., with any kinds of defects in crystal latlidee electrongeturn gained from
electrical field impulse to latticd-or electrons, located in the fully filled aresep
under the Fermi surface, such process is impossit@ePauli principle of exclusion
prevents them to leave their energy levels, sareles can only move from their
level to releasing level.

2.3 Metals with intermediate valence

When investigation the properties of rare earthamsetthe main attention
usually is focused on the phenomenon known as ititerfhediate valence" or
"heavy fermions". It is appropriate to remind thktelectrons of atoms, which form
a solid, can be divided intiwvo groups the electrons strongly bounded inside an
atom (in the residue), and the electrons whichleawe its atom: they either move
to the another atom (i.e., from atom Na to atond@ing formation of ionic rock
salt crystal, NaCl), or form covalent bonds (sushirathe germanium crystal).
Electrons also might bgeneralizedwithin crystal, this is what happens with the
conduction electrons in metals. In all these cabesgonception of atowalenceis
employed, that is, the number of electrons thatlmmletached and moved away
from native atom in the process of solid body faiora For example, the valence
of Na is “+1” as in the ionic crystal NaCl so iretmetal Na.

However, some substances are known, in which thevaod electrons
demonstrate a double, thenbivalentnature: keeping partly localized in the native
atom, they also can demonstrate the intentionlteatwvization. To the systems with
the unstable valencéor intermediary valence) the some compounds i&-earth
metals can be included (those elements that hagenypieted the #4 electronic
shells). These compounds have unique physical pgrepeand anomalous
characteristics, which can be accounted Fmavy fermionsformation: the
extraordinary electrons, which effective mass it 1@ times greater than the mass
of free electron.

Historically, the study of this phenomenon begahem the peculian-g
phase transition in the metallic cerium was discedeMost of phase transitions in
solids are accompanied by the change in crystalnstny, which means the
changing in atoms packing in lattice (as well as trdering of spins in the
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ferromagnetics, or the ordering of dipoles in feteatrics). However, the-g phase
transition in Ce looks like an exception: whenappens, the ordering in the lattice
symmetry not changes, but this transition is acamgd by an essential jump in
crystal volume reaching 15%. Primary explanatiortre$ phenomenon was the
reconstruction of electronic structure of ionicideg during thea-g transition in
cerium. This concept with some additions and changstill preserved, and even
applied to the many other systems. At present tratber wide class of compounds
are found, in which the valence instability is aopanied by the strong anomalies
of almost all physical properties of correspondsristances.

Among these systems, which by many features argeclo the ordered
magnetic states, some substances are found whe&lhready to pass into the
superconducting state. This circumstance is qurexpected: the antagonism
between the magnetism and superconductivity is \Wwebbwn. However, this
important fact is that not only normal, but the exgonducting properties of these
substances are quite unusual; these facts has kbe tspeculation that they are a
new type of superconductors that differs from albwn.

Metallic compounds with the intermediate valencd aeavy fermions, in
which the anomalous properties are most severdydacthe UBgs, in which
uranium atoms form the cubic lattice while;Batoms are placed between them,
creating almost regular polyhedron — icosahedron pessessing another "extra"
Be in the centre of this icosahedron. There are sdgne cerium compounds: the
CeAl; possessing hexagonal lattice, the Ce@ith orthorhombic structure, the
CeCuSi; with tetragonal lattice and some others. Besittese are many systems
with less-heavy electrons: they are compounds thighintermediate valence.

Anomaly properties of heavy electrons compounds.

Specific heain metals with heavy fermions, at first glancesusprising. The
heat capacity is well known defining characterisbic solids: the temperature
dependence of thattice specific heat corresponds to Debye law+ 2 while the
electroniccontribution to the specific heat in ordinary nietgery small and linearly
increases with temperatui@:= g . In sum, the specific heat of normal metals is

C=g +xT5
therefore, using more comfortable for graphic asedy scale G/T)(T), this
dependence can be seen as:

C/IT =g+xT?
and shown in Fig. 2aifor the ordinary metals.
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Fig. 2.4. Specific heat temperature dependence in varicales &, b); compare normal
metals (1) and systems with heavy fermions (2)

However, for the metals with heavy fermions, Fig4b2 an another
comfortable coordinates can be also us€dr)(T?). In this scale, it is convenient to
observe the completely unusual growth of the ebdaatr contribution to the heat
capacity in the systems with heavy fermions. Thengarison of temperature
coefficients of specific heat in normal metals andeavy-fermions materials at low
temperatures are given in Table 2.1. In the comweat metals (Cu, Li), the
proportionality coefficienty = /T is about 1 mJ/maK?, while in the transition
metals like CePgthis ratio is greater by the order of magnitugle: 10 mJ/mok?
which indicates a particular behaviour of the etmaut subsystem already in the
transition metals

Table 2.1

Proportionality factor g= /T and magnetic susceptibilityc in different metals
Crystal Cu Li | CePd| CeAk | CeCuy | CeCuSi> | U e3

g, mJ/mo#? 0,695| 1,63 35 1620 1500 1000 1100
e, (T® 0) 10°%GSE/mol | 0,008| 0,03 1,5 36 27 8 15

It is noteworthy that the heavy-fermions systemseheaoefficientg even
greater by 2-3 orders of magnitude (and the sanpdieapto their magnetic
susceptibility). At that, the CeRPdas a compound with theatermediate valence,
while the CeAd, CeCuy, CeCuSi, and UBeg; are the systems witlheavy fermions
If the specific heat would be estimated like inmal metals, the observed values of
gwill correspond to the effective mass of electimi(>-1C® times grater than the
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mass of free electron. Unusual is also the temperatependence of specific heat
Fig. 2.5.

Magnetic propertiesof heavy-fermions metals are also unusual. As well
known, in conventional metals poswsessing colleiy electrons, the magnetic
susceptibility ae of free electrons is almost indelemt on temperature: @const,
Fig. 5a, curvel. That is because the & (as well as the temperetefficientg of
specific heat) is proportional to the effective mad electron. However, in the
paramagnetianetals, Fig. 2.&, curve2, the temperature dependence of magnetic
susceptibility obeys Curie law: &1/ , i.e., parameter & increases as temperature
decreases (sometimes, such substances at low &stomesrcan even come to a state
with magnetic ordering — ferromagnetic or antifenegnetic).

In the systems with heavy fermions, at low tempees the increase of &(
with decreasing temperature is also seen, butkeurilhe paramagnetic, these
Increase comes to a saturation (stops at fixed destyre, Fig. 24& curve 3). At
that, any magnetic ordering in the systems withviadarmions is not established
(except for some special cases, such @#nij), but the temperature change of
susceptibility se() enters onto a mode, peculiar in the conventiarethls, when s
= const (such as iturvel). It is necessary to note that quantity of doisstant looks
as abnormally large (Table 1). Wh&® 0 the magnetic susceptibility in systems
with heavy fermions may exceed the a value of #rarmpagnetic susceptibility of
conventional metals more than 1000 times.

Previously such a large value of paramagnetic qbogy is supposed as
the specific property of ferromagnetics. Among'then-ferromagnetic” substances,
the record shows metal Pd, in which at low tempeeat(; ® 0) = 0.K03
%G SE/mol. However, it is necessary to note thatapalim is nearly ferromagnetic
metal: the adding into Pd only a few percents ohimakes it the typical
ferromagnetic. Nevertheless, in the CgAfor instance, the paramagnetic
susceptibility in 50 times greater than in the &though no ferromagnetism in this
alloy can be observed. the heavy-fermions systenstéead magnetic ordering,
become superconductorsec¢all that the classic case of superconductivety i
incompatible with magnetisyn
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Fig. 2.5. Comparison of normal metals and heavy-fermionsatee — temperature
dependence of magnetic susceptibility: 1 — non-raigmetal, 2 — paramagnetic with localized
magnetic moments, 3 — heavy-fermions systems @htyethis susceptibility is situated much
above than curve B,— temperature dependence or resistivity: 1 — nbnme#al, 2 —heavy fermions
metal

Electrical conductivityof heavy fermions systems also impresses with its
unusual behavioutt should be recalled that in the conventional setfae specific
electrical resistance decreases with temperature fall approximatelyalitye The
resistance of the pure metals, ideally, in the cd§e® 0 tends to zero (Fig. 25
curvel) while in the case of impurities presence a smegildual resistance can be
observed.As stated earlier, the exactlyositive temperature coefficierdf a
resistance (that means the negative temperatufécea@ of conductivity) is the
hallmark of the metal.

By contrast, in the semiconductors or dielectrit& electrical resistance
increases with decreasing temperature, add@&t0 tends to infinity. Similarly, at
a sufficiently high temperature, in the heavy femns metals (T) dependence
resembles the behavior of dielectrics or semicotwtagcthat is quite atypical for the
conventional metals (Fig. 25 curve2). But at a certain temperature th@)
reaches a maximum, and then, as in the metalscredses practically linearly in
the low-temperature region.

Theoretical explanation of this unusual combinatdrproperties of heavy
fermions materials will be given later.

2.4 Electronic energy band theory and heavy fermian

It is assumed that each electron moves in a foete-bf ions and all other
electrons (except under consideration); at thatp#ired interactions does not taken
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into account even for the nearest neighbouringtreles (these interactions are
mathematically included in average field). In theeeelectron approximation, the
solution of the Schrodinger equation in the crysta the Bloch functions, while
energy eigenvalues form a power zones which filisxpund by Pauli principle.
Band electronic spectrum allows construct the nedetifferent variants of
electronic spectra of crystals. There are sevesah iwases:
I. Energy bands of electronic spectrum do not opef#y. 2.6a,b.

N N
F W F, i
a b
N N
c W d W

Fig. 2.6. Electronic levels in the spectra (filled levele ahaded)a — "true" metal with
odd number of electrons in unit caédl- dielectric or semiconductor with gBj@V between valence
band and conduction band:- metal with even number of electrons in unit;al semimetal

- Crystals withodd numberof electrons per unit cell have the upper energy
band filled with exactly half. The energy band Bilsracations, lowest half of which
Is occupied by the electrons. The filled part fribra unfilled part of valence band is
separated by the Fermi level

- Crystals with areven numbeof electrons per unit cell are dielectrics or
semiconductors, Fig. 26 In the ground state (dt= 0 K) the energy bands are
completely filled or empty. Therefore, the eledtifield can not change the energy
of electrons in the filled bands (since all theelsvare filled), while in the empty
bands there are no charge carriers. Upper filledl lj@alence band) and the nearest
empty band (conduction band) are separated byntrge gaW (forbidden band).

Il . Bands of the electronic spectrum overlap, Fifc,2l.

- Crystals, as with the even, so with the odd nusbéelectrons per lattice
site, refer to metalsSignificant overlapof the two bands (Fig. 2% results in the
situation, which is not very different from the neddhown in Fig. 2.4.

- In the event thaamall overlapof bands, crystals belong $emimetalsFig.

2.6d. Their conductivity by the several orders of mague is lower than the
97



conductivity of metals. For example, in the semahbtsmuth, the number of filled
states in conduction band in“1fimes smaller than in conventional metals, and,
consequently, bismuth shows much lower conductivitther examples of semi-
metals are antimony and graphite. Under the infleeof an electrical field, the
electrons move in the semimetals within their albed,the lower density of states
reducing their mobility.

Therefore, such crystals, which in the ground sketee no partially filled
bands, belong to the dielectrics or semiconduciiins. metals and semimetals, by
contrast, are characterized by the electronic spectvith partially filled bands.

According to band theory, it is possible to makecamclusion that all
properties of solids depend on the ratio of fresctebns number to the number of
states in the bands of electronic spectrum. Igunentity of electrons is just enough
to fill a certain banadompletely(while their next band with higher energy remains
empty), those crystals belong to the dielectricsesmiconductors. Inasmuch as the
electronic states are localized, under the infleeofcelectrical field no electrical
current can flow in such crystals. At zero tempamtin the dielectrics and
semiconductors in the conduction band electrongslasent, while the valence band
Is completely filled (accordingly to Pauli prinogplevery energy level can hold only
two electrons with opposite spins).

Another possible behaviour of electrons is realizethe metals, in which
only the lower energy levels of conduction bandfidlesl, while upper energy levels
are available for electrons — without any energy. $)ia this case, even an arbitrarily
small electrical field can easily move electrons, @ystal exhibits metallic
conductivity. It is appropriate to recall that hagih energy level, occupied in the

metal at zero temperature, is the Fermi level.
Delocalized electrons

. N U s
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Localized electrons
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Fig. 2.7. Schematic representation of electron’” movemartin metals with delocalized

electronic stated) — in metals with heavy-fermions state

Therefore, for most of solids, the states of vadertectrons are clearly
described: in the metals (such as Na, Al, Pbheésemiconductors (such as Ge and
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Si) and in the typical dielectrics (such as Na®lgtal type of electrons behaviour
is symbolically illustrated in Fig. 2a7 it shows the trajectories of the collectivized
(delocalized) electrons and the electrons localinedr atoms. Conception of
delocalized states supposes that internal elecobatmic residue have relatively
small radius of their orbits and, of course, thad®ts vary only slightly in the case
of associations of atoms in a crystal.

However, quite another behaviour is possible facibns, based in the
external shells of atoms: they can be only paytiadd with their native atoms so
only for a while revolve around residue, but frommé to time they move to
neighbouring atoms like “free” electrons, Fig.l2.@nd than return to their partially
connected state. These electrons are almost dekdal

Accordingly to electronic energy band theory, depeld for crystal with
entirely delocalized electrons, they move in theqokcal field of ionic cores: the
result is the formation of allowed and forbidderegyy bands. Electrons by their
energy tend to distribute closer to the bottomrwdrgy band: and are described by
same equation as free electrofs: p?/n¥, but with the effective mass* instead
of free electron mass . The value of the effective mass® is closely connected
with the width of conduction bardd : m* ~ 103. If the impulse of electron runs a
certain value (actually, in crystipl £ =, where &@” is the interatomic distance), the
width of band isD ~ 22m 2, i.e., the small effective mass meets the widalban
while the large effective mass corresponds to Hreom band.

However, another description of electrons properire solids would be
considered: the delocalized electronic statesctiiectivized electronic states and
the states of electrons localized in atoms. Degiée fact that this discussion
concerns to metals, it make sense to consider whathdielectrics are same. Each
substance, including dielectric, is individuallyfdrent from another substance by a
specific set of attributes: way to get, optical gedies, hardness, electrical
conductivity, and so on. Hence, it is not evidehetiher the nature of the dielectric
state is same in various substances. Correspoggdinglstandard energy band
theory, the dielectric is a substance, in whichvhkence energy band is entirely
occupied, while located above it conduction bandngpty and separated by the
essential energy gap. However, not all dielecaresarranged exactly by this way —
another nature of the dielectric state is possible.

The point is that the description of electronicisture of solids is based on a
conception that electron moves in the lattice ecdy regularly situated atoms or
ions. If there are many electrons, it is assumatttiey donot interferewith each
other, and they are allowed to occupy energy leaet®rdingly to Pauli principle.
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But in reality, all electrons interact with eacthet, so it is necessary to compare
their interaction energy with their kinetic energy characterized by the twidf
energy band . If U <D , then the simple energy band theory is applicdflen
the contrarylJ >D , the situation changes cardinally.

Formally, the energy band can be completed onlghigr but the movement
of electrons (that is required for charge transieprevented by other electrons —
electrons of neighbouring atoms. By their influgnitey can "lock" each electron
in the atom and make the dielectric property oktaly although from the energy
bands characteristics it would be a metal. Thelsstances are the Mott’s dielectrics,
named after English physicist H. Mott. The width esfergy band depends
strongly on the interatomic distanagmore precisely, on the ratio betwesiand
corresponding radius of electronic orbitgl the smallelay/a, the narrower energy
band.

Therefore, to obtain a status “dielectric crystatbere is not only a single
way, but at least two: (1) the complete fillingesfergy bands (in usual energy band
diagram), and (2) the strong repulsion of electrasich leads to Mott-type of
dielectrics. Metals with heavy fermions sometimekdve like Mott-type dielectrics
(it suffices to recall dependencél) shown in Fig. 2.6, curve?).

2.5 Specificity of rare earth metals

Electronic structure of the rare-earth elementassfollows: the typical
valence of rare earth metals is “+3”, i.e., theethouter electrons can be detached
from the rare earth atom and directed into the gotidn energy band (or, in the
compound, form chemical bonds).

As a result, the ion Ris formed, which usually keeps incomplefeshell.
For example, in the gadolinium ion (&Jinstead of 14 electrons permitted in the
4f-shell, only partial filling of shell is observedf’, while in dysprosium ion (B3Y)
only 9 from 14 electrons exists:% Table 2. At that, the electrons dfstate strongly
influence on the magnetic properties of correspohdeystals. If the #Ashell is only
partially filled, magnetic moments of electrons aret compensated, so total
magnetic moment is nonzero.

So, such ions are similar to elementary magnets.dtear that presence of
these ions in crystal results in a fact that cltystgparamagnetic with localized
magnetic moments, and at low temperatures theseemtsrmight be spontaneously
ordered, making crystal either ferromagnetic orfambmagnetic, or acquire more

complicated ferrimagnetic structure.
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Table 2.2
Electrons spins allocation in the shells of lanthades

Z 4f 5s 5p 5d 6s
55 Cs OOOodOod RN
56 Ba HiEIRIEInnn HiEEIEIn
57 La OOt t] OO0
58 Ce tt] oo HiEIEIEN
59 Pr tIle] I HijEEIEIn
60 Nd HIEImI 00 HiEEIEIN
61 Pm 100l 0] HjNEIEIN
62 Sm I ] ]l HijEEIEIn
63 Eu IR ] ] ]l HijEEIEIn
64 Gd 100 ][] [ [ i t] 010
65 Tb R ] e ]m] ]l t]1 OO0
66 Dy o] [t9] (49] (][40 (4] 1t ] HijEEIEIn
67 Ho [t] (4] [t9] [hof [£ ] [ [t ] HijEEIEIN
68 Er ] 11 (19 (19 [0 [1] (] HiEIEE
69 Tu HiEIRINN
70 Yb HiEIEINN
71 Lu N

(N
tIaia

72 Hf
73 Ta

—| [=—>
| | —
—| [
| |—

The valence instability of rare earth elemeniBhis instability is caused by
thefluctuationsof a valence. In conventional rare earth compoyutindsvalence of
rare earth ion is “+3” whilefdshell is filled only partially. However, sometimes
the compounds, the rare earth elements exhibiatifgnalous valences: “+4” or
“+2". For example, among crystals, based on ceritn@re is the ionic compound
CeFR, in which cerium is clearly tetravalent. Anothemample, rare earth metal Eu
even in its metallic modification can show corrasfiog to the valence “+2".
Among other things, it should be noted that eunopis one of basic material of
magnetic semiconductors: EuO and EuS, in whichpuno is bivalent.

The anomalous valence in the compounds is pedoliaare earth elements
locating in the beginning, in the end and justha middle of rare earth elements
group, Table 2.2. At the beginning of this peribdre are Ce and Pr; in the end of a
period there are Tm and Yb, and in the middle ofogethe Sm and Eu are located.
The quantum theory gives convincing explanatiothes situation, which implies
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that such electronic states have anomalies in #tenge stability, whenf&hell
appears or empty, or completely filled, or filledaxactly half.

Aforesaid can explain the nature of anomalous \e&@en the compounds of
these elements. As if cerium would have normal “¢&ence, its #Ashell will have
only one 4-electron. However, this configuration is competwwgh the empty
configuration of #shell, that is beneficial to pull away from ionlisine (the fourth)
electron. The result is the state of tetravalentiog in which its 4-shell is empty.
This situation is quite competitive, because itergy is close to the energy of
conventional trivalent state.

Similar arguments show, that, for example, the cmumps based on
ytterbium ion that instead of valence “+3” (whefrsfhell has 13 electrons), might
have advantageous condition for?¥,in which 4-shell is completely filled, i.ery
=14, Table 2.2. Similarly, for europium the valerf E\f* state is competitive (and
often preferred) before expected®Ewbecause in the state Einas exactly half-
filled 4f-shell andy =7.

Similar energy states presence in the rare-earnth wath different valence
significantly affects their properties, changingndamentally all characteristics of
correspondent substances. Exactly the instabifitprac valence state leads to the
emergence of special class of systems with intelated/alence, and, in some
special cases, heavy fermions.

Possible situation for metals is demonstrated gn Zi8 (while for situation in
semiconductors is shown in Fig.2.9).

a b c
Fig. 2.8 Electronic structure offdmetal illustrating nature of transitions with vade

changing; conduction band is filled up to Fermidevs, while 4-level marked ass

The normal state of rare earth metal with wholeeneé (i.e., with whole
filling of 4f-levels) corresponds to picture shown in Figa2l8is evident that for
such rare-earth metal the energyof 4f-level is much lower than Fermi levet.
Accordingly, in semiconductor, Fig. 2%f-level is located in the forbidden energy
band (energy gap) below the bottom of empty condndiand.
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In the metals with the unstable valence, such tsanas realized when the
level E; is located near the Fermi level, Fig. 2.8 (or in the semiconductd; is
located close to the bottom of conduction band, Eigh). Complex configuration
of 4f-orbital leads to the fact that some external ciomus can movés; level, for
example, when pressure increases or temperatungesathis level as if floats up
Fig. 2.6 and Fig. 2.8.

If, due to this displacement, tlig level rises sufficiently to cross the Fermi
level of metal, Fig. B (or cross the bottom of conduction band of sendcator,
Fig. M), the energy of those electrons, which occupygBHevel, becomes greater,
than the energy of other states in the conductemmdplocated betwedf and ¢
(most of them previously were empty). It's obviotmat this is not profitable
energetically, so the electrons will move from Ea&evel to the empty states of the
conduction band, Fig.®9

o000
a b ¢

Fig. 2.9. Transition with the change in valence for compotinat in initial phase is
semiconductor with whole number valence

If the number of these empty states is big enotigh,situation leads to the
devastation of th&;level, Fig. 2.8 and 2.%. However, in the more general case,
the electrons filling of&; level are arranged by such a way that only on&;of
electrons leaves each ion. Due to this fact, ircttmeuction band, only one electron
per ion can be found, Fig. Z.8in semiconductors with rare-earth element — Fig.
2.9c). This corresponds to thecrease by onéhe valence of rare earth ion.

This change in the electronic state results in &mehtal modification of
crystal properties. Very often a possibility occdes transition from the non-
magnetic to magnetic state. Indeed, if initial afton (Fig. 2.8) with localized
electron on the fdevel would remain unchanged, the system with lined
magnetic moments can become ordered at low tempesafleading, for example,
to the ferromagnetism). At the same time, the sdoawith 4f-level devastation
(Fig. 2.8&) would lead to the fact that the unpaired eledreft the 4-level, so the
localized in an ion magnetic moment disappears. (E&) that corresponds to the
normal non-ferromagnetic metal.
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Thus, the position of f4evel relatively to the Fermi level determines the
presence or absence of the magnetic propertiesyistam: at that, the possible shift
of 4f-level (under temperature action, for example), wayse the phase transition
from the magnetic into nonmagnetic state.

In the case of semiconductor, in the conductiordEminitial state is empty,
Fig. 2.9, but after possible transition, Fig. 2,8ome electrons appear in this energy
band and next can move freely in a crystal. In otherds, the valence transition
will be also the transition of metal—dielectric &yp

There are some systems, in which a new state ofrefes is implemented
exactly as described above; however, the transititin a change in the valence
might be not completed in full, bstopped on a "halfway'Really, there are some
compounds which in the normal conditions (standardperature and pressure)
exhibit theintermediatesituation. Many compounds with the unstabieidell are
known, in which the intermediate phase is realizgal,this state demonstrates
specific physical properties. Just in this caseisppelectronic states are formed; and
compounds with intermediate valence are identdi®gossessing of "heavy-weight"
fermions.

Thus, when such a state of intermediate valencédaameur, in which the#4
level would be located very close to the Fermi lethas 4-level will be filled only
partially. For example, experiments show that,\serage, #electron level has only
1/3 of electrons. At that, a possibility arisesgntthe crystal, regularly or randomly,
possesses atoms with two different typesfadldctrons. If #electron exists in the
every third atom, so, in average, one atom holtis1B of 4-electrons. Compounds
of this type really exist: they include, for examplery important for electronic
technology crystals B8, and SmS;, as well as the well-known ferrimagnetic
magnetite (Fs).

At higher temperatures, the crystals&uwor SmS, show rapid exchange by
theelectrons, that looks like Ew EUW* transition and determines a conductivity of
the metal type. However, at lower temperatureselatectrons become "freeze" in
their centres, so the segregation of valence ogccuars ions3u?* and 3u®* now
become different from each other and occupy inckafixed positions, alternating
by a certain way. This "freezing"-type electromansition is the phase transition
that is accompanied by the restructuring of cryk#iice with the super-lattice
arising and essential changing in the electricaperties. It is this transition that
actually occurs in the magnetitesBg at temperature of 119 K. This transition has
long been discovered, and it is the first experit@instudied metal—dielectric type
of transition. Thus, the crystals with intermediatdue of average valence can be
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arranged simply as alternation of ions with différéut integer-valued valence.
Such substances are tnéxed-valencsubstances.

However, the systems with intermediate valencebeaarranged differently.
All ions, i.e., all centres of crystal lattice atempletely equivalent; at that the
concentration of centres is same as the unit dedls,about 1€ cnt3. Therefore,
they are not doped but the principal system, arehoh cell contains rare earth ion.
Intermediate filling of #level, i.e., the fractional number of-dlectrons per one
centre remains all times, but it captures the mdacirom 4-level, some time (e.g.,
1/3) holds it, and then throws out this electroto ioonduction band [9]. Then the
probability of finding any ion in the state of “Bfectron” is 1/3 (while the
probability of state “without #electron” is 2/3), i.e., an average, the chancéf-of
level filling is 1/3.

This situation is symbolically illustrated in Figh: the electron moves in the
conduction band, then it is captivated by the @ptr closed orbit, almost being
localized, some time it turns again on this orbitd next jumps back into the
conduction band, only to be caught again by someratentre, and, possibly, by the
same centre. Thus, in the systems with intermedvalence all centres are
equivalent but each of them shows tadence fluctuationggiving, in average, the
fractional filling of 4-state. With quantum mechanical point of view, thsans that
total electronic wave functio¥i is superposition of wave functiolis of the 4f-state
and the state in conduction barid i.e., Y =aY +bY .

The "weighting factor”, with which th¥ -function is included in this sum,
determines the probability to find electron in ##feorbital, because the average
number of #electrons per one centemnis= |al*>. This process of constant conversion
from the 4-state of electron into the conduction band and lid@aracterizes the
probability of such transition, or the lifetime@gctrons in thefdstate. Through the
uncertainty relationbDtx[E = h the finite lifetime of state means the uncertaioity
its energy.

Explanation of heavy-fermions systems peculiaritiebonormal behaviour
of heat capacity, Fig. 4, as compared with coneaali metals, follows from the fact
that basic electrical properties of metals in delesmee on temperature are
determined by the electrons located in the eneaggek near the Fermi level.
Indeed, in the conventional metals, at temperatlire® all states inside Fermi
sphere are occupied, while outside of it, whengner> ¢, all states are empty.
With temperature increase, tfeglistributionof electrons on the energy states starts,
inasmuch as some electrons gain energy and mave¢hatempty states above the
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r. Accordingly, under the Fermi level the holes remait that, rather small
number of states of electrons are exited: in raidge << .

However, in the systems possessing heavy fermidas, to the valence
fluctuations, the number of states in the rakgeas much greater: from two to three
orders of magnitude more than in the conventionelaia. Therefore, the factgr
showing the rate of heat capacity increases withpegature € = g ) is in many
times larger (see Table 1). This huge valug,asbserved in systems with heavy
fermions, becomes understandable, as well as tgbktlgl smaller (due to the
increased width offdband) but still quite big values gfin the compounds with
intermediate valence.

As for the peculiarities of magnetic propertiese($gg. 2.9), it should be
noted that heavy fermions below certain temperatlite are degenerated.
Consequently, these fluctuatiosrmooth out various sublevels, and stop the growth
of the magnetic moment, that results in the satmabf magnetic susceptibility
(). Magnetic properties of heavy-fermions systenseaalso the anomalies in the
temperature dependence of electrical resistangedbi The point is that the region
of fluctuating transitions of electrons from thendolevel of Fermi level and back
(which in ordinary metals is limited by the valuekgT) in the crystals with unstable
valence is significantly expanded.

Thus, the heavy fermions arise in such systems lwtgontain the
uncompleted #shells (or Bshells), where the filling of electronic orbitais
unstable, so there is a proximity of the valenstahility. These fermions have the
record high value of the effective mass, at thaguest fermions are observed
primarily in the compounds of cerium and uraniufast in the elements, located in
the beginning of # and 3-periods. Among compounds with the heavy fermions
there are as magnetics, so superconductors.

Mechanism of heavy electrons appearance righteattrmi level can be
rather complicated. Generally, different opportesitshould be noted.

One is such situation whetfi-ievel itself goes to the Fermi level and at low
temperatures forms energy district, wheifeekéctrons are mixed with normal
conduction electrons. In this version, the heawvynfens are primarily #electrons
themselves that are found near the Fermi leveltlaeglare partially delocalized. In
this case the interaction drdlectrons with other excitations in the crystddqpons,
conduction electrons, and maybe others) might plapecial role. These types of
interactions can result in the narrowing down &f éimergy band and, consequently,
the effective mass of electron increases.
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In another tested case — electron-phonon interaatftuence — the effective
mass increases due to the "polaronic” effect: mbattfield of electron deforms the
crystal lattice in its nearest surroundings, arehtthe electron moves in a crystal,
surrounded by the "coat" of lattice deformationsated by the electron itself.
Similar interaction with conduction electrons caad to the "electronic polarons”
formation: the deformed lattice near heavy-fermwdnch additionally increases its
mass.

The interaction of #electrons between each other is another possible
mechanism of their effective mass increase. Suehaation between the electrons
may even results in a complete localization of s@beetrons, that is, their mass
becomes “infinite” (Mott's dielectric). However, the limit of localization is not
exceeded but only draws near, the crystal can reenaietal, but with a very narrow
energy band and, correspondingly, with increastt#fe mass of charge carriers.

Kondo effectis directly related to the problem of heavy fernsoConsider
the case of isolateshagnetic impuritiesn the nonmagnetic metallic host (such as
Fe ions in the copper lattice). The hybridizationvbetn the conduction electrons
and 4-electrons, together with a large Coulomb repulsietween thefdelectrons,
may lead to the complete screening of magnetic mommesulting in the singlet
ground state. In this case, at low temperaturescamductivity of copper does not
increase with decreasing temperature as it ushalbpens in all metals, but vice
versa decreases. This is the Kondo effect, sethreinon-ferrous metals containing
impurities of magnetic ions. The scattering of aarttbn electrons by magnetic
impurities becomes noticeable only at low tempeesuresulting in uncommon
increase of electrical resistivity when temperatigereases, Fig. 2.40curveH =0
(at low temperatures the electrons scattering @amphs becomes not significant).

When temperature tends to zero, the magnetic m@ra@nimpurities can
capture some of free electrons, creatingdpposite-spinglusters (which reminds
the structure of anfirromagnetic). Effective magsnoving through these clusters
electrons largely increases, so the resistivityaases, Fig. 2.H)curveH = O.

Applied magnetic field changes opposite orientatdrcoupled spins into
their parallel orientation which partially suppresses effect Kmneig. 2.1@, curve
H > 0. At that, thenegativemagneto-resistance appears, shown by the vertical
dashed line. Therefore, at low temperatures, winenktackground noise from
phonons does not hinder to observe this effectgara form, Kondo effect testifies
that theoppositeorientation of adjacent spins promotes the inaedgesistivity,
while the external magnetic field gives rise to tlegative magneto-resistance by
means of magnetically induced parallel orientatbspins.
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Fig. 2.10 Kondo effect:a — magnetic field manages resistivity by suppresgiectron
capture effect (atl = 0) by external magnetic fieltH(> O; b — local Kondo resonance at Fermi
level in electronic density of states of metal witagnetic impurity.

Electronic energy band theory can describe theraot®n between the
conduction electrons and dr 5f electrons in terms of the Kondo Hamiltoniarx
JS s, whereSis the impurity spin and is the conduction-electron spin, with an
effective antiferromagnetic exchange interactlomhe resulting screening of the 4
magnetic moment by the spins of conduction elestreaynamic effect, and can be
visualized as being due to the virtual transitibesveen the localized4evel and
the conduction electron statesEi leading to a resonance B&t, i.e., so-called
Kondo resonance, Fig. 2W.0The binding energy of this singlet state can be
expressed by characteristic temperature, i.e., Kbado temperaturelk. At
sufficiently low T (well belowTk) a local maximum of states is formed around the
magnetic impurity, exhibiting increase in spechieatC ~ ks T/Tx. By comparison
with free-electron expression for parametgtemperaturdy plays role okffective
Fermi temperaturéelr = Er/ks. The resonance is seen due to Kondo tempera&gure
with height 11x. In the simple picture, the density of states elvy-fermion
compound may be viewed as the lattice-coherentrpapiion of local Kondo
resonances.

Heavy electron superconductivitynight be seen in the inter-metallic
compound<ontaining the rare-earth ions possessing parfili#éd 4f- or 5-shells:
this isthe unconventionabuperconductorsDue to the strong electrons correlation
effects, they are characterized by extremely lafiective mass of electrons. At
normal pressure, these compounds might be as tHereomagnetics (like Cehb
so the ferromagnetics (like Ugle passing at higher temperature into the
paramagnetic phase (as at low so at high presdtige)2.11. However, under the
conditions ofincreased pressuravhen ions in a crystal lattice approach eachrpthe
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in both cases, a condition arises for supercondticappearance, Fig. 2.11. In this
case, superconductivity appears at critical pomlhere antiferromagnetism is
suppressed by the applied pressure.

paramagnetic UGHE
E .
2 @ paramagnetic
® 2
@ ©
3 2 | e
z E ferromagnetic Auparoenchcing
prassure pressure
a b

Fig. 2.11 Schematic phase diagrama: — antiferroelectric Celntransforms as in
paramagnetic so in superconducting phases 5} ferromagnetic UGetransforms as in
paramagnetic so in superconducting phases

These superconducting phases might have diffeyemingtry, and many such
superconductors have been discovered. For instirecepmpound URand doped
compound UBg is transformed from the antiferromagnetic into the
superconductive phases. Unusual connection betwien magnetism and
superconductivity appears most clearly in compo@elsy, CePdSi,, CeColn and
related ones, which are thn-centrosymmetricrystals-superconductors. This
phenomenon leads to novel classification of supadactivity with the mixing of
even and odd parity.

Usually, for example, in alkali metals, tin, coppére effective mass of
electronane is close in magnitude to the mass of a free mactiffering from it at
most by several times. However, it has recentiywdeend that in some compounds
(CeAl;, CeCuSik,, UBej3, CeColn, URWSi,, UPt et al) the effective mass of
electrons is almost a thousand times greater thaihis fact allows us to speak
about "heavy" electrons. The properties of the acmmps mentioned are very
different from those of conventional metals: thepecific heat capacity is several
hundred times greater than the value expecteddonaentional metal; the magnetic
susceptibility is also great. At low temperatusgane of these compounds pass into
a superconducting state, the nature of which diffiemm ordinary superconductivity.
The nature of the large affective mass of electiorsich systems is related to the
guantum nature of the magnetic interaction of etexst and heavy Ce, U, and Pt
atoms.
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2.6 Materials with unstable electronic spectrum

The crystals with a high density of tegcitonic statesooks like promising for the
elaboration of high-temperature superconductorgolmventional superconductors
— metals and metallic alloys — the phase transitivm the superconducting state
theoretically is limited by temperature of 25 K. €llpoint is that at higher
temperatures the Coulomb repulsion exceeds thecatin between the conductive
electrons forming the Cooper pairs, which is duth&electrons interaction with a
lattice, i.e., the electron-phonon coupling.

However, for a long time, theoretical investigatashowed fundamentally
different possibilities of electrons attractionpair, namely, by means ekcitonic
exchange Theoretically, with a such mechanism, the supwtaotivity can be
obtained even at 300 K (currently, high-temperatsuperconductivity reaches
temperature about 200 K). The term "exciton", widéstussing a possibility of
superconductivity, should be interpreted widelymgansany polarized excitation
in the electronic subsystem of a crystal, includangariety of vibration modes of
volumetric or surface type. Since tlwassic superconductors are the three-
dimensional metals, while the excitons can be @ddronly in the dielectrics, the
excitonic superconductor has to lb@h metal and dielectrjantroducing a system
of "crystal in the crystal". This subsystem is anpiex substance, in which the
metallic subsystem allows the free movement oftedes, while the dielectric
subsystem is the environment for spreading of ersibinding the electronic pairs.
In this case, thdimensionalityof a matter should be decreased.

For the purpose of excitonic mechanism implemeonatio the super-
conductivity, two basic systems are offered:

1. One-dimensional systerflD, “needle”-like crystal, Little's model) is, for
example, a long well-conductive molecule-threadhwitasily polarizable side
radicals, which could provide the attraction of doction electrons due to excitonic
transfer. The presence of excitons makes it pass@ origin of high-temperature
superconductivity, as they can compensate the @Guuleepulsion of electrons.
Unfortunately, to obtain the superconductivity D krystal looks as almost
impossible due to a fluctuations (this is so-caledPeierls prohibition)

[Note. In the one-dimensional organic material (Bechgasatt, (TMTTFYCIO4) a super-
conducting phase was found at ambient pressuretraitisition temperature otF 1.4 K. Several

other such salts become superconducting only uexternal pressure, and it is experimentally
shown that some exclusions from Peierls theorenpassiblé.
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Nevertheless, in theDlsystems, the phase transition from go@stmetallic
phase to &igh-edielectricphase is possible, and just this question williseussed
later.

2. Two-dimensional systen2D, "sandwich" crystal, V.L.Ginzburg model)
consists of the "quasi-metallic" layers, surroundadboth sides by the dielectric
layers, which should be carried out the excitonichange, contributing to the
formation of Cooper-type pairs of electrons andstingerconductivity in the metallic
layers. The experimental verification oD2models received full success: the
investigation enables to find hundred materialf it superconductivity, including
many high-temperature superconductors.

Electrical properties of D and D systems are proved to be extremely
interesting, not only for the theory of phase titmss, but also for new applications
in the electronics. Numerous studies results indpening of several classes of
quasi-D, quasi-D crystals with asharp anisotropyf boths ande and various
structural phase transition, caused by the instalof electronic spectrum with the
electron-phonon and electron-exciton interactions.

Consider the model ajuasi-one dimension metaln some D needle-like
crystals at rather high temperatures (50-150 K) ¢oaductivity shows a
temperature peak, Fig. 24,2n which the value of (T) is significantly higher, than
the conductivity of any highly high-conductive mgguch as copper or silver). One
might suppose that this huge conductivity at itmderature peak is due to the
fluctuations of the superconducting state (butphiase, in the[d system, as a rule,
cannot be realized entirely). Calculations showt,thimllowing the one-
dimensionality condition (ideally it is a thin w)rethe "metallic" conductivity is
incompatible with the one-dimensional system of aalence of metallic atoms in
ground state T = 0) but should acquire the properties of dielecfR. Peierls
theorem). Indeed, in the experiments, the quasidomensional conductive system
at low temperatures mostly turns into the dielectri

The example of such behaviour is shown in Fig. Zdr2the quasi-one-
dimensional organic metallic crystal: one of mostudged one-dimensional
conductors — the conductive polymer FTFECNQ (tetrathiafulvalene-tetracyano-
quinodimethane). The anizometric ion (TCN@emonstrates the strong acceptor
properties, and it can form salts, in which thecetmic transfer of charge is
facilitated. Among many such salts that have a igoprs-dimensional structure, it
should be noted the combination of TCNGth TTF", which at 300 K plays a role
of well-conductive cation. Currently, many crystpldymers of this type are
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investigated, and they form a class of quasi-omeedsional “metals"; however,
most of them at low temperatures passes in théainsg phase.
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Fig. 2.12 Phase transition in TTF-TCNQ crystaks:— conductivity sz (curve 1),
magnetic susceptibilitgs (curve2) and permittivityes (curve3); b — densityr of electronic states
with the energy gap below transition temperature— energy gap in the electronic spectrum of
quasi-one dimensional crystal

Needle-like crystals TTF-TCNQ have a strong andgmtrof their electrical
properties. At high temperatures (on the side daitie phase) the conductivity of
this crystal along the “needle$ ) and transverse to is{) different in about 500
times, while in the point of phase transition traia ss/s; reaches 10 This
anisotropy characterizes a degree of one-dimengymd really studied crystal,
which looks like “clot of joint needles”.

At low temperatures (on the side of insulating ghake conductivity of
TTF-TCNQ is very small, but the strong anisotropy beesnapparent in the
dielectric permittivity. Measured in microwaves @vhlow-frequency relaxation
processes can not give any dielectric contribujioresr liquid helium temperature
crystal TTF TCNQ showse; = 3200 ande, = 6. All characteristics in Fig. Bare
shown only for one direction — along a peculiais&xof 1D crystal. It is important
to note, that above transition temperature, theceffike "paraconductivity" is
observed: thes3(T) dependence is close to the Curie-Weiss law. Hewesuch
“paraconductivity” can not turn into the supercociiity below phase transition.
At temperaturelc, instead of superconductivity, tisg(T) dependence shows the
discrete-steps breaks, when the conductivity bescasesmall as in the dielectric.
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In a place of largs, belowTc, the permittivity e; becomes abnormally high, and it
practically does not vary with the temperature, Rid2a, curves.

At low temperatures, an extremely high valueegfin the TTF TCNQ
reminds the properties of displacement type pacaéls (such as SrTiDor
KTaOs). Note, that in the strontium titanate (and in pla¢assium tantalite as well)
a large value of permittivity is observed 200%) without any microwave
dispersion. This is a result of "soft phonon" freqay critical decrease, which
corresponds to the dynamic instability aystal lattice However, in the case of
TTF- TCNQ, the cause @&~ 10°lies in the peculiarities not phononic, lelectronic
spectrum

The magnetic susceptibility of TFFCNQ type crystals is small throughout
all range of studied temperatures changes: frorpdin@magnetic to the diamagnetic
susceptibility, Fig. 2.12 This is significantly different from thelB crystals (of
V,0s type) which also demonstrate the phase transitiom high-temperature
metallic phase to the low-temperature dielectriaggh \AOs type crystals show the
antiferromagnetic ordering in their low-temperatphase. Therefore, in the case of
TTF-TCNQ, the nature of phase transition is differeoinf the Mott transition,
where the low-temperature phase also correspondsligiectric phase with
completely filled valence band.

The phononic spectrum of quasi-crystals, as itoWd from the neutron
scattering study, is characterized by a minimurthew(k) dispersion at a certain
value of phonon quasi-impulsp € K). This so cold W. Kohn anomaly is due to
electron-phonon interaction, and it is observedumh quasi-impulse of phonons,
which equals to twice quasi-impulse of Fermi elensr kK = 2kg). (Note, that in the
one-dimensional metals, the Fermi surface consists/o planes: +& - 2kg).
Electrons scattering with energy conservation cauoonly between these planes,
and it is accompanied by the change in impulse dq. Just at this value of the
impulse the electron-phonon coupling appears.

In the crystals TTFTCNQ, as well as in other type of quasi-crystaks, a
temperature decreases, a Kohn anomaly (minimum(kh dependence) becomes
seen when phase transition approaches. This aneezalifs in the multiplication of
crystal unit cell at the transition to the dielecphase with splitting-off the optical
phonons branch (or branches). One of these braheoesnes the "soft" mode, and
this makes a connection of phonon spectrum ghtrge density wavewhich leads
to highes below the transition temperature.
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Fig. 2.13 Changes in phonon spectruia:— temperature-dependent minimums (Kohn
anomalies in acoustic modd),—mode frequency af = Tc vanishes at wave vecté&r= p/2a
(virtual case)r — new phase appearance with four times smalléioBim zone and three optical

modes, including two "soft" mode®{ andO,); a¢ b¢ c¢— modulated electronic structures in one-
dimensional crystal that determines associatedrelehonon modes

This is illustrated in Fig. 2.13. When approachiomghe phase transition from
the quasi-metallic phase, the Kohn anomaly appeattse acoustic branch of the
one-dimensional metal and gradually going down Eigj3a. To simplify this model,
the Kohn anomaly is shown here when the wave vecjoalk = p/2a, but, in fact,
such a coincidence can be only random, and usisatigt observed.

Figure 1® shows thantermediate(virtual) case of branches splitting: from
the "slowing down" acoustic branch the three optitedes and one acoustic mode
are conceived. From the Fig. 2cliBis seen that after the phase transition thé uni
cell becomes increased in 4 times, while two oh$pted optical branche®( and
O,) are the soft modes. In the started cell of omeedisional metal (with lattice
parameten) all nodes are "neutral”, and the electronic dgnsidistributed evenly,
Fig. 2.1&¢ (the metallic phase). Below the phase transitiba, displacement of
atoms occurs: in the doubling cell (virtual case) &toms are grouped by two (Fig.
13bd; in the new formed lattice atoms are grouped byr f(Fig. 2.18¢ that
corresponds to Fig. 2.tB The redistribution of electronic density giveserto such
situation, when in the area of atoms "thickeninigt®onic density increases, and
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the negative effective charge arises, while toahea of atoms "depression" the
positive effective charge corresponds.

By this way, thevave of electronic densigppears, which in this (idealized)
case is commensurate with the lattice parameteac{gx4 times). However, in
general, which can be implemented in all known expents, the Kohn anomaly
does not arise exactly kt= p/2a, but in thearbitrary placeof the Brillouin zone.
Therefore, the structure of the electronic densgy modulated, i.e., it is
incommensuratavith the lattice parameter. This is the reasonnstability of
electronic spectrum.

The Kohn anomaly in the phononic spectrum is a \watlwn characteristic
of many superconductingD8 metals and alloys, in which the electron-phonon
interaction is a main cause of the supercondugihmse transition. However, in a
given case, the lattice instability of Kohn anom#jpe does not lead to the
superconductivity, but to the dielectric phase ajpgece with the ultrahigh value of
permittivity. This low-temperature “dielectric pleisof quasi-one dimensional
metal has some properties similar to the superatinodil in such dielectric an
energy gap discloses in electronic energy spectitigpn 2.12), but the pair of
interacting electrons (or holes) is descended fildfarent bandswhile the Cooper
interaction in the superconductors occurs betwkeretectrons belonging to same
energy band.

Therefore, the quasi-one-dimensional systems ofcatsd with metallic
conductivity at lower temperatures turn into thelelctrics with the unstable
electronic spectrum, which at elevated temperattn@ssforms into the quasi-
metals. These properties, observed even at theowsse frequencies, are the
evidence of their proximity to the superconducterile the Kohn anomaly is the
evidence of electronic nature of the phase tramsiti

The theory of one-dimensional conducting systenueigloped long before
their experimental realization. First time it hasebh shown by W. Peierls, who
determined that the structure of a one-dimensiowdhl at low temperatures should
be changed by such a way that it turns into arlatsu At that, the crystalline lattice
must be reconstructed. Lattice distortion, causgctlbctron-phonon interaction,
splits the partially filled energy band of the aiezensional metal on a totally filled
energy band and empty sub-band, which correspontie tdielectric. In the Peierls
theory, the Coulomb interaction of electrons do&staken into account. However,
from the Mott theory, it follows that this interamt results in low-temperature
instability of metallic phase. The defects in caysattice are also favourable for the
insulating phase appearance instead of metallisgpha
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With temperature decrease, in electronic spectriuiRecerls type insulator an
energy ga forms, which tends to have a maximum at tempegdiur O K. This
D(T) dependence further extends the analogy betweeal-aielectric and metal-
superconductor phase transitions. In addition,empmenon of "para-conductivity"
is observed (curvé in Fig. 2.12) that can be interpreted as the fluctuations of
superconducting phase, occurring near transitiom fthe quasi-metal to the high-
polarizable insulator. This transition looks likisgtoportionate, because the value
2k- is not a multiple to th@/ (a is the lattice parameter in conductive phase).
Modulated by the charge density waves in the sirecof dielectric (originated
below a phase transition) cause the large and mantta high contribution to the
dielectric constant.

In the vicinity of phase transition, the propertid®ne-dimensional structure
are very sensitive to the fluctuations. Theorelycdbr violation of long-ordering
structure, a break of ordering originated anlypne points sufficient. However, in
the real quasi{ structures (thin, needle-like, but still macrogcapystals in their
thickness), the situation is another, and stabitifya system to fluctuations
significantly increased due to interaction betweerghbouring "threads" of such
structure. The degree of "three-dimensionality'uslitatively assessed by high
value ofs ande anisotropy in these crystals.

Three-dimensional interaction not only can "extiisgti the fluctuations, but
also can suppress the Peierls transition. Due isostippression, in some quasi-
structures, the superconductivity becomes posditmexample, polymer (SN)s a
guasi-D superconductor, because dielectric phase in is shmé occur, however
(SN) transition temperature is very small £ 0.3 K). The impact of fluctuations
onto the superconductive phase transition is mihimathe ordinary three-
dimensional structures (8, where, for ordering violation, a break shouldurcon
some surface in a crystal. The R-structures, in terms of resistance to the
fluctuations, are in the intermediate positionf@sthe destruction of ordering in
them the “fluctuating break" should be on time (but not at ongoint, as for D-
structures). Therefore, in the quasi-two-dimendi@taictures, the probability to
obtain the superconducting state is greater thahamone-dimensional structures
(while the probability of high-polarizable dielectoccurrence is lower than in the
case of quasi{d systems).

Currently, the two-dimensional structures of matalilator type are widely
implemented, not only at macroscopic level (in fblen of alternating metal and
dielectric films), but also in a microscopic leatomic layers). The latter are the
most interesting as the systems with electron-phanstability, leading to phase
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transitions. It is just in the@2structures a high-temperature superconductivity is
discovered, which offers the great opportunitiess tezhnical applications in the
cryogenic electronics.

The electron-phonon instability in the two-dimemgibsystems, like in the
one-dimensional systems, might result in the plrasesitions, analogous to Peierls
transition. However, if in theD-structures, the metal-insulator transition is most
typical, in the case of[2-structures the transition of metal-semimetal lool@e
typical. In both cases, the transitions are cooddd by the electron-phonon
interaction.

Dielectrics with superconducting phase transitioifhe peculiarity of
electronic spectrum of the semimetals leads tofalse that in addition to their
electron-hole "pairing"” (when band gap formatiore.,i "dielectrization"), the
electron-electron pairing with Cooper pairs forroatis possible, resulting in the
superconductivity. In the latter case, the attoacdf electrons (arising due to their
exchange by phonons) exceeds the electrons Coulepaitsion.

Not only in the metals, but also in the crystalshvthe energy gap in their
electronic spectrum (the semiconductors and digbsctpossessing increased
concentration of charged carrier), at low tempeesuheir conductivity, instead of
a smooth decrease to zero, can in spurts incrgade the infinite value. The
coupling energy of Cooper pairs is caused by theteln-phonon interaction; as a
result, the pair of electrons can not be scattbyeldttice vibrations, which leads to
the superconductivity, thikigh permittivityfacilitates to the formation of Cooper
pairs because increasedramatically reduces the Coulomb repulsion oftetes.

At that, we should notice that the largeat low temperatures is peculiar to the
paraelectrics and virtual ferroelectrics.

Indeed, superconducting phase transitions in digtscfirst was discovered
in the doped strontium titanate (the virtual feleatric withe» 40 000 at = 4 #)
and in the narrow-gap ferroelectrics-semicondu@aiTe withe» 2000). Although
the temperature of superconducting transition @s¢hmaterials not exceeds 0.3 K,
the possibility of superconductivity in them is cial. This fact was used in the
following investigations and, finally, for high-tgrarature superconductivity
invention just in the mixed oxides, which have tgpifor ferroelectrics possessing
perovskite structure.

First of all, the superconductivity in dielectricass found in the complex
oxides of tungsten type -AVO; (where A is the alkali metal ions): the phase
transition to superconducting state was seen im tietemperatures up to 7 K.
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Then it is turned out that in other complex oxidbs superconducting
transition occurs even @t= 13 K, for example, in the LiTi+ 4, and in a ferroelectric
solid solution BaPhBixOs. Last composition is of interest not only becatise
superconductivity occurs in the material with a lchnarge carriers density, but due
relatively high transition temperature.

As most ceramic materials, the BakBi,O; composition has high chemical
and thermal stability; moreover, this ceramics b&nobtained by the standard
techniques (including in the form of thin films).ilfas of this ferroelectric-
superconductor looks like one of promising matetoalise in various devices of
cryogenic (helium) electronics.

Finally, the temperature of superconducting phasesition in the ceramic
oxide compounds were essentially increased, ilyitigh to 40 K (ceramic solid
solutions LaB ;. Cu@y); next the superconductivity was obtained abotsgen
temperature (77 K). Mechanism of this supercongiigtis supposed to be the
bipolaronic the Cooper electrons are bound in pairs liketedes in the metallic
superconductors.

The discovery of high-temperature superconductiuitylate 1986 in the
polycrystalline oxide compounds, such as ¥Ba0;., at ¢ » 100 #, has a
significant impact on novel electronic equipmeraberation, providing a basis for
new components.

Due to discovery of high-temperature superconditgtithe more quick
computer memory devices, as well as the microwanwe/erters and generators,
tuneable electronic devices and many others devicas be constructed.
Theoretically, it is possible to develop supercarohg materials with operating
temperature 300 K (available experimental dataigradictory).

2.7 Some aspects of superconductivity

Superconductivity is one of "cooperative" effects the ensemble of
conduction electrons, but it can not be explaingd sbmple models within
“iIndependent electrons"”. Superconductivity is vameresting in science and
important for technique in sense that supercondsidtave no skin effect so the
energy losses are significantly reduced. In addlitms found by Josephson, the
contact of various superconductors, separatedibyi@lectric layer, can give effect
of microwave generation, as well as enables thetyasf sensory devices creation.

Theory of superconductivity in metals (having 3@it®) is created much
later after itsthis discovery. Conduction electrtorsn the Cooper pairs (that belong
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to bosons) and they can propagate in superconguctetals without any loss of
energy [1]. However, according to theory, the terapge of superconducting
transition cannot exceed 25 K (in agreement witpeexnents conducted with
metals and alloys). This limit follows from the nh@mism of electron-phonon
interaction in the 3D regular structures. Indeednfany years of research, either in
pure metals or in metallic alloys there were nacsgs to reach higher temperature
of superconducting phase transition than 25 K. Tiawhy, the application of
metallic superconductors in power engineering, ted@eccs and microwave
technique necessarily requires the cooling of avio liquid helium temperature
(near 4 K). This leads to a very high cost of cemg devices. Nevertheless, the
cryoenergetics with hardware elaborated for helaguling and superconducting
alloys of NSn type are widely applied. In the microwave crgo@bnics, mainly
the niobium is used (in the microwave resonatodsnaitiimetre range waveguides).
In the devices based on Josephson’s effect the fadnd other superconductors
cooled by the liquid helium are applied.

In the contemporary cryoelectronics, for some etent devices, the cooling
by liquid nitrogen is also used (at temperatureK7ivhich is hundred times less
expensive than the helium hardware); this becorossiple after discovery of high-
temperature superconductivity.

Zero resistance of superconductorBemperature of phase transition into the
superconducting state is critical temperatuge Most prominent pure metals—
superconductors are lead, tin, niobium and somerethlote that conductors, which
are best in normal conditions, such as copper, golilver, cannot turn into the
superconducting phase: at very low temperaturgsatesonly crioconductors. Most
of known superconductors are the alloys and cortgasterials; their total number
is up to several hundreds, and growing. In pamiGihe substances which belong
to a family of high-temperature superconductors $H€onsist of three, four, and
even five components. In principal, due to higrspuge technology, it is possible to
transfer into the superconducting state even tydietectrics, such as solid nitrogen
and oxygen, but physicists expect the highksin solid hydrogen (however,
superconductive "metallic hydrogen" up to now is rehiable prepared).

The magnetic field influencelt was found that superconductivity in the
metals can be destroyed not only by temperaoeth, but also under the influence
of magnetic field which is also the critical pardere .. This effect is shown in Fig.
14a as a phase diagram of superconducting Stated normal statd. This diagram
Is built using the "normalized" temperature (raéfid;) and "normalized" magnetic
field (ratio H/H;). However, such diagram is the characteristic ofy
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superconductors offast type In the superconductors osacond typéthat are not
considered here) the dependenceTpfon the magnetic field is much more
complicated [1].

Therefore, classic superconducting state can beedaonly at very low
temperatures and at relatively small magnetic $ielthe fact, that magnetic field
influences on the orientation of electrons spinghe Cooper pairs, which are main
cause of super-conductivity, spins of the interaclectrons obviously must have
opposite orientation.
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Fig. 2.14 Main characteristics of superconduct@s: dependence of superconducting
phase S on relative temperatiivd. and relative magnetic field/H. for superconductor of the
first kind; b — specific heat capacity temperature anomaly peszonductor phase transition.

Anomaly of heat capacity at phase transitiomhe change of energy and
entropy in the superconductor can be expressedghrthe magnetic interaction;
firstly, because exactly the magnetic fields able to destroy superconductivity and,
secondly, the surface current in the supercondumstes magnetic momekt
which completely compensates the applied to superodior external magnetic
field. Calculations show that in the point of phassition into superconducting
state the specific heat must show a jump, Fig. [2.Bhd this expectation is
confirmed by the numerous experiments. Indeed,xaman of heat capacity at the
superconductor transition point exists despite eékpected linear incread(; )
typical in metals (in normal metal electrons wikteit half-integer spin obey the
Fermi-Dirac statistics which cause the linear deeece CT).

However, the notable fact is that not linear bwd parabolic temperature
dependence of the specific heat is seen below ghasstion temperature Tc, i.e.,
in the superconducting phase follow Debye 166+ T3. This fact clearly indicates
that the statistics of electrons in the supercotadus changed: now it is the Bose
statistics that is a characteristic for substama#sthe integer spin (Cooper pairs of
electrons are bosons).

Meissner’s effectWhen temperature decreases below critical temyrerd,

the superconductor completely forces out of itslef magnetic field: first type
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superconductivity is incompatible with the magndietd. Figure 15 demonstrates
that when the “ideal conductor” (which is not a exgonductor) first is exposed to
the steady magnetic field, penetrating throughig, 2.1% and then is cooled down,
the magnetic field in it will be same, Fig. 20LGn this mental experiment the
conductor is supposed as the diamagnetic).

However, the magnetic behaviour af@perconductors quite different from
the “ideal conductor”, Fig. 2.25d. When passing through the phase transition the
superconductor will actively exclude any preserfomagnetic field. The expulsion
of magnetic field from the superconductor at phtaasition from normal into
superconducting state is tMeissner’s effect

B

a C

Ideal @ Superconductor D

conductor

b

Fig. 2.15.Diagram explaining Meissner effect, magnetic fieheés are shown by arrows:
a — ideal conductor at elevated temperatlyer- same conductor at extremely low
temperature¢ — superconductor abovg; d — superconductor below

As shown by the direct experiments, at temperatures . under the
influence of external magnetic field, regardlesshofv superconducting state is
activated, inside of the superconductor any magaibin is always absers = 0.
Otherwise this result is treated 22v0 permeabilityof superconductor, i.em= 0.
This fact clearly demonstrates that supercondadas quite different material from
the "ideal conductor". Morweover, the first typgetconductivity can exist, when
external magnetic field is less than value of caitimagnetic field ( < o),
independently on previous history of a sample. €&ponding equilibrium state is
thermodynamically stable, and it can be charaadrizvithin thermodynamic
approaches.

Therefore, one can make important conclusion: sgpeluctivity is such
state of high conduction systems, in which alwayslied two conditions:

r=0 and m=0.
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One of theoretical explanations of the Meissnéifasce comes from Londons
equations [1]. They show that the magnetic fieldually, can slightly penetrate
inside a superconductor, but with the exponengarelase over distance of 20-40
nm. It can be described in the terms of speciarpater: the Londonsenetration
depth

As a rule, at rather strong magnetic field the scgeductivity disappears,
Fig. 14a. However, all known superconductors can be diviod two classes,
according to the way how the magnetic breakdowrusccin the Type | the
superconductivity is abruptly destroyed, when tliengith of magnetic field rises
above the critical valuel.. However, in the Type Il superconductors, the nesign
field exceeding the first critical valud.;, converts the superconductor to peculiar
mixed statewhen the magnetic fluxes can penetrate localthenmaterial, but, as a
whole, the superconductor remains as the non-4sesishaterial up to the
achievement of the second critical fieltl, (when the electrical current in the
superconductor becomes too large)re metallic superconductors usually belong
to the Type | while most of superconductaloysbelong to the Type II.

Quantization of magnetic fluxIf one would take the ring of superconductive
material and induces the current in it by the exdbmagnetic field influence
(Faraday’s effect), this current will flow in theng indefinite time, because any
resistance in the ring is absent. To realize thgeament, the superconducting ring
should be taken at temperature higher than theitram temperature (> ); at
that, the lines of magnetic field crosses the afearing, Fig. 2.16.

Then the temperature might be lowered below gend the source, creating
magnetic field, is turned off. At the time when magc flux is switching off, starts
its decrease with the inducing electromotive farcéhe ring with a current. This
current will prevent the reduction of magnetic flgo after external magnetic field
turning off the magnetic flux in a ring will remaat the same level, because it is
supported by a current flowing in the superconahgcting.

2

7o
YASSSSLSS SIS SISS SIS Y.
n

w2
> N
wn

122



Fig. 2.16 Quantum properties of superconductivey frozen magnetic flux through the
superconducting rind) — schematic representation of Josephson contaetk(connection)

If this ring would have a resistanBe after the turning off external field, the
current in the ring (which has the inductaricewill disappear with the time
dependence of exp(+}/ wheret ~ R/L. Since the superconductor Has= 0, the
time of current existence in ring ts= ¥. This means that the magnetic flux is
"frozen" due to constant current in the supercotidgeing. Moreover, this "frozen"
magnetic flux is not any value, but has a certailie multiplied byF o = 2.0%.0~7
Gs/cnt. This parameter is th@undamental constantand this quantum of the
magnetic flux that can be expressed through otheddmental constantg;, =
hc/2e. The quantization of magnetic flux identically doms thequantum naturef
superconductivity.

Josephson’s effectsThese effects also demonstrate a quantum nafure o
superconductivity. There are two Josephson’s effatationary and non-stationary,
and they both belong to a weak superconductivityhen two semiconductors are
connected though any non-superconducting layes Wneak coupling”" can be the
tunnel junction, thin-film narrowing, and, finallya simple touching of one
superconductor to another at a point, Fig. B.16

ThestationaryJosephson’s effect is a small current, passirgutiir the poor
connection, even if this weak link is the dielectayer. Under created conditions,
the weak link does not show electrical resistanbermthe movement of electrons
in both superconductors is agresaherently Weak connection does not prevent
superconducting electrons to be in #ane quantum ensemble other words, the
wave function of electrons is able to penetrate vileak connection from one
superconducting area to another — this is ittierference All electrons in the
macroscopic superconductor can be described Imgeesvave function (such as the
electrons in individual atom).

The non-stationaryJosephson’s effect is the increase of currentutfivoa
weak connection, when the voltage V is applied.tdhen, under the influence of
applied voltage, in addition to the constant congmn the variable current
component appears, described by frequencglated to applied voltage by the ratio
n = 2eV/h The frequency of this generation is very higlcéked in the range of
microwaves), and this frequency is a linear functaf applied voltage. Non-
stationary Josephson’s effect can be used to gen@ararowaves in GHz range.

Electron-phonon interaction It is important that in the superconductors an
isotopic effect is discovered: this means that the tempezadf phase transition
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depends on the mass of ions of crystal latticeh®uperimental data clearly indicate
the active part of lattice oscillations (i.e., iogpres) to create superconducting state.
According to results of theoretical analysis, theeiaction between electrons and
lattice vibrations is a main reason of supercondifigin the simple metals and their
alloys. Under certain conditions, the electronsfns interaction might have
character of attraction. If this attraction is sger than the Coulomb repulsion
between electrons, it dominates between the clagirs; as a result, at very low
temperature the superconductivity looks as the roaitered and, therefore, energy
more comfortable state.

For simplified analysis of the electrons and phanioiteraction, lets initially
assumed that in a metal at temperafureO no thermally exited phonons exists (it
Is believed that nothing disturbs a lattice or najhinteracts with it). When the
electron moves in crystal lattice with the wave teed:, it can collide with
stationary ion, and due to scattering process dlastron will turn into another
energy state with the wave vectal. In such a case, one can say that “electron
generates” the phonon, which before the scattewas absent. Lattice is
characterized by the invariant translations; theesf the law of impulses
conservation has to be implemented:

ki = ki >+ g.
Next this phonon can be absorbed by the secontt@ewith the wave vectdry,,

forcing him to move to statie,'. Since phonon was generated and next disappears,
the electron’s impulse before and after scattemogt be same:

ki + ko= ki>+ kol.

It is considered that such scattering corresponddectron-phonon-electron
process, or otherwise, to thedirect electron-electron interaction which can be
characterized by a diagram shown in Figa.1At the time, when the electron goes
from statek; to statek;> the oscillations in the electronic density occuith a
frequency

n=[ (k)— (ka3l/h,

where (ki) and (ki3 are energies of initial and final state of elentr

Suppose that as a result of such fluctuationseditednic density in one place
this density locally becomes increased. Positives iof lattice will feel this
temporary attraction that occurs in this place.yr@l move to it, and, having
relatively big mass and inertia, will continue thenoving even after the
compensation of the local negative charge is aellieVhis, in turn, results in the
excess of positive chargesame place. Now it becomes the centre of dibrafor

124



electrons, to where they move towards from neadyions. All this allows
characterize the dynamic picture by such a way tbaks as theattractive
interactionbetween electrons.

Fig. 2.17. Superconductivity mechanisma: — diagram explaining electron-phonon-
electron interaction in superconductdns;: schematic representation of Fermi surface in metal;
interaction of Cooper electrons is possible justrikis surface-layer

However, it should be noted that the attractiothiyy scheme is only possible
if the distinctive frequency of such interactiordss than the own frequency of ionic
subsystem (last is characterized by Debye frequapcyin order to electron can
move to the statk;>from its initial statek,, first of all, this state should be free
(Pauli principle). This is possible, as known, onlar the Fermi surfac¢or in
vicinity of Fermi energy) that can be simplistigalepresented as a sphere of radius
ke in the k-space, Fig. 2.b7

Next it is possible to formulate the rule of eleas interaction via the
phonons involving, or, finally, through the intetiaa with them. Those electrons,
whose energy is different from the Fermi energytle& valuehnp, can attract
together (rest of electrons continue to push @fnsiderable attraction is peculiar
only to those electrons, which energy states lia marrow spherical layer around
the Fermi energy; its thicknesBiRcorresponds to energyd, Fig. 2.1D.

High-temperature superconductivitgyHTS) is possible not in the classic
metals, but in the other crystals — semiconducém® even dielectrics. In these
uncommon cases, at low temperatures, the condiydtmgtead of smooth reduction
to zero can be converted abruptly into the endlekse (in spite of relatively small
concentration of charge carriers). At that, thergyef electrons connection into the
Cooper pair is carried out not by the electron-gmealectron interaction, but
through some others mechanisms (exciton type) wgislo can result in the
superconductivity.
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The crystals, which have high density of excitatest, looks like promising
materials for the elaboration of high-temperatuneesconductors. For a long time
theoretical predictions showed the possibilitieelgctrons attraction and Cooper
pairs rising by means of exciton exchange. In ppie¢c with such predicted
mechanisms, the superconductivity can be obtaived at 300 K (currently, in
2017, high-temperature superconductivity reach@apégeature of about 200 K).

When discussing the possibility of superconductjvihe term "exciton"
should be interpreted widely: it means any polarizxcitation in electronic
subsystem of a crystal, including the variety difration modes of spatial or surface
type. Since classic superconductors are the threergional (3D) metals or alloys,
while excitons can be extended only in dielectribs, exciton superconductor has
to be both metal and dielectric simultaneouslyroticing a system of "crystal in
the crystal”. This system might be a complex sutzstain which metallic subsystem
allows free movement of electronic pairs, while leléric subsystem is the
environment for excitons spreading, which can fhie electrons in pairs. In this
case, the dimensionality of a matter should beedesad.

Among other possibilities, the exciton mechanisrale€trons coupling in the
Cooper pairs might be possible in tbhee-dimensionabystem(1D, needle-like
crystal). It is, for example, the long well-conduet molecule-thread with easily
polarizable side radicals that can provide attoacbf conductive electrons due to
excitonic exchange. The presence of the excitorlema possible the appearance
of high-temperature superconductivity, because é¢leitons can compensate
Coulomb repulsion of electrons. However, the acteent of superconductivity in
the 1D crystal is almost impossible due to therfhadtuations (that is so-called
“Peierls prohibition”). Nevertheless, in aome of 4y&tem, the phase transition from
the quasi-metallic phase to the higldielectric phase is possible: guasi-one-
dimensional highly conductive (abovg) system at low temperatures turns into
“super-dielectric” withe » 2000.

In the vicinity of the phase transition, the phwsiproperties of one-
dimensional structure is very sensitive to thetflatons. Theoretically, in the 1D
longitudinally-ordered structure the full disordeygi (with the violation of main
properties) can occur just in one point. However,reality, in thequast1D
structures (thin, needle-like, but still macroscopy their thickness crystals),
situation changes, and the stability of systemluotfiations increases due to the
interaction between the neighbouring "threads" wdhsstructure. The degree of
"three-dimensionality” is qualitatively assessed thg degree of anisotropy of
conductivity and permittivity in these crystals.réb-dimensional interaction not
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only can "extinguish" the fluctuations, but alsm cappress Peierls transition. Due
to this suppression, in some of quasi-1D structwgserconductivity becomes
possible: for example, in the polymer (SMhich is quasi-1D superconductor, the
dielectric phase does not occur, however, temperataf transition to
superconductivity is very small = 0.3 K).

The impact of fluctuations onto the phase transitd metal-dielectric type
of crystals is minimal in ordinary three-dimensibrsructures, in which the
violation of ordering should occur on certanrfaceinside a crystal. The 2D-
structures, in terms of their resistance to fluctues, are found in intermediate
position, as for destruction of their ordering,,i:uctuating break" should be seen
on acertain line (but not ina pointas for ID-structures). Therefore, in the quasi-
two-dimensional structures, the probability to abtde superconducting state is
much greater, than in the one-dimensional strusture

Electrons formation into the Cooper pairs is progdotby the large
permittivity (€) which strongly reduces the Coulomb repulsion lec&ons. As
known, at helium temperatures, some of paraelscaia ferroelectrics have very
big permittivity. Indeed, the superconducting phasasitions in these dielectrics
were first discovered in the doped strontium titar{d hase» 40 000 at temperature
T ? 4 K), as well as in narrow-gap ferroelectric-sesniductor SnTed » 2000).
Although the temperature of superconducting tramsiin these dielectrics is less
than 0.3 K, exactly aossibility of superconductivity in these cases looks
fundamentally significant.

This opportunity is used to find the high-temperatsuperconductivity in the
mixed oxides of the perovskite structure (which astypical structure for
ferroelectrics). High-temperature superconductivifHTS) is discovered
experimentally only in 1986, although the theoitfrediction of this phenomenon
was long time before known as for two-dimensio2d))(so for one-dimensional
(1D) non-metallic structures. Theoretically, thecm&nism of electrons interaction
by exciton exchange in these structures has noagetyre limit.

Short history of HTS is shown in Fig. 18. Among stgonductive two-
dimensional systems (complex oxides), first sevienadstates of ANO; type were
discovered (A is alkali metal). Phase transitiomo isuperconductive state in
tungstates was observed at temperatures up toThé&n it is turned out, that in
another complex oxides superconducting transitmurs even at temperature near
T. = 13 K, for example, in compound LpL# 4 and in ferroelectric BaRkBi +.
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Fig. 2.18 History of superconducting materials research.

Finally, a significant increase of superconductipdase transitions
temperature is achieved: firstly up to 40 K in cei@acompound L& ;. Cut 4, next
superconductivity is discovered above nitrogen terature (liquid nitrogen boils at
temperaturd. = 77 K). Mechanism of this superconductivity isigoolyaronic type:
polarons bound in Cooper pairs (like electrons mtatic superconductors). The
discovery of HTS in the polycrystalline oxides, Bas compound 6 xCut 4 ( ¢
» 35#, Nobel Prize for 1987 year) and YBag+ 7« (; ¢ » 100#) becomes the basis
for new components of electronic equipment.

In 2001, the superconductivity in the fusion Mghagnesium diboride) is
discovered with relatively high transition temperat T, = 40 K. Crystal structure
of these substance consists of boron and magndayems (before only certain
compounds of copper and oxygen, so-called "cupratesbelieved to have HTS
properties). In year 2008 several iron-based comg®ubecome known as
superconducting at high temperatures. At preshetreéached "record” of HTS is
203 K: in hydrogen sulfide (#$) under pressure of 150 gigapascals. Theoretjcally
there is possibility of superconducting materialsvelopment with operating
temperature of 300 K (available experimental infation is controversial).

Thanks to high-temperature superconductivity discpvit becomes possible
to construct high-speed computer memory devicesrawave converters and
generators, electronic sensors and others. Micreweshnique from many of HTS
mainly uses the composition, designated as "1-2s&h chemical formula
YBa,CuwsO7«. In Fig. 2.19 this is compound is designated aBa¥Cu-O that has
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transition temperature slightly higher than 100TKis transition temperature is
sufficient for HTS application at temperature of K7i.e., with cooling by liquid
nitrogen. This type of cooling cost hundreds ofasress than cooling by liquid
helium. Moreover, at increased operating tempegadfitHTS, microwave devices
can be applied in the space electronics. Technaddd¥-2-3" composition is well
developed: Y-Ba-Cu-O is prepared as thin poly- amoho- crystalline films,
deposited onto dielectric substrates that havenmevowave losses, such as MgO,
LaAlOg3, Al,Os (sapphire) and so on.

In high-frequency and microwave technologies cotmigc and super-
conductors are compared by their surface resist&ceneasured in ohms. For
ordinary metals the value okks defined by skin effect, then

Rs = (1/2mow)*2,
wherer is resistivity;my is magnetic constant awd = Zpn is circular frequency.

Thus,Rs in the conventional metals slowly increases widgéiency as/\_/.

In the superconductors, particularly in the HTS, $kin effect is absent but
there is another uncomfortable for microwave applons effect: the depth of
penetration of electromagnetic field in the surfatsuperconductor. The reason is
a presence in the superconductor not only the Gqumges of electrons (which do
not cause any resistance), but also the ordinagtrehs which make such a
resistance. It is determined that at high frequesan the superconduct®s is

nonzero, and it rather fast increases with frequelRe~ n2.
Be QO
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Fig. 2.19.Frequency dependence of surface resistance imcanukictors and copper
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Theoretical calculations are well documented expenitally. Frequency
characteristics of best (at room-temperature) cotwlicopper at 77 K, as well as
the niobium in the normal state (at temperature I8)@nd in the superconducting
state (at liquid helium at temperature 5.2 K) ammpared in Fig. 19. Most important
in this figure is the frequency dependence of Y&aO film: surface resistance
increases with frequency very rapidly as in clasamerconductor Nb, so in the HTS
film. Therefore, at the millimetre waves (100 GHrabove) the superconductors
have no advantage over a copper.

However, at frequencies lower than 20 GHz, the HI&trodes have a
significant advantage as compared to Cu (even bmnted to the liquid nitrogen,
77 K). At that, the electrodes made of niobium lbekter than HTS, but they need
very expensive cooling by helium. Superconducti@gXusO7.« films deposited
on dielectric substrates are successfully usectadstof usual superconductive
metals in the microstrip and coplanar microwaveicks; allowing obtain a record
high-quality filters, phase shifters with small des of energy and other passive
microwave devices. There are also some active deWiased on the HTS films that
use Josephson'’s effects.

2.8 Absorbing and reflection of EM waves in metals

Metals are interesting material for use in microvabsorbent composites as
fillers for two main reasons. Firstly, their highnzluctivitys makes it possible to
ensure the absorption of EM wave by the increaseaginary part of permittivity
€' =s/eyw, since from Maxwell's equation: rbt = | + D/1]t it follows that losses
caused by delay of polarizatio0{/ft) and conductivity losse§ E s ) are
indistinguishable for EM wave. Secondly, severatalseare ferromagnetics, and
thus such a filler helps to reduce the reflectibrEM wave from the absorbing
composite.

It is quite obvious that a metal should be incluohetthe composite only in the
form of fine fraction (micro- or nano-particlesih this case, it is impossible to use
macroscopic parametsrof metal, but it can be predicted on the baslsoivliedge
about EM properties of metal in the frequency rangblere s(w) undergoes
dispersion, Fig. 2d. Metals are characterized by high reflectivi®),(which is due
to their large conductivity, and, therefore, thatpaf incident EM energy |}
absorbed in metaly], is small, since the energy of incident EM wavé¢hie suml
= R + A. At that, transmissionT) of EM wave is possible only in the exceptional
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cases (mentioned below). From timcroscopicpoint of view, when explaining
possible cases of metal interaction with EM wawess, important to consider that
in a metal the valence band of electronic spectuarlaps with conduction band,
but they are separated by Fermi level, below whighlocated the energy states of
most electrons which fast reaction explains therattions of metal with the EM
field. However, this mechanism of EM wave interactstrongly changes in small
metal particles. In the nano-scale fillers of nieta¢dlements (of OD, 1D and 2D
configurations), used in the composite materiks,dlectronic spectrum is no longer
continuous: instead of Fermi level the energy gajges in a spectrum, and its width
and configuration depends on the particles sizevartde configuration dimensions. In
this case, the reaction of electrons to a highdieeqy EM field, in part resembles
properties of semiconductors and even dielecthitsiery small nano-particles the
transition of electrons through the energy gapstivated by thermal movement or by
other external factors.

In microwave composites, the conductive fillersyode EM wave absorption
due to ohmic losses. It is obvious that the cormiuehetal, graphite, graphene, etc.)
should enter the composite only in the form of aalénfraction (micro- or
nanoparticles). The mechanism of interaction of @&/es changes greatly in the
case of small conductor particles. In this casewadtuld be incorrect in the
calculations to use macroscopic data on the etattconductivity §) of, for
example, a metal, but the microwave losses crdatéid particles can be predicted
on the basis of knowledge of the EM propertieshef conductor in the frequency
range wherea (w) exhibits dispersion , Figdl

The particle sizes used in microwave absorbing asigs are commensurate
with or even smaller than the electron mean frek [@ngth. It is also important to
note that during the drifting motion of the electigas, not the acceleration, but the
speed of the electrons is proportional to the eteield. That is why, the electrical
conductivity is not proportional to the charge ofe&ectron, but to its squarse ¢
€?), while the deceleration of the electron drifthe electric field is equal tomu/@
and can be described by the equatiomlu/dt = mu/@ eHt), solution the
connection of which is shown in Figdlas the dispersion of the conduction
frequencys (W) =so/(1Hw@ or:

et
sd(w):l-:A(,)th; S M): SR s = n

- = s F —.
+wA m

The reduction of the real part of the conductivstghown in Fig. 2.d, due to

the delay of drifting motion of electrons, and tlgads to th@egative permittivity

of metals e¢w) =s?(w)/(ew), associated with the imaginary part of the
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conductivity. It is generally accepted that at gaia frequency, which is called the
plasma frequencywy), the dielectric constant turns to zex¢w) = 0, crossing the
abscissa axis and reaches the value ey, whichafmus metals is equal & = 4-

8. This behavior of the electronic gas in metalyeny high-frequency EM field
requires the introduction of the plasma frequermycept. If it is assumed that the
limiting dielectric constant of metal & = 1, the plasma frequency can be estimated
by the valuew, = (N&/mep)2.

Maxwell's equation (ratl =j + YD/qt) shows that the current dengity sE
and the time derivative of the electrical displaeatmare additive quantities, and
therefore the complex conductivay(w) = s@(w) +is? (w) is related to the complex
permittivity e*(w) = e¢w) —ie2(w):

_stw). s . o _ném W
v QW ot oW’ oLy “wW-ing wW-ing
wheree*(w) is expressed in terms of the plasma frequencyampl the damping
coefficient of plasma oscillationg:= 1. Microwave measurements show that the
negative permittivity of highly conductive metalppaoaches several thousand,
while it is only a few hundred for low-conductingagnetic metals.

The given description of plasma oscillations anel #issociated dispersion
s*(w) needs to be clarified, since it is necessary¢dipt the microwave properties
of small metal particles used as fillers in absaglsomposites. T

he thing is that plasmons in nanoparticles, stamvith their certain size, are
no longer registered. The reflection spectra offlietelements change significantly
as the size of metal particles decreases, espeaiadn moving to nanoscale. At the
same time, the conductivity drops sharply and p&sscillations do not occur:
nanoparticles of metallic elements cease to belmeta

First, they exhibit "semiconductor" and then evelectric" properties. It is
obvious that a wide range of electromagnetic pitoggeof nanoparticles can be
obtained at these stages, especially if differeahnological methods are used to
obtain agglomerates of particles having a quastbmensional or quasi-two-
dimensional configuration. In the absence of theldimg property of the electronic
gas (characteristic of a massive metal), the rblelectron shells of ions in metal
nanoparticles increases significantly. So, nanateldgy makes it possible to
control the EM properties of matter. Absorption @amghsmission characteristics
change especially strongly when moving to nanoesimetal particles.

The transmission of a part of the EM radiationirgllon the conductor is
possible only in the case of a very thin metal tayel, of course, when the frequency
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of the EM radiation is high enough. The analysisvgh that the intensity of the
incident wave Ip) decreases exponentially during its propagatioouth the metal,
resulting in a much lower intensity of the trandedtwave.

This happens because the metal strongly dampensitiaé intensity of the
wave. Obviously, the decrease in wave intensigise related to the thickness of
the metal layer, so the extinction coefficientagsial tol (xX) = I0exp( 4Akx/B), where
k is the attenuation constant. In connection with Weakening of EM waves in
metal, such a parameter as the depth of penetrdtierio the skin effect acquires
special importance.

This effect is manifested only in an alternatingcélic field and consists in
the redistribution of the current density in th@doctor: it becomes maximum near
the surface of the conductor and decreases expalhemtith increasing distance
from the metal surface. In the near-surface regiba,current density, decays
exponentially, which is described ) = joexp( x/d), whered is the skin layer (or
penetration depth) at which the surface currentedses to "#' ( 0.37) from its
initial value.

As a result, the skin effect increases the effeatesistance of the conductor,
which is fundamentally different from a constantreat that is evenly distributed
along the conductor. The skin effect occurs duspfmosing eddy currents caused by
a change in the magnetic field. At a frequency ®fGHz, when the length of the
EM wave in vacuunt o = 3 cm, the depth of the skin layer in good comnoltscis
onlyd = 0.60.82m. The general formula for the size of the skirelayg as follows:

2r
d:\/wm) m\/1+(rwe0e)2 +rwey,e (5)

wherer = 15 is the specific resistance. At low frequenciesewhwe e << 1 (that
IS, when the conductivity is largeme << s), the value in brackets is close to unity,
so above formula is more often given in the fodw: (2r /(wmym)*2.

However, in the case of smaller metal particles. (for 0D, 1D and 2D
nanoparticles), which become poor conductors utfdemfluence of microwaves,
the coefficient in brackets in formula (5) incremsas a result, at frequencies much
higher tharw ~ 1ke e, the depth of the skin layer, instead of contigumdecrease,
approaches the asymptotic valdes 2r (epe/mm)*=.

This difference from the usual formula applies otdymaterials with low
conductivity and such frequencies at which the EBV&ength does not greatly
exceed the skin depth itself. It is this case twtresponds to nanosized metal
particles and heavily doped semiconductors.
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At the same time, for ordinary dielectrics and ysetb semiconductors, the
skin effect can be neglected in most practicabsituns. But in the opposite case of
extremely high conductivity of the material, thadéh of the free path of the charge
increases.

Under these conditions, an anomalous skin effentirsg so the mechanisms
described above, which lead to the formation ab@mal skin effect, cease to work:
the thickness of the layer in which the currerdaascentrated changes according to
other laws. At normal temperatures, this phenomas@xpected in 2D graphene
(which has no band gap) and in 1D nanotubes (whadpallistic charge transfer
mechanism is visible).

Speaking about the possibility of using metal elets@s fillers for absorbent
composites, one cannot ignore ferromagnetic mefdigy are of the greatest
interest, since in them the dispersiorsdfw) manifests itself in a special way due
to the interaction of the intrinsic magnetic momefithe lattice ions with the spins
of free electrons. In addition, these fillers camvide increased permeability,
determined by gyromagnetic resonance, which odoursagnetic metal particles
embedded in the polymer matrix.

This resonance manifests itself as a selectiverptiso of EM wave energy
in the frequency range that coincides with the figgguencies of the precession of
magnetic moments in a given ferromagnet. The shapewidth of the absorption
maximum are determined by the collective spindatthature of the magnet. In
addition, in the case of magneto-dielectric comigssiin which ferromagnetic
particles are separated by dielectric layers, ane#ionance processes begin, which
are strongly blurred in the frequency range.
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Fig. 2.20. Reflectance spectra of metals by lines: aluminbhack), silver (red), gold

(blue), copper (green), beryllium (grey), cobakl{gw), iron (cyan) and nickel (magenta)

The reflectance coefficient can be defined asiefficy of a material to reflect
the incident light. This value depends only on claxpefractive index ) and
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damping constank] that is seen in equatioR:= [(n 1) 2+k?)/[(n+1)?+k?]. The study
of metallic reflectance shown in Fig. 6 indicatieattthe process af(w) dispersion
not nearly as simple as the elementary theory piedi

The metal reflectance is related to the condugtivitaccordance to above
formulas: good-conductive metals have higher rédlece. But at a very higher
frequency a sharp decreaseR{w) is seen, Fig. 2.20. The fact is that in different
metals the external electronic shells of metathesi interact differently with free
flying electrons in their free path, due to whidte tdrift of electrons and their
conductivity are created. At that, the directionfast variable EM field changes
during this free motion of electrons which theymiba have time to make a collision,
as the EM field already changes direction, sotbe flying electrons cannot acquire
drift velocity. It is at this time, when the inflnee of ions, having external
configuration of inert gas, becomes very impor{@at'! repeats Rn shell, Ct
Kr shell, Ag? Xe shell, and A® Ar shell). But in the 31 and 4 metals, electronic
configurations of ions contain uncompensated spiitsich by their magnetic
moment affect the dynamics of the drift motion t&otronic gas. That is why, the
EM waves reflection and conductivity of the ferrgnatics much less than in the
high conductivity metals.

It should be noted that reflection spectra of niietatlements change
significantly with decrease in the size of metgtlarticles, especially when going to
the nano-sizes. At that, conductivity drops shampig plasma oscillations do not
appear: the nano-particles of metallic elementsharonger metals. At first, they
exhibit the "semiconductor” and then even "dieletfproperties. It is obvious that
at these stages a wide range of electromagnetpegres of nano-particles can be
obtained, especially if using different technol@gimethods to give to agglomerates
of particles the quasi-one-dimensional or the gtwsidimensional configuration.
Obviously, in the absence of screening propertgmivy electronic gas (peculiar to
the bulk metal) the role of electronic shells ohsoin the metal-elements
nanoparticles increases significantly. Therefoegaitechnologies make it possible
to control EM properties of a substance. Absorlaind transmittance characteristics
change especially strongly when going to nanosiz&is.

The absorption of that part of incident EM radiafiavhich nevertheless
penetrates into metal, fromicroscopicpoint of view, occurs mainly because the
electrons of metal, exciting by the EM radiatiortfbduring their transition to the
higher energy levels above Fermi level and durlmgrtsubsequent return in the
equilibrium state (with secondary emission of EMves) interact with ionic lattice
exciting its oscillations, i.e., convert some of EMergy into a heat. From the
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macroscopi@oint of view, the phase velocity of EM wave, peakng into conductor,
is sharply reducedn comparison with its velocity in vacuum, so mwsththat the
length of EM wave in conductor {) becomes hundreds of times shorter than its
wavelength in vacuum, Fig. 2.1This occurs due to the large conductivity, whith
electrodynamics corresponé@f ). (Note that the reduction of EM wavelength in a
substance occurs ing® 2 times). Without a doubt, due to the huge stephin t
impedance at the "vacuum-metal" interface, as ageNery small phase velocity of
EM wave in a conductor, any EM wave falling on aactdr (even in case of grazing
incidence) refracts practically in the directiomg@ndicular to conductor's surface.

The transmittancef a part of incident on conductor EM radiatiompdassible
only in the case of a very thin metal layer, avfdgourse, when the frequency of
EM radiation is sufficiently high. Analysis showsat intensity of the incident wave
(lo) decreases exponentially while it propagates tjinouetal, Fig. & what leading
to much lower intensity of transmitting wave. Thiappens because the metal
strongly damp initial intensity of TM wave. It idwaous that decrease of wave
intensity is related also to the thickness of médgéer, so extinction coefficient
equalsl(x) = loexp( 4" kx#), wherek is the damping constant. In connection with
attenuation and transmission of the EM wave in tamthe parametgyenetration
depthdue to the skin effect becomes especially impartant

Therefore, in order tgelectthe optimal materials for microwave absorbing
composites, the various mechanisms of EM wavesrptiso in the materials are
considered. In the dielectrics possessing by aeittr polarization only, any
absorption is practically absent, but such polynaes advisable as matrixes of
composites. Fronthe dielectrics having ionic polarization, only tfegroelectrics
have big microwave absorption, increasing with tieery rise, that serves to benefit
for shorter wavelength absorbers. Magnetic filierthhe composite can provide only
small permeability, yet reducing reflectivity ocamposite. Metallic elements in the
form of micro- and nano-patrticles (fillers) havetgulifferent properties than the
bulk metals, but can provide both high absorptiet significant permeability.

2.9 Summary

1. Negative temperature coefficient of electricahauctivity should be
considered as the most characteristic electriedlife of metalss( ) ~ 2, i.e., the
electrical conductivity decreases with temperatocgease. In the case of a deep
cooling, thes(; ) dependence shows saturation, which level depe&mdshe

concentration of static defects in metal structure.
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2. Metals have large thermal conductiMity[W/(K>m)] caused by the high-
mobility electrons; at that, the thermal condueyiVi is proportional to conductivity
s. The uniformity of ratid /s for various metals is the Wiedemann-Franz’s law.

3. Electrons in metals are always found in a fastement; they move even
at lowest temperatures (near absolute zero). Thisomof electrons is chaotic, so
different electrons move with different velocitysuhlly electrons move with Fermi
velocity: ug ~ 16 m/s.

4. Electromagnetic waves, up to the optical raafyjapst entirely reflect from
the surface of a metal, so that the metals aretramsparent for electromagnetic
waves field, and demonstrate metallic lustre.

5. In the “ideal metal” with infinite conductivitglectrical field cannot exist.
In the real metal, only a small electrical fieldhdae applied, otherwise the huge
transparent current will lead to metal meltingphesence of the external electrical
field, the movement of electrons becomes partidiigcted; the drift of electrons
superimposes over their chaotic movement. To catletthis current one need to
estimate average drift velocity., (velocity of chaotic motion is independent on
applied field).

6. Direct proportionality of electrons drift veldgito the strength of electrical
field is characterized by the mobility. Exactly tmeobility characterizes the
resistance of a substance to electrons drift mctlelectrical field. If inhibitory force
would be absent, electrons will move in the eleatrfield with acceleration (such
as in vacuum), but not with constant average vel@s they really move in crystals.
So the mobility is the degree of electrons freedogrystals.

7. Movement of electron in real metal under themdl electrical field is not
continuous but interrupted: as soon as electricadef appears, electron starts its
moving with acceleration and its velocity graduatigreases, but also the force of
“friction" increases that is proportional to theaton’s velocity. After relaxation
time t = meu the inhibitory force compensates completely acedlen force, so
electron moves with constant velocity. The timestant, characterizing installing
of steady state of electron movement in metaimallst » 2401“s.

8. Parameteris the average time between two collisions oftete; by using
its product by Fermi velocitys, it is possible to estimate the average free path
(middle distance between the electron collisiofis): = d. Charge transfer in the
metals is carried out by the electrons and holestéul near the Fermi surface; they
take energy from the applied electrical field. As &s electrons (being excited by
the external field) move to the empty higher leyéiey are replaced by other

electrons, previously located much deeper undeFénmi level.
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9. Classic electronic theory of metals is base®de hypothesis about free
electronic gas. This theory enables to explain destcribe analytically most of
experimental fact in metals,but cannot explain expentally observed
paramagnetic susceptibility and very small spetigat. Quantum mechanics show
that electronic gas in metals under normal (antidrigtemperature is found in the
state of degeneration. In this state, the energjeatronic gas is almost independent
on temperature, i.e., any alterations in thermationoof ionic lattice almost not
changes energy of free electrons.

10. Quantum mechanics explain why for metals notemaperature looks like
very “low”: because Fermi energy of electrons intaiwis large (about 5 - 10 eV).
Electronic gas in metal is always degenerated; &gy distribution function at
normal temperature varies only in narrow rakg€é near theFermi energy level.
From Fermi surface electrons can be easily traresfeéo the allowed higher energy
levels; that is why metals are good conductordextecity.

11. Fermi surface in the space of impulses at @pasates the occupied by
electrons ground states from their empty statesnohi-zero temperature most of
electrons, anyway, are placed under Fermi surfacd,only some of them shift
outside of it (in energy stripke T). Fermi surfaces in different metals might have
quite different form. In metal energy increase bardescribed as the birth of quasi-
particles.

12. The increase of electrons energy in metal ssipte by moving at least
one electron under Fermi surface into externawadbb level in the impulse space.
At that, the appearance of this electron above Fsurface is accompanied by
unoccupied state below Fermi surface — the hole&gwtan be interpreted as a kind
of quasiparticle that is the antiparticle as tonbelectron.

Therefore, the increasing energy of free electronga metal always is
accompanied by the birth of two quasiparticlesli@ghole as the antiparticle, one
has in mind possibility of its recombination, whadactron will return "in its place”
under Fermi surface, and metal again returns ctos&s ground state, because both
quasiparticles — electron and hole — disappear.

13. Metallic compounds possessingavy electronsre important class of
solids with anomalous properties which are diffictd explain within existing
concepts. These substances are the intermediasebateeen the magnetic and
nonmagnetic materials, as well as between the satal dielectrics, because most
of their electrons are found amongst localized fapel states.

Studies of these compounds help to understand foedtal properties of
metals and magnetics, as well as to extend theeptions of band theory for
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metallic and dielectric states by possible typeselaictronic states in crystals
investigating.

14. Some compounds and metals are known, in wHettrens have the
binary, ambivalent nature: keeping largely localifatomic) nature, they also can
show the intention to collectivization. To the gst with unstable valence (or
intermediate valence) belong some compounds ofaartth metals and actinides,
I.e., the elements that have incompldteos 5-shells.

These compounds have unique physical properties andmalous
characteristics that explain formation of heavyrfiens — peculiar electrons, that
have effective mass in 3A0° times greater than mass of free electron.

15. Heavy electron materials are a specific typetgirmetallic compound,
containing elements withf4 or S-electrons in the unfilled electronic bands.
Electrons are one type of fermion, and when theyfeaund in such materials, they
are sometimes referred to as heavy fermions. Timeaterials have a low-
temperature specific heat whose linear term ioU®00 times larger than the value
expected from the free electron model. The progertf the heavy fermion
compounds often derive from partly fillet 6r S-orbitals of rare-earth or actinide
ions, which behave like localized magnetic moments.

16. Heavy fermion systemare ones most remarkable manifestation of
strongly correlated electron systems. These métedaee compounds with the
regular sublattice of #-or 5f atoms (like Ce, Yb, or U). They are close to the
magnetic instabilitygiving way to arisingp f long-range magnetic ordering due
to interactions between thef ¢ 5 magnetic moments via the conduction electrons.

17. Conduction electrons in these metallic compsumhave as if they had
an effective mass up to 1000 times the free partr@ss.

This large effective mass is also reflected in @dacontribution to the
resistivity from electron-electron scattering. Hgé&rmion behavior has been found
in a broad variety of states including metallicpsiconducting, insulating and
magnetic states. Characteristic examples are §€@4k, CeCuSi,, YbAI3, UBe3
and UP%.

18 Several members of the group of heavy fermiorieri@ds become
superconducting below critical pressure and tentperaSuch superconductivity is
unconventional. However, at high temperatures, ZWéawmion compounds behave
like normal metals, and their electrons can bertlest as a Fermi gas, in which the
electrons are assumed to be non-interacting fesnilonthis case, the interaction
between thetdelectrons, which present a local magnetic momedhtlae conduction
electrons, can be neglected.
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19. Superconductivity is one of "cooperative" effeth the ensemble of
conduction electrons, and it cannot be explaineditmple models of "independent
electrons”. In the technique superconductivity rgefiesting in sense that
superconductors have no skin effect and can sugmifiy reduce energy loss. In
superconductors two effects are found by Josephgbn.current, that flows
indefinitely long time without any voltage appliadross a junction that consists of
two superconductors, parted by weak link; (2) wlegternal voltage is applied,
Josephson junction demonstrates effect of microwaweration. With these effects
a variety of sensitive electronics devices areiaied.

20. DC resistance of superconductor is zaro= 0; respectively, its
conductivity is the infinitys =¥. This phenomenon was first discovered in mercury
at temperature ;T~ 4 K, but in some metals and alloys phase tramsiinto
superconducting state is observed at higher temper for lead J~ 7 K, for
niobium To ~ 9 C. In alloy NbSn transition temperature is ¥ 18 K, while alloy
NbsGe shows highest observed temperature for metats2B K.

21. The non-stationary Josephson effect ariseglidge V is applied to a
weak connection; in addition to constant componehtcurrent the variable
component appears that is determined by frequanognnected with voltage by
ratio:n = 2eV/h. This generation lies in ultra-high freqog range, and its frequency
is linear function of applied voltage. Non-stationdosephson effect is used to
generate microwaves in GHz range.
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2.11Questions for self-examination

1. Classification of metals. Basic conductivityioat
. Metals with high conductivity. Amorphous metbgs
. Temperature and frequency dependence of elglctonductivity Skin
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effect

. Electronic gas in metals

. Heat capacity and thermopower of metals

. Zone theory of metals

. Heavy fermions in metals and alloys

. Superconductivity: the influence of a magnetddf
. Superconductivity: Josephson effects

10. High-temperature superconductivity.
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Chapter 3. Metamaterials in electronics

Contents

3.1 Introduction
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3.3enegative metamaterials
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3.5 Double negative metamaterials<(0, u < 0)

3.6 Metasurfaces

3.7 Summary

3.8 References

3.9 Questions for self-examination

Metamaterials are the artificial created media @&lated for controlling of
electromagnetic or acoustic waves propagationoBeristructure of metamaterial
includes the active (resonant) subwave-scale el=mBoe to their special structure,
the metamaterials have such electromagnetic, dp#caustic or other properties,
which can not be reproduced by known in nature lggmeous materials. Further,
only metamaterials with specilkectromagnetiproperties are considered (although
acousticmetamaterials are also studied and are widely)used

As the special structure of electromagnetic metar@s design, so the
properties of actually received materials usedhm s$tructural elements, have a
specific effect on the propagation of the electrgnsic radiation. This applies
especially to such properties of metamaterialsclviare not observed in the known
bulk materials (at that, the especially impresgixegperty of some metamaterials is
the demonstration of negative refractive index aedain frequency range.

As illustrative example, in Fig. 3.1 shows impleration of three microwave
devices using metamaterial: filter that transmityydeM wave with frequency of
Wo, the filter which excludes the passage of only evath this frequency, and the
metasurface, which selectively absorbs an EM wéwmly this frequency.

WotAw ‘ ‘ ‘ Wot+Aw ‘ J l wytAw ‘ ‘
} : R
wy bt | Wo | W I
Wo-Aw H kr ’_> wy-Aw | ‘
o |

a b c

Fig. 3.1. Selected functionalities of metasurfaces:— bandpass frequency selective
surfacep — bandstop frequency selective surface;r narrowband perfect absorber
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3.1 Introduction

The term "metamaterial” comes from the Greek wongta" which means
"beyond": that is a material designed to have topgrties not found in natural
materials. Metamaterials are constructed from stedements made from different
materials, usually using the composite technologM$he same time, the resonant
and connecting elements of such construction shdadd smaller than the
wavelengths of a phenomena they affect; moreokieset elements are arranged in
the repeating patterns. It should be noted thatamaterials get their special
properties not so much from the properties ofahitnaterial components, but from
the special design of their location. Manipulatipnelectromagnetic waves makes
it possible to create the special geometry, sidentation and location of the active
elements that allows to reflect, block, absorb, leggnpr bend the waves propagating
in the metamarial, achieving such properties wigohbeyond the capabilities of
conventional materials.
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Fig. 3.2.Different elements from which metamaterials anestaucted

The metamaterial can be obtained exclusively frbenrion-continuous and
non-homogeneous medium: metamaterials always arectimposites. Usually
metamaterials are constructed fromdisereteresonant micro- and nano- elements:
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a sort of “meta-atoms", whichimic electromagnetic reaction of real atoms and
molecules in the natural substances. Such "metasitd-ig. 3.2, are grouped in the
form of single or multilayered lattices, while themall size (less than wavelength
of radiation) makes it possible to treat the créddétice as diIomogeneoufor given
wavekngth (by analogy with natural crystals), and use ¢oncept of "effective
medium" for characteristics calculating.

The applications of metamaterials are quite divesetromagnetic, optical,
acoustic and medical devices, etc. However, onlg #lectromagnetic
metamaterials, which are intended for use in therowave range, will be
considered below. They act on the electromagnetieewby specially arranged
structural elements made of metals or dielectridtgese elements act on
electromagnetic wave but remain less than the eafythis wave. Fig. 3.3 shows
an example of a combination of resonant elementd wie formation of a
metastpuktupa

calhe r e el o2 7/
Element
A & & Ground

r o & 0 QP g Y Diclectric

Capacitive Patches

z M A A A A A

¥ M A A A A .
s s s s

X A A e

M A A A A A e

M AT A A

A

Wire Grid Dielectric Substrate

C d
Fig. 3.3. Frequency selective metamaterial— square-patch surfacb;— miniaturized
spiral-loop unit cellc — miniaturized elements consisting of capaciti@ed inductive grids on
opposite side of spacet—miniaturized unit cell withmeandered layout

Metamaterials for microwave range typically consisarrays of electrically
conductive elements (i.e., wire cuts or loops),clhnave suitable inductive and
capacitive characteristic. Revolutionary changeteproduction technology and
design methodology of electronic devices make #sgme to achieve very high
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packing density of elements and compact dimensbmadio-electronics products
in general.

Recently, quasi-two-dimensional (2D) materialsJethmetasurfaceshave
gained great importance. These are the 2D anafagstamaterials, defined as thin
and dense 2D arrays of structural elements thatg bausual and useful properties
imparted by their constituent elements with tydicakesonant behavior
(conventional metamaterials are defined simildsiyt,as bulk (3D) arrays). The size
of the elements and their periodicity are sub-wawgth, so homogeneous or almost
homogeneous metasurfaces reflect and transmit plaaees as uniformly
polarizable sheets.

Of course, many functions of 2D metasurfaces csmla¢ implemented using
many layers of bulk 3D metamaterials. But metas@$ahave a number of
advantages. First, 3D periodic arrays are diffitcalimplement because they are
multilayer nanostructures. Secondly, the work offBBtamaterials depends on the
propagation of waves over considerable distances tlzerefore is constrained by
its own high losses, obviously accompanying resoesnStrong absorption by bulk
metamaterials reduces many of their intended mactapplications. On the
contrary, 2D metasurfaces demonstrate much bditktrydo form EM flows than
bulk metamaterials due to lower absorption. Thir@l structures are rather thin
layers, which in microwave technology makes it guesto diversify technical
solutions and allows many solutions for new designs

3.2 Possible media with which EM waves can interact

In order to determine the position metamaterialamong others materials,
the reflection, propagation and absorption of Higluency EM radiation is
discussed, when considering not ordinary spesiflastances (such as dielectrics,
metals, semiconductors, ferrites, etc.), butreslia with certain electromagnetic
parametersj.e., such as they are perceived by electromagnatiation during its
propagation. This approach to the problem of EM egaunteraction with
environment is justified by the fact that in diet frequency ranges the same
substance can look like a different electromagmagdium.

To classify whole variety of metamaterials, it c@pted to use thegnsof
effective values of their dielectric permittivityf)(and magnetic permeability (W),
which are included in the Maxwell's equationsCas epeE andB = mynH. To
consider possible combinations of electromagneticaeters of medium that
determine the EM wave propagation, Fig. 3.4, shtows different cases in the
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rectangular coordinate system, wheéeand 1 axes are plotted (under the assumption
that these parameters are isotropic).

All cases considered are highly idealized.

| quadrantcorresponds to DP@ouble positivematerials which:

- possess positive values for bdth 0 and p > 0.

- have positive refractive index= (1u)2> 0.

To begin with, it should be noted that outsideshaded area in Fig. 3.2 are
the areas, where Ok< 1 and 0 < u < 1, that is, they have a refraciolexn < 1.
This means that the phase velocity of EM wave edsé¢lee speed of light (which
does not contradict the theory of relativity). Waiach a medium, a high-frequency
EM wave can meet regions of electric or magnesomances, where its absorption
and reflection is large (although not maximal)islalso appropriate to note that in
superconductors it is customary to consider psirize up to optical frequencies the
EM field cannot penetrate in them. Particular cagéen at one or another specific
frequencyl=0 or p = 0 can be observed, are located in negfielectric or magnetic
resonance (slightly higher than the resonant freqgyle

€ A
1 I
MNG i DPS
e>1,nu<0, =2l 2
n 1s virtual : n>1
)
0 1 Il
1V 1I
DNG ENG
e<0,n<0, e<O0,nu=>1,
n<0 # 1s virtual

Fig. 3.4.Classification of media with which EM waves intera

Almost all dielectric, semiconductor and ferrimatynenaterials, wheré > 1
and p > 1, are identified in Fig. 3.4 by hatchiegdept for the rare cases of electric
and magnetic resonances listed above). The vasritgapf these substances are
transparent for EM waves; usually these are somledatrics with varying degrees
of absorption of EM energy. In these ordinary matsy the parametergw) and
m(w) are fully defined for each particular case by onether atomic or molecular
structures. It means that their parameters areneldfbyelectrical polarization
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(displacement of electrical charges with electricament formation) and by
magnetization(orientation of elementary magnetic moments). Priogs of atoms
or molecules follow to fundamental laws of physeusd, at the absence of electric,
magnetic and electro-acoustic resonances, they tegwdsitive static valuesof
permittivity (0) and permeabilityr(0). In most frequency ranges, interesting for
practical use, these parameters are, generallgtegrer equal to unity 1> 1, u3

1). But it should be noted that in any dielecttlusre are peculiar regions of the EM
spectrum (usually located in its optical part), vehe< O due to delay of resonant
polarization, and then such a medium already baldmgiuadrant Il

Everything that is located in the unshaded are&igf 3.4 can be attributed
to the metamaterials of various types (exceptiore r@asonances of dielectric
polarization and spin-orbital magnetism, which ogguonly narrow frequency
bands). It should be noted that the metamateriedsadso created on the basis of
resonant elementpacked in composites by special methods.

Il quadrantwith ENG (I-negativ@ characterizes materials which:

- possess negative valuelof O but positive g > 0,
- have virtual (imaginary) refractive index that prates EM waves reflection.

This phenomenon is possible both in the naturaleras and in the
artificially created media. First, the plasma hashscharacteristics; both the gaseous
plasma and the plasma in solids. Such situatigesawith highly mobile electrons in
the metals and semiconductors. Exposure to themn togh-frequency electrical field
leads to theplasma resonancand the dispersion of electronic gas. The leastianef
“free” electrons is a characteristic of metals aifiér conductors (graphite, graphene, etc.)
which widely used in electronics as interconnectmsl components of absorbing
microwave composites. In semiconductors, the lessalelectronic plasma leads to the
resonance phenomena and dispersion at opticakfiegs. When charge carries show
their inertia, theeonductivity decreaseat that, in usual metals conductivity decreases i
the ultraviolet wavelength range (above!i®z) so the electronipolarizability of the
deep ionic shells the ionic lattice of a metal becomes noticedhdevever, in theveakly
conducting metals and, especially, in the finely dispersedalme(usually used in
absorbing composites), the inertia of electroniedamtivity may appear already in the
range of millimeter waves and even at microwaves.

The second case (usually in dielectridsy,0 in a limited frequency range, in
which the resonance of electrical polarization naei$m takes place. At that, the
phase of dielectric response (which is the elatisplacement of closed charges)
lags behindhe phase of an applied field, which causesdgativevalue ofe. In
case of the ionic polarization in dielectrics, thiaittice resonance occurs in the
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frequency range of far infrared waves (-*18z), while for electronic shells the
polarization resonance going on in range of uloktiwaves (frequencies greater
than 108° Hz): both these ranges are quite far from frequeange of metamaterials
expected applications. Thus, at first glance, theneo basis for hoping to obtain
resonant phenomena eaontinuous homogeneous mediamin the microwaves so
in the visible optical rangeHowever, it can be noted that in piezoelectricsrthe
electro-mechanical resonance is possible, whiahlakds to a negative value bf
Usually this resonance occurs at frequencies &110 Hz (depending on the size
of piezoelectric element); to realize this resomaatmicrowaves the piezoelectric
resonators should have their size only a few mgrdficroelectronic technology is
responsible to realize this case.
Another case: the artificially creatdehegative media can be realized in the
ENG metamaterialthat will be described later.
[l quadrantcorresponding to MNG @negativg materials which:
- possess negative value o0 in some frequency range but posieve 0,
- have virtual value of refractive index that comities EM waves reflection.

A LAY

0 -f;H(Ii {.‘-GZH!JL' V

Fig. 3.5 Typical dependence of the real (solid curve) enaginary (solid curve curve)
magnetic permeability of ferrite at resonant dispmr (both positive, increasing with frequency
part of 4 and negative permeability above the rasoe frequency are used in composite
metamaterials)

Natural materialsin which at certain frequency parameter p < 0 ban
obtained are the ferrites (where ferromagnetism amferromagnetism coexist,
conductivity not very big and. > 0). In them, both the ferromagnetic resonante (a
the beginning of microwave frequency range) andréds®nance due to magnetic
domains movement (in the megahertz range) are lgesdn both cases, these
resonances are accompanied by strong absorptief ehergy.

Artificial materialswith control over u sign and value have been kntova
long time. Already in early works, it was noticédtl increase in composite leads
to the undesirable grows of reflection coefficiehelectromagnetic radiation from
such dielectric medium, while the opposite changgsandl when metal particles
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are introduced into the medium reduce the reflacibEM waves. Therefore, it is
desirable to increase magnetic permeability of mnadby artificial "magnetic”
iclusuins.

Fig. 3.6. Configurations of single-turn oscillatory circaitor introduction into medium
with controlled magnetic permeability (a) and gsonant characteristib)(.

To do this, it was proposed to introduce miniatoseillatory circuits in the
form of open loop with a capacitance, conventignstiown in Fig. 3.4. The current
induced in the coll in the counterclockwise direntis determined by the geometric
parameters of the circuit throughandL. The capacitance can be formed by the coill
itself, if it has dimensions close to resonant oefeature of circuits made up of
open turns or loops are strongly pronounced res@raperties, Fig. 3.4.

As frequency rises above resonant, magnetic peititgdiecomes negative

Therefore, both in Il an [ll quadrants, th@ngle negative(SNG)
metamaterials are represented, which are charasteby either negativé or
negative u. In the natural materials, as negatige negative p arise due to the
resonant dispersion, which is inevitably accompabielosses, providing maximum
absorption of energy in peculiar frequency range. d such media, the
electromagnetic waves decay very quickly (accortingxponential law). As a rule,
these materials are opaque to electromagneticti@diaf their thickness is greater
than characteristic exponential decay length aftedenagnetic waves.

However, in the SNG metamaterials, in relation ¥ ®ave losses, many
various compromise solutions are possible, becalestromagnetic resonances are
artificially excited by small elements, which use hon-magnetic material ¢ul).

IV quadrantcharacterized the DNG@d@uble negativematerial,

- possess both negatiee 0 and p< 0 in some frequency range,
- have negative value of refractive index — (Iu)*?< 0
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The choice of precisely the negative sign at thesgroot of the produdjt
could be justified, as it was done in the work [E@r negative2 and 1, a simple
replacement o2 with —2 and1 with -1 still gives a positive value for the index of
refraction sincen = ((-2)(-=1)*2 = (21)*2is might be positive. However, the square
root has two solutions: one positive and one negati

Thus, the simple solution wheband are both negative, is to take the
negative square root to get the index of refractiosr (+) 1)2 (so pickn = (—
)(21)*?). However, there exists a more satisfactory soluitiothe complex space.
Using complex notation, the result comes out matanally with -2 expressed &
e”and 4 expressed abe”, so that n = [(2) (-D]¥?= (2 éA1eAY2= (2 1)Y2 A= —
(21)1/2.

Single-phase substances with simultaneously negaawnd 1 do not exist in
nature, but they can be created artificially — aamaterials, which usually are
represented by the artificial structures. Paradrom the ordinary point of view,
the possibility of physical media existence possgssegative refractive index was
theoretically substantiated by V.G. Veselago, whovw that this case does not
contradict Maxwell's equations. Subsequently nggatefraction was confirmed
experimentally by J.B. Pendry, who created araficionstructions which double-
negative properties.

If the composite material consists of discrete teciaity elements, provided
that their size is smaller than a wavelength, tHemm the point of view of
electrodynamics, this material can be considerezbainuous one (but in limited
frequency band). In electromagnetic sense, anyigdlymedium appears to be
continuous, if its properties can be described \Braged parameters, varying on
scale much greater than the size and spacing gb@oemts that form the material.

The disadvantages of the first metamaterials basethe use of ring and
rectangular resonators are the narrow frequencyd kemd the high level of
electromagnetic losses. To solve the problem abbmaband, many design options
for resonant elements were proposed while theirmgd&oc dimensions were
optimized.

With regard to the multi-frequency solutions, thactal frames were used
instead of split ring or square frames. There amesprospects for using in the
metamaterials not only metallic resonant elemdnis also composites filled with
high-permittivity dielectric resonators (DR). Atath materials are known, in which
the electromagnetic resonance in the DR can bengmaied by electroacoustic
resonance in the same DR, if dielectric resonategsnade of piezoelectric material.
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3.3e-negative metamaterials

High-frequency electromagnetic waves perceive gretivity as a negative
value not only in the metamaterials, but also rhatural materials, which, firstly,
demonstrate dispersion of resonant polarizatiod, sgcondly, in the electric plasma
of conductors.

Resonant dispersionf polarization, suown in Fig. 3abis characterized by
the fact that, at first derivativeeddw is positive, next at resonance point it changes
sign to the negative value but after the anti-rasge the derivativdefw again
becomes positive. Therefore, permittivity passeouph the maximum and
minimum. In the region of resonance dispersion efnpttivity, the effective
conductivity is characterized by a sharp maxinafmx= eoDew/0, locatingexactly
at resonance frequenayf the oscillator describing this dispersion; whep, is
oscillator own frequencyis the relative damping factor, while=e(0) —e(¥) is
the dielectric contribution of oscillatory polartaan mechanism.

When resonant dispersion occurs, in its initiagystthe dielectric losses and
effective conductivity increase due to the weakgrohthe elastic bonds between
ions of a lattice when resonance approaches. Asudty at same value of electrical
field the mutual shift of ions increases criticaland permittivity has a maximum.
At the resonance frequency, the elastic bonds letwans no longer have enough
time to manifest itself in a rapidly changing atigting electric field, so that the
system of cations and anions looks like “electeglyand maximum of conductivity
Is seen). Then, the phase of mutual displacemeannefchanges in such a way that
in the external alternating field the anti-resoreararcurs, at which dielectric
contribution of oscillator becomesegative and effective conductivity decreases.
With further increase in frequency, the ionic lztno longer manages to respond to
the rapid change in electrical field, but still thlectronic quasi-elastic polarization
of ionic cores establishes and provides a certalmevofg¥ ).

Thus, in a certain frequency range, pgeemittivity is negative.

Electronic plasmain metals is the other case, when EM waves collitie the
phenomenon afiegative permittivitylts sign is conditioned by conductivity decea
with frequencys (w), that become apparent, as a rule, in the hidgleegtency region. In
the rapidly changing electric field, the inertiaabiarge carriers begins to affect, that is
why their movement at sufficiently high frequendyetectrical field becomes no longer
possible. Exposure to them by a high-frequencytredat field leads to thelasma
resonanceand the dispersion of electronic gas (in dielextelectronics conduction has

151



polaronic nature and “lags” at low frequency). Téest inertia of “free” electrons is a
characteristic of metals and other conductors (gi@mraphene, etc.), which widely used
in electronics as interconnectors and componeratissairbing microwave composites. In
the semiconductors, less dense electronic plasma le resonance phenomenasug
dispersion at optical frequencies.
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a
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Fig. 3.7. Frequency dependence of permittivity and condiigti a — for resonance
polarization dispersionb —in metals in the vicinity of plasma resonance

It is important to note that the inertia of elengacan be detected by dielectric
spectroscopy methods. When charge carries shavirtbsia, theconductivity decreases
at that, in usual metals conductivity decreaséisaaltraviolet wavelength range (above
10'® Hz) so the electronipolarizability of the deep ionic shells the ionic lattice of a
metal becomes noticeable. However, intleakly conductingnetals and, especially, in
finely dispersed metals (usually used in compgsties inertia of electronic conductivity
may appear already in the range of millimeter waweseven at microwaves.

The following is a simplified model, which descgbeonductivity by using a
conception of electronic plasma in solids. The mplass a system of positive and
negative charge carriers; at that, plasma carhbeged(like electronic plasma in
metals) omeutral (like electron-hole plasma in semiconductors). Teeasity of
charge carriers in charged plasma can reac¢h &, while in neutral plasma
charge carries density might be!*a.0® cnt3. The plasma can be considered as a
subsystem, which can interact with crystal lattic facilitates its properties study.
Characteristic property of plasma is the presef@®kective excitations- plasma
oscillations.

The model of Langmuir oscillations in electroniagia in metals supposes
that areturning forceexists, arising when group of electrons possessiaggee,
massm, and densityN, shifts from their equilibrium position on some tdisce
relatively to the positively charged “non-movingsnic lattice (in particular, this
displacement can be induced by the external etattfield). The returning force,
acting on displaced electrons, causes the osoiflatof electrons around their
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equilibrium position with the plasma frequeney = (N&/mea)*2 Experiment
indicates that electronic gas in metals demonstitténertia at frequencies of £9
10'" Hz: at higher frequencies electrons have no tanfeltow electromagnetic field
changing. That is why above the plasma frequency piossible to determine the
permittivity g, in a metal due to the displacement of non-coletd electrons
(bound inside ionic cores).

Thus, conducting materials used in electroniceitesdonnectors, waveguides,
antennas and components of absorbing microwaveasi®p show some ohmic losses
in a whole frequency range including terahertz eafigne degree of electromagnetic
energy absorption due to conductivity effect orhkiigequency properties of metals
can be found using dielectric spectroscopy metAbthat, in the simple metals (or
other conductorsgomplex permittivityfollows Drude-Langmuir model for free
charge carriers absorption:

e () =— (Ne/mea)l(W —iwg =— up?l (W —iwg
whereN is the concentration of charge carriess their chargem is the effective
mass,g = 1/t is the damping factor of plasma oscillatignis the scattering (life)
time of charge carriesy, is plasma resonant frequencyameés angular frequency.
Accordingly, from above modetomplex conductivitgan be determined:
s*(w) =iwee (w), or otherwise

2
s*(w)= ﬂ,wheres (0) = Nes
1+iwt m

The low-frequency conductivitg (0) remains frequency independent in the case
whenw<< 1/t, i.e., practically in the entire frequency rangediin electronics. At
that, the conductivity makes contributions boththe real and imaginary parts of
permittivity

- 2
—90Wp|f ,

edi(w) = aw— (Woit)%,  eZn(W) = Wyt /w,

wheree,, is the contribution to permittivity of polarizaticof deep electronic shells
of ions making up the metal crystal lattice, (is detectable in ultraviolet
frequencies). Thus, in metals and other conducties, plasma contribution to
permittivity isnegativewhile plasma contribution to the dielectric loss#scourse,
Is positivebut at low frequencies (far from resonance) in&ai.

Graphs ofs (w) ande(w) change are shown in Fig. B.9-requency behavior
of conductivityresembles theelaxationdispersion of permittivity: at frequenay
= 1/t the conductivity decreases by a half while near fiequency of plasma
resonance conductivity vanishes. Frequency depeedainplasma contribution to
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permittivity resemblegesonancedispersion but onlyabovenatural frequency of
oscillator. The fact is that in the electricallyncluctive media, below frequency of
plasma resonance, charge carriers shield the iekdctreld, so phase of their
displacement in the applied alternating field cepands to theegativecontribution

to permittivity, which is the greater the highencentration of charge carriers and
lower frequency.

At plasma resonance frequenay € wy), the permittivity of metal equals
zero:efw) = 0 due tocompensatiorof negative dielectric contribution from free
charge carriers by the positive contribution tonp#rvity from the polarization of
lonic cores:aor = g¥). When frequency increases abavg the permittivityecor
gradually gets its full value; next, with a subsaguincrease in frequency and its
approach tX-ray values any polarization has no time for eshinlg, ance¢w) ® 1.

It is worth noting that plasma oscillations of éfeas can be quantized, so the
model of quasi-particle can be introduced: flasmon which is elementary
excitation of plasma oscillations. The formula fiteisma resonance frequengy =
(Ne/mep)” shows that it is proportional to square root of rgkea carriers
concentration. In highly conductive metal$+€ 132 cnt) this frequency is located
in ultraviolet part of a spectrum, but for weaklynducting metals frequenay, is
lower. In semiconductors, which have charge cardacentration of 28-10" cnt3, the
plasma resonance frequency is seen in the vigibt@brange. The charge carriers mass
has essential influence on the resonance frequencthat in the semiconductors,
possessing small effective mass of electrons,rdggieéncy of plasma resonance is
increased.

Since at plasma resonance frequency permittiviegrs €= 0), the reflection
of electromagnetic waves from crystal practicaflyabsent; in practice, this means
that quasi-particle — plasmon — leads to minimumredffection coefficient of
semiconductors in optical range. At that, frequengycan be determined from the
minimum of the reflection, characterizing by ratibcharge carriers concentration
to their effective mass. Besides, in tieavily dopedemiconductors, the presence
of free charge carrierdecreasesheir optical refractive index. Such negative
contribution of plasma to the permittivity at opticfrequencies is especially
significant in those semiconductors, in which effex mass of electrons is small
(usually these are semiconductors dfBX type). Effect of plasma onto refractive
index decrease is used in the integrated optiobt@in planar optical light guides.

Artificially created electromagnetic media, imitating properties of
dielectrics, have been studied for a long timethstt, by special selection of the

shape and design of metallic elements, it is ptess$d achieve botlpositiveand
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negativevalues of permittivity. The term "artificial died&ics" has long been used
to denote artificial materials with a pronounceléctrical reaction while the
elements used, and the structural features oicaatitlielectrics are very reminiscent
of those material compositions that are now caltedamaterials.

Developers implemented experimentally the idea obdeting the
phenomenon of EM waves (in particular, light) pgesdahrough a "dielectric
structure" by the replacing a real crystal to spagiating of metallic elements, while
choosing the correspondent parameters and theicai@avelengtiBbased on the
principles of similarity, i.e. the distance betwet® elements and the size of
elements must be small in compared VitiMetallic elements were considered as a
physical model of atoms or molecules of a crydtal. example, gratings of small
scattering particles (simulating molecules) witlaice period much smaller than
EM wavelength were considered. Such a lattice wgasgraed to be as analogue of
continuous medium, subjected to two important neuents, necessary to obtain
the effect of artificial dielectrics from metallielements: the distance between
elements in the lattice and the size of elementstrna less than wavelength. At
present, exactly these requirements are typicahfsmetamaterials as well.

Subsequently, it turned out that artificial dielexs do not need to have a
regular lattice, but they can be the composite nafuision particles, randomly
distributed in the matrix, so that in this caseythan also have unusual interesting
properties. It should also be noted that when auingagon of electrically conductive
particles in the dielectric matrix exceeds fhercolation thresholdat which the
particles directly touch each other or have a gtrompacitive coupling), at rather
low frequencies the current begins to flow throtigé composite material, and it
turns into the artificial conductor with some coeytonductivity (term percolation
means the flow of current through a medium withckleally conductive
inclusions). The conductivity of percolation ma#ési can be controlled
constructively and with the help of an external metge or electric field. Such
materials are used in various electrical devicesalkas in Stealthy technology.

One of artificial media with a negativkis the system of thin metal wires
arranged in parallel, Fig. 38 The use of many thin conductors opens up the
possibility for plasma simulation with similar calation of effective permittivity.
In particular, for meta-structure based on the aum conductors with a radius 1
2m and spacing between them 5 mm, plasma frequsragyproximately 8.2 GHz.
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a b
Fig. 3.8 Metamaterial elements imitating negative eleatripermittivity in certain
frequency rangea — set of thin metal wires in dielectric matrix:- capacitive element simulating
negative permittivity

Along with considered metallic-wire structures, aetidesigns of artificial
ENG materials are also known. For example, Figh 8lf®ws a structure, in which
inductive loops, formed by two split frames, creatatually opposite magnetic
fields, which cancel each other out. As a reshk, tesponse of element depends
only on the electrical component of electromagniic incident on it. Respond is
formed mainly by capacitance of a cut in combinatath active resistance of frame
material; at that, this construction provialmamicallynegative sign of capacitance
in a certain frequency range. The metamaterialdbas¢hese elements is described,
which has negative value bin terahertz range. In it, with inter-element ined of
502m, the external dimensions of frame were only28§ and the width of a cut in
central bridge was 2m.

3.4 p-negative metamaterials

Some gyrotropic substances with the positive pdérnit and negative
permeability in a certain frequency regimes are fhetotypes of MNG media.
Various ring and ring-like structures with a negagffectivemagnetic permeability
have long been used as building blocks in manufacaf microwave lenses.
Currently, the main structures used to obtain MN&&lia are thin metallic cylinders,
nested split rings, rectangular frames, etc.

The split ring resonator (SRR) shown in Fig.e&8¥a basic structure, in which
the capacitance between two rings is compensatedhéyinductance of this
structure, generating the secondary magneticfielther amplifying the initial field
or counteracting it, which leads to the positivenegative effective values of the
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effective permeability. The frequency dependen€d pén be described as theQ)(
= 1- C,2/C?, whereC; is the resonant frequency. At that, parameteb p6 (if loss
is absent), is determined by the parameters ofengelement of device.

Fig. 3.9. Metamaterial elements imitating negative magneirmeability in certain
frequency rangea — double ring split resonator (SRR);—frequency dependence of effective
magnetic permeability of medium with resonators- metallic slit frames with alternating
orientation of section of elements

Figure 3.9 describes the emergence, increase and resonalmedet
effective magnetic permeability, and its transittona negative value above the
resonant frequency of inductive elements of matasire. There are a large number
of magnetic resonance structures developed forowave metamaterials. One of
these structures is shown in Fig.@.9

3.5 Double negative metamaterials'(< 0, u < 0)

In the metamaterials, a very interesting idea @ized: the possibility to
obtain thenegativerefractive indexfor microwaves or light. These means that in
these materials the electromagnetic wave, for el@rght is not refracted as usual,
l.e., it deviates not to the right, but to k& at negative angle, Fig. &8Therefore,
these materials are often referred to as the nadgewith negative refraction
(Negative Index Materials — NIM) or Left-Handed Maals (LHM). V.G.Veselago,
who theoretically predicted the existence of suatamaterials, called them "left
media”. The point is that in usual medium the dimats of the electric field vector
E, the vector of magnetic field and the wave vectdr form the right triplet, that
Is, they can be described by right hand fingers NRHON the contrary, in the
metamaterial these vectors form the left handdtipHowever, in the left hand
material, LHM, the Poynting vect&, which shows direction of energy propagation,
remains in right triplet, Fig. 3.10

The negative refractive index is due to strong spatial dispersion in the

etamaterial, and negative values bfand p. Due to both permittivity and
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permeability have negative sign, these materiaisesiones called "double negative"
(doubly negative - DNG). In metamaterials, the ghaslocity of waves is directed
in opposite side relative to the group velocityeréfore, these materials are also
referred to as "reverse" media (“backward-wave medBW-media).

\. Incident ray

winy

Refracted ray Refracted ray

a
Kk Kk
< %{ S ‘41
E E
RHM LLHM
b

Fig. 3.10 Effect of light refraction in conventional RHM mesial and LHM
metamateriala — direction of rays in mediunty;, —orientation of electromagnetic field vectors in
ordinary RHM material and LHM metamaterial

Main feature of metamaterials is their resonanpwoase to the external
electromagnetic field, and what is most surprisirsgtheir response at optical
frequencies not only to the electric, but alsdi®hagnetic field of light. Hence the
term “electromagnetic metamaterial” indicates thenifestation of their properties
when interacting with an electromagnetic field. Beaterials interacting with
optical frequency radiation are usually callgldotonic or optical metamaterials.
Similarly, metamaterials, which respond to acoustwes, are calleacoustic The
main way to obtain most of the known metamateiglsased on their “assembly”
from a huge amount miniature discrete moduless @glleven nanoparticles. These
modules (cells, even nanoparticles) are sometiraksdc“meta-atoms”. It is clear
that they are not real atoms, but are composeteshti.e. are made of ordinary
substances - metal and dielectric. The sizes odambetns are significantly exceed
atomic dimensions. They form a spatial structurat(ix) like an artificial crystal
lattice, so the number of meta-atoms even in algmede of metamaterial reaches
10%-1C°. It should be noted that meta-atodusnot have a chemical bondéth each
other, in contrast to atoms in polyatomic molecudésordinary materials. This
explains the difference in technologies for obtagnconventional materials and

metamaterials. The former are obtained by metatiat@r chemical synthesis from
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atoms of chemical elements, the latter by assepoflaytificial meta-atoms obtained
by micro- and nanotechnologies.

It is important to note that metamaterials imitateomogeneous medium for
EM radiation; for this, the sizes of metaatoms #reldistances between them are
chosen to be less than the operating wavelengtieafadiation, and the smaller the
sizes, the better the uniformity condition is dadth Externally, meta-atoms are tiny
formations (nanoparticles) of wire segments, stpbestes, rods, disks, rings, spirals,
balls, films, coatings, multilayer structures, thean be in the form nanoclusters;
finally, they can be in the form of some systerhales in flat elements (for example,
they can resemble a fishing net. It is importaat the configuration and properties
of the meta-atoms of electromagnetic metamateeatsire that they perform the
functions of simple capacitors, inductors, osadfgtcircuits, or miniature (nano)
resonators.Thin layers of metamaterials deposietisubstrate are called metafilms
or metacoatings.In the simplest case, a metafilmmpstterned single-layer film of
metal, semiconductor, dielectric or magnetic materon a dielectric or
semiconductor substrate.The pattern pattern igmdeted by the configuration of
the above electrical (radio) Metamaterials can besidered as composites, the
heterogeneous medium of which contains inclusibos,n this case, unlike other
types of composite materials, inclusions are mum&t nanosized electro (radio)
elements. Due to such inclusions, metamaterials baique electro(radio)-physical
and optical properties due to resonant interactuith an electromagnetic field.
Multiple local amplification of the field in the geon of the resonating metaatom
leads to various nonlinear effects. It was commdaiyeved that metamaterials do
not exist in nature; they are artificial formatiobst recently there have been reports
of discoveries of such materials in wildlife, inrpeular, in the eye tissues of some
marine animals. The mineral opal is a kind of meteamal, like a photonic crystal.

Microwave devicesieed to use specific artificially created matariaf a
special design, which have negative effective \alofedielectric permittivity and
magnetic permeability. These structures consistinfature split ring frames which
act as the magnetic dipoles and straight wire satgn@&his approach is based on
the fact that if a composite material consistsis€iete scattering elements, the size
of which is smaller than the radiation wavelengiien in a limited frequency band
this composite can be considered as continuous fromt of view of
electrodynamics. Thus, a medium is electromagrigticantinuous, if its properties
can be described by averaged effective parameggysng on a scale much larger
than the dimensions and spacing of the componkatsdrm the material.
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Fig. 3.11 Practically implemented meta-structure for resle@m microwave frequencies

The combination of structural elements makes isjds to create a material
which has negative refractive index in the centanaange of electromagnetic
waves. One of these metacomposites, consistedlielectric base, in which there
were many metal rods and split rings arrangedstriet geometric order. The rods,
in fact, were the antennas interacting with eleatrcomponent of electromagnetic
field, and the split rings were antennas which oesied to the magnetic component.
The main dimensions of all elements and distant&d®sn them are less than the
wavelength, and entire system as a whole had neggaftiective values adfand .

Numerous works are devoted for properties of sugst® with a negative
refractive index investigation; they have attemptedevaluate their possible
practical applications. However, the main disadages of the first metamaterials
based on the use of ring and rectangular SRR aradhrow frequency band, high
levels of electromagnetic losses, bulkiness andractgality for microwave
technical applications. To solve the problem ofroar band, many variants of
magnetically sensitive elements were subsequentlygsed.

Fig. 3.12. A scheme for obtaining a mesh metamaterial by coimip electrical and
magnetic elements (meta-atoms) in the approprigeatation of the electromagnetic field vectors
necessary to create the effect of negative retmacti
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As example, Fig. 3.12 on the right shows a lattigéh n < O having
rectangular holes, which can be obtained by comgifielectric meta-atoms” (on
the left in figure) in the form of short plates Wwitl < O oriented along the electric
field, and “magnetic meta-atoms” in form of metaips directed along magnetic
field.

The combination method is possible: a lattice widlctangular holes is
obtained by superimposing “magnetic metaatoms’haform of extended paired
metal strips directed along the magnetic field;'@ectric metaatoms” in the form
of extended metal strips directed along the eledtald. Magnetic and electric
metaatoms of similar configurations were considessgparately in previous
sections. Thus, a new metamaterial in the formlaftace with rectangular holes is
assembled from crossed paired metal strips. Smsartaterial resembles a fishing
net in its appearance, it is often referred toua ¢ ‘fishnet metamaterial”). Another
version of the mesh metamaterial is shown in Fi§33

a b
Fig. 3.13 Configuration of the mesh metamaterial and thentation of the incident
radiation vectors, at which the effect of negatrefraction is observeda); top view of the
experimental sample of the lattice, inset - enldrigeage of the unit celbj

In addition to the reproduced here known way ofaotihg the broadband
absorber, based on the rectangular resonant roefedimes, separated by the
capacitive gaps, one can try to develop fundamignaéther way to obtain the very
specific broadband absorber, located just at thedbary between UHF (Ultrahigh
Frequency range) and MW (microwave range). In thise, the main difficulties,
arises in most difficult long-wavelength part cgduency range, due to large size of
resonant elements (even made from metamateriald)ecavercome due to the high
dielectric permittivity of resonant elements thelwvss.

1. There might be some prospects, if one usesimgtamaterials, instead of
metallic resonant elements, the composites fillgdabset of regularly located

dielectric resonators (DR) prepared from high-pémily materials € = 30 - 300).
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2. At that, among materials, suitable for DR maiatiire, the piezoelectrics
can be used, in which the electromagnetic resonantte DRs is accompanied by
the electroacoustic resonamca same DR that significantly expands the varadty
metamaterial properties. It can be noted thatezgelectrics the electro-mechanical
resonance is possible, which also leads to thetwegaalue ofl Usually this
resonance occurs at frequencies of-10' Hz (depending on size of piezoelectric
elements); so to realize these resonances at nagesrthe piezoelectric resonators
should have the size only a few microns. Howevecrarlectronic technology is
responsible to realize this case.

3.6 Metasurfaces

The unique interaction ohhomogeneousnetamaterials with EM waves
exceeds the capabilities of naturally occurring emnats, which are usually
homogeneousThe universal tool for imparting a certain polatian response to
surface is the division of this surface into eletagaach of which has the polarizable
inclusion with carefully selected parameters. Wilanar structures, the deeper
control of electromagnetic waves is provided duethe special design of
subwavelength inclusions, since they can be derspelged and allow the creation
of fields with better spatial resolution. In geresaich inclusions have both electric
and magnetic polarizations, and allow full contodl both reflected waves and
transmitted waves with great potential for a newegation of microwave and
optical devices. Similar planar metamaterial strites are conditionally called
metasurfacesBroad possibilities of controlling the propagatiof EM waves are
shown in fig. 3.14.

Fig. 3.14 EM wave is incident ora —opaquehigh-impedance surfacle:focusing transmittance
array; c—focusing reflective array;

These materials are used in the radio-electrortiecai@owave frequencies
due to their ability to manipulate EM waves. Thetasarfaces are artificial

composite materials, which consist of metal-digleqtlates with a single-layer or
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multilayer structure which thickness is of EM waamdth order. Metasurfaces are
able to control the propagation of EM waves in sunding media. It is possible to

variate the wave impedance of metasurfaces by fmgymspecial cells and their

specific arrangement; such control makes it possibluse metasurfaces in the
camouflage absorbers, and also in the reflectaiarigers and modulators of EM

waves.

The exceptional ability to block, absorb, concaetracatter or direct EM
waves as on surfaces in grazing incidence so isghee, both in normal and oblique
incidence of EM waves, is due to #teong interactiorof metasurfaces with electric
and magnetic fields. In its turn. these abilities due to the resonant properties of
elements used in the metamaterials, and their gielwraerangement. To do this, the
resonant cells are designed with the required impeelin order to control the phase
or group velocity. Cells are arranged in such a thay they can direct or separate
waves in certain directions, or they are used ¢attsring control. By choosing the
sizes, shapes and materials of unit cells of mease, various effective refractive
indices of the surface can be achieved, and tHaaican be shaped to perform
various functions.

As a convincing example in Fig. 3.15 shows two desion metacarriers

c d

Fig. 3.15. Different possibilities of metasurfaces: exhibiting optical activity;
b — metasurface-induced second-harmonic generatiemetesurface for reflected beam
focusing; d —its implementation
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In addition to the surface waves, the metasurfaoesised to manipulate EM
waves in the free space. For example. the reflegimse of EM waves hitting the
metasurface is controlled for use as polarizatiamdducers. Incoming linearly
polarized waves can be rotated 90° to their orthagpolarization or converted to
circularly polarized waves. In addition to contiad) the absorption or scattering of
electromagnetic waves, the metasurfaces can algedkto radiate waves into free
space by converting the surface waves into radhatiodes as a leaky wave antenna
with high degree of radiation pattern control. lasven in Fig. 3.16.

Metasurfaces have the unique ability and distideatage as a medium for
emitting electromagnetic waves into free spaceagduition to their wide application
in the manipulation of surface waves and wavesda §pace. Antenna systems for
many applications need a lot of amplification to etnerequirements of
communication link. Large flat arrays are used angnantenna systems due to their
large aperture size and narrow beam-width. Howdged systems are usually made
more complex to minimize loss and provide phasdrobfor each antenna element
to determine the beam pattern. Leaky wave antealh@s for the elimination of
mains power for certain applications, instead usinggtraveling wave method, Fig.
3.16.

a b
Fig. 3.16. Metasurfaces with modulated surface impedance, amag! for holographic
leaky-wave antennasa — operation principle ofholographic metasurfacé:— modulation of
anisotropic surface impedance wilit-patches to control polarization of radiated/e/a

Impedance of metasurface®When a wave from free space is incident on a
surface, its reflection and transmission are datexdhby the effective properties of
a surface, which can be described in terms oimigedanceFrequency selective
surfaces consist of subwavelength periodic metlkdiric structures that provide
an effective surface impedance, which can be gpeltyf designed and controlled
for various applications.
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High-impedance surfacwill be considered firstly. It is desirable théet
metasurfaces have compact geometry and lower @sofdlowever, this is limited
by the presence of a conductive ground layer, émtander radiating elements. Due
to the effect of image currents, the distance ofuarter wavelength is required
between the metasurface and ground plane. If thesudace is located too close to
ground, then the radiation of image currents waktuctively interfere with its
properties, resulting in the impedance mismatch.

The high impedance surface consists of periodizvaublength metal regions
supported by a ground plane, with a conductor pgstsirough the center of each
unit cell, as shown in Fig. 3.17A. These flat higipedance metasurfaces are
associated with corrugated surfaces which allowtrobrover the scattering and
propagation of surface waves. The corrugated seiréathie metal plate with periodic
vertical slots having a sub-wavelength step. Witarter-wavelength slots, a short
circuit at the bottom end of the surface is coreato the open circuit at the top end,
resulting in high impedance.

Fig. 3.17. High impedance surface with surface wave supjmesa — top view; B—side
view with an enlarged image of a resonating eleargriell; C- surface reflection phase at normal
incidence; D- dispersion curve showing the band gap betweennBErd modes.

The behavior of high impedance surfaces can berstuael as follows: each
section connects to adjacent sections, providingféattive surface capacitance.
They are also connected to their neighbors viangective path including vias and
a ground plane, which provides effective surfackigtance. The side view of the
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high resistance surface with an enlarged unit ¢ellshown in Fig. 3.17B.
Corresponding equivalent circuit can be considevdxe a paralldLC circuit, where

L and C are controlled by the geometry of metal areas landhe thickness of
substrate. The ambient field in the gap betweeacadit patches contributes to the
capacitanceand current path from the patch to ground throuigh contributes to
theinductance

The resonant frequency of parall€l circuit is equivalent to an open circuit
with infinite impedance, so the reflection phas® &t normal incidence, as shown
in Fig. 3.17C, unlike the conventional metal reftecwhose reflection phase As
This property is equivalent to the magnetic condydtut with limited bandwidth,
and is often referred to as artificial magnetic dctor, since tangential magnetic
field is zero on the surface, and not the eledtald (as is typical for electrical
conductor). This unique property is useful for amtlons, because the image
current at surface is added in phase with the ntuateantenna, eliminating the need
for a quarter-wave separation between the antemhgmund plane.

In addition to providing unusual reflection phabegh impedance surfaces
can also be used to control the surface waves.eTsiegctures have a band gap
between the first band supporting transverse magneives and the second band
supporting transverse electrical waves, plottedsdmmivn in Fig. 3.17D.

The TM strip does not reach the edge of the Tl st stops just below it.
For the TE band, it tilts up before crossing tightiline, resulting in a gap between
the TE and TM surface waves below the red linather words, no surface waves
are supported in the bandgap, and this intereginogerty can be exploited in
applications such as decoupling nearby emittergh linpedance surfaces have the
advantages of small profile, light weight, and least, making them extremely
suitable for application to vehicles, buildings¢.eds microwave absorbers. One
example of a frequency selective surface with alootor substrate that provides a
high impedance response and is used as a microa@s@ber is shown in Fig.
3.17C. A thin, high-impedance surface microwaveodts consists of frequency-
selective surfaces backed by a sub-wavelength griayer.

Passive metasurface absorbdrave an advantage over classical microwave
absorbers, which have a thickness of quarter wag#te so that the electric field of
incoming wave is maximum in the lossy layer. Abswgbased on metasurfaces can
significantly reduce the thickness of usual absotiyeusing resonant designs to
increase electric field at the surface. Near th®omant frequency, interaction
between electromagnetic waves and surface increasesasing losses associated
with resistive materials on surface. In generaktaserface-based absorbers have the
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advantages of low profile and light weight with emgle metal construction.
However, there are limitations in their absorptmand width, absorption rate and
air breakdown at high power.

For some applications, it is necessary to absotlonly normal and angular
incidences of EM wave, but also the surface cusrentmetal case of a system must
be carefully absorbed, since a simple gap or a@gkin surface can act as hindrance
slot antenna and allow surface waves to penetrate farther radiate into
surrounding systems, resulting in interference. ddetfaces that absorbs
propagatingurfacewaves is called a surface wave absorber.

amouflageis one of the most intriguing and widely publicdzaspects of
electromagnetism continues to be the possibilitgrefating an invisibility cloak.
The first proposed designs were based on the contépnsformational optics and
used 3D anisotropic metamaterials. However, thdésaks were too bulky and
narrow-banded and suffered heavy casualties. Aarrative method, known as
"mantle cloaking", has been proposed that uses-thiin metasurface screens
positioned some distance above the object to aketh

The surface reactance of the metasurface shield used to negate the
reactance of object at some distance from its sarf8y tuning thickness and
reactive parameters, it was shown that it is péessidp generate "out-of-phase” or
destructive interference waves to compensate fttesing from "one atom thick"
graphene metasurface (among other structures) aveterahertz frequencies.
Because the impedance matching occurs at only @agidéncy, it is difficult to
obtain broadband masking. In this direction, varesctwere used to adjust the
capacitance of the metascreen to slightly incré@sdandwidth.

Another method of camouflage, called "plasmon dloglk is to cover objects
with a metasurface that has spatially varying ctiva index. Essentially, the idea
IS to create a cloak that can reconstruct the pbfabe scattered wavefront to match
the expected wavefront, if the object were replamed flat mirror.

Plasmonic cloaks often have opposite polarizatidgheobject they are cover.
Passive metasurfaces, while effective, failed tetntlee two main requirements of
a true "invisibility cloak" - the ability to provelbroadband masking across the entire
visible spectrum and to cover an object of arbjtidrape and size. The ones listed
are only effective for a certain narrow part of gpectrum and mask objects of a
certain shape or size that are relatively smallobtain a wider bandwidth would
require the metasurface to have an almost conistg@dance over a wide range of
frequencies.
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3.7 Summary

1. Metamaterials are the composites, in which beg&meous medium
contains inclusions, but in this case, unlike ottygres of composite materials,
inclusions are the miniature, sometimes even na@stlio-elementsDue to these
inclusions metamaterials have unique electrophlaiwé optical properties, caused
by theresonant interactionvith electromagnetic field.

2. The éectromagnetienetamaterial@re artificially structured in special way
mediums that electrical and magnetic propertiessagaificantly different from
original structural materials. For example, metanat can haveegative refractive
indexthat is never observed in natural materials. ir@kstructure of metamaterials
plays important role in the formation of charac®cs and parameters.

3. Metamaterials are constructed from th&creteresonant micro- and nano-
elements: a sort of “meta-atoms”, whiohimic electromagnetic reaction of real
atoms and molecules in the natural substances:rnié@-atoms" are grouped in the
form of single or multilayered lattices, while themall size (less than wavelength
of radiation) makes it possible to treat the credddtice ahomogeneoufr given
wavekngth (by analogy with natural crystals), and us® ¢oncept of "effective
medium" for characteristics calculating.

4. Thedouble positivd DPS) materials possess positive values for bhottd
and p > 0. They have positive refractive index ()2 > 0 . Almost all dielectric,
semiconductor and ferrimagnetic materials, wHerel and p > 1, belong to DPS,
except for rare cases of electric and magneticestes. The vast majority of these
substances are transparent for EM waves; usuadlsetlare some dielectrics with
varying degrees of absorption of EM energy.

5. Thel-negative(ENG) materials are characterized by negative vafuke< 0
but positive u > 0, so they have virtual (imaginamsfractive index that promotes
the EM waves reflection. ENG phenomenon is pos&ibta in the natural materials
and in the artificially created media. First, thegma has such characteristics
including plasma in solid state matirials and selcomegativematerials can be
created artificially.

6. The pnegative(MNG) materials possess negative value of [0 in some
frequency range but the positiger 0, so they have virtual value of refractive inde
that contributes EM waves reflection. First, tizéural materialsjn which at certain
frequency parameter u1 < 0 can be obtained, ard@efenn which ferromagnetic
resonance at the beginning of microwave frequeaage is seen/ Second, MNG
can be created artificially as metamaterial.
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7. Summarizing, we note thaingle negative(SNG) metamaterials are
characterized by either negatirer negative . In the natural materials, as negati
1so0 negative [ arise due to the resonant dispemsitinh is inevitably accompanied
by losses, providing maximum absorption of energgeculiar frequency range. In
a such media, the electromagnetic waves decay wgergkly (according to
exponential law). As a rule, these materials asgop to electromagnetic radiation,
if their thickness is greater than characteristqoomential decay length of
electromagnetic waves.

8. Thedouble negativéDNG) metamaterial possess both negagiwe0 and
KM < 0 in some frequency range, and haegative valuef refractive indexh = —
(1n)Y?2 < 0. However, the square root has two solutions: positive and one
negative. Using complex notation, the result comé@smaturally with 2 expressed
as2 €”*and 4 expressed aké”, so that n = [(2) (-1)]*?= (2 €A1 A2 = (2 D72
eiA - _(21)1/2_

9. Metasurfaces are quasi-two-dimensional (2D) matarial, which consists
of densely packed flat arrays of resonant subwésments. The electromagnetic
properties and functionality of such metasurfacesdetermined by the structure
and features of resonating elements, as well agdeyand degree of their coupling,
moreover, they are also affected by the underlgudgstrate.

10. Metasurfaces can provide complete control cefgcted and transmitted
EM waves, and they can be designed to have maradesproperties that replace
bulky traditional components.

11. The structure of electromagnetic fields owsicdosed surface is
completely determined by the electric and magreimponents that are tangent to
the surface. Each infinitely small area of the acef can be associated with an
equivalent EM source of secondary field, and suoked surface can be "infinite"
plane, separating two homogeneous half-spacesofffsirface EM field can be
controlled not only by changing the EM sources,dlsb by properly designing the
tangent fields. The desired distribution of electagnetic fields is achieved through
proper design of artificially structured surfaces.
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3.9 Questions for self-examination

1. What are metamaterials and how they are created?

2. What is the place of double-positive materialgeneral classification?
3. What are places of single negative materiafgeimeral classification?
4. List and explain the choose of media for EM vwsawgeraction.

5. e-negative metamaterials.

6. mnegative metamaterials.

7. Double negative metamaterials.

8. Benefits of metasurfaces.

9. Implementation of metasurfaces.

10. Areas of of metasurfaces use.
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Some classes of structurally ordered solids, wiposperties are widely used
in functional electronics namely: the ferromagnetics, ferroelectrics and
ferroelastics, despite the completely differenunatof structural orderings, arising
in them, demonstrate a number Smilar properties: the anomalies in physical
properties in vicinity of phase transition to thelered state, the appearance of
domains, the presence of hysteresis, etc.

Traditionally, they are combined into one commoougr of substances with
common naméerroics, according to common prefix "ferro” in Englishrienology
(ferromagnetics, ferroelastics, ferroelectrics).b8ances, in which functional
magnetic, electrical, and elastic properties caggen have remarkable properties
for electronics applications, and it is these malgithat this Chapter is concerned
with.

Multiferroics are the class of crystalline solids, in whichedst two of three
ordering parameters coexist: magnetic, electricalmechanical.

Previously electric and magnetic ordering in sods considered separately:
the point is that electric charges of electronsiand are responsible for tikbarge
effects, whereas magnetic charges are absentlyseleatronspinsgovern magnetic
properties. The field of multiferroics has greakpanded in last years, particularly
with discovery of many different types of multifeic materials.

Next, we consider, in particular, such materialgjoly have both magnetic
and electric ordering - the magneto-ferroelectmdsich are now more often called
by the name of wider class of multiferroics. Tloamection between magnetic and
electric subsystems in the multiferroics, which ifests itself in form of
magnetoelectric effects, makes it possible to cbritre magnetic propertiesf a
material by using thelectric field and vice versa, to modulate electrical properties
by magnetic field.
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Previously, magnetoelectrics and multiferroics wefrénterest to relatively
narrow circle of specialists, since very small magies of magnetoelectric effects,
as well as rather low temperatures, at which theyifasted themselves did not
allow to talk about their practical application. ®of reasons was low temperature
at which magnetoelectric effects were manifestad,another reason was the need
to apply very high controlling fields.

But in recent years, there has been a surge imnaseactivity in this area,
which has found expression in numerous reviews spetial issues of journals
devoted to multiferroics.

The reason for this interest is due, on the one h@nsignificant progress in
understanding of physical mechanisms of magnetwalemteraction in the
multiferroics, and, on the other hand, to discowargnaterials, which under normal
conditions and moderate values of magnetic andtraetields, exhibit such
magnetoelectric properties that allow magnetoetectrspecific practical
applications in spin electronics, magnetic memany sensor technology. Perhaps,
the earliest studies of multiferroics were discgwarlarge ferroelectric polarization
in epitaxial films of BiFe@ ferromagnetic and ferroelectricity with magnetic
ordering in TbMnQ@, which proved theicompatibility.

It should be noted that total number of high-terapge multiferroics is still
small, and those, which exhibit magnetoelectripraes at room temperature, are
characterized by low (or zero) magnetization arghificant losses due to finite
conductivity. In this regard, the search of newnsec®s for magnetoelectric
phenomena in solid body implementation is relevamtong which the mechanism
of formation of electric polarization, which is asgted with spatially modulated
spin structures (spin cycloids) and is similar he tflexoelectric effect in liquid
crystals, deserves special attention.

The point is that distortion of orientational stiwe, corresponding to
cycloidal spatial modulation of director, generatelgectric polarization. The
occurrence of electric polarization during spatreddulation of magnetic ordering
parameter is called flexo-magneto-electric (noramif magneto-electric) effect.
This phenomenon is universal for all magneticaligevzed media and operates not
only in multiferroics, but also in centrosymmetmeagnetic dielectrics, which makes
it possible to expand significantly the class ofymatoelectric objects.

In addition to scientific interest in their phydigaoperties, the multiferroics
have potential for applications as actuators, $ws¢ magnetic field sensors, and
new types of electronic memory devices.
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4.1 Basic definitions

Multiferroics are defined as materials, which exhibore than one of the
basic ferroic properties in tteame phaselhe basic properties, implying different
types of various structural elements self-ordenmgubstance, include:

 ferromagnetism- spontaneous magnetization, which can be swittlyethe
applied magnetic field:;

« ferroelectricity— spontaneous electric polarization, which is sable by the
applied electric field;

« ferroelasticity— spontaneous deformation, switchedable by appphiechanical
stress.

In fact, these three main types of structural esddlering are greatly
complicated by other categories:

» antiferromagnetism- spontaneous magnetization, completely compemsate
different sub-lattices, but which can be turned if@rromagnetic state by magnetic
field applying;

« ferrimagnetismin which the antiferromagnetism and ferromagmett®exist
in same phase;

« antiferroelectricity— spontaneous electric polarization, which is catgy
compensated in different sub-lattices, but candeserted into ferroelectricity by
applied electric field;

« ferrielectricity, in which the antiferroelectricity and ferroelecitly coexist in
the same phase.

In the case offerroelastics analogous situations are possible but up to now
are little studied.

Multiferroics include many combinations of listeaises of structural dipoles
and spins orderings. For example, "ferroelectrazseielastics” and "ferromagnetics-
ferroelastics" are formally the multiferroics, libey are usually considered simply
as themagnetoelectrienaterials. In fact, the term "multiferroics" isaasto describe
such materials, which are both ferromagnetic anmdoéectric. Moreover, in a
number of studies, multiferroics also include tloenbinations from minor series,
such as antiferromagnetism or feragnetism.

In this textbook, intended for bachelors, masterd 8hD students, it is
advisable to first recall the basics of ferromagmet ferroelectricity and
ferroelasticity, which are given in the next thsstions 4.2-4.4 in short volume
and small print.
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4.2 Elements of ferromagnetism

Magnetism is special kind of physical interactioanh a distance between
moving electrical charges (that creates magnetimemt), as well as the interaction
between particles and bodies with naturally exgsimagnetic moments. Magnetic
interaction is characterized by the magnetic fidldere is no complete symmetry
between magnetic and electrical fields. The souotedectrical field are electrical
charges but similar single "magnetic charges" are abseat nature. That is why,
the sources of magnetic field are also electribarges, but only th@ovingcharges
(even if this movement is hidden in the elementaauticles). Cyclically moving
charges creatmagnetic momenalso called thenagnetic dipole

Any material is magneto-sensitive in its nature,, iinteracts with external
magnetic field and has certain magnetic propertyevery matter an elementary
circular currents exist, such as rotation of etwwdr around nucleus (orbital
magnetism) and electrons fictitious rotation arothr@r own axis (spin magnetism).
These movements lead to orbital and to spin magn&iments, both created by the
electrons. Basically, exactly the magnetic momenelectronic shellsof atoms
determines magnetic properties of any materialabge this moment in thousand
times greater, than the magnetic moment of atoimadeus.That is why exactly the
peculiarities ofelectronic structuresf atoms stipulate the differences in magnetic
properties of substances [1].

Magnetic materials are widely used in many areas temhnologies:
electronics, electrical engineering, informationomputing and measuring
instruments, and others. In recent years it is seequalitative "jump" in the
development of magnetic materials and creating lia basis new types of
electromagnetic and magneto-electronic devices witlgque properties, due to
scientific discoveries physics of magnetic materald advanced technologies.

The current stage of magnetic devices developngenharacterized by the
transition from discrete magnetic components ugmgiomogeneous magnetic
environments application, when magneto-polarizedrgd carriers by their
directional movement create magnetic domains. Losvtia reorientation of
magnetic domains is widely applied in magnetic etesc devices. Small size of
magnetic domains with combination of their high nibbcan create on their basis
variousfunctional deviceshat have large memory Q0 bits) and high density
of information (16-10% bits/cn?f), as well as characterized by great speed of
processing (18-1C bit/s) [2].
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Further progress in the creation of materials waighw properties is due to
development ofnanotechnologiesfor super-small elements. This progress is
associated with the changes in a structure of madfiéecting its fundamental
properties. Currently it becomes possible to "mafiggoperties of substances by
their fragmentation (dimensions) decrease. At prigsenost of technical
implementations of nanoelectronedements are observed just in the magnetic
electronic devices [3]. Based on microelectronicsl amanoelectronics, one of
promising areas of functional electronics istiegnetic electronicdeveloping that
is qualitatively new stage in creation of composéntbuild broad class of logical
and storage devices, as well as various informadronessing devices.

At present, magnetic materials with large magnetiocal effects are
synthesized that combine good transparency of matevisible and near infrared
regions of spectrum. On this basis many advanceghata-optical elements and
devices are developed: magneto-optical drives, rotbed banners, printers,
deflectors, integrated optics elements, various/eders, etc. Due to a variety of
types of magnetic materials, their properties aohufacturing methods promote
creation new items and devices. At that, magnétictenics requires development
of electronic equipment thorough the knowledgelofgics of magnetism, features
of magnetic interaction in solids, getting contoMer manufacturing technology
materials with different properties and exact ustierding of modern technology
and trends.

This Section focuses on physical fundamentals @fmaism in solids, on the
processes that determine principles of magnetictreleic devices, as well as on
operation characteristics, requirements, scope @pndpects of development of
magnetic devices.

For quantitative description of magnetic phenomarsalids theaxial vectors
are introduced: magnetic field, magnetic inductiorB, magnetic momeni,
magnetic fluxD and magnetizatioh Themagnetic fields specified by its direction
and strength; it characterizes magnetic effectateck by electrical currents or by
internal_magnetic properties of materials. The syisiB andH are used for two
distinct butclosely relatedields. At that, in_SI units the vectét is measured in
amperes per_meter [A/m] while vectBris measured in_Newton per meter per
ampere: [N/(m-A)] = _tesla [T]. Magnetic inducti®hsometimes is also called as
“magnetic field” (it is, most commonly, definedtime terms of Lorentz force, acting
on moving electrical charges).

The magnetization(magnetic polarization) is also axial vector fidliat
expresses the density of permanent or induced rtiagiiigole moments in magnetic
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material It can be compared with electrical polarizatiaumich is the measure of
response of a material onto electrical field. Mdgneoment per unit volume is
represented by the vectk.

By formal analogy with used for dielectripslar electrical vectorsl = ee
=& t+& e=1+c, whereD is electrical induction, is electrical field,& is
electrical polarizationeis permittivity andc is dielectric susceptibility), thaxial
magnetic vectors are also joint by matet@aisors of second rankermeability2
and magnetic susceptibility ee:

=Ml =Ho t, J=ee , u=1+ee.
As permeability so magnetic susceptibility aedative values; therefore, they are
dimensionlessin vacuum relative permeabilit® = 1, since at the absence of
substance magnetic susceptibility is zero: s =Amil&ly, without any substance,
relative dielectric permittivity of vacuum= 1 and dielectric susceptibility= 0.

However, the analogy between electrical and magmpétenomena is purely
formal. Electrical dipole is a system of two sepadain space electrical charges,
equal in their magnitude and opposite in their s@@onventionally electrical dipole
Is indicated by an arrow: it ipolar vector Magnetic dipole is formed by the
movemenbf electrical charges, roughly representing cacelectrical current: it is
axial vector.For both types of dipoles (electrical and magnetie potential of
correspondent fields decreases with distancerdsHawever, by this factor their
similarity ends. In thenacroscopi@xamination magnetic dipole can be represented
by electrical current in a closed circuit. At that, the microscopic processes,
properties of magnetic matter might be causedi@tsbe internal ("hidden") forms
of electrical charges movement that is possibledéscribe only inquantum
mechanics

Microscopic magnetic dipole can be created:

- by change in the orbital moment of electronic lsbkeatom (ion, molecule)
that results in thdiamagneticcomponent of magnetization;

- by "own rotation" of elementary particles reprasdrby spins of electrons
that leads to thparamagnetior ferromagneticcomponents of magnetization;

- due to the presence of magnetism in some of ataogteus (it should be
noted thahuclear magnetisns very weak).

Thus, in atomic scale, electrons can create twestygf magnetic moments
("microscopic currents”): therbital moment that is due to electrons rotation round
atomic residue, and thgpin moment due to a natural magnetic momentum of
electron. Practically magnetism is characteristicetectrons orbital and spin
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magnetic moments. Protons and neutrons also haweneagnetic moments, but
nuclear magnetism, as compared with electronic idgm, is very small (about
thousand times weaker), because thenetic momdatesd¢he mechanical moment
and therefore isnversely proportional to massf particles. In this way magnetic
moment of particle the smaller, the greater maksrdfore, magnetic properties of
a matter are determined mainly by the electrong)extron roughly three orders of
magnitude lighter than lightest atomic nuclei —tprmo The energy of magnetic
interaction of microscopic particles, though itsimaller than energy of electrical
interaction, is still large enough to affect theusture of a matter. Since any stable
system tends to minimize its energy, the internafjnetic moments in substances
strive for maximum compensation. For instance, asib energy state of helium
atom (state &) both the spin and the orbital electronic momangészero, so the only
induced by external fieldhagnetic moment can arise. The same is applidable
hydrogen molecule H Thus, in the atoms or molecules witbmpletely filled
electronic shellsas total spin moment so total orbital moment are z

Summary spin magnetic moment in tt@mpletelyfilled orbitals (two, six,
ten, fourteen electrons) is totally compensateder&lore, in most substances
electronic orbitals of atoms and molecules, norymadre entirely filled ("self-
organized") with theevennumber of electrons (filled-, p-, d-, f-shells contain
respectively 2, 6, 10, 14 electrons). Nevertheldsse are some quite uncommon
(but very important for practical use) exceptiohstable but onlyatrtially filled d-
andf- shells of atoms, in which uncompensated total spagnetic moment can
exist.

Accordingly to electromagnetic induction law, thetegnal magnetic field
creates in a substancelucedmicroscopic electrical current, which magnetiddie
Is directedoppositelyto applied field (such reaction of a matter to sggblmagnetic
field exists always). Faraday identified this effasdiamagnetism Prefix "dia-"
means the opposition to externally applied fieldjeviation of magnetic field lines:
external magnetic field aspires to turn round oénghgnetic. That is why,
diamagneticepels from any polef permanent magnet (it is pushed out of magnetic
field but with a small force, because this effesuaily is very small). In the
diamagnetics, magnetic induction becorseller than in vacuum

Second, if atoms (or molecules) of a matter haveiges with natural
nonzero magnetic moments (spin, or orbital, or hatkternal magnetic field will
aspire to orient themalong the field The result is additional magnetic moment
appearance that is collateral to external fieldesth materials Faraday called
paramagneticsThe prefix para-" means "consistency" of magnetism in substance
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with magnetic field lines; in the paramagnetic metgsm becomestronger than in
vacuum at that, the magnetic field as dfaws into paramagnetic. At that, the
paramagnetic isittracted by any pol®ef permanent magnet. As phenomenon of
diamagnetism exists always, so such this attradtioiicates the preference of
paramagnetism over diamagnetism (almost in all Tagleen both effects take
place).

The dependence of magnetization on magnetic fi¢ld (wee ) for some
typical cases is shown in Fig. 12.2. Induced inadten by external field magnetic
moment can be both as positive so negative. Fig2i2a shows the comparison of
magnetization in external field for diamagnetic grastamagnetic. In both cases to
obtainnoticeable effecpplied magnetic field requires to be large (heddrof [Oe]
= oersteq.

Significant magnetic properties, even in small mm@aémagnetic field, can be
seen in such substances, which hsivenginternal magnetic interactiobetween
particles — carriers of own magnetic moment (ataorss, molecules). Through this
interaction, such situation might be energetictdlyourable when theavoluntary
ordering of internal magnetic moments occurs (without acbbexternal magnetic
fields). In these cases, the strong magnetism lyscah be seen. Dependence of
magnetization in théerromagneti¢c induced by the external magnetic field, is
shown in Fig. 4.f: even ifthe strength of external magnetic field is onlg aersted,
induced magnetization in thousands of times greidu@n in the diamagnetic or
paramagnetic substancésraday has shown that ferromagnetiatisacted to both
polesof permanent magnet.

Fig. 4.1 Field dependence ofnagnetic momeninduced in:a — diamagnetic and
paramagnetid —ferromagnetic

Therefore, in the diamagnetic, any proper magmatiments of particles are
absent: its magnetization is induced exclusivelyh®syexternal field. This moment
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disappears very fast when external field remowat time of about 1@*s. As to the
paramagnetism, it is conditioned by the existemcenaterial intrinsic (natural)
magnetic moments, which are, however, completesordered if the external
magnetic field is absent, as shown in Fig.a4.Zhe magnetization of the
paramagnetic (as diamagnetic) is atstucedby the external magnetic field due to
orientationof existing natural magnetic moments. Howeveremdl magnetic field
orients only a small part of natural moments aftéy anagnetic field switching off,
the induced magnetism in paramagnetic disappeartsndt so fast as in the
diamagnetic (at time 18-102s).

Fig. 4.2 Schemes of magnetic moments ordering in diffelatites:a — paramagnetidy
— ferromagneticg¢ — antiferromagnetiaj — ferrimagnetic

In some solids, their magnetic structures can lsradterized by different
types ofspontaneousnagnetic ordering. Crystal or polycrystal, in whicatural
magnetic moments are oriented in parallel to edlcbrasferromagnetic,Fig. 4.2.
Accordingly, theantiferromagnetichas neighbouring atomic magnetic moments
oriented in antiparallel, Fig. 4c2 Moreover, ferromagnetism and
antiferromagnetism carcoexist in a single structure; such material is the
ferrimagnetic in which the compensation of atomic magnetic mutseis
incomplete, Fig. 4@ Related substances are knownfasites that are very
important for technical applications. Except forlateely simple collinear
ferromagnetic, atomic and electronic structures aftiferromagnetics and
ferrimagnetics might have more complicated and emen-collinear magnetic
structures (i.e., spiral, triangular, etc).

Thus, magnetic properties of substance is dividedd aweak magnetism
(diamagnetism and paramagnetism) asitlong magnetism (ferromagnetism,
antiferromagnetism and ferrimagnetism). The magagon of materials differs
significantly from dielectrics polarization. Forroparison it should be pointed out
that in case of electrical polarization in dielexgistatic dielectric susceptibility is
always positive € > 0); that is why, the static permittivity of any ragal surpass
one > 1). However, while a matter is magnetized, depsgdin the nature of
magnetism, the value of magnetic susceptibilityagele as positive so negative. So
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in a substancstatic magnetic permeabilityncan be both greater than onex 1)
and less than onerk 1). Superconductors (in which electrical resistiis zero,r

= 0) formally is characterized by value= 0 (it hasse= —1) being supposedly the
“ideal" diamagnetic. The complexity of atomic stiure of a matter, constructed
from wide variety of particles, leads to many forafsmagnetic structures. While
consider properties of solids, usually the genterah"magnet"is used.

Spins in electron and nucleaif a primary physical cause of diamagnetism
is the orbital motion of electrons in atoms and ions, the parareagm is
conditioned by thepins momentsf particles. The value of spin is denoted byelett
s, particle with spin %2 and electrical chagas magnetic momemt = /2
This value (called as Bohr magneton), equals®HEdg/Gs. It should be noted that
electronic magnetic moment is unusual vector, bez#wcan be oriented in a space
only by two ways: either on the field or againsflihe ratio of magnetic moment of
particle to its mechanical moment is the constghtlifat is magneto-mechanical
ratio (or gyromagnetic ratio). Its unit in_Sl is “radigrer second per_tesla”™
[rad/(sT)]. However, very often other tergyromagnetic ratias used for different
but closely related quantity, namely, tipdactor, which unlikeyis dimensionless.

Magnetic moment of atom is expressed by fornmla= g J = gmJ, where

J is total angular momentum, which is the sum ofitattmoment L and spin
moment S.Bohr magneton is determinedras= /2mthat is very close to spin of
free electron. Value aj-factor for electron is defined gs=—g /m, and it is called
also thespectroscopic splitting factoFor electrong = 2.0023, but usually the value
g=2is used.

Thenuclear magnetisrahould also be mentioned for better understanitieg
nature of particlegteractions,an examining not only electrical but also magnetic
properties of materials is necessary. Accordindpwitperiments, “classic” size of
nucleus is about 18 cm that is negligibly small as compared to sizatofn (102
cm). Since mass of cores in four orders of mageimiater than mass of electron,
it might be considered (while electronic process@sstudied) that atomic core as
“infinitely heavy". This approach is so callecddlabatic hypothesis when
condensed matter theory is applied to justify eteot spectrum. Electrical fields in
atomic nuclei are very large, and it is determifgdthe number of protons in
nucleus. However, nuclear magnetism is smallehausand times than electronic
magnetism, so in technical applications, as a rolagnetism of cores can be
ignored.
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At that, it is necessary to mention, that, in gahenagnetic interactions are
much smaller than electrical interactions. Actualthe energy of magnetic
interaction in atom is appreciated @s.g» me?/a, wherem is Bohr magneton and
ais average distance between electrons. Energleciirestatic interaction between
two electrons in same conditions equalg.= %a. The ratio of these two energies
iS UmagdUelec » 222, Whereaz =€/ ¢» 1/137 is Sommerfeld constant (“fine structure
constant”), characterizing the strength of elecagnetic interaction between
charged elementary particles. Thus, magnetic iatera of electrons is much
smaller than their electrostatic interaction. Iryghs of magnetism it is important
because small “fine structure constant” resultssmall value of diamagnetic
susceptibility. It can be shown that this suscéliiifhis estimated as @ » az?»
(1/137% » 54.0° that is well consistent with experimental data.

Lanzheven-Curie paramagnetisniheing relatively weak manifestation of
magnetism, is most directly related to the strohgn@mmenon of ferromagnetism.
One reason of own magnetic moment existence inathen (or ion) might be
electronic spins, which aret compensatenh the non-completely filled-shells or
f-shells. For example, in theansition metalslisted in Fig. 4.3, non-compensated
atomic magnetic moments are due to somedeél8ctrons. Orientation of spins in
first period of transition metal is shown schematic Limiting number of 8-
electrons is ten, so okshell up to five electrons may have same spimtaiéeon (as
it is seen in case of manganese and chromium)édéfiang these states by electrons
with opposite orientation.

a b

Fig. 4.3 Location spins of electrons in orbitals in tralsitmetals:a — 3d-electrons in
atoms are arranged with parallel orientation ohsp — distribution of 3l spins of electrons in
two-valence and three-valence iron ions
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Quantum mechanical calculations show that for ttemsmetals a convergent
orientation of electronic spins itshell corresponds to the energy minimum (as
more stable state). In case of chromium, for exapganfiguration &4s! exists but
not 31*4<%. Similarly, copper atom has electronic configunati'4s' but not 3°4s?
as one might expect.

In atoms K and CadBorbital isemptywhile in atoms Cu and Zrd3orbital is
completely filled (spin magnetic moments of elendn this case are totally
compensated). This means tlaadmsK, Ca, Zn and Cu are not paramagnetic. In
others listed in Fig/ 4.3 atoms, thed-8rbital isnot completely filled. The exact
calculations of @-electrons distribution is complicated, but the manof these
electrons distribution is expressed by the Hundles, following to which 8-
electrons are arranged in thd-ghell according to their magnetic spins [1]. Pauli
principle does not allow the existing in one enestpte two electrons with same
spins. Thus, electrons with same spin directionukhde separated in space
However, due to Coulomb interaction, the energyeleictrons with same spin
directions is reduced. Thus, average potentialggnef oriented in parallel spins
might be less than in thantiparallel orientation As an example, th& n?* ion may
be takenThe 3J-shell of this ion has five electrons, so this Ereefilled exactly
half. Spins of electrons can be oriented parafielectrons occupdifferent states
in the 3I-shell exactly five different states are allowedttare characterized by the
orbital quantum numben= 2, 1, 0, -1, —2. Each of these states can hgpoat by
one electron. In this case, it might be expected tibtal spin will be equal t8 =
5/2, and, becausem = 0 the only possible value i = 0 that is observed
experimentally.

Since magnetic properties of atoms are due, priypaid the spins of
electrons, then uncompensated spin orientation, 48 allows evaluate magnetic
moment of atom. For example, single titanium at@s magnetic moment of two
spins (two Bohr magnetonand, while single cobalt atom has own moment of three
spins (3n). Up to five 3-electrons in atoms can be placed with parallerdation
of spins preservation. Second electron in each staiuld be oriented in antiparallel.

Up to now, mostly magnetic momentsaibmsare considered. Thens of
3d-metals, have varying valence, and, depending antltiey can have different
number of uncompensated spin moments. This fasigsificant for magnetic
materials synthesis with various purposes. Veryortgnt example is shown in Fig.
4.3b: distribution of spins in thed3shell for two different iron ions: Féand Fé?
as compared with atom of iron (Fe). It is seen twai-valence iron has total
magnetic momentm, while three-valence iron might be characterizgcbim. It
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should be noted that in Fig. #.8nly simplified model is shown, because it doets no
take into account thespin-orbital interaction Taking into consideration this
interaction (and according to experiments), magnabment of F& is dependent
on a given crystal, once it might have /4 while in other case Fécan have 12.9
m.

Rare earth elementatoms and ions also might have uncompensated spin
moments, but located in thédrbital. Electronic structure of rare-earth compadsi
is as follows: typical valence of rare earth metslst3”, i.e., three outer electrons
can be detached from rare earth atom and direntedconduction band (or form
chemical bonds in the compound). As a result, dne* is formed, which usually
keeps incompletef4hell, location of spins in thé-4hells for lanthanides is shown
Fig. 4.4. For example, in the gadolinium ion gGdnstead of 14 electrons permitted
in the 4-shell, only partial filling of shell is observedf. ’, while in the dysprosium
ion (Dy**) only 9 from 14 electrons existst %

Fig. 4.4.Electrons spins allocation in orbitals of lanthasd

Since thef-states are located rather close to atom’s nudleay, have small
radius: o~ 0.4 A. It is much smaller than the distance betwatoms in solids,
which usually is about 3 A. Therefore, it looksdikelectrons do not involved in
chemical bonding, and it would seem that theirestain be considered as localized,
so they belong to the ionic residue. By analogyhwitott type of dielectricsi-
electrons can be regarded as being located fanefdtelectric side” of Mott type
transition. The nature of chemical bonding and tyyee of crystal lattice (that

determines metallic or dielectric properties) sdolve been identified only by
183



three valence electrons. At that, the electronsstéte strongly influence on the
magnetic propertiesf correspondent crystals.fishell is only partially filled, the
magnetic moments of electrons are not compensstethtal magnetic moment is
nonzero. So, such ions are similar to the elemgmtagnets.

It is clear that the presence of these ions intalyssults in a fact that crystal
Is paramagnetic with localized magnetic moments, @nlow temperatures these
moments might be spontaneously ordered, makingatrggher ferromagnetic or
antiferromagnetic, or acquire more complicated ifiegnetic structure. It is
noteworthy that the first twd-elements in the table Cs and Ba do not have
"stationary" electrons in thefirshell. However, its very presence leads to sigaift
features in the behavior of these elements in dmepounds used in the functional
electronics, in particular, in the ferroics. Aslia, theirf-shell might be virtually
"visited" by electrons and affect the properties aofrrespondent ions in the
compounds.

Theionsof various rare earth elements have quite simiiandcal properties,
since their outer electronic shells should be idahtthey all have configuration
5s?5p® (similar to neutral xenon atom). The radius ofaléntion, when transition
from one element of this group to other, graduadijuces from 1.11 A in cerium to
0.94 A in ytterbium. This phenomenon is taathanoid compressiorThis fact
allows to manage propertie®f crystals which contain rare earth elements by
selecting lanthanide ion with need radius for agierystal.

able 4.1
Experimental data as to number of Bohr magnetons itanthanides

RE ion |L&" |Ce" |PP* [N |Pm* S |EU |G [T |Dy3* [Ho®** [EF* |Tm3*|Yb3* |Lu®*

Moment

i 2 0 |24 35 35 —-| 15 34 80 95 1064(95| 74| 45| O
B

Experimentally found values of magnetic momentsod earth elements ions
are shown in Table 4.1. Magnetic properties of-emgh ions are very appreciable.
In lanthanum (La) that is starting element of reaeths group fdshell is empty, but
in cerium atom #shell already has one electron. Further, the numb4-electrons
consistently increased in each next element ofougtterbium (Yt), which has 13
electrons in its #shell, and lutetium (Lu) in which 14 electrons qaetely fill 4f-
shell. It is obvious that ions faand Lu® are diamagnetics while all othiems of
rare earth elements (from C¢o Yb*3) belong to paramagnetic [8].

The difference between magnetic properties of earth (4) metals and

transition (2l) metals is that the radius ofghell equals only ~ 0.3 A, and this shell
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is hiddenunder the outward electronic shells. Thereforéglyi used in engineering
ferrimagnetic materials (ferrites) that are synthesizithl rare earths elements have
highest electromagnetguality factorQ (i.e., small loss of electromagnetic energy
at microwaves). In rare earth ferrites there iseatveak connection of deep-seated
activemagneticaf subsystenwith lattice thermal movement (phonons) that mainl
touches external electronic shells. External eb@caignetic field excites exactly 4
magnetic subsystem, which being partially screefieth phonons losses less
energy:. at microwaves rare earth ferrites have mhigher quality factor than
ferrites based on transition metals in whicksBell is not shielded from ions thermal
movement.

Various magneticsMagnetic crystals and polycrystals with high ordgrof
spin and orbital magnetic moments demonstrate Bedc&trong” magnetism. In
this case permeability is large and correspondetienals can be the sources of
strong magnetic fields that widely used in engimger When considering
paramagnetics, it was shown that some atoms, wéliebtronic shells are not
completely filled, have their own magnetic momeartd behave as small permanent
magnets. The degree of magnetization of such drystaletermined by total
magnetic moment that is the vector sum of atomsneiig moments.

Natural magnetic moment have atoms and iotisaaEient group®f Periodic
Mendeleyev Table, because they are characterizadfilled inner electronic shells
that available to hold unpaired electrons spin. &ample is iron atom, in which
26 electrons move around nucleus; eighteen of fileimner orbitals (as well as in
argon atom). However, in tha&l-3hell of iron atom only 6 of possible 10 electoni
states are occupied, so thakshell in iron is not filled completely, as there &our
empty states, see Fig. #.3Moreover, four magnetic moments of electronsdn 3
shell of Fe atom arself-ordered making a system with uncompensated magnetic
spins. Such feature ofdXhell that determines bigtrinsic magnetic momerdf
atom is peculiar to several elements of iron group.

If the crystal is formed from such atoms that hastiral magnetic moments
(like iron), different ways of magnetic momentsemtiation might be realized. The
simplest types of regulation in two-dimensionalecase shown in Fig. 4.2. The tip
of arrow shows the north pole of magnet linked waitbm. If magnetic moments are
oriented randomly, as shown in Fig. &.2hen total magnetic moment of crystal is
zero (this corresponds to paramagnetic). When ppé/anagnetic field to such a
crystals, thdorced orderingof magnetic moments occurs with their overwhelming
focusing according to field that creates deposittatal magnetic moment
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(paramagnetism). In Fig. 42he ordered structures are shown too simplistinly
as a comparison with disordered structures.

Different ordered structures are shown more detaite Fig. 4.2. In the
simplestferromagneticstructure, Fig. 4& all magnetic moments of atoms are
directed equally. Examples of such ferromagnetiesnaetals: Fe, Ni, Co, Gd and
Dy. These strictly magnetically ordered metal aigsican behave like permanent
magnets (if they have single-domain structure).gb@st orderedntiferromagnetic
structures might be also collinear, but magnetianaots in them are directed
oppositely, so they are totally self-compensatsdt @ shown in Fig. 4b Axis, at
which all these moments are directed, is Hrgiferromagneticaxis. Typical
representatives of crystals with antiferromagnesticicture are some oxides of
transition metals (Mn, Ni, Co, Fe) and many of tHkiorides, chlorides, sulfides,
selenides and others.

Fig. 4.5. Different types of ordered magnetic structurepl@xations are in text)

Crystallographically all magnetics that have stuetwith similar direction
of their magnetic moments might be presenteti@agneticsublatticesIn illustrated
case in Fig. 4% some of magnetic moments of atoms are directet] fopming
one sublattice, while atoms with opposite directodtheir magnetic moments form
another sublattice. These two sublattices congisttams that are located in the
equivalent positions (twequivalentmagnetic sublattices). In general, magnetic
structure may contain several sublattices, formedtbms that crystallographically
located innon-equivalent positionsMagnetic sublattice is a set of all atomic
magnetic moments that can be obtained using phtateslations at distances that

are divisible to period of unit cell. In the coliarferrimagneticstructure, Fig. 4§
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the neighbouring atoms also show antiparallel ¢aiggon, buttotal magnetic
moment of elementary cell of crystaldgferent from zeroTherefore, this structure
has spontaneous magnetization, as magnetic moofaats that belong to different
sublattices are non-compensated.

Partial compensation of magnetic energy may beitondd by several ways.
First, elementary magnetic cell may account difiereimbers of ions belonging to
two sublattices (magnetic moments of ions in tlasecmight be same). Second,
magnetic moments of ions of two different sublasiocnay have different size. Most
often both causes are observed, as shown in Figl X2 Ferimagnetism usually is
called a:mon-compensated antiferromagnetidrat better reflects the nature of this
phenomenon. Shown in Fig. 4,5b, ctypes of magnetic structures belong to
collinear magnetic structures. There are also different 2ypé non-collinear
magnetic structures, and some of them are showigin4.5l, e, f Weaklynon-
collinear magnetic structure (Fig. 4)3s inherent to the weak femagnetics, and
they are characterized by small resultant magnatiment (in Fig. 4.8 it is directed
upward). This causes a slight slanting of antifer@gnetic ordering of magnetic
moments sublattices. Weakly non-collinear magnstiacture is seen in K@
(hematite), in crystals F 3 and FF;, in carbonate& n%-+s;, % %+;, NiCO;3, in
orthoferrites RH as well as in orthochromiteg/R+ (R is rare earth element).

There are also such weakly non-collinear antifeagnetic structures (Fig.
4.%¢) that have no resultant moment. At that, triang(darner) structures shown in
Fig. 4.5 belong tostronglynon-collinear magnetic structures. In this casematig
lattice is formed by blackened atoms, divided iwto sublattices, which magnetic
moments are directed at angle to each other; asudt,y magnetic moment can be
created, and it is antiparallel to moment of tisindblattice. All these are very special
cases of ferromagnetic structures. There are atse oomplicated cases of "screw"
and "helical" magnetic ordering that is not consedehere.

Ferromagnetism. It is necessary to consider, why in some materials
(ferromagnetics) natural magnetic moments of imliei atoms become
spontaneously ordered, while in other materialsaipagnetics) — no ordering is
observed. When permanent magnet is placed in aanstagnetic field, then its
magnetic moment tends to take a position, coinc¢idéth direction of applied field.
In the majority of crystals, containirdy andf-atoms, each structural unit has own
magnetic moment that creates around itself magfield. If this field would be
large enough, it can force magnetic moments of astaneighboring ions to be
oriented in parallel. This happens in case, wherggnof interaction of magnetic
moments of neighboring ions is larger than enerfghermal fluctuationsk T) in
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crystal lattice. It is determined that two typesioferaction between magnetic
moments of neighboring ions might exidipole interaction and exchange
interaction. Exchange interaction is a purely quanteffect, and, usually, it is
stronger than dipole type of interaction.

Among d-metals ferromagnetics are Fi&: (= 1040 K), Ni Tc = 630 K), Co
(Tc = 1600 K) while among f-metals are only G& € 293 K) and Dy Tc = 87 K).

In most of them, the carriers of ferromagnetismtageuncompensated ions spins
associated with orbital momerdgelectrondelonging to crystal lattice. As known,
electronic magnetism is manifested as in spin swhital moments. Magnetization
of ferromagnetic summarizes magnetic mondntonsisting of ordered magnetic
moments of electrons and appropriate mechanicalenok Ratio M/P equals —
gm2m, if magnetization is caused by orbital magnetic ranta of atoms but equals
—gnim, if magnetization is caused only by spin magnetenants.

There are some important experiments related sethesumptions:

1. Magneto-mechanical effeechéchanical momeitrising at magnetization)
was studied by Einstein and de Haas. The iron r@sllwng on elastic string inside
solenoid; when magnetized, the rod turns and twisés string. If direction of
magnetic field changes, the direction of rod rotatalso changes. From this
experiment the value of gyromagnetic ratio is dateed asM/P = —gnim that
implies that this effect is caused by g@nsof electrons.

2. In the reciprocal experiment the magnetizatibinom rod occurs in case of
its rapid rotation. This means electrons aspirafiepresenting so called “whipping
tops” with angular momentum) to be oriented indirection of axis of rod rotation.
Along this experiment as mechanical, so magnetienamds of electrons were
oriented. This also confirms tlspin model of magnetization.

3. In another experiment, previously magnetizedwad subjected to rapid
heating above Curie point. As a result, previoaslgnted “whipping tops” acquire
random direction, so the demagnetization stimulat¢édtional momentum of rod
that can be directly measured in experiment. Is1¢hse also the gyromagnetic ratio
indicates that ferromagnetism is due to spin moovardf electrons.

However, convincing calculations show thatly spinsinteraction cannot
provide their parallel orientatiorthat is main characteristic of ferromagnetic at
temperatures below Curie point. Theory is obligeddsume (F.R. Weiss) that stable
orientation of spins can be caused byrttaecular fieldwhich is the non-magnetic
in its nature. As it was first shown by Y. Frenkéle forces that compel orientation
of magnetic moments have electrostatic nature.spoataneous orientation arises
as a result of thexchange interactionf spins and orbital moments of electrons in
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a crystal lattice. Exchange interaction is repdgtezbnsidered in quantum
mechanics, for example, to des&ericonstitution ohydrogen moleculeln case of
small particles that have magnetic moment (suakllexgrons) their arrangement in
the magnetic field is determined by a fact thajgution of spin vector on magnetic
field direction can take only two wss: = (1/2n. For two-electron system in the
H, (as example) it can not be specified which ob ectrons has definite state.
However, following Pauli principle, two electronarc not be located on single
energy level having same spin quantum number. &mgum mechanics this is taken
into account by introducingnti-symmetrical wave functiphe., when two electrons
interchange their wave function must change ita.sig

Exchange interaction has electrostatic nature, kiewé is not a simple
Coulomb-type, but the quantum interaction. Duringchmnism of exchange
interaction direction of electronic spins of neighbng atoms are co-ordinated.
Such interaction is titled as “exchange” becauspraotess of interaction between
neighbouring electrons magnetic atoms looks likartplaces are changingThe
result of exchange interaction is the establishnanelectronic spin moments
orientation in parallel to each other, sgontaneous magnetizati@mises without
any external fieldsince both spin and orbital moments of electroedraerrelated,
it can be argued that spontaneous magnetizatiareigted by the ordering of
magnetic moments of atoms. While heating to Cwiraperature lattice thermal
motion destroys orderly setting of atoms, establishy exchange interaction. It
follows that the greater exchange interaction moi@agnetic, the higher should be
its Curie temperature at which magnetic orderingpbees destroyed.

In theexchange integrdboth positive and negative members are included, s
it might have both positive and negative signssBign identifies what kind of spins
orientation of electrons, involved in the bondingleange, is energetically more
favorable: parallel (that corresponds to ferroméigng® or antiparallel
(corresponding to antiferromagnetism). Thus, exchanigeantion characterizes the
difference of Coulomb energy between parallel amtgparallel orientation of spins.
For ferromagnetics and antiferromagnetics exchangggral has opposite sign.
Since exchange interaction occurs only in caseveflapping orbitalsit follows
that this interaction hashort-range naturebetween adjacent orbitals. Conversely,
spin-type interaction (between own magnetic dipatdattice of magnetic ions) is
called adong-rangedipole-dipole interaction. Thus, main magnetierattions are
as exchange interactions (short-range) so dipgelelinteractions (long-range).
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Fig. 4.6. Calculated data for exchange integral for iraougrferromagnetics

Results of exchange integral calculation in depeodeon ratio of lattice
constant and radius of 3d-shell for different metals of iron group is shoimrfig.
4.6. It can be seen that just for ferromagneticamset iron, cobalt and nickel —
exchange integral is positive, i.e., parallel lomatof spins for neighboring atoms
appears energetically favorable [9].

The value of exchange integral correlates withGlueie temperature, Table
4.2: the greater exchange energy, the higher atdstracture of spins can resist to
action of thermal phononindeed, greatest value of exchange integral isrvbksl
in cobalt with Curie point of about 1400 K. Exchangtegral is smaller in the iron
(Tc = 1040 K), while the lowest it is in nickel{ = 630 K). The density of electronic
states (partially filled orbitals) in the ferromajic must be big enough in order to
the kinetic energy cannot exceed exchange energy.

Interestingly, thatmanganesdand others representatives al-r@etals, in
which ratioa/r < 1.5) is not ferromagnetic, but the value of ex®integral in Mn
is very close to Fe, Fig. 4.6. Therefore, if thitid@ constant of manganese would
be slightly increased, then ratadd will be more than 1.5, and manganese will
become ferromagnetic. Experiment confirms this etgd®n: the ferromagnetism
in Mn arises after its doping by a small amoumntitbgen, that causes some increase
of manganese lattice parameter. Similarly, manygaaase-based alloys are also
ferromagnetics, in spite of they have no one compgrwhich is ferromagnetic in
pure crystal.For example, very important in technique is theyaMn-Si-Al, as
well as compounds MnShb, MnBi and some others, aangamanganese atoms on
distances larger than atoms of pure manganese.

Apparently, for emergence of ferromagnetism, important to have certain
"optimum" in atomic distance in crystal lattice. Whatoms approach too close one
to another (Ti and Cr), then in their electroniemy band a significant dispersal
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appears with a rapid increase of kinetic energg, famomagnetism is absent. The
point is that atoms are located too far from eablerp and the exchange interaction
becomes insufficient for ferromagnetism. At thatthe iron group of metals, only
the spins interaction (i.e., the dipole-to-dipot&axtion) is not large enough for
ferromagnetism formation. Thus, the presence ofnighfed internal electronic
shells in some atoms, as wellpassitive sigrof exchange integral (that results in the
parallel orientation of spins) is the necessary ted sufficient conditions when
ferromagnetism can exists.

It needs to recall, that magnetizatidr{density of magnetic mome in
sample) is defined as total magnetic moment pdruatime, induced by external
field H (in which measurement is performed). Magnetic poese" of crystal to
applied fieldH is characterized by magnetic susceptibility secesih= poee .
However, in ferromagnetic materials & >> 1, anekgfore, magnetic susceptibility
practically equals to the permeability that followsm ratio = i , so that in
ferromagnetics e 4 and » J.

Fig. 4.7. Temperature dependence of magnetic susceptiaiityinverse susceptibility for
various magnetic materials:- ferromagnetic — antiferromagneti@ — paramagnetia(is Curie-
Weiss temperatur@c is Curie temperaturdy is Neel temperature)

Permeability temperature dependence in some magngthown in Fig. 4.7.
While cooling from high temperatures (i.e., cooliingm disordered paramagnetic
phase), the permeability (and magnetic suscepyipilof ferromagnetic first
increases and reaches maximum at Curie temperBdulrethe paramagnetic phase,
above phase transition point tGarie-Weiss laws fair: ee» u = /( —q), whereC
iIs Curie-Weiss constant and is Curie-Weiss temperature. Once crystal is
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ferromagnetic, then spontaneonternal magnetic fieltHs,appears, so measured in
a smallexternal magnetic fielde » 2 below its sharp maximum rapidly decreases
with temperature lowering due saturationprocess occurring iHsp. (However, in
the strong measuring magnetic fiel?l » ae continues its smooth increase, so sharp
maximum U{¢) is seen but only in small magnetic field). In pErature dependence
of inverse magnetic susceptibility, near phase transition itheease of &
becomes a little slower, and, therefagé, c.

Phenomenon of magnetization backlog when magnagtd fis
changing isnagnetic hysteresi§ig. 4.&. To destroy the residual magnetidy it
IS necessary to apply the counter field that in ferromagnetic can reverse its
magnetization. This field is theoercive field(retentive force). Shown in Fidg.8a
closed curve, describing the reversal cycle, ishysteresis loopThe area of this
loop is proportional to work which external fiel[dends to reverse polarization in
the unit volume of ferromagnetic. During reversedqess, this workurns into a
heat and characterizeBysteresis losses'herefore, in case of repeated reversal
magnetization, ferromagnetic becomes heated, andhtire intense the bigger the
area of hysteresis loop. Heating is a resultimérnal friction that occurs at
continuous reorientations of magnetic domains. Aghér frequencies the
ferromagnetic is heated additionally: due FEemucault currents arising in
ferromagnetic which usually is good conductor.

a b
Fig. 4.8. Magnetic hysteresisa and temperature dependence of spontaneous
magnetizationlf) for different magnetic materials: — iron, — nickel, — cobalt

Depending on the shape and area of hysteresis Ibepferromagnetic
materials are divided into the "soft" materials &intoercivity) and the "hard"
materials (with high coercivity). Different applit@n of magnetic materials requires
different types of magnetization curve. Materiadedi in the electrical transformers
and electrical machines should showack respons@o magnetic field, because
they have to change their magnetization many tipeesecond. This might result in
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partial loss of efficiency and material heatingpesgally, if ferromagnetic is rather
"hard" (with increased coercive fiellemperature dependence of spontaneous
magnetizationMagnetization that arises below Curie point is ¢hentaneouss,

» Bsp. Temperature dependence of spontaneous magnetizatioon, nickel and
cobalt is shown in Fig. 48 On the vertical axis the relative value of magation

Is designated; dependencelgfon T/q is depicted by theame curvéor these three
ferromagnetics. As temperature increases, the niagtien decreases and in Curie
point (as well as above it) becomes zero.The teatpes, at which phase transition
occurs from ferromagnetic ordered state into pagueBc disordered state is the
ferromagneticCurie point Tc. Above this temperature a substance ceases to be
ferromagnetic and behaves just like many otheramagnetic solids. Afterwards,
when cooling to temperature below critical, spoetars magnetization arises again,
and dependencéT) is restored. In other words, spontaneous magatetiz of
material decreases with increasing temperaturezanghes at the critical point.

The value of saturation in tldg(T) curve depends on fundamental properties
of ferromagnetic. Since this value corresponds égmetization inside domain, it
does not depend on the method of ferromagnetic legonpparation. This feature of
spontaneous magnetization temperature dependere@lgined by F. Weiss: in
ferromagnetic thenternal (molecular) field exists which aspires to orierit a
elementary magnets along one direction. This fislddirectly proportional to
existing magnetization. Thermal fluctuations seekdestroy the orientation of
elementary magnets, and the more intense, the thigihmperature. The violation in
ordering means less spontaneous magnetizationfdsuts turn, it decreases the
field which organizes magnetic dipoles. Thus, thegekind of "positive feedback":
the aspiration for magnetization to zero as tentpegarises is progressively
increasing with decreasing magnetization. On thetragy, when temperature
decreases, magnetization gradually increases. ptaiaxinternal (or molecular)
Weiss'’s field existence, it is insufficient to cahey only the magnetic forces, acting
between elementary dipoles. Calculations showrtlagnetic forces between spins
cannot play a vital role for internal forces; aatng to Weiss’s theory these forces
for about three orders of magnitude smaller thas recessary to overcome the
action of heat disordering. As it is consideredobef the electrical forces also act
between electrons that stipulate for their exchangggaction.

Antiferromagnetism In the case of negative sign of exchange integnal,
antiparallel orientation of spins in the latticeesiof crystal is more profitable, Fig.
4.7. Spins are ordered, but no spontaneous magtetizoccurs because magnetic
moments of neighboring spins compensate each ddgerd.2Z. Such crystal has
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two magnetically opposite sublattices that arerperetrated. The most studied
antiferromagnetics are listed in Table 4.2.

Table 4.2.
Neel temperature of some antiferromagnetics

Crystal Tn, K Crystal Tn, K

&n+ 122 #% F3 125

FeO 198 Mnk 67,34

% + 291 Fek 78,4

NiO 650 Cok 37,7

RbMnF; 54,5 MnCh 2

#F Fs 115 VS 1040

#& nks 88,3 Cr 311

The antiparallel arrangement of spins is formesitincture of spontaneously
at temperature beloviNeel temperaturg(Ty), in competition with chaotically
disordered thermal motion. Whantiferromagnetics heated above Neel point$

n), the uncompensated spins which partiallydilbr f-shells, form somethiniike
paramagneticsystem which is characterized, however, bgpacialtemperature
dependence of magnetic susceptibility: e (= + q), whereC is Curie-Weiss
constant. At that,q is the characteristic temperature, which in cattrio
paramagnetic phase of ferromagnetics is locatethemegativerange of Kelvin
temperature scale, Fig. 4.7, cule

As the examples of antiferromagnetics, we can raargomed- andf-metals:
Cr with Neel temperaturéy = 311 K, Mn withTy = 100 K, and their numerous
compounds. Antiferromagnetics are also many oxidiels andf-metals: MnO with
Ty = 122 K, FeO in whicfTy = 198 K, NiO withTy = 650 K — this is highest Neel
temperature.

It should be noted that antiparallel spontaneoientation of electronic spins
in the closely located ions stronglseduces the electrical conductivity
antiferromagnetic below Neel temperature is turningm conductors to the
semiconductors (or dielectric).n the disordered (paramagnetic) phase
antiferromagnetic does not have any band gap inghextronic spectrum (as metal).
However, as temperature decreases and transitemtiferromagnetic phase occurs
(at Neel point), in electronic spectrum of mostifamtomagneticcompoundghe
energy gap opendherefore, Neel phase transition in antiferronsigs might be
simultaneously the "dielectric-to-metal" phase ¢raon. At that, electrical
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conductivity in the antiferromagnetic phase is s$ends of times lower than in
magnetically disordered (conducting) phase.

However, permeability of antiferromagnetics is dr{rab> 1) that is obviously
insufficient for their technical application as magjc materials. The smallness of
permeability is consequence of the fact that at Id@mperatures (in
antiferromagnetic phase) the atomic magnetic mosnait sublatticestotally
compensateach other, so the resulting magnetic moment@ ¥¢hen temperature
rises and antiparallel orientation of spins becaiserdered, the value of magnetic
susceptibility & increases and reaches maximuneat point, Fig. 4,7, while the
disordering of their spins becomes like in paranesign Simultaneously, the
movement of valence electrons (which in the anti@agnetic phase are
constrained by strongly ordered opposite spinspines free, so when transition
into disordered (paramagnetic) phase crystal tumasconductor.

Ferrimagnetism. In addition to totally magnetically compensated
antiferromagnetics, there are many crystals angcpgdtals, in which the magnetic
moments of sublattices, although being directedosip@ to each other, have
significantly difference in their magnetizationgF#.21. These materials have rather
complicated structures with varying kinds of atdhat form them, and with variable
number of uncompensated electrons indkshells (orf-shells). These magnetics
show propertiesimilar to ferromagnetic material®ecause they hold spontaneous
magnetization and total magnetic moment in thettice is nonzero. These
substances, being very important for applicati@ns, theferrimagnetics some of
them are listed in Table 4.3.

Table 4.3.
Curie temperature Tc and magnetic saturation inductionBs at 4 K in
some ferrimagnetics

Crystal c,# 4ABs, Gs
Fest+ 4 (magnetite) 858 6400
% F 2+4 793 6000
MgF 2+4 713 1800
CuF 2t+4 728 2000
MnF 2+4 573 7000

Y 3Fes012 560 2470

Therefore, magnetic moments of ferrimagnetics aectéd antiparallel, but
they are non-compensated. Electronic interactiosuich lattices is known as the
indirect exchange interactiomt which there is no direct overlap of magnetitsio
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wave functions. However, the overlap of wave fumtsi of diamagnetic anions (for
example, @) with wave functions of magnetic cations (for exden F&°) enables
the exchange interactighrough the virtually excited stat&he -shell of oxygen

ion in its main state is completely filled, andsgie the overlap with iron ion wave
functions p-orbitals of G?and twod-orbitals of F&®), any exchange interaction
between them is absent. However, in¢ieitedstate, one gb-electrons of oxygen
transfers to the @shell of iron ion. In compliance with the Hund'sles, those
electron has to move which spin is antiparallehi® spins of electrons in the half-
filled shell of ion Fe&. Leaving d-shell, the electron, due to negative exchange
interaction, orients spins of neighboring iron ionkhe intensity of indirect
interaction increases with the extension of overilag of electronic shells, i.e., with
the strengthening of covalent bonBecause covalent bonds are non-central, the
indirect exchange interaction reaches maximum whege interacting ions are not
collinear. Therefore, the compensation of magnateents is not complete in the
complex structure of antiferromagnetic.

Permeability of ferrimagnetics, being less thanugal of permeability in
typical ferromagnetics, nevertheless, is rather bog successful technical
applicationsm~ 1#-10%. As to another physical properties (hysteresislinearity,
domain structure), the ferrimagnetic is close todimagnetic, but its magnetization
decreases with temperature rise non-monotonically (n ferromagnetics),
sometimes passing through zero before reaching@uae temperature, Fig. 4.9.

Fig. 4.9.Different types of temperature dependence of magateon in the sublatticedy
andMy) and resultant spontaneous magnetizatipof(ferrites

Several different sublattices that exist in ferrgnatic make temperature
dependence of spontaneous magnetization ratherlicataol, as compared with
conventional ferromagnetism, seen in Fig. 4.9. Tisisdue to the fact that
temperature dependence of spontaneous magnetinadipibe different for various
sublattices of ferrimagnetic. It is necessary tminel that most of feamagnetics
are metals (with high conductance) and, theretbe; cannot be used at increased
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frequencies due to high losses conditioned by Rdticarrents. Therefore, for
electrotechnical applications (frequency 50 or &),Hnd, especially, for mobile
(transport) electrical engineering (frequency o 4{z) the iron, permalloy or any
ferromagnetic metal are divided into the separkttep (or even into thin foil) with
the electrical insulating layers between the pléedoil). One of possible ways of
ferromagnetic metal using at the radio frequenisiés reduce losses from Foucault
current by using micron-sized ferromagnetic pagsgressed together with polymer
(magneto-dielectric composifesNevertheless, this technology cannot prevent
losses from Foucault currents in the microwave egmdhere magnetic materials are
widely used, particularly in information and comipgttechnique).

However, extremely necessary insulating propediesachieved exactly in
ferrmagnetics by combination of depressed conductiwith rather strong
magnetism irelementary crystal cellherefore, main advantage of ferrimagnetics
Is rather high permeability with a significant miastation of magnetic properties,
combined with high enough electrical resistances T especially important in
microwave technology as provided small loss of tebeoagnetic energy. In
technologies, the ferrimagnetics usually are cafiites, and most important
representative of them magnetiteFe0O, = FeOFe,0Os. Its unit cell is ferrospinels
that has cubic lattice formed from eight moleculeBeOFe,0s. In this mineral the
negative oxygen ions form face-centred latticewmch compound F©4has one
divalent (F&?) and two trivalent (F&) iron ions. As shown in Fig. 4.3b, the atom Fe
as well as the ions Feand Fé&2 have different number of uncompensated spins. One
sublattice of ferrite contains one half of trivaieron ions, another sublattice —
second half of trivalent iron ions and divalentnirmns. Magnetic moments of
sublattices are antiparallel. Therefore, the magmebments of trivalent iron ions
are compensated, but spontaneous magnetizatiansed by magnetic moments of
divalent iron ions.

In various ferrites with a structure of magnetite tivalent iron ions Fécan
be substituted by divalent ions of other metalshsas Mg?, Ni*?, Co2, Mn*? and
%', General formula of ferrites with spinel-type sture is& + ¥e&0s, where Me
is the divalent metallic ion. Just the divalent ahetons cause spontaneous
magnetization of many ferrimagnetics. Some of fesri(manganese and nickel
ferrites) have rather high permeability: up to sal/¢housands. In others ferrites
usually m ~ 100 (however, ferrites based on zinc and cadmium ot
ferrimagnetics).

Ferrites based omre earth elementare of great scientific and technological
interest. It is necessary to remind that rare ealdiments (or lanthanides) are the
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elements of third group with numbers 57 -71 (La, Bd, Sm, etc.). To them, by
similar properties, scandium Sc and yttrium Y ateiltauted. As the alloys, so
compounds of these elements have pronounced magpedperties. Their
difference from the magnets of iron typeH®etals) lies in that magnetic moment
of lanthanides (Mmetals) is determined mainlyy spin properties of electrons,
while importance of orbital moment is smaller (nelelessorbital moment also
has some influences on their magnetic properti@s)n fourteen rare earth elements
the ferromagnetismis observed only in six of them (gadolinium, erbjum
dysprosium, holmium, thulium and terbium) but in shoof them (except
gadolinium) at a certain temperature the ferromagme turns into the
antiferromagnetism. In the gadolinium, like in irghe ferromagnetic state occurs
directly from the paramagnetic state (at temperature of RROFive rare earth
elements (cerium, praseodymium, samarium, europamd promethium) are
antiferromagnetics. Magnetic moments of lanthanathlatetium are zero (they are
diamagnetics). Smagnetic properties of rare earth metals are glifferent and
complicated.

4.3 Basics of ferroeletricity

Traditional and comfortable modelling of ferroelects the assumption of its
spontaneous polarizatioRs, direction of which can be switched by externally
applied electrical field. Currently, there is omni as to another nature of
ferroelectricity: it might be assumed that struetwf ferroelectric is able to
demonstrate such nonlinear polar response to atterapplied field, as if the
switching of polarizatioroccurs in it. However, in this tutorial it is bettadhere to
traditional theory of ferroelectrics as crystals with reversible dpoeous
polarization.

It should be noted that other than in the ferrdelex internal polarization is
peculiar to the electrets and pyroelectrics. Howewrlike residual polarization of
electrets, the cold spontaneous polarization reptesthestable thermodynamic
stateof polar dielectrics. Indeed, residual polarizatio electrets disappears during
their heating or irradiation, while spontaneousapahtion looks like a structural
feature of polar crystal. Really, its value canchanged under external influences,
but then it completely restores when initial coiais return. It should be recalled
that the pyroelectricity is one of possible martdésns of polar crystals peculiar
structure. However, applied electrical field cant rahange the direction of
spontaneous polarization in theear pyroelectric, which persists up to the melting
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of a crystal. Being theon-linearpyroelectric, the ferroelectric not only switchiss
Psin electrical field, but shows a significant chang Ps temperature dependence,
until it completely disappears well before the nmgjtof a crystal.

Ferroelectrics are the subclass of pyroelectrieswihich polarized state is
not stable enough but it is quite labile. This paad state can be changed by many
external influences: electrical field, temperatanmed pressure.

Two types of phase transitiondn the vicinity of phase transitions, the
substance, firstly, allows considerable controlitefparameters by the not very
strong fields that is used in electrically and netgrally controlled devices;
secondly, the substance is very sensitive to clmmgetemperature, pressure,
humidity, etc. that is used in various sensory desi Due to enormous anomaly of
dielectric properties observed at phase transitidiedectric spectroscopy requires
special measurement methods and software for abgaimformation about physical
properties of object under study (critical frequenand attenuation, critical
relaxation time, etc.).

According to thecondensed state physjtee nature of phase transitions can
be like that. The degrees of freedom of atomicigad in solids can be divided into
two groups. For some degrees of freedom the itteraenergy of particledjy is
smaller in comparison with thermal motion enekgy. In this case, i.e, &l <<
ksT the appropriate degrees of freedom behave astleeton of particles, i.e., as
the "almost ideal gas", and the applicability t@ dse model ofjuasi-particlesis
justified. Conversely, whebJir; >> kgT, then appropriate degrees of freedom are
ordered, but their movement, too, can be descrilyethe introduction of quasi-
particles. In other words. both of these casesespond to the ordinary state of
crystals and it is possible to describe, for insgathe phenomena of electric charge
transfer (electronic or impurity ionic), as well #s phenomena of electrical
polarization, by involving the dynamics of the dgldattice (phonons).

However, if the energy of particles interaction m@ehes to changing with
temperature thermal motion energyi( ~ ksT), the theoretical description of
dynamic phenomena in a solid becomes complicateactly this case usually
corresponds to thghase transitions

As known, in almost all substances at a definiteperature the significant
change in physical properties occur and as a tigeniot a gradual bubrupt this
spasmodic change of properties is a phase tramsifibe “liquid U steam”
(vaporization) phase transition is a typical examwhile another example is the
"liquid U crystal" transition (crystallization). Both tratishs refer to théirst order
(PT-I), in which the phases before and after tteorspointdiffer significantlyfrom

199



each other. At that, one phase replaces anothesepjst because it is more
favourable energetically. To make this change hapiee essential energy batrrier,
separating these phases, should be overpass stefhged changingf entropy
should take place with a heat release (or absaorptidloreover, in the
neighbourhood of first order phase transition thercooling (or the overheating) is
theoretically expected and seen experimentally.

a b C
Fig. 4.10. Temperature dependence of ordering parameterTtar (A); PT-I close to PT-
Il (B) and for PT-1 (C)

Ordering parameteh may vary differently with temperature changing,tas
is illustrated in Fig. 4.10. The characteristicttea of PT-1l is theeontinuoushange
of this parameter with temperature in the ordeteakp Fig. 4.18 On the contrary,
idealized case of PT-I corresponds to the case wragTing parameter changes by
jump, Fig. 4.1@. But it should be noted that in many experimentalations the
A( ) dependence very often changes by onaméfmediaté ways, shown in Fig.
4.1(. In this case, the phase transition is ttansition of first order, close to
transition of second orderHere the ordering parametér first changes with
temperature increase gradually, but than abruglly own to the disordered phase.

Phase transition of second order can be accomphwgidte multiplication of
crystal unit cell size. Then the volume of unitladl low-symmetry phase (more
ordered) increases in 2, 4, 8 times, as well agrémslational symmetry of unit cell
also changes. Based on microscopic changes iruetlgte, phase transitions are
divided intoorder-disorder typeanddisplacive typetheoretical justifications for
this division will be given below. Neverthelesssitould be noted here that a clear
border between the displace and order-disordestgp®T can not be determined.
In terms of crystal symmetry, there are no diffeesbetween them: when analizing
structure, always an average position of atomaksrt in consideration. So it is no
matter how this averaging is performed: by the r@igcway or by the continuous
way. As to some other properties, especially, tgpachics of PT in case of
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displacive type of transition and in order-disordigpe of transition vary
considerably.

However, for solid state physics, more ordinary #re phase transitions
within same physical state, which takes place athéncrystals so in the liquid
crystals. Of particular interest are the phasestt@ms, at which anew property
appears in crystal, for example, polar phase vhighatoility to electrical controlling
(hysteresis loop) in case of transition from pagekeic phase to ferroelectric phase.
This type of transitions is related to PT-1l mod&lCurie temperaturd (= Tc) one
phase ceases to exist, but it is replaced by anptiese. In the point of transition
both phases can not be clearly distinguished, betvgystem moves away from this
point, the difference between properties of phgsadually increases. Second-order
transitions are gradual and smooth; they do nawsdry temperature hysteresis and
not accompanied by the discontinuous jump in therggnor in the volume of a
crystal. Nevertheless, as a result of this tramsjtihe new physical property appears:
crystal becomes ferroelectric, ferromagnetic, felastic, superconductive, etc.
When a ferroelectric phase transition is studiedh®ydielectric spectroscopy, the
sample is exposed to the external electrical fa&ld the “uncertainty” of phases at
Curie point of ferroelectrics is expressed as a&hmgximum of permittivity (as well
as in the point of ferromagnetic phase transiterhaximum permeability is huge).

When microscopic characteristics of any phase itiansare discussed, a
regulating (ordering parameter/ should be considered. In crystals, it is the
measure of structural deviation from the stateighést symmetry. Depending on
what kind of microscopic interactions gives risethe PT and what changes of
structure take place, the ordering paramétacquires different physical meaning.
For example, in ferroelectrics ordering parametay morrespond to the degree of
electrical dipoles regularity, in ferromagneticsgraeter/? describes the ordering in
system of magnetic moments (spins), etc. Orderamgmpeter may have also broader
content; for example, in case of PT with the agategonversion this parameter
characterizes the degree of regularity in a mutarabngement of atoms or
molecules.

Domains and spontaneous polarizationAn important feature of
ferroelectrics, which suggests them as electricalague of ferromagnetics, is their
spontaneous division into a plurality of domainsithvi each domain, the
spontaneous polarizatioRs is same, but in various domaif% has different
orientation. The subdivision of ferroelectric stwre into great number of domains
Is energetically advantageous, since the singleadonorystal would create in
environment external electrical field (as in cagelectrets). Obviously, energy of
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this field decreases with diminution of size of dons. Externally applied electrical
field causes, at first, the junction of randomlieated ferroelectric domains into one
domain; next its polarization reaches saturatiaséen in Fig. 4.Hl after external
field switching off polarization tends to maintaig constant direction. If polarity of
externally applied field would be changed, polar@a without changing its
absolute value, will change its direction abruptly.

For such "forced" change in the direction B, that is, for ferroelectric
polarization reversal, it is necessary to applgteleal field of a certain value, which
is thecoercive fieldEc (see Fig. 4.14). Sometimes the value of this field reaches
very large values, and then the ferroelectric cabeaepolarized and behaves like
the pyroelectric. However, during such "hard" fetextric heating, as it approaches
the temperature of Curie poifg, its coercive fieldec mush reduces, and, therefore,
close to Curie point it becomes possible to obsbysteresis. The coercive field
as well as th®sin ferroelectric becomes zero,li= Tc. The pyroelectric, however,
has no Curie point, and until electrical breakdotsrinternal polarisation does not
change direction — such crystal rather can be alg=trthan change the direction of
polarization.

Fig. 4.11. Ferroelectric polarization dependence on elatfield () and spontaneous
polarization dependence on temperatbjeaid pressurec)

It is therefore believed that availability of dielec hysteresis imecessary
and sufficient propertgf ferroelectric state. If temperature exceed<titeal value
T. then as hysteresis loop so ferroelectric statapgsars.In same way on
ferroelectricPs affects increase of hydrostatic pressure, Fidletlh contrast, linear
pyroelectric does not change its polarized statdeura pressure up to being
destroyed. Summarizing, it might be concluded teatoelectric is a special,
nonlinear pyroelectric. Ferroelectrics are sigifity different from linear
pyroelectrics of tourmaline or lithium sulphate égp

In case ofactive dielectrics applicationdirst of all, ferroelectrics or close to

them dielectrics have largest interest. In factaotly in ferroelectrics their
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“transforming functions" are most pronounced. Bareple, the greatest value of
piezoelectric module is observed in Rochelle saistals and in the ferroelectric
antimony sulfoiodide (SbSI). The highest valuepybelectric coefficients are also
seen in ferroelectric crystals (threeglycine-sutphal herefore, for thermal infrared
receivers manufacture that use pyroelectric eftesttthe ferroelectrics (nonlinear
pyroelectrics) are applied. The most applied pikigcs are also ferroelectrics, in
particular, the ferroelectric ceramics of PZT-typ&(Zr, Ti)3;). In optical detectors
(that use photo-polarization effect) also someeofdelectric crystals are applied,
while for optical holograms recording ferroelectrazystals strontium-barium
niobate and lithium niobate are employed.

a b C d

Fig. 4.12 Crystal structure of perovskite ABQ@); domain structure of ferroelectrids=
single-domain crystal creates depolarizing eleatfield in surrounding areds;— in two-domain
crystal depolarizing field is reducecl- domain wall in vicinity of whicliPs gradually changes its
direction to opposite

In the perovskites which have general formula AB®all size cation B is
surrounded by the octahedron formed of six oxygers iO? (Fig. 4.12). Any
displacement of particular “ferro-active" ion“Bnakes great contribution to the
dipole moment of unit cell in which spontaneousap@ktion occurs. The significant
shift of small size tetravalent cation in the oetditon is conditioned by the fact that
surrounding very small ion *Blarge anions G leave considerable space inside
octahedron for ion B easy displacement. This effect causes to appearahc
spontaneous polarization in the perovskites.

Ferroelectrics properties are considerably dependesn their domain
structure. The origin of multidomain structure in ferroelectcrystal below phase
transition is energetically favourable. Single-domarystal (Fig. 4.1B) creates an
electrical field in the surrounding space (likeatlets), to which spent some energy
Wi. As can be seen from Fig. 4clthe energy of external field in a two-domain
crystal is smaller than in single-domain crystahus, in case of many-domain
structure the total energy of crystal must be reduc
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Fig. 4.13. Basic characteristics of barium titanate:b — permittivity dependence on
temperature and pressur®; d — spontaneous polarization and specific heat dipees on
temperature

This reduction in energy is limited by the growthenergyW,, expended on
the formation of domain walls that separate regiwite different directions oPs,
Fig. 4.121). The average size of domains (at which the $dm W, is minimal)
depends on temperature, structural defects anttieaonductance of dielectric,
as well as on environment properties. Multidomaimucture in ferroelectrics is
relatively stable; at that, the equilibrium state ferroelectric domains usually
corresponds to domain size from a few hundredthamilimetre to several
millimetres.

Barium titanate (BaTig) is one of many ferroelectrics with perovskite
structure. In the Curie point of barium titanats,permittivity shows step increase
and gradual decrease in the paraelectric phase} Eigp. As temperature increases,
the spontaneous polarization first gradually dediand then abruptly falls to zero
at phase transition, Fig. 44,2ut not smoothly as in Fig. 4.40since in this case
phase transition is of the first order. Heat cayashows typical for ferroelectric
phase transition maximum Fig. 4d.2

Paraelectrics and soft lattice madé&bove the Curie point, a paraelectric
phase is observed in ferroelectrics,, but thereysals (related to barium titanate),
in which they are paraelectrics in entire tempertangeNon-polar ionic crystals
with e ~ 100 (and much above) occupy special place andagigctrics with high

permittivity. Typical representatives of such dattees are rutile (TiQ and
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perovskite (CaTi@). It should be noted that these crystals are chenaed by
increased electronic (optical) polarizatiore ;x> 5. Moreover, microwave
permittivity of rutile and perovskite is stronggmperature dependent with negative
TCe. Paraelectric crystals belong to dielectrics wiplarticular temperature
dependence of their permittivity, described by EtWeiss law:e( )= e + /(T -

q), whereq is Curie-Weiss temperatur€,is Curie-Weiss constant amgis a part
of permittivity practically independent on tempera This equation is in good
agreement with experimental data, Fig. 4.14

Fig. 4.14 Temperature dependence of inverse permittida)yafid frequencyvro (b) for
paraelectrics Tig CaTiQ, SrTiGs: and ferroelectric BaTig) in paraelectric phasd);is oscillator
damping factor, 1 cm = 30 GHz

For example, dependeneg ) in CaTiQ (perovskite) can be described in
broad temperature range, if in above formula orteepu 60, = 440*# andqg =—
90+#. Calcium titanate can be considered as mateoakto paraelectrics. However,
in typical paraelectrics, which include, for example, Srfgd KTaG;, the Curie-
Weiss temperature is positivg ¥ 0 K), whereas CaTigs distinguished by a fact
that it has negative characteristic temperatgre Q K). In most of paraelectrics at
temperature off = T, » q (that iscritical temperaturg¢ phase transition occurs to
ferroelectric (or antiferroelectric) phase. Thatwéy paraelectricity usually is
associated with ferroelectricity. Just as the f&eotrics, the paraelectrics can be
divided into two basic classes. The paraelectricsligplace typeare ionic (not
dipole) crystals, in which, however, ionic-covalémnds between atoms are very
significant. They usually shofirst-order phase transition and relativelgtter e( )
dependence in their paraelectric phase that cleizes by abig Curie-Weiss
constant: & 1 K.

These properties of displace type paraelectricdheaexplained by dynamic

theory of lattice vibrations. Central point in thiseory is the idea that phase
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transition arises due to crystal lattice lossestability relatively one ofransverse
optical vibrations. This is reflected in the des®af frequency: with decreasing
temperature, and it is assumed that at temperat@eg the frequencyw: ® O.
The relationship between frequency and temperasudescribed by Cochran law:
w: = A((T —q)¥? whereA is temperature coefficient of frequency. This defence
Is confirmed by many experiments, Fig. 401®irect connection between the
permittivity and temperature dependence of trars®/eoptical lattice mode
frequency in paraelectrics i.e., the correlatioe(o) andw?. ( ) is seen while two
parts of Fig. 4.13 comparison. The frequency afigvarse optical vibration mode
in ionic lattice, which tends to zero when temperat ® q, is the"soft" vibration
mode Using Liddeyn-Sachs-Teller relatiog{0)/e(¥) = [w- /w- ]2, it is possible to
show that Cochran law gives rise to Curie-Weiss &w) » /(T —q). To explain
the possibility of frequency: reducing in the perovskites, one needs to use the
polarizableion model, in which interaction of electronic dadlas significant effect
on repulsive force of ions. This interaction cansma condition, at which the force,
conditioned by polarization of ions, reduces, s #llows assume: ( ) ® 0 and,
respectively, t&( ) ® ¥. In this sense, it might be understood expressi@sting
of crystal stability": when small external pertutiba (i.e., external electrical field)
leads to great response; big polarization and largéable 4.4 summarizes the
comparative parameters of the soft modes in pariele and ferroelectrics.

Table 4.4.
Some ferroelectric crystals and their properties
_ &s,

Ferroelectric / Ox o | q C, 9 (2p,
parameter o # # | 104 # eV | GHzx# 12
CaTiOs: _ _ | —90| 45 2,2 170
SITiOs - - 35 8,4 3,2 180
BaTiOs 30 400 | 388 12 3,3 75
PbTiCs 80 780 | 730 15 3,1 90
KNbOs 30 685 | 625 18 3,4 95

LiINbO3 70 1500 - - 3,6 -

The electronic band gap enerdy is also given in Table 4.4 to characterize
the electronic conductivity of given crystals. TduefficientA describes temperature
dependence of ferroelectric "soft mode" frequenwyo, which determines
permittivity dispersion in paraelectric phase;, = A{/(T -q) . It is seen that

frequency of transverse optical phonarno would be zero, when crystal at its
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cooling from paraelectric state reaches temperaiukowever, in the experiment
this is not observed due to phase transition oclafsre at temperaturdc > Q.
However, it should be noted that the differefige- q usually is little, so frequency
Wro turns out to be very small in comparison with ofinequencies of crystal lattice.

Thermodynamic theorybased on the Landau’s theory supposes that
thermodynamic potential of ferroelectit ,P) can berepresented as a series in
powers of ordering paramet@r (polarization):

F(P):FO(T)I-%P2+%P4+%P6, 1)

wherea, b, andgare coefficients of series. Analyzing this expansit is possible
to make a conclusion asc¢dtical dependencef parametea on temperaturea(T)

= ao( — @), whereao is independent of temperature coefficient. Dupdlynomial
form of free energy presentation, Landau’s thedigws not only quantitatively
describe changes of crystal properties near phmassitions, but also predict many
physical characteristics. At that, according to dauris theory, the type of phase
transition (PT-I or PT-Il) is determined by tsegn of coefficient4 at the fourth
degree of ordering parameter. When phase trandiibtl would be considered,
second Landau parametér is positive, so in this case the paramggen the
polynomial (1) becomes unnecessary and one cag0tas well a® = const >0.

First-order phase transition (PT-I) is characterized by potgiad (1) with
parameter®< 0,a =ao( - q) andg> 0. In this case, the sustainability of a studied
system is provided by next tefffgP® > 0 in the expansion, because just this ensures
stability of all phases. When these relationshigsited study, some special points
for F (P) function and for its derivatives can be foundnbtead of the image of the
function (&) the more convenient coordinat&§ ) would be used, polar phase
existence will be explained by the region of ingtgh that corresponds to dielectric
hysteresis loop like in Fig. 6.1A and Fig. 6.6. Aatingly, the permittivity depends
on the field strength. Thus, main characteristidewoelectrics in theipolar phase
(hysteresis loop an@&(E) dependence) do not depend on what type of phase
transition undergoes in the Curie point.

To study the polynomial (6.6) describing PT-1sitnecessary to find singular
points for both the functioh (P) and its derivatives:

W /P =E = aP + bP® + P>, (2)
% [P?=qE/MP =1lc »e=a + 3bP?+ 5¢P% (3)
T /9P3 = °E/P? = 66P + 200P3; (4)
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9 19P* = PBE/TP® = 66 + 60P? (5)
The first condition for the phase stabilffly /P = 0 leads to equation of fifth
degree (2); its roots are equal to:
\/- b+ b~ 4ag (6)
2g
To analyze the second stability conditih /P2 = 0, it is necessary to study
the conditions for the extrema of equatk€i) = O which can be found from (4):

- 2—
P6‘71819: + 36+ 9b ZOag ] (7)
10g

In turn, extrema of dependenfii&/fP are special points of expression (6.9):

Po=0;P,,,= % ’_1?)5 : (8)

And finally, from expression (6.10) it is possiltbeobtain

f— b
Psua=% @ : (9)

Fourteen special points (extremes, kinks, intersestwith axes) characterize
many different variants df (P) dependence, which arise in the vicinity of PThem
the ratio between coefficients, b and g changes. Before further analysis, it is
advisable to introduce thgeneralized parametev= ag £?, which makes it possible
to trace how the thermodynamic potential and itsvdéves change (depending on
the combination of Landau parameters). It shoulchded that this investigation
might have grate interest for thenlinear dielectric spectroscopyhen exactly the
dependence of dynamic permittivity on electricaldiis important.

I+

P, =0;P, =

1 2,3,4,5

=04 =0.3 V=0.2 V=0
Fig. 4.15.Dependence df (P) characteristic on generalized paraméfter ag t*
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As seenin Fig. 4.15, just at phase transitiontpo, at = |, the parameter
= 0.2, while at Curie-Weiss temperature g thisparameter is zerdf& 0). In the
Fig. 4.15, it is shown how, starting from high-teemgture nonpolar (paraelectric)
phase (wherv/= 0.4) when the crystal gradually is cooling te tarroelectric phase
(VV=0.2) the change in(P) and its derivatives occur, when generalized patam
passes through the valués= 0.4, 0.3, 0.2, O.

a b C
Fig. 4.16. Thermodynamic analysis of ferroelectric phaseditaon of first kind: A, B-
derivatives describing phase transition parametensibers at intersections correspond to roots of
equations (6.86.10); C- explanation of dielectric hysteresis and dynanmtedtric permittivity

E)

Continuing above analysis, note that all the redtsquations (4) and (5) are
valid are determined by formulas (8) and (9) siice 0 andg > 0. Therefore,
equations root®;3 andP14 determine respectively the minimum and maximum of
the functionf? /9P?, while the roots oPso, P11 andP.3; determine the maximum
and two minimums ofE/{P function as shown in Fig. 4.16.

Further analysis depends on Landau paran@etemperature changing.

In thepolar phaseof PT-I ferroelectric, asufficient distancé&om the critical
point Tc (whenT < ganda < 0), as follows from formula (7), the equation (&)
only two real roots Hs and P;) of the four. In this case, dependerie@d) is
characterized by minimum & and maximum aP; and also intersects tlireaxis
at three pointsP; = 0;P2345= = [ b = (7~ 4ag¥424*? (other rootdP, andPsin
the expression (6) are imaginary singe< 0. Further, presenting the functional
dependenc&(P) asP(E), obtain a situation with instability region (dedt line in
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Fig. 4.1&) and the hysteresis loop. Accordingly, dynamimuéivity also changes,
but in thevicinity of PT-I the variations of polarizatidAE) and permittivitygE)
are complicated as can be seen from Fig. 4.17 f88urom the phase transition,
both the hysteresis loop and dynamic permittiviiplmearity in the PT-1 and PT-II
ferroelectrics are qualitatively similar.

a b

Fig. 4.17 Temperature dependence of spontaneous polarizgapnand inverse
permittivity (b) in PT-I ferroelectrics

Now discuss spontaneous polarization and pernittiviemperature
dependence, Fig. 4.17. At the phase transitiontpthia potentials of the polar and
nonpolar phases should be the same,/i@) =/ (, at P = 0. Therefore, from
equation (1) it followsa + 1/2b + 1/3g= 0. Substituting into this expression the
value forPs obtained from formula (6) while note that the sd8ts and the rooP;
are side solutions, we can obtain an equation imglaall three parameters

a, = %, whereac is first parameter Landau @t= Tc. It should be noted that
g

first order phase transition occurs not at tempeeat = g (when parametea(T) =
0) but at the valuac That is why, in case of PT-I the transition tenapareTc is
higherthan Curie-Weiss temperatugeAt that, spontaneous polarization arise§ at
=Tc by ajump and the size of this jump equglg_ = % , Fig. 4.14A.

Permittivity also shows a jump at temperatiige and its graded change is

De :Pj)_gz; correspondingly, at PT-I is not expected thatnpivity becomes

infinite (as predicted in case of PT-Il) but hasaximum seen akc which equals

169 (more detail calculation of all these jumps ofdetectric parameters is given,
3D

for example, in [13]). Most studied ferroelectribiieh has phase transition nature
close to PT-I is barium titanate. The temperatuaximum of permittivity in pure
BaTiOs; occurs aflc = 400 K, while Curie-Weiss temperatuige< 388#) is below
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on 12 K. Curie-Weiss constant in barium titanateiadsy = 1.240° # and
temperature maximum of permittivity &ax= 1.

Polar structures of crystalsNon-centrosymmetric structures are formed
owing to the compensation of atomic electroneggtilay the polar-sensitive
bonding emerging in the process of polar crystahggion (while it is growing from
the liquid or steam state of a material). At thd¢pendently on the chemical
composition of a crystal, the variety of combinaianay occur between the ions of
crystals possessing by two- or three-dimensionkrgaxctive constructions (which,
when external actions exerts on them, can prodhee efectrical responses,
describable by the tensors of different ranks)aPstructures of crystals are the
demonstration ofmixed ionic-covalent bondsetween their ions.

These bonds are strongly directional and, therefureh structures lead to the
different manifestations of the asymmetry and caxipy of polar crystal structures.
When electrical field is affected on the "persiiiaarranged” polar structure, its
electrical polarization usually looks like a lineaffect (as in the ordinary
dielectrics). However, the exception are the fdacteics, in which theswitchingof
their “gently arranged" polarization is seen: théw-stable enantiomorphic
structure can change its polar-sensitive direct@utwardly this event manifests
itself as dielectrichysteresis loopFig. 4.X, which allows measure the ability of
polar-sensitive structure to react on the exteraetions and indirectly can
characterize its features. An increase in the sitgof thermal motion in the crystal
lattice leads to the destruction of polar-sensitiads strength in ferroelectrics,
while in the pyroelectrics they remain until thgstal melts. An increase in pressure
also leads to the destruction of these bonds,&idc since the ferroelectricity is
accompanied by the increase in crystal volume.

As known, in applied electric field, the ferroelecs demonstrate
reorientation of their polarity-activating bondsthvithe pronounced nonlinear
response: exactly this was served for introducifigsmontaneous polarization
concept and to name the corresponding group ofaisyas ferroelectrics. Shown in
Fig. 4.1&,b two opposite positions of internal bonds oriemtatare quite stable,
which is confirmed by coercive fiel&Ec measured along hysteresis loop
investigation. As known. two-positiora (and b) of stability of polar moment
orientation is used for ferroelectric memories desi The switching of two
orientations of polarity-sensitive bonds occursthé applied field exceeds the
coercive field, Fig. 4.18
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Fig. 4.18.Model description of two opposite orientationspolar bonds in ferroelectric;
directionsa andb are indicated on dielectric hysteresis loop

Above modeling makes it possible also to describe the antiferroelectrics,
Fig. 6, which in the strong electric field can leversibly transformed into the
ferroelectric state. Stability of the antipolartstes characterized by value of electric
field capable to switch antipolar phase into pold&otable feature of
antiferroelectrics is the decrease in their voluduang phase transition from non-
polar to antipolar phase (on the contrary, ferrcteles volume of in their polar state
increases). Thus, applied electric field, converaantiferroelectic into ferroelectric,
significantly changes the volume of a matter thatused to obtain large
electromechanical and electrocaloric effects. Imegal case, when phase transition
is forced by external electric field from paraetecphase to ferroelectric phase, the
jump in volume leads to change crystal temperafthis is clearly seen from
relationshipPV = RT. at constant® the change oW changesT). Usually this
electrocaloric effect produces temperature charige-2 degrees, and this is not
enough to be used in technology. However, eletlyicantrolled jump in volume
at antiferroelectrid ferroelectric transition at least doubles this teragure jump
which is good for applications [9].

Fig. 4.19. Comparison of polar ordering)(lattice with antipolar orderingo): it is seen
thata>b

The polarity-activating bonds arrangement explails® a number of other
features seen in the polar crystals: the structoraximity of piezoelectrics and
pyroelectrics; the chemical anisotropy of polarstays; the frequency dependence
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of polar crystals permittivity; the microwave alsion in polar dielectrics; the
possibility of electric control by thermal and dlagroperties; the heat capacity
increase due to fluctuations of polar clusters; tiegative thermal expansion
coefficient at low temperatures; the reduced théroemductivity due phonons
scattering on to polarity-activating bonds; theeeffof polar bonds on electric
conductivity; the action of polar bonds on the @éatltic losses in microwave
dielectrics.

Antiferroelectricsare close to ferroelectrics by their physical ratatructure
and chemical composition. However, in the antifeleotric Ps = 0, since
spontaneous polarization that occurs during phaseition is totally compensated
within a single unit cell. Inasmuch as the enerdyawotipolar state is not very
different from the energy of polar phase, extemidlience can turn antiferroelectric
into the ferroelectric. For example, phase tramisifrom antipolar to polar state can
be induced by strong electrical fiel ¥ E); in this case, thdouble hysteresis loop
is observed, Fig. 4.200

Fig. 4.20 Temperature dependence of permittivity in antdelectrics PbZr@ (a), in
NaNbG (b), PboMgW@ (c) and N 4PQq (d), as well as spontaneous polarization compensafion
in unit cell of antiferroelectricg) and double hysteresis lodp (
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Phase transition between antiferroelectric anebé&ectric can occur not only
under the influence of electrical field, but someds it is a result of temperature
change. This situation is observed, for examplesoidium niobate (NaNbQFig.
4.2M). Antiferroelectric phase in this crystal existtween temperatures of 630 K
and 80 K. Below temperature of 80 K crystal NaNi@ns into the ferrielectric
phase, when ferroelectric and antiferroelectritestaoexist.

However, most often, antiferroelectric phase ocaup®n cooling from
paraelectric phase, usually with the "multiplicatief crystal unit cell. Therefore,
below Curie point the size of antipolar phase aaltin 2, 4 or 8 times bigger than
the unit cell in paraelectric phase. Spontaneousrigation in this case is
compensated by the displacement of opposite chanffeis new enlarged unit cell.

a b

Fig. 4.21 Temperature expansion in ferroelectrias: unite cell volume in ferroelectrics
BaTiOs (1) and PbTiQ (2) as well as in antiferroelectrics PbZr(8) and NaNbQ@ (4); b —
anomalies in volume chang&T) and in* (T) during phase transitiong 1 — paraelectric-
ferroelectric transition2 3 — paraelectric-antiferroelectric transition. Desigoas: 1 — V(T)
dependences for polar pha8e; V(T) dependences for non-polar phade,V(T) dependences for
antipolar phasegs —thermal expansion minimum at ferroelectric traasj aas — maximum at anti-
ferroelectric transition, shaded wide arrows intkdfie direction ol displacement with pressure
p increase

As was mentioned, in ferroelectrics the negatieerttal expansion coefficient
a(T) is characteristic seen in the vicinity of phasasitionsI , but antiferroelectrics
show oppositea(T) anomaly, Fig. 4.24. In ferroelectrics, the volume of lower-
temperature ordered phase becomes greater in compawith the volume of
higher-temperature disordered (paraelectric) phdpen transition from nonpolar
cubic to polar tetragonal structure, ferroeledd@@diOsand PbTiQcrystals elongate
along c-axis but shorten along twa-axes; however, volume of these crystals
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increases. At that, dynamical structural disordgh internal polarity in BaTi@
(which have cubic structure as a basic) showsrtensive fluctuations along four
axes of [111]-type. The hydrostatic pressure, @ BaTiQ below its Curie point

(in polar phase), returns this crystal into paretele non-polar phase, in which,
naturally, configurational entropy is larger. AathCurie temperaturé decreases
with increase of hydrostatic pressure that occutls tive rate —5 K/kbar; as a result,
at room temperature polar phase in Baladeady disappears at pressure of 30 kbar:
it is "squeezed out" (in ferroelectric PbEite rate off decrease with pressure is
-8 K/kbar).

Figure 4.2b explains symbolically these processes, whichuhg donsistent
with the concept of configurational entropy. Natlysahat volume increase in the
polar phase during ferroelectric transition is awpanied by the minimum of
thermal expansion coefficient, Fig. 421 On the contrary, in case of
antiferroelectrics, the volume of antipolar phasdemperature al. decreases;
correspondingly, in phase transition, paramat@) demonstrates maximum. The
density of antiferroelectric not decreases (asha ¢ase of polar crystals) but it
increases, so the entropy in antipolar phase deesedso. Accordingly, hydrostatic
pressure shifts th&; to the high-temperature region: for antiferroglectPbZrQ
with the rate of +4.5 K/kbar.

Thus, in antiferroelectrics, owing to unit cell "tplication” in comparison
with original (non-polar) phase, the polar shiffsans during phase transition are
compensated at the elementary level, so total apenus polarization is abseRt (
= 0). In this connection it is necessary to nolat tin at phase transition from
paraelectric to ferroelectric state multiplicatmirelementary unit cell usually is not
observed: each unit cell below Curie point becopwarized in a same way, and
this effect is summarized in crystal, formifg > 0. This means that in
antiferroelectrics the critical reduction in theduency of vibrational soft mode
occurs not in the center of Brillouin zone (asemrdelectrics) but on the boundary
of Brillouin zone, and, therefore, the size of fartoelectrics Brillouin zone
decreases as a result of crystal symmetry lowdrahgw phase transition.

Ferrielectrics are crystals, in which spontaneous polarizatiBg is
compensated only partially — by analogy with feagnetics that are characterized
by partial compensation of their spontaneous mazate&in. Therefore, ferelectric
IS not entirely compensated antiferroelectric. Bynélectrics sodium niobate
(NaNbQ; below 80 K), tungsten oxide WO P ,W,1,0; and some other
isostructural compounds are related.
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The structural diversity of perovskite oxides opepswide possibilities for
studying and applying the functions of ferroelexstrand multiferroics. Competition
between different order parameters leads to a walety of phases and induces
enhanced responses to external influences sucleasamical stress, magnetic and
electric fields. The control of electronic andilztdegrees of freedom can give the
desired properties and provide access to emerdiygigal phenomena.

Since the functions of polar materials are deteschiprimarily by their
polarization response to external stimuli, moseaesh has focused on controlling
polar lattice distortions. In some perovskite osid@e polar distortions coexist with
non-polar tilts and rotations of oxygen octahedtee interaction between non-polar
and polar instabilities raises the question of howreate materials using their bond.
Ferroelectrics are essentially degenerate anteéérotrics exhibiting ferroelectric
properties. Capacitors with such a dielectric hatlereshold switching field similar
to ferrites. These materials open up a wide fiéldea applications, for example, in
devices that operate similarly to a transfluxor segresent an electrically controlled
circuit impedance. Controlling the transfer of p@ation through two or more
ferroelectric sections connected in series is alm@sic means for storing and gating
electrical signals and, in general, a means fotrotlimg the impedance of a circuit
in any predetermined manner. With the help of adrsignal, such capacitor can be
converted from a ferroelectric capacitor to a Imeapacitor and can take on any
intermediate level of polarization between these liwits; in addition, it is able to
control the flow of AC power according to its segs. In such devices, both
switching and holding properties are present, dsagea threshold switching field.
Research into ferroelectric storage media has dethe discovery of a class of
ferroelectric materials that require a minimum sh@d field to switch. This
property has not yet been observed in conventi@nedelectrics and is comparable
to similar properties found in ferrite cores. THere, ferrielectricity can find
applications in computer logic devices.

4.4 Outlines of ferroelasticity

The ferroelastics are crystals that in their strcadtproperties are close to the
ferroelectrics. Phase transitions in them are apeomed by critical changes in the
elastic constantof these crystals. Thus, at temperature belowcalifl¢, the
spontaneouslgeformed statarises, just as spontaneous magnetization angbe i
ferromagnetic or spontaneous polarization occurthénferroelectric. By analogy
with ferroelectrics, these materials are calledf¢énmelastics
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In the ferroelastic phase transition from one diogc of spontaneous
deformation into another direction can be realibgdexternalmechanical stress
applying. As ferroelectric, so ferroelastic belosmperaturelc are divided into
mechanical domains, where spontaneous strain hiferedit direction. Like
analogues process of ferroelectric domains oriemta{under electrical field
influence), the uniform mechanical stress can naa&mgle-domain ferroelastic.

Thus, ferroelastic is spontaneously deformed clysthich deformation can
be reoriented by the external mechanical influences

If the sign of strairK is changed, the sign of spontaneous deformagaiso
changes. Mechanical rigidity of ordinary crystadslarge enough, so that their
deformation is very small arlthearly depends on mechanical stress (according to
Hooke's law, Fig. 9.323). Conversely, the mechanical stiffness of ferrsitan
one peculiar directionof crystal is small, and, therefore, deformatiocreases
sharply in case of increasing correspondent siXe$sg. 9.32,b). However, after
certain coercive forc&c attainment, the stiffness increases again, angktetesis
characteristic is observed with the nonlinear sdioin ofx(X) characteristics.

Fig. 4.22 Key features of ferroelastica— linear dependence »fX) in ordinary crystals;
b — mechanical hysteresis in ferroelasticy temperature dependence of critical component of
elastic stiffness in vicinity of phase transitiah:- spontaneous strain temperature dependence

After external stress removing, unlike conventiomaystals, immediate
restoration of un-deformed state does not obsertleei ferroelactics: for some time,
they can save their spontaneous deformatignif order to change strain direction

(from + s till — g, it is necessary apply to a crystal the opposig@ mechanical
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force that exceeds coercive strXin Therefore, ferroelastic long time can exist in
one of the two spontaneously deformed states:arstate of tension (%) or in the
state of compression (g). Over time, however, the ferroelastic domainsesj and
total (macroscopic) spontaneous deformation graguallaxes to average value of
x = 0, approaching to original (zero) point of meuieal hysteresis, Fig. 4.28

Fig. 4.23. Temperature dependence of permittivity and sp@was polarization in
gadolinium molybdated); &T) dependence for lead orthophosphéle (

The ordering parameterof the ferroelastic phase transition is one of
components of crystal mechanical deformation. Tioeee the ferroelastics in the
vicinity of phase transition may not have eitheglectric or magnetic anomalies.
However, due to the symmetry change at phase ti@msparticularly, because of
appearance (or change) of piezoelectric effect/lsanamaly in the permittivity in
vicinity of ferroelastic phase transitions can bleserved, Fig. 338 For example,
such change ietakes place in the ferroelastic lead orthophospbdk( O,).).

In ferroelastic gadolinium molybdate (ghMo+,4)s, sometimes used in
optoelectronis, main parameter of phase transigsiomechanical deformation, but as
a consequence of ferroelastic transition the sp@atas polarization also arises, Fig.
4.23. It is interesting to note that unlike conventibferoelectric crystal in this
case spontaneous polarizatiesnincreases while cooling not accordingly to Landau
dependenc®s ~ ( ¢ — )¥? (as in ferroelectric or ferromagnetic) but lingafPs ~
(c— )

Ferroelectric phase, that arises in this case gseffiect" of ferroelastic
transition, is themproper ferroelectric In case of improper ferroelectric transition
the ordering parameter is not vector quantity (poddion) as well as it is not the
tensor physical quantity (component of deformatiou it is themixedparameter.
Thus, the improper ferroelectric ghMo+,)s is the ferroelastic and the ferroelectric
simultaneously. Small peak in permittivity near phdransition (Fig. 4.28 is
observed in this crystal only at low frequenciebgew crystal is free to deform in

electrical field — as electromechanical contribati@ permittivity ez from the
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piezoelectric effect. In microwave frequency rangdere piezo-deformation in
crystal has no time to occur, the dependa&(€efor Gd.(Mo+ 4)shas no significant
anomalies near its phase transition.

In the ferroelastic spontaneous deformation changéhl temperature
according to lawxs~ ( — )2 Fig. 4.221. Therefore, strain componexgin the
ordered phase of ferroelastics changes by sinailarals spontaneous magnetization
Ms in ferromagnetics or ferroelectric spontaneousipzhtionPs.

Main parameter that is critically changed at thei€point (similar to the
permittivity of ferroelectric or magnetic permedtyilof ferromagnetic) in case of
ferroelastic is a component of elastic compliamresors that causes spontaneous
deformation in crystal at temperature beldw Temperature dependence of elastic
stiffness tensor critical componeg)t; (inverse to elastic compliansg;) is shown
in Fig. 4.2Z for one of ferroelastics. As theeldéf ferroelectrics or the dfof
ferromagnetic, this option (d)/of ferroelastics at Curie point tends to zero.

Critical reduction of elastic stiffness componemtsthe paraelasticphase
determines the reduction of sound velog€ity.ng in a certain directions of crystal.
In some cases, in the vicinity of ferroelastic ghxansition sound velocity reduces
down to 300...400 m/s (in this connection, it ip@priate to remind that in the
ordinary crystalSsoung~ 4000 m/s while in watekoung= 1500 m/s). After transition
from paraelastic into ferroelastic phase the véocf sound rises again, but still
remains much lower than in most of dielectric aistAll this shows that peculiar
mechanical properties of ferroelastics are caugethd soft mode in thacoustic
lattice vibrations, which frequency is criticallgduced in the vicinity of phase
transition — as well as in ferroelectrics spontarsepolarization is a result of
decrease in the frequency of transvenstcal lattice vibrations mode.

Ferroelastic transitions can be both the second taedfirst order. In
ferroelastic lead orthophosphatdof O,).) phase transition of first-order type (PT-
1) takes place at 450 K with a jump in deformatidawever, in another ferroelastic
BiVO, its transition at 530 K is the second-order tramsi(PT-2). As mentioned
above, below transition temperature in the ferrstedaadditional ferroelectric phase
can arise. Thus, ferroelastics have the propergpohtaneous deformation of the
crystal lattice below the phase transition tempgeafrom a more symmetrical
paraelastic phase. phase into a ferroelastic pAasa. result of such a transition,
ferroelastic domains appear in the crystal, whidfedin the orientation of the
crystal lattice. But, since the location of the @oms is determined by the initial
symmetry of the crystal, the symmetry in the crlystaenerally preserved. Under
the influence of an external mechanical stress, dbmains can change their
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orientational state, which determines the nonlirekearacter of the dependence of
the deformation on the mechanical stress. It beedike a hysteresis loop. Thus,
ferroelastics are mechanical analogues of ferrtietsand ferromagnets.

The low velocity of sound indicates significant siinity of ferroelastic to
external influences. That is why they can be usetthe optics afight deflectors,
designed for spatial scanning of light beam. Etasiaves can be excited crystal
using a piezoelectric (usually in frequency ranfjgl- 300 MHz), and they form a
kind of optical diffraction grating,whose pitch depends on the frequency of
controlling electrical field. By varying the frequey of ultrasound, it is possible to
control the angle of light beam deflection passthgough crystal. Besides
deflectors, ferroelastics and paraelastics canppéeal as sensors of pressure and
strain, as well as in other measuring devices.

4.5 Magnetoelectric effects

Theoretically, the symmetry does not forbid thewdtaneous coexistence of
magnetic (spin) and electric (dipole) ordering iipstals, as pointed out by Landau
and Lifshitz (1959), and soon confirmed experimiynt&urrently, nmaterials with a
coexistence of magnetic and ferroelectric orderngultiferroics— provide an
efficient route for the control of magnetism byatec field. In recent years, key
discoveries in theory, synthesis and characteomaechniques have led to a new
surge of interest in these materials. Different naeisms, such as lone-pair,
geometric, charge-ordering and spin-driven effeats support multiferroicity.

However, fundamental physical mechanisms of fergmetic and
ferroelectric phenomena might bee seen as esdgwliidérent.

Difference in the mechanisms of ferromagnetism afetroelectricity.
As known, in the externally applied electric fietde electric polarization occurs in
any dielectric, but only polar (non-centrosymmagtdlectrics can be polarized in
the non-electric way. Moreover, to explain this pwenon, it is considered that
the term "spontaneous polarizatioRgYshould be used, similarly to the ferromagnet
spontaneous magnetization. The basis for this t@as discovery of dielectric
hysteresis in the Rochelle salt crystal about H#iyyago as an analogue of magnetic
hysteresis. Exactly the similarity of these phenoaand due to the possibility of
spontaneous polarization magnitude measuring frgstehesis loop substantiate
this concept application to the ferroelectrics @has ferromagnetic now referred
to as so-callederroics) .
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However, later the concept of "spontaneous polaozawas unreasonably
applied to the pyroelectrics (which formally reséestthe permanent magnets), but
in pyroelectrics spontaneous polarization cannalitextly measured. Nevertheless,
the ferroelectrics are undoubtedly a subclass afgdgctrics, and their structures are
united bysole polar axigpresence in their structure. In addition, the flaigily of
polar (non-centrosymmetric) crystals include thezpelectrics, which in many
aspects have noticeable closeness to pyroelecsncspmetimes even the mutual
transformation between them becomes possible, sischmixed wurtziteU
sphalerite structures in the zinc blende.

It should be noted that at first sight and on badiestablished ideas the
similarity between ferroelectricity and ferromagset is purely external, and the
only based on this similarity (due to hysteresigplothey can be conditionally
combined with the termférroic".

Firstly, the magnetic charges do not exist in rggtso that in the absence of
external influences the spontaneous magnetizatioregist in equilibrium state for
arbitrarily long time. On the contrary, spontane@adarization, sooner or later,
should be screened by the ubiquitous free elech@ges, and in the equilibrium
state Ps does not show up electrically. It is this circuamste that underlies a
fundamental difference between these phenomer®(gh researchers are trying
to unite them in the mulferoics (remind that crilegraphy not prohibit their joint
existence).

Secondly, the magnetic field and magnetic inductioB (created by closed
microscopic or macroscopic electric currents) amedxial vectors. In contrast, the
electric fieldE and polarizatiof® are the polar vectors, created by existing innmatu
electric charges. The electric fidids the gradient of electric potential, which start
and ends on electric charges. The macroscopiaiel@aiarizationP is Induced by
electric field, and, in accordance with Lorentzatin E = 6P), any polarization
should be accompanied by macroscopic electric fgldhich necessarily sets in
motion free electric charges.

Thirdly, attributed to the ferroelectrics spontane@olarization (only on the
basis of hysteresis loop) was applied to pyroakectunfoundedly, because
ferroelectrics is only a subclass of pyroelectritd.would be true, pyroelectric will
look like electric analogue of permanent magneti¢tviis surrounded by magnetic
field). However, in the equilibrium state (when any extemi@uence is absent), as
pyroelectric so ferroelectric are not surroundedHh®y external electric field. This
can only be explained for ferroelectrics, which dineded into domains. However,
the absence of ambient field around pyroelectrialdibe explained by free charges
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screening, then this means that in equilibriumestat macroscopic polarization will
be seen. In this regard, one can remember aboetdhtets, which really generate
external electric field (consistent with their imtal field) for considerable time.
However, there is fundamental difference betweemglgctrics and electrets: the
pyroelectric is capable to create polarization unmam-electric action, being itself
in the equilibrium state, which is naturally ac@arduring crystal formation from
the liquid or gaseous phase, and disappearingwingn the pyroelectric melts. At
that, the pyroelectric effect can occur in the palgstal infinite number of times.
On the contrary, theesidual polarization of electrets is established artifigidy
special technology: as a result, their polarizedtestis non-equilibrium and
temporary: if electrets are exposed to heat, theldezation current is generated by
it only once, and electrets cease to be polariyéith a good reason, it can be
assumed that ferroelectrics are special case afepatrics, having, in contrast to
them, the reversibility of in the direction of meiting their polarity bonds. It can be
considered that the ferroelectrics are such sub@épyroelectrics, which break
down into domains.

The fact is that when electric measurements ofrpstiaicture parameters
(voltage or current), it is necessary to obtainvbetor type response from a scalar
action, as for example in the case of uniformlytimggpyroelectric. However, in the
polar-neutral piezoelectric, such a response, wlalkbws one to measure its
polarity, is possible only if its thermal defornatiis partially limited by rigidly
fastening polar cut of this crystal on the non-defable substrate. This method of
thermo-piezo-polarization is used to obtain anfieidi pyroelectric effect, and a
similar method is also possible to obtain the vadtno piezoelectric effect in the
polar-neutral crystals such as quartz. It is assutimat in the polar and polar-neutral
crystals, a peculiar arrangement of inter-atomiocdsoexists, which drive in them
the electric response onto the non-electric actiting/as shown that the mixed
covalent-ionic (polarity-sensitive) bonds, whichirfopolar or polar-neutral crystal,
are the consequence of structural compensatioearest ions electronic structure
dissimilarity, giving the opposite contribution étectronegativity. It is this feature,
that causes in polar crystals many electric, mechinthermal and optical
properties, which are quite different from ordindrglectrics.

Magnetoelectric interaction existence some crystalg currently not
only in doubt, but also is used in electronicshaligh the magnetoelectric materials
are not necessarily themultiferroics, all multi®@as (combining ferromagnetic
ferroelectric properties) are the magnetoelecttict,is, applied electric field causes
a change in the magnetization proportionally tanegynitude.
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Before discussing actually the multiferroics, ihiscessary to consider other
magnetoelectric phenomena and materials, in wHeattree field changes magnetic
properties, and vice versa:

Electric polarization, associated with magnetichamogeneities, and
micromagnetic structures, such as domain wallgjczBloch lines, and magnetic
vortices.

- The effects of electric field influence on the mafic domain structure was
observed in the ferrite garnets films, namely,dsplacement of magnetic domain
walls is seen, controlled by electric field, as Ivesl the slope of domain wall plane.

In rare-earth ferroborates, at their spin-reoagoh phase transitions, the
anomalies were observed in dependences of elgmtarization in this class of
compounds.

- Magnetic phase transitions and magnetoelectrieceffcan be due to the
spatially modulated spin structures, for examptethie BiFeQ (bismuth ferrite),
which, due to wide variety of magnetoelectric effegs very convenient as the
model object for theoretical studies.

- Bismuth ferrite is also of practical interest asis for such magnetoelectric
materials creating, which are associated with heghperatures of electricald{ =
1080 K) and magneticT= 640 K) orderings. A remarkable property of bismut
ferrite is the spin cycloid, generating spontaneelgstric polarization due to the
flexo-magnetoelectric effect.

Connection possibilities for ferroelectricity and agnetism As
already noted, the ferroelectric is characterized the spontaneous electric
polarization, which can be switched by applied tlecfield. As a rule, such
polarization arises together with teguctural distortion which breaks in material
the symmetry inversion upon phase transition fraimal centrosymmetric phase.
For example, barium titanate, BaGifd its initial phase has perfect cubic perovskite
ABOg; structure with Ti* ion in the B position in the center of oxygen ahoation
octahedron, and has no electrical polarization.iBthe ferroelectric phase,*Tion
is displacedrom the center of octahedron, causing polarizafidms is because the
B cation has empty-shell electronic configuration (so-callel configuration),
which actually promotes the formation of covaleoh®. So exactlyB-site cation
can be called as "ferroelectrically active".

It is very important to note that it is tli® configuration which prevents the
formation of multiferroics, since the magnetismsas precisely due tpartially
filled dshells of transition metals. Therefore, it is notrpsising that in the

multiferroics a quite different physical naturefefroelectricity should be used.
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Thus, other mechanisms are required to circumvedicated opposition
between ferromagnetism and ferroelectricity.

It might enumerate such physical mechanisms;

Lone-pair multiferroicsuse the ferroelectric displacement which is dud¢o
A-site cation(in this case, just it is "ferroelectrically aaly. In this case. the
magnetism is due to the partially filledshell at the Bsite (“ferromagnetic active”
iob). Examples include the bismuth ferrite, Bike@s well as the BiMnOand
PbV(:. In these materials, the A-site cation ¥Bior PIF*) has so-called
stereochemicallgctive lone paiiof 6s?-electrons, and corresponding shift of A-site
cation is facilitated by energy-reducing distriloutiof electrons between formally
empty p-orbitals of A-site and filled Oforbitals.

"Geometric" ferroelectricity refers to such a situation, in which the driving
force of structural phase transition to polar phasaot usual formation of ion-
covalent polar bond, but the rotational distortadrpolyhedra. In the perovskites,
such distortions occur, when the A-cation is smadl;a result, located around it
oxygen octahedrons change their rectangular foomaso that one octahedron
rotates to the right while neighbor rotates toléfie At that, in the layered materials,
such rotations can lead tmmmon polarizationSuch "geometric" ferroelectrics
include layered bariuda transition metal fluorides, BaMFwhere M is: Mn, Fe, Co,
Ni, Zn, which have ferroelectric transition at largemperature (of about 1000 K)
and the magnetic transition usually to antiferrone state at low temperature (of
about 50 K). Since the structural distortion is waused by the hybridization
betweend-site cation and anions, then it is compatible witle existence of
magnetism in the B-site, allowing for multiferrdehavior. Another example is the
hexagonal rare-earth manganites of general forlRiMaOs, where R = Ho, Lu or
Y. These manganites undergo phase transition gbamature of about 1300 K,
which consists in the tilt of the MnCbipyramids. This slope is due to polar
corrugation of R-ion layers, which gives the spoertaus polarization. Such
ferroelectrics are calleidhproper, since the ordering parameter does not have polar
character. In this case, the multiferroic phase umccdue to triangular
antiferromagnetic ordering (usually below 100 K).

Rare-earth multiferroicshave quite different type of magnetism, in coritras
to most of magnetoelectric compositions, which hastal magnetism of transition
metald-electrons, but show special mechanism of ferroedity. It turns out that
the ordinary ferroelectric can be combined to idtrce another type of magnetism,
namely, the use of a rare earth ion with a paytidled f-shell at the position A. An
example is EuTi@ which, although not ferroelectric at ambient atinds,
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becomes it at small voltage or by expanding itsckatconstant, for example, by
replacing some of Eu by the Ba in the A positions.

Multiferroic due to charge self-orderings observed in the compounds,
containing magnetic ions ahixed valenceAt high synthesis temperature, the
valence electrons of a material are, naturallypcsized, and materil conductivity
is high. But as temperature decreases, the elschecome localized onto different
cationic positions and in orderly manner, so thatrmaterial becomes dielectric. In
the event, when the structure of localized elesy@ppeared during cooling of a
magnet, turns out to beolar, then a kind of the charge-ordered ferroelectricit
arises. In this case, cations are magnetic, aatkfibre, ferroelectric state, of course,
Is the multiferroic. An example of such a matewah ordered charge is Lui@,,
in which the F& and Fé" ions are located in such a way that they leadotarp
ordering of charges below temperature of 330 K.hWharther decrease in
temperature below 240 K, the ferromagnetic spintarlordering also arises. It is
also assumed the existence of similar charge-cldgmlarity in the magnetite @,
and in the magnetic compound (Pr,Ca)MnO

Flexoelectric effectin solid dielectrics arises during bending dugradient
of mechanical deformation. In the magnetically oedemedia, the flexoelectric
effect is due to appearancespin cycloid In this case, in media without a center of
symmetry and without a preferred polar directidie magnetic ordering can also
generate electric polarization. This manifestdfiiaderroelectric anomalies, which
are observed in various spontaneous and magngtiaalliced spin-reorientation
phase transitions that occur in the rare-earth mtacm

Dynamic multiferroic effect namely the fast cross-control between electric
and magnetic dipoles in a solid, is introduced by tynamics of multiferroic
domain walls. Related to this problem is also tlextec dipole-active magnetic
resonance, called as electromagnon.

Compositemultiferroic . Obtaining high magnetization and spontaneous
polarization with a strong coupling between themoaim temperatures a difficult
task. Therefore, to achieve need multiferroiciggaarchers are increasingly turning
to the composites, which combine magnetic matevniats ferroelectric materials.
For example, thin magnetic films are depositecheferroelectric substrates or even
the multilayer structures are created, includirgl#tyer-by-layer growth of atomic-
scale multiferroic consisting of separate layersfesfoelectric and magnet (for
example, the antiferromagnetic LuRgOalternating in superlattice with
ferrimagnetic but nonpolar Luk®4). Another possibility for creating a composite
Is the core-shell ceramics, in which the magnetdgéecomposite is formed in situ
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during synthesis. In such systems, very strong m@@ghectric coupling can already
be achieved on a microscopic scale, and the swiablii magnetization by means of
electric field has been observed. The point is that magnetoactive grains are
surrounded by the ferroelectric shell. The stromgnetoelectric coupling is due to
the magnetic exchange interaction in core-shadirfates, which leads to increased
operating temperature.

4.6 Different types of multiferroics

In theory, it is need to explain the coexistencéeafoelectricity coupled with
magnetic ordering. Recall that conventional fermo#icity is accompanied by the
distortions of the latticef ions carrying different charges; in this cdssgpw phase
transition structural deformation leads to a violatof spatial inversion symmetry
But the mechanisms of a second type exists, whelcaused bglectronic degrees
of freedomand, exceptime inversionduring the phase transition break also spatial
symmetry of electronic state even in centrosymmetiiuctures. The difficulty lies
in the fact that both mechanisms can exist simattasly, so that the signs of
symmetry reduction of both ionic and electronic hmasms of ferroelectricity are
found in the same multiferroic. In the improperré&iectrics, the spontaneous
polarization is the by-product of another strudtma electronic) primary phase
transition, unlike the proper (intrinsic) ferroeiecs. where symmetry lowering can
be explained by the polar distortions.

In type | multiferroics, the proper ferroelectricity and usual magnetisisea
through different physical mechanisms, and, theegfahey arise atifferent
temperatures. The independent occurrence of fecteality and magnetism means
that these two properties can exist independemtlgaxh other. Such multiferroics
exhibit the linear magnetoelectric effect. It should be noted thaingmneous
electrical ordering (ferroelectricity) usually appe at higher temperature, while the
magnetic ordering (usually antiferromagnetic) itabbshed at lower temperature.
For example, in bismuth ferrite BiFgQhe ferroelectric Curie point & = 1100 K,
and the antimagnetic Neel pointlig = 640 K. The yttrium manganite, YMRQT¢c
= 914 K, Ty = 76 K) belongs to same type of multiferroics, utt the nature of
ferroelectricity refers to "improper", since itascondary effect arising from another
(primary) structural distortion.

Type Il multiferroics are characterized by simultaneous appearance of
magnetic and electrical ordering. It is assumed the leading interaction is the
magnetic one, and it is it that breaks the inversgmmetry thereby creating
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ferroelectricity. Naturally, the ordering tempernasi for both phenomerincide

A typical example is TbMng) in which magnetic spin helix, which is accompanie
by the ferroelectric polarization, appears at 28tks important that both effects in
the type Il multiferroics arstrongly couplegdsince they are generated by same phase
transition.

Table 4.4.
Different multiferroics, designations Tc - Curie temperature, Tn- Neel
temperature
Critical temperature
Material Ferroelectric Tc [K] magnetic Tn or Tc [K] Type of ferroelectricity
BiFeGs 1100 653 lone pair
h-YMnOs 920 80 geometric (improper)
BaNiF, geometric (proper)
PbVG; lone pair
BiMnOs lone pair
LUFe04 charge ordered
HoMn,Os 39 magnetically driven
h-HoMnG; 873 76 geometric (improper)
h-ScMnQG 129 geometric (improper)
h-ErMnG; 833 80 geometric (improper)
h-TmMnGs >573 86 geometric (improper)
h-YbMnO3; 993 87 geometric (improper)
h-LUMnQOgz >750 96 geometric (improper)
K.SeQ geometric
CsCdu geometric
TbMnG; 27 42 magnetically driven
NisV20g 6.5
MnWO, 13.5 magnetically driven
CuO 230 230 magnetically driven
ZnCrSe 110 20
LiCu202
NisB7O13

Ferroelectricity here is "improper" and manifestself with rather small
spontaneous polarization. An inverse effect has aksen reported in the Mott
charge-transfer dielectric, where the charge ongephase transition to the polar
ferroelectric case leads to the magnetic ordeaggjn creating a close relationship
between the ferroelectric and, in this case, antifeagnetic ordering.

Symmetry breakings always associated with formation of ferroic endg.
When electric dipole moment arises in the ferrdelex; the inversions break the
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spatial symmetry When ferromagnetic emerges from paramagnet, time
symmetryis broken (i.e. time reversal is broken). Symméddrgaking is usually
described by the ordering parameter (in the fiestec by polarizatioR, and in the
second case, by magnetizatidih However, in many real cases, a lot of equivalent
ground states can arise, which can be chosen bgpagte conjugate field; electric
or magnetic for ferroelectrics or ferromagnets,peesively. Ferroics are often
characterized by the behavior of different ordenpagameters upon inversion of
space and time. The spatial inversion operatioars®s the direction of polarization
(therefore, polarization phenomenon is antisymroetith respect to spatial
inversion), leaving magnetization unchanged. As esult, the nonpolar
ferromagnetics and ferroelastics are invariant utfe spatial inversion, while the
polar ferroelectrics are not. On the other hamde treversal operation changes sign
of M (which is, therefore, the antisymmetric with reggde time reversal), while the
sign of P remains unchanged. Therefore, non-magnetic ferstiet and
ferroelectrics are invariant under time reversdlilevthe ferromagnetics are not.

The multiferroics are both space-inversion and #rmeersal anti-symmetric,
since they are both ferromagnetic and ferroelectiiie combination of symmetry
breaking in the multiferroics can lead to a coupltween the ordering parameters,
so that one property of ferroic can be controllethwhe conjugate field of another.
The ferroelasticferroelectrics for example, are piezoelectric, meaning that the
electric field can cause the change in shape,eptbssure can induce the voltage.
The ferroelastiderromagnetsexhibit similar piezomagnetic behavior. Particlylar
attractive for potential technologies is the contbbmagnetism using the electric
field in the magnetoelectric multiferroics, sindeatric fields require less energy
and much faster than their magnetic counterparts.

4.7 Multiferroics application

The study of magnetoelectric multiferroics is ayMeot topic. It is interesting
not only from the point of view of fundamental plogs but the magnetoelectric
coupling in the multiferroics is promising also farany potential applications in
electronicsThe discovery of materials which possess two orefi@rroic properties
(magnetzation, polarization and strain), whereawiferroic quantities are possibly
coupled, became appealing in past few decades.drkeagferred to as multiferroics
and have potential applications in the non-volahkemories, in the high sensitivity
ac magnetic field sensors, and in the microwavecdsy such as filters, oscillators
and phase shifters, etc.
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The applications listed below are generally based tbe use of
magnetoelectric coupling. Of particular importarare the switching processes,
which allow the manipulation of magnetic propertoésnaterial using the electric
field and vice versa. An important research goabisminimize switching times to
the nanosecond range, which is typical time scakdad for modern electronics
such as following generation storage devices. Tingsips of these processes is
described by the dynamics of domains and domaitswal

Magnetism control by electric fielderved as the main impetus for research
into what the magnetoelectric coupling is used Ttwe fact is that the use of electric
fields to control requires much less energy tharctimtrol by magnetic fields, which
require electric currents. In the application otenestructures, consisting from
ordinary ferromagnetic metals and multiferroicsigmificant progress has also been
made in controlling of magnetism orientation usglgctric field, as well as in
controlling the magnetic state, for example, bynghag from antiferromagnetic to
ferromagnetic states. The related parameters ohatagand ferroelectric ordering
in thin films of the multiferroics can be used ®vdlop magnetoelectronic spintronic
devices: tunneling magnetoresistance sensors and/apes with tunable electric
field functions. Typical device consists of two déag of ferromagnetic materials
separated by a thm2 nm tunnel barrier made of thin multiferroic film this case,
the spin transferthrough the barrier can be controlled electricdiyaddition, the
multiferroic layer can be used asm the exchange pianing layer. Since the
orientation of antiferromagnetic spins in the nfaltioic layer can be electrically
tuned, the applied electric field is used to cdnttbe magnetoresistance.
Multiferroics make it possible a[so to create satdte memory elements in which
data is stored in both electric and magnetic poéaions.

High frequency devicesMultiferroic composite structures are promising fo
use as highly sensitive ac magnetic field sensmd also in the electrically tunable
microwave devices such as steerable antennass fittscillators and phase shifters,
with the advantage that these devices are tunaldetrieally rather than
mechanically or magnetically.

Multiferroics for fundamental physical researchAs is known, the spin
magnetic moment is fundamentally inherent in thectebn, but the question of
electric dipole moment existence in electron remaipen. Therefore, to search for
this moment of the electron, it is proposed totheefact that individual electron is,
as it were, a "multiferroic" with electric dipoleament, and the symmetry prescribes
that its dipole take same axis as magnetic monterdne study, the (Eu,Ba)TiO
multiferroic is used, and the change in the resglthagnetic moment was measured
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upon switching of ferroelectric polarization in thpplied electric field. This made
it possible to determine the upper limit of electiipole moment of an electron. This
value is important because it reflects the degreeiaation of time reversal
symmetry in the Universe, which is of interest totiele Physics.

In the elementary Particle Physics, it has beenvehay using multiferroic
that unusual geometric ferroelectric phase trassiin the hexagonal manganites
shares symmetry characteristics with the supposedeotransitions of the early
Universe. As a result, the hexagonal manganitedeamsed to conduct laboratory
experiments to test various aspects of the Univ@isgsics: the mechanism of
formation of cosmic strings and the aspects of costnings evolution have been
confirmed, which can be studied by observing theunterparts - lines of
intersection of the multiferroic domains.

Various electronic effecten the multiferroic films are due to a combination
of ferroelectric polarization with a small bandgapnsisting of peculiad-states of
transition metals. For example, the photovoltaifeatfand photocatalysis were
found in the bismuth ferrite, as well as its sewigjt to the surrounding gaseous
medium was found which is important for sensorseréhare known developments
of multiferroic films for solar cells, in which ergy conversion is based on efficient
separation of carriers due to the presence ofderctric polarization,

4.8 Summary

1. In addition to electricity, the magnetism is nf@station of electromagnetic
interaction. This interaction becomes apparent as/imy electrical charges
influenceeach on other atdistanceby the magnetic field. Microscopic sources of
electrical field are electrical charges (electrongrotons). Microscopic sources of
magnetic field are orbital and spin magnetic momentlementary particles, atoms
and molecules. In macroscopic scale magnetic fsetiteated by electrical current
or by permanent magnets.

2. Classic statistical physics proclaims that etedt systems can not have
thermodynamically stable magnetic moment, but thésertion contradicts to
experiments. Quantum mechanics that explains #talmf atom, account for
magnetism as in the atoms so in the macroscopie$fobh atoms and molecules
magnetism is caused by:

- Spin magnetic moments of electrospift magnetism);
- moving electrons in shells of ions and atowrbital magnetism);
- Spin magnetism of some nucleonsi¢learmagnetism).
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Nuclear magnetism is very small as compared tdrel@ic magnetism, but it is still
used in the instrumentation as a method to studgaifer by theauclear magnetic
resonancemethod and to obtaimery deep coolindy nuclear demagnetization
method.

3. All substances, but in varying degrees, resporakternal magnetic fields,
so they can be characterized by a centa@gnetic susceptibilityHowever, usually
only those substances are called as magnéatieghich ions or atoms without any
external magnetic fields influence hawgpairedelectronic spins. Existence of non-
compensated spin magnetic moments in some atoms®Iis caused byartially
filled 3d- or 4f-shells.

4. The substances with magnetic orderafglifferent types:

- ferromagneticsin which due to exchange interaction the parailtentation
of magnetic moments of atoms or molecules existsithenergetically favorable in
macroscopic areas (domains);

- antiferromagneticsin which exchange interaction is such that in wvo
more sublattices of crystal are oriented anti-parahat in sum shows zero
magnéization;

- ferrimagneticsthat in contrast to antiferromagnetics cannot meadl
compensation of magnetic moments of sublatticeshese materials, generally,
have non-zero spontaneous magnetization.

substances withmagnetic orderingof different types spin glasses,
superparamagnetic ensembles of particles, molemdgnets and clusters, plasma,
elementary particles (in solid state physics magnetoperties of plasma and
elementary particles are not considered).

5. Paramagneticsusceptibility ispositive (e ~ +(16'2...107), typically it
characterizes such atoms and ions that have inhteenaanent magnetic moment.
This susceptibility depends strongly on temperatuseally, by Curie law: &, /T.
However, for most metals their paramagnetic susmépt is originated by "free
electronic gas”, equals approximately se ~ +(10 10 and does not depend on
temperature that is explained by Pauli mechanispacdmagnetism.

6. Magnetic crystals and polycrystals with ordered smd orbital magnetic
moments showstrong" magnetism in sense, that their permeability can be large,
and they can be a source of strong magnetic fteltds widely used in engineering.
The degree of magnetization of these crystals teraened by total magnetic
moment that is vector sum of atomic magnetic momdPtoper magnetic moment
has atoms of transient group of Periodic Mendeleyable, because they are
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characterized by non-completely filled inner elentc shells, which are available
to hold unpaired electrons spin.

7. In simpleferromagneticstructures all magnetic moments of atoms are
directed equally. Examples of such metals are feagnetics Fe, Ni, Co, Gd and
Dy. These magnetically ordered metals behave ldtenpnent magnets (in case of
single-domain structure). Simplest orderatiferromagneticstructures are also
collinear, but their magnetic moments are direcppositely, and they are totally
self-compensated. The axis, on which all these nmtsnare directed, is called
antiferromagnetic axis. In colline&rrimagneticstructure the neighbouring atoms
also shows antiparallel orientation of magnetic rants, but total magnetic moment
of elementary cell of crystal is nonzero. So thefectures havespontaneous
magnetizationinasmuch as magnetic moments of ions in diffesefitiattices are
non-compensated.

8. The carriers of ferromagnetism are uncompensatedtronic spins,
associated with electronic orbital moments in idngoth cases the electrons have
both spin and orbital moments. However, calculaigshow that only spin-type
magnetic interactiomot able to provide spins parallel orientatidhat is main
characteristic of ferromagnetic at temperaturesvb&urie point. It is assumed (by
Weiss) that stable orientation of spins can beadbymolecular fieldthat has non-
magnetic nature. Forces that coordinate ions magneiments orientation have
electrostatic natureThey arise as a result of spin and orletathange interaction
of electrons.

9. While cooling from high temperatures (i.e., @gl from disordered
paramagnetic phase), permeability of ferromagmetieases and reaches maximum
at Curie temperaturg.. In paramagnetic phase, above phase transition, @irie-
Weiss lawcan be implemented: sep = ( —q), whereC is Curie-Weiss constant
andq is Curie-Weiss temperature (latter is slightlyfeliént from phase transition
temperaturdc).

10. Sharp maximum dfieat capacityis observed at Curie temperature of
ferromagnetic; it is caused by excess energy napessr magnetic moments
disordering. Moreover, in behaviour of heat capact ferromagnetic another
significant anomaly is seen: pronounced increaseheét capacity in the
ferromagnetic phase (differing from smooth curvesaturation, observed in non-
magnetic metals). Thus, the spin ordering is intiete ferromagnetic, and for its
destruction it is necessary to add energy througtesoperature range.
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11. It is seen that magnetic moment of bulk ferrgnaic materials at
temperatures below Curie point is much lower thsuthieoretical determination that
can be defined for the case, when all atomic mosnare directed equally. This is
due to the formation afomains regions, in which all magnetic moments of atoms
are directed equally, so in each domain magnetizatrresponds to saturation, i.e.,
takes maximum value. However, in different domamfismagnetic crystals (or
polycrystal) vectors of magnetization are not dalatach other. Thus, total
magnetization of ferromagnetic sample is lower timanase of complete ordering
of atomic magnetic moments. Therefore, without edkEfield ferromagnetic crystal
is composed of many small individual plots, magrestito saturation — domains.
Domains are separated by layers — domain wallswhioh spins gradually change
orientation, inherent in one domain, to orientatioherent in neighbouring domain.

12. At reversal operation (changing direction ofeexal fieldH), magnetic
momentM first increases to its maximum —gpontaneousagnetizatioriMs, With
decrease of external field magnetization remairsnge so if magnetic field again
becomes zerdH{ = 0) the induction is not zero, but its value gaimresidualvalue
+ . Phenomenon of magnetization lateness while magifietd changes is the
magnetic hysteresigor residual magnetism disappearance it is nacgss apply
the counter field that can reverse magnetization of ferromagnetits Tield is
thecoercive field(retentive force). Depending on shape and arégsieresis loop,
ferromagnetic materials are divided into the "s@litv coercivity) and the "hard"
(high coercivity).

13. Magnetization of ferromagnetic materials iscaspanied by changes in
the size and shape of magnetic sample. This phemamemagnetostrictionThe
reason for this effect (that is widely used in emegiring) is large spin-orbital
coupling in ferromagnetic materials. Magnetic pmes change in case of
ferromagnetic deformation is observed experimentalind it is called the
magnetoelastic effecome of ferromagnetic materials are so sensitiiaternal
stresses that this property is used for straintansion measurement.

14. Magnetization makes essential influence orofeagnetic deformation —
the magnetostrictionConditioned by exchange interaction, it depenatsomly on
applied magnetic field, but also on temperaturengbgwithout any external field).
The thermally induced magnetostriction (sometinadked aghermostriction is the
spontaneous effect (as it occurs when external fsehot applied), and it is greatest
in vicinity of Curie point, i.e., when transitioa tmagnetically ordered phase occurs.

Some ferromagnetic materials assume nameirtha alloys in them negative
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(ferromagnetic) deposit to thermal expansi@i) (compensates typical for all
crystals positive (anharmonic) thermal expansion coefficieat))( so as total
coefficient can be practically zera € a, + as » 0).

15. Antiferromagnetic interactionccurs in case of negative sign of exchange
integral, so anti-parallel orientation of spindattice cells of crystal is energetically
more profitable. Spins locations are ordered, butspontaneous magnetization
occurs, because neighboring moments are directeganallel and cancel each
other. In such a crystal two (or more) magneticallyposite sublattices are
interpenetrated. The structure with anti-parallebiagement of spins is formed
lower than temperature callddeel point(Ty), whenspins interaction surpasses
chaotic thermal motion. If crystal is heated abthis temperature, uncompensated
spins form a kind of paramagnetic system that igratterized by very special
temperature dependence of magnetic susceptilatity: ( + q), whereC is Curie-
Weiss constant. At that) is the characteristic temperature, which in cattta
paramagnetic phase of ferromagnetic is locatechenegative partof Kelvin
temperatures scale.

16. In addition to totally magnetically compensatatiferromagnetics, there
are many crystals and polycrystals, in which magnetoments of sublattices
(although being directed opposite to each otherg lsignificant difference in their
size — thderrimagnetics They have complicated structures with varyingireof
atoms location that forms some uncompensated etectm - or 4-shells.
Ferrimagnetics have properties similar to ferronedigmrmaterials because they have
spontaneous magnetization due to total magneticenbof sublattices is nonzero.

17. Ferroelectrics are characterized by spontaneous polarization, hwhic
direction can be changed by externally appliedtetad field. Except ferroelectrics,
the steady polarization is inherent to electretwalsas to pyroelectric crystals. But
in contrast to non-equilibriumesidual polarization of electrets, in pyroelectrics
internal polarization is thermodynamically stabtats. Ferroelectric differs from
pyroelectric by its ability to re-polarization: daling of spontaneous polarization
in external electrical field (dielectric hystergsiglso definition of ferroelectrics
may be such: ferroelectric is pyroelectric thatidi on domains.

18. Ferroelectrics are characterized by stronglyressed nonlinear
properties At audio and radio frequencies nonlinear ferrckele capacitors
(variable capacitory allow the modulation of signals and generationhafher
harmonics. At microwave frequencies thin film obplace type ferroelectrics in
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their paraelectric phase can be used for microwave&se modulation and for
adjustable filters. Optical nonlinearity of ferreetrics is applied in the electrooptics
and nonlinear optics.

19. By analogy with magnetism (where ferromagneticgiferromagnetics
and ferrmagnetics can exist), not only the ferroelectriosdntiferroelectricsand
ferrielectrics are known. Spontaneous polarization of antifeacieic is
compensated already in a crystal unit cell, white the ferrelectrics their
antipolarization is not totally compensated. Mec¢btananalogue of ferromagnetics
and ferroelectrics are tHerroelastics in which phase transition occurs owing to
spontaneous deformatio@oexistence of spontaneous deformation and speots
polarization is inherent to thenproperferroelectrics.

20. Paraelectricsare the crystals with peculiar temperature depecel®f
dielectric constant that is described by Curie-Weégsv:e( ) =e1 + /(T—qQ). In
most of these crystals at certain temperaturecatigcal temperaturg = ¢) the
phase transition to ferroelectric or antiferroaliecstate occurs. Thus, properties of
paraelectrics are closely related to ferroelectrics

21. Most of paraelectricsdisplace typg are ionic crystals, in which the
covalent bondingof atoms also is very important. In this case temjpee
dependence of permittivity looks more flat:xC1® K, and phase transition to
ferroelectric (or antiferroelectric) state occurgseanperaturdc > q, having a pattern
of first-order type transition. To describe propstof these paraelectric a dynamic
theory of lattice vibrations and the model ebft phonon modeshould be applied.
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4.10 Questions for self-examination

. What physical phenomena can be combined in fexdics?

. What physical mechanisms lead to ferromagnetism?

. What distinguishes and what unites paramagnetrsirferromagnetism?
. Describe the magnetism of 3d and 4f materials.

. What physical mechanisms lead to ferroelecyrcit

. How are magnetoelectric effects manifested anerevare they applied?
. Describe the differences between ferroelecyrenitd ferromagnetism.
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5.10 Questions for self-examination

Magnetic materials have long been widely used enalectrical engineering
and electronics, and in recent years they haverbeaocreasingly important in the
information technology. Magnets are the main materof magneto-acoustics,
microwave technology, magneto-optics and magnegot@nics (spintronics).
Nanostructuring of bulk magnetic materials allowsitcolling their characteristics
within wide limits. Nanotechnology can be used @ity to create materials with a
given type of magnetization type — both for veryt snagnetic materials and for
extremely magnetically hard materials.

Apparently, the possibilities of volumetric matésiaused by engineers
already reached their maximum. It is believed th& hardly possible to get any
significant improvement in their performance onlyraugh a more thorough
technology or by changing in components. Therefdrmight be assumed that a
subsequent creation of materials witbw propertiesshould be associated with
fundamental changes in tis&ructure of substances, affecting such properties that
are necessary for contemporary applications. ktassidered that one of most
promising is new research area in field of mates@é&nce is creation of materials
which are condensed fromery smallcrystals, clusters, fragments that consist of
around 18-1C° atoms.

Main reason of nanomaterials difference from cotieaal materials is that
the ratio of surface to volumen nanomaterials is rather big. The smaller sikze o
nanocluster, the greater is influence of its sw@wfpmperties as compared to bulk
properties. In a certain sense, the nanostructaresforms properties of crystal
surface into the volumetric properties of condensaao-material. In other words,
properties of nano-formed substance depends ormatie of number of atoms

located on surface of nanocluster to number of atocated in its volume, and this
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ratio might be quite different. Therefore, by calling the size and the shape of
clusters, the properties of nano-material can bpgaefully changed.

Nano-structurization ahagnetic materialenables to operate in a wide range
of their characteristics. Nanotechnology can belupemarily, to create material
with adjusted type of magnetization curve: both éatremely magnetically-soft
materials and for extremely magnetically-hard mater Fundamental magnetic
properties of a matter in their nano-state varysaerably due to correlation in the
interaction of spin and orbital moments in lattamls, located on the surface of
nano-particle. The properties of ferromarneticsfanadmagnetics in their nano-state
can be changed especially strongly. In the magné&iiened from nano-clusters the
nature of short-range ordering becomes differdatt, s why new properties appear
(sometimes, very important for technical applicatio

5.1 Magnetism in nanoparticles

Along with electricity, the magnetism is one of@femagnetic interaction
the manifestation. This interaction is manifestedhe fact that electric charges
interact with each other at a distance with the loéla magnetic field. If the sources
of theelectricfield are the individual electric charges (electrongrotons), then the
microscopic sources of timagnetic fieldare the orbital and spin magnetic moments
of elementary particles, atoms and molecules, disaseon the macroscopic scale
the magnetic field is created by electric currarpermanent magnets.

All substances react to external magnetic fieldsne degree or another, that
is, they have a certain magnetstisceptibility However, usually only those
substances are called "magnetic”, in which at Ipagtof the atoms hawepaired
electronic spinaithout application of external magnetic fieldhél'occurrence of
spontaneous spin magnetic moments in some atoroais due to the presence in
them of partially filledd- or f-shells of atoms. This spontaneous magnetic moment
of atoms is also preserved in crystals, if ttaelius of 3d- or 4f-orbitals is
significantly smaller than theonstantof crystal lattice.

In crystals, the magnetic moment of an atom caerdsignificantly from the
magnetic moment of the same atom in the free shageto the spin-spin or spin-
orbital interactions. These discrepancies are éalhetarge for atoms of the third
group (iron group), in which the shell ofl 8lectrons has a larger radius. However,
in crystals of rare-earth elements, the magnetimamd of atoms is determined by
the shell moments of strongly localizededectrons, so it is approximately equal to
the magnetic moment of a free atom of rare-eamtmenhts. The interaction of

238



magnetic electronic shells with their surroundimgscrystal not only affects the
value of atomic magnetic moment, but also causegxichange bonds between all
magnetic atoms of a crystal.

The value of the energy of magnetic interactionsvben atoms in crystals
can be estimated by the Curie point for ferromageetr by the Néel point for
antiferromagnetics, when the magnetic orderingestrdyed, and crystal acquires
the disordered paramagnetic state. Curie and Néeperatures usually do not
exceed 1000 K, and therefore in most cases magnetiactions are much weaker
than electric interactions in crystals, which iadratoms can be roughly estimated
by Coulomb energy of electrons, and in crystal$higyr melting temperature.

According to the nature of interaction with magoetield and internal
magnetic structure, the substances are dividedsewieral types.

|. Magnetically disordered substances

- diamagnetics magnetically disordered substances, whose moleadenot
have their own magnetic moment, and magnetic behavimaterial is determined
by Faraday's law of electromagnetic induction, adicg to which molecular
currents in a substance change in such a way ir eodpartially compensate the
change in magnetic flux through a substance;

- paramagneticshaving their own non-zero magnetic moment of tlideicules
which are oriented along externally applied magniid.

Il . Substances with long-range magnetic ordef various types of
ordering:

- ferromagnetics in which, due to exchange interaction, the paraltientation
of magnetic moments of atoms or molecules in theraszopic areas of a material
(or domains) is energetically advantageous; theomeagnets are usually good
current conductors;

- antiferromagnets,in which exchange interaction is such that twonmre
antiparallel oriented sublattices are formed imyst@al, the magnetic moments of
which add up to zero magnetization; the antiferrgneds have high resistivity;

- ferrimagnets (ferrites), which, unlike antiferromagnets, do rahieve full
compensation of magnetic moments of crystal subéstf so the material as a whole
has the non-zero spontaneous magnetization; theefecombine properties of high
electrical resistance and high magnetic activity.

lll. Substances with short-range magnetic order (nanognatism)

- spin glasses;

- superparamagnetic ensembles of particles;

- molecular magnets and clusters.
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Some examples of atomic magnetic moment dependsenite size of nano-
particles in main ferromagnetics are shown in bi@. Magnetic moment of atoms
in thebulk ferromagnetic usually is less than the numbemabmpensated spins in
atoms (which arer for nickel, 3w for cobalt and # for iron). Due tcspin-orbital
interaction,the effective magnetic moment of atoms in bulkderagnetic is much
smaller (0.6% for nickel, 1.8 for cobalt and 212 for iron). Changing the number
of atoms in the nanoparticles leads to signifidacteaseof effective magnetic
moment with particle size decrease (at last, itobexs very close to magnetic
moment of single atom). This effect significanthgieases permeability of magnetic
nano-composites and causes a number of other®ffect

Fig. 5.1 Magnetic moment per atom for nano-state ferromagmeNi, Co and Fe
depending on patrticle size in the Angstroem urales (1 A = 0.1 nm)

Thus, the effect of nano-structuring on the ferrgnedic properties is very
significant, particularly, effect of nanoparticlege that is used in the composed
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from nano-particles magnetic materials. Thereforepodern materials technology
it is possible to "design" their properties pariacized for various fields of
technology by changing the size of grain structure.

5.2 Soft and hard magnetic nanomaterials

Soft magnetic nanomaterialChange in the orientation of magnetic domains
or clusters under externally applied magnetic fiafthence might be possible even
in small magnetic fields: these aeft magnetianaterials. For example, very soft
magnetics are the films of amorphous alloys, maitle @ompound FgSiisNbsCuy
and obtained by rapid cooling of melt that is pauom the cold copper rotating
drum: prepared alloy consist of disordered 10 nmoparticles. Having large
saturated induction (1.2 T), this alloy shows vemyall coercive force (0.5 A/m).
One reason of magnetic softness increase andfdheréhe appearance of huge
magnetic permeabilitynf~ 54.0°) is lightly orientation of spins. The point is tha
concentration of structural defects in the nandiglas is small (in them any defects
easily diffuse on the surface); as a result, tientation of spins in external magnetic
field becomes much easier. Nanomagnetic clusteiheap its magnetic moments
orientation such as shown in models on Fig. 5.2.

Fig. 5.2 Different orientation of magnetic moments in fenagnetic nano-particles

As shown by experimental study with magneticallft smaterials (nanosized
powders of amorphous alloy of compounddNet+ ;0CO, with grain size of 10-15
nm), the coercivity in hysteresis loop is praclicabsent, Fig. 518 because each
of nanoscale grain constitutes of only one dom@im.common ferromagnetic
hysteresis is caused by the big domains orienfatlMagnetic materials of this type,
showing no hysteresis, are tlseiper-paramagneticsThis term means that at
temperatures below Curie point and in a wide teaipee range the super-
paramagnetics are similar to the paramagneticthdrtypical ferromagnetic (or in
the ferrite), their spontaneous magnetization, oecl below Curie point, is
accompanied by the internal force, which stronggps spins in their oriented state,

so to the change their direction one need to oveeccoercive fieldH. in Fig. 5.3
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a). In this case, in the ferromagnetic, a suffidietdrge energy of anisotropy exists
that makes magnetic moment to choose one or oittestion. However, in the nano-

particles, due to significant violations in struetubonds of atoms, the energy of
anisotropy is practically absent, so the directibarientation of electronic spins can
be easily changed even in a very weak magnetid. fidderefore, during reversal of
magnetization there is no hysteresis.

Fig. 5.3 Typical magnetic hysteresisa)( magnetizationM and coercive fieldHc;
b — non-hysteresis magnetization curve for nano-naidi-Fe-Co

A change in the orientation of magnetic sites urideraction of an externally
applied magnetic field can occur both in very sgréields (magnetic hardness) and
in extremely weak fields (magnetic softness). Baneple, ribbons of amorphous
alloy with FeeSiisNbsCuy composition, created by the method of rapid caopbh
the melt poured onto rotating cold copper drum,cpriée magnetically soft. After
heat treatment, such an alloy consists of partieiés a size of the order of 10 nm.
In the case of a large saturation induction (1,208 coercive force of such an alloy
is very small (0.5 A/m).

Magnetic hysteresis, observed in the volume fergmats, Fig. 5.8, is
caused by the orientation of many different magneggions — domains. During
experimental study of one of soft-magnet materjanosized FgNi;oCO, alloy
powder with grain size of 10-15 nm), the usual natigation hysteresis is not
observed, Fig. 518 since there is only one domain in each nanosizai.

The magneto-softness becomes the more pronounesdidiler particles are,
Fig. 5.4a. However, unlike ordinary paramagnets, in whichi€s law is fulfilled
at arbitrarily low temperatures, for the superpagnets there is a certain limiting
temperature, below which the possibilities of safon-coercive orientation of
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magnetic moments cease. Fig.b.4'he reason for this limitation is that the
orientation of magnetic momentssispported by thermal chaotic motioncrystals,
which is insufficient at low temperatures. The wab@f which blocks this movement
depends on the size of nanopatrticles, Fig. 5.4.

Fig. 5.4. Dependence of magnetic moment of cobalt nan@beston strength of magnetic
field H for particles 1.7—-100 nm in siza)(@nd temperature dependence of magnetizalipn (

Magnetically hard nanomaterialsNanotechnology allows also to control the
coercive fieldthat is very important to achieve grddt. In traditional (bulk)
materials some powerful permanent magnets are nfemla the alloys of
neodymium, iron and boron. In them, a very bigdeal induction is reached (1.3
T) with coercive force value of $@/m, that is more than million times higher than
in soft alloys.

Fig. 5.5 Residual magnetization  dependence on particles of sizg; b — scheme of
double potential well showing energy dependenamagnetic moment orientation when magnetic
field absence (solid line) and presence (dotted)lih — thermally activated switching@, —
tunneling
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However, the nanotechnology can significantly inygraeeven these data.
Some results of grain size influence on alloyfN&,B properties is shown in Fig.
5.5a. From this figure it follows that residual magzationincreasessignificantly,
if grain size becomes smaller than 40 nm (at twrcive field becomes three times
more). Another approach how to change parametemsaghetization curve of this
material is to create a mixture of nanoscale pagiof magnetically hard compound
Nd.Fe 4B and magnetically sofi-phase of iron.

The study of soft iron particles influence on magadly hard matter
confirms that coercive field can be further incexhsThis is due to exchange
interaction between hard and soft nano-particle$ thrns magnetization of soft
phase particles exactly in the direction of hardtig@s magnetization. By size
reducing of nano-particles the granular magnetidema can be significantly
improved.

5.3 Nanomagnetic films for computer memory devices

Study of magnetic materials, mainly, the films proed by nanotechnology,
aims to increase the capacity of magnetic inforomadlrives (such as hard drive of
computer). The unit of storage informatioris to reach the density of 10 Gb {10
bits) per square inch the single bit should hamgtle of ~1 micron and width of ~70
nm. The thickness of magnetic layer in this casmikhbe about 30 nm. Magnetic
storage medium, such as hard drives, can be rda#é using small crystals of
chromium-cobalt alloy. Problem of bit size dimirartiless than 10 nm is the “self-
erasing” of memory, because the magnetization vedtmicro-area can change its
direction under the influence of thermal fluctuago Solving this problem requires
the use of nanosized grains with large valuestoffaaon magnetization, which are
characterized by a stronger interaction betweemgyr&or example, with the help
of nanotechnology, the magnetic FePt nanograin camgs with the much higher
magnetization value than in analogues were obtaiReBt particles were formed
during heating of a solution of platinum acetylacete and iron carbonyl with the
addition of reducing agent. After spraying the $olu on the substrate, it
evaporated, leaving passivated particles on it.tlimefilm formed as a result of this
operation consists of a solid carbon layer comgrirePt particles about 3 nm in
size. This size of magnetic nanopatrticles can pieai recording density of 150 GB
per square inch, that is, 10 times greater thart mxasting media.

244



Another example: using nanotechnology, such magieiPt nanograins are
obtained which have higher magnetization than thealogs. Particles of FePt are
formed by heating of solution of platinum acetykacate and carbonyl iron with
addition of reducing agent. After spraying thisusimin on substrate, it evaporates
leaving passivating particles. Thin film, obtainasl a result of these operations,
consists of hard carbon layer, containing FePigastwith the size of about 3 nm.
This kind of magnetic nano-particles allows reaehsity of 150 Gb per square inch,
that is 10 times greater than most existing comraklyavailable medium.

When the size of magnetic nano-particles is toollsmmeagnetic vectors of
atoms are oriented by magnetic field equally withgrain, avoiding difficulties that
arise in other cases (when the adjacent domairs walkt with different directions
of magnetization). The reason is a peculiarityafiorclusters: the reducing defects
concentration within cluster (defects easily diffue surface). Typically, magnetic
medium uses elongated magnetic grains. Dynamicepties of such magnetic
particles can be described by a model, which assuha without magnetic field
applying the ellipsoidal grains have only two pbssidirections of their magnetic
moment: "up" or "down", relatively to long axis nfagnetic elongated particles,
such as shown in Fig. %5

Magnetic energy dependence on magnetic moment tatiem is
characterized by symmetric potential well with twinima, divided by potential
barrier. Under the influence of thermal fluctuasdhe elongated particle can change
orientation of its magnetic vector. This particenalso (but far less likely) change
its magnetic orientation by means of quantum-meiclaadtunneling This occurs,
when heat energy is much less than the height of barrier. Tunneitng purely
quantum-mechanical effect, which arises from tlot flaat there is a probability of
magnetic state changing from the direction "up'the direction "down". In the
external magnetic field the potential, that divid@gima, changes, as shown in Fig.
5.5 by dotted line; in case, when magnetic field egualcoercive force, one of
levels becomes unstable.

This model explains many magnetic properties oflsmagnetic particles,
for example, the shape of hysteresis loop. Howekier model has a limitation with
coercive field value, because it allows only oneyvi@ reorientation. Magnetic
energy of particle is assumed as functioncoflective orientationof spins in
magnetic atoms, as well as function of externalme#ig field. This model takes into
account only simple (linear) dependence of magrestergy of particle on its size.
However, when the size of particle becomes closspfwoximately 6 nm, most of
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atoms are located on the particle surface. Thisns¢hat they can have such
magnetic properties that significantly differ frggarameters of larger particles.

It is shown that replacement of magnetically saftron in variety of
chemicals substances leads to change in coercige tgp to 50%, indicating the
importance of particle’s surface in the magnetioperties formation of a grain.
Thus, dynamic behavior of very small magnetic gt is more complicated than
it follows from considered model.

5.4 Giant and colossal magnetoresistance

The magnetoresistance effect is caused by elelctacmluctivity change in
the magnetic field. In metals and semiconductors pfhnenomenon is long time
known: electrical resistance is caused by scageoh electrons during their
collisions with lattice. In magnetic field conduanti electrons should move on helical
trajectories. The elongation of trajectory increai'e number of collisions, and
resistancencreases However, inordinary metals, the effect of magnetoresistance
iIs small: theincreaseof resistance happens only on a part of perceat (§ why,
this effect in ordinary metals is rarely used iagtice). Nevertheless, thmsitive
magneto-resistance effect is more noticeable mngtmagnetic fields and at low
temperatures, when electrons trajectory is chatiaetkby much bigger free path.

In the ferromagnetic materials magnetoresistance effectnesgative and
reaches already several percents. The point isittia¢ absence of external magnetic
field the ferromagnetic divides on magnetic domainavhich magnetic moments
have different orientation; domains boundaries lea@dditional scatteringof
conductive electrons. Under external magnetic figh@ influence, domains
boundaries disappear, so the entire sample tuose do single domain that is
completely magnetized, and its resistamieereaseslt is noteworthy also that
electrical resistance of magnetic materials dependhe angle between magnetic
field and current. This phenomenonaisisotropic magnetoresistancehis effect,
despite relatively small size, is used in some ce/to measure magnetic field in
automation systems and in alarm information devices

Recently, the application of magnetoresistancecefiecomes wider due to
giant magnetoresistandg&MR) discovery. It is seen in materials createically
by deposition on a substrate some alternating i@gmetic and non-ferromagnetic
layers of nanometer thickness. The scheme of sagérdd structure with the
magnetization vector direction in layers is showikig. 5.@.
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The GMR effect was first observed in the films wadternating layers of iron
and chromium, but later many other combinationlapérs are discovered. In films
composed from cobalt and copper layers magnettaeses is much larger than in
the Fe-Cr films. Simplest device may consist of pevallel placed ferromagnetic
layers, in which electrical resistance depends @ative orientation of spins in
magnetic layers. If magnetic moments in ferromagnayers are found as parallel,
device hasmallerresistance; if magnetic moments are found asparailel, the
resistancancreasesgreatly. Electrical current can flow both perpendar and
parallel to segments. In both cases, the changesistance is sufficiently big (~
40%).

Fig. 5.6. Three structures that shows giant magnetoresistan- layers of nonmagnetic
material with ferromagnetic layers, magnetized ppasite directionsh — randomly oriented
ferromagnetic cobalt nanopatrticles (large circlag)onmagnetic copper matrix (small circles);

— mixed system consisting of silver layers with @blmanoparticles and magnetic layers of alloy
Ni-Fe

Effect of constant magnetic field on the resistaméemultilayer iron-
chromium system is shown in Fig. &.MDegree of resistance change depends on
thickness of iron layers and reaches maximum ekti@ss of 7 nm, as shown in Fig.
5.6b. This effect arises from electrons scattering ddpace on the direction of their
spin relatively magnetization vector. The electromgiich spins are directed
opposite to magnetizatioB, scatter more intense than electrons which spias ar
directed equally witlB. Application of constant magnetic field along lesyerients
magnetization vector of all layers in one directi@onduction electrons, which
spins are directed opposite to magnetization, araetteyed on the metal-
ferromagnetic boundary more stronglym, than elestnwhich spins are oriented in
the direction of magnetization. Since both chanoelsrate in parallel, the channel
with less resistance determines the impedancdiloha

Effect of magnetoresistance in layered materialsed in sensitive detectors
of magnetic field, and this effect is a basis f@ation new highly sensitive magnetic
head (capping for disk) which read information. iUthis effect discovery in
magnetic storage devices the induction coil forrapen with magnetic small cells
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was used: as in recording mode, so for informatealing. Giant magnetoresistive
reading head is much more sensitive than the inmluche.

Fig. 5.7. Magnetoresistance in Fe-Cr multilayered structare: magnetic field applied
parallel to surface layerb;,— dependence on magnetic layer thickness

Compound materials, consisting of single-domain rof@agnetic
nanoparticles with randomly oriented magnetizatidoeing placed in the
nonmagnetic matrix also show GMR. A scheme of ssydtem is shown in Fig.
5.6b. Unlike layered structures, magnetoresistancehia system is isotropic.
Magnetization vectors of ferromagnetic nanoparsi@dspire to be oriented in the
magnetic field whiclhreduceselectrical resistance. The influence of magneéidf
on the resistance increases with field strength airsd with decrease in the size of
magnetic particles. Typical measurement resultsh viilm consisting cobalt
nanoparticles in the copper matrix are shown in &ig. Hybrid system, composed
of metallic nanoparticles in matrix placed betwéeo ferromagnetic layers (Fig.
5.6b) demonstrates similar properties.

The GMReffectis used nobnly in theheadsof harddisks.On the basief
such magnetic structuresiany sensorsswitches and nonreciprocal devices are
elaboratedlL.ow cost andow power consumptiopromotehigh competitive abilityf
these devicesMagneticstorage deviceBasedon GMR devices can compete with
conventional semiconductor storage devices by raten density, speed and cost.

Some materials have even much higher magnetonesesetfect than shown
in Fig. 5.8, and this phenomenon is twdossal magnetoresistanc@orrespondent
materials also have many opportunities for usegkample in magnetic recording
heads or sensitive magnetometer elements. Thigialateave perovskite structure,
such as LaMng) where manganese, like lanthanum, has valence- 33t 1f ions
La*? are partially replaced by bivalent ions, such as Ba, Sr, Pb or Cd; then, in
accordance to electro-neutrality law, some of maega ions should change their
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state from& n*3to Mn*4. The result is a system withixed valencesf & n*3/& n*4,

in which large number of mobile charge carriersesxilt is found that this system
shows very large magnetoresistance. For examm@egtistance of L@ % 3% n+
system at magnetic inductance of 6T can be chamgé&dindreds of times. The
dependence of resistivity of thin film made of ttmaterial on applied magnetic field
Is shown in Fig. 518

Fig. 5.8 Dependence of magnetoresistance change on appéigdetic fielda — for thin
film of cobalt nanopatrticles in copper matrix:- for La-Ca-Mn-0 near Curie point (250 K)

Tunneling magnetoresistancas the effect of spin-dependent electrons
tunneling through the nanometer layer of dielectsic semiconductor, located
between two ferromagnetics. This structure haslaimonstruction as in Fig. 56
but instead of copper layer the dielectric layell ) or semiconductor layer is
used. As in case of giant magnetoresistance, efecshow tunneling, creating a
current from one ferromagnetic to another, if thaye parallel magnetization.

Because the magnetization of ferromagnetics ipardllel, the probability of
tunneling greatly reduces, and, hence, currenutiira structure decreases sharply
due to significant increase of resistance. At rotamperature the change of
resistance is about 30% that allows apply thiscéfie devices. As in the case of
giant magnetoresistance, the soft and hard ferrogtag are used. The state of
magnetization is stored up to new magnetic switgimat is why, the switching can
be used as a transfer of bit of information in #tsuc memory. Based on tunnel
magnetoresistance effect new computer memoriedeareloped. Such devices use
very small currents, so they have low power congionpThe imperfection of these
devices is that currents are directed perpenditaliyers. As a result, decrease in
the area of layers increases electrical resistahdevice.

Development of spintronics significantly increasssthe operation speed so
the density of processed information. In magnetcriers, elongated magnetic
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grains are usually used. The dynamic propertiedh@fbehavior of the system of
elongated nano-sized magnetic particles are destiily a model in which it is
assumed that without a magnetic field, ellipsoigia@ins have only two possible
stable directions of the magnetic moment: "up"dwwn" relative to the long axis
of the magnetic particle, as shown in Fig. 2.47e Tependence of the magnetic
energy on the orientation of the magnetic momegtoras a symmetric potential
well with two minima separated by a potential barriUnder the influence of
thermal fluctuation, the particle can change theration of the magnetic vector.

A particle can also (but with a much lower probi#ilchange its magnetic
orientation through quantum mechanical tunnelings Tan be observed when the
thermal energkgT is much smaller than the height of the barriemreling is a
purely quantum mechanical effect. It is explaingdHhe fact that the solution of the
wave equation of this system gives a small probighilf changing the magnetic
state from the "up" direction to the "down" directi In an external magnetic field,
the potential changes and if the field reacheduevequal to the coercive force, one
of the levels becomes unstable.

The given model gives a simple explanation of mamagnetic properties of
small magnetic particles, for example, the shapthefhysteresis loop. However,
this model has limitations. It overestimates thie@af the coercive field, since only
one way of reorientation is possible. The magnetiergy of the particles in the
model is a function of the collective orientatidntloe spins of the magnetic atoms
that make up the particle and the external magfieid. The model assumes the
simplest (linear) dependence of the magnetic enefgyarticles on their volume.
However, when the particle size approaches 6 nrsf nfdhe nanocluster atoms are
on the surface. This means that they can haversagnetic properties that are very
different from the parameters of large particléss shown that surface treatment of
magnetically sofaa-iron nanoparticles with a length of 600 nm andidthvof 100
nm with various chemicals changes the coerciveefbycup to 50%, which indicates
the important role of the surface of nanosized metigiparticles in the formation of
the magnetic properties of the grain. Thus, dyndral@avior of very small magnetic
particles turns out to be more complicated thapptears from the considered model.

5.5 Spin electronics

In recent years, a new scientific and technicdd ffiemagnetoelectronics, or,
as it is now called- "spintronic$, which is engaged in the study and practical
applications of the effects and devices using sdaat spins, has been actively
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developing. Spintronics studies magnetic and magaoptical interactions in metal
and semiconductor structures, as well as the qoamhagnetic phenomena in
nanometer-sized structures. In modern informatienhrologies, information
processing and calculations are carried out irgnated microelectronic circuits, and
information is stored on magnetic disks. The usaafnetic semiconductors would
make it possible to place the processor and memmomhe same chip, eliminating
relatively slow information "input-output" channglgshich would significantly
increase the speed of operation. Another advamsafat magnetic semiconductors,
which would be capable of receiving and amplifyoygical signals, would enable
the direct conversion of information from opticalrh to electronic form, without
the detection process.

Specific phenomena related to the spin-dependansfer of charge carriers
in solid-state structures and electronic devicesetbaon them are united by the
general scientific and technical direction of spnics. Spintronics was formed as
an independent direction only at the end of 20thtuy as a result of the
accumulation of fundamental knowledge and the neastufe of the first electronic
devices with spin-dependent transport of chargeierarusing the methods of
microelectronic technology and nanotechnology, Whecrapidly developing. The
interest in spintronic electronic devices is caulgdhe fact that, firstly, they are
expected to have better properties compared to tosiventional semiconductor
counterparts. Second, they are believed to prawiddasis for the implementation
of quantum computing and quantum computers basetd on

Spin effects are clearly manifested due to theufeatof charge transfer by
electrons in microelectronic and nanoelectroniacitires under the influence of a
magnetic field. Their main characteristic is magnesistance, which is defined as
a change in the electrical resistance of a materistructure caused by the magnetic
field. The value of magnetoresistance is definetthasatio DR/R, in percent, where
DR is the change in resistance, d&kds the resistance in the absence of a magnetic
field. Positive magnetoresistance correspondsdanitrease in resistance under the
influence of magnetic field, while negative magmesistance corresponds to the
decrease in resistance. Magnetoresistance ingirebtdracterizes spin effects in
conditions of diffusion and ballistic transport oharge carriers, as well as in
conditions of tunneling of spin-polarized electrons

Thus, spintronics is a direction of nanoelectromicsvhich, along with the
charge, the spin of an electron is also used filmrnmation processing. In modern
electronics, there are already devices that workpmn phenomena. These are, for
example, heads that read information from magriesks (manufactured by IBM)
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and a new type of magnetic memerylRAM (magnetic random access memory),
magnetic memory with random sampling. These devigesk using the giant
magnetoresistance effect.

Spin-polarization current in magnetic nanostructuse During the last
decade, the effects that occur when an electricentiflows through magnetic
transition - thr multi-layered nanoscale structilvat includes ferromagnetic layers
that influence each othemave been actively investigated. The greatesttadtein
experiments and theory is paid to structures o§ghe valve type consisting of three
layers:

- rigidly oriented ferromagnetic layer;

- non-magnetic layer or spacer;

- free ferromagnetic layer, the magnetization ofchitdan change its direction
under the action of an external magnetic field anddirrent.

The ferromagnetic layers are separated by a thmmagnetic spacer to
prevent the occurrence of a direct exchange commmebetween the ferromagnetic
layers. The passage of current through the spadeilistic, diffuse, or tunneling in
nature. At the same time, the thickness of spacemall compared to the length of
electron's free path, so the spin states of elesio not change when current passes
through it.

A vivid example which illustrates the above is neethod of remagnetization
of magnetic bodies. This refers to a jump-like denn the orientation of the
magnetization of free ferromagnetic layer relativehe magnetization of rigidly
oriented layer under the influence of a currentvit perpendicular to the layers.
This phenomenon occurs, if the current density edsea certain threshold value,
which lies within 16-10° A>xcni2. The original antiparallel configuration of spiiss
thus switched to a parallel configuration. The hasg parallel configuration is
preserved when the current is reduced to zero aed when the direction of the
current is reversed. However, when the reversentdensity reaches the threshold
value, reverse switching occurs with the restoratwf the antiparallel spin
configuration. Since the resistance of the magnefiction depends on the relative
orientation of the magnetic layers (effect of giamdgnetoresistance is also related
to this), the switching is accompanied by a changge resistance of the junction,
so that the dependence of the resistance on thentlmoks like hysteresis loop.

The reason for such remagnetization is determineth® physical process,
the essence of which is that the current flowingulgh the magnetic system carries
not only charge, but also spin, that is, the elecurrent is also the flow of the
moment of magnetic pulse. The spin polarizatioat(th, the non-zero spin moment)
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of the current occurs as a result of the exchanggeaction when the current flows
through the ferromagnetic. If the current flowsnfréthe ferromagnetic into a non-
magnetic metal, then its polarization is preserfg@dsome length. If the polarized
current flows through a magnetic system with inhgereous magnetization, then
its spin moment is forced to adapt to the lattere o the local storage of spin, the
change in the moment of the current pulse is tratestinto the ferromagnetic. As a
result, the divergence of the spin flow leads ® gleneration of a torque acting on
the magnetization.

This process is callegpin transfer Under certain conditions, the spin transfer
can lead to the remagnetization of magnetic strastuas well as to the generation
of spin waves or the motion of domains. This effgciantum in nature, is also the
fundamental in nature. Interest in the methods »afitation of magnetization
described here is also stimulated by successeprabtems in the field of creating
magnetic memory elements, microwave devices, arghet& logic elements.

Spin transfer processes are usually consideredlarapstructures in two
configurations. In the first configuration, the mmt flows perpendicular to the
magnetic layer of a structure, which contains layerth different directions of
magnetization. In the second configuration, theenirflows along the magnetic
layer containing the domain wall. The most comnsotte first configuration, which
Is the nanocolumn containing magnetic multilayethwatructureN,/F1/N/F2/Na,
whereF is the magnetic layerbl is the non-magnetic layers. The oval cross-section
of the column has typical dimensions of about 10 Tihe size of a system is largely
determined by the need to reduce parasitic effeetldy magnetic field, generated
by the current flowing in a system. Under certainditions, the transfer of electric
current through a magnetic transition is accomgmhhiethe process of spin transfer,
which leads, in particular, to remagnetization afdtitayer nanoscale structures. The
theoretical consideration of this phenomenon isefasn the idea of exchange
interaction between electrorscurrent carriers- and magnetic lattices of a ferro-,
ferro- or antiferromagnet.

Semiconductor spintronicsAlthough devices based on the effects of giant
magnetoresistance and tunneling magnetoresistavesdiready been created, these
devices still use metals, while modern technologiesfocused on semiconductors.
A number of other spintronic devices requiring spafarized current have been
developed, but creating an efficient injection efrbmagnetic metal into the
semiconductor faces with great difficulties. Theref development of
semiconductor spintronics compatible with modermp dechnology is of great
importance.
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Semiconductor spintronics requires new type of malse— the magnetic
semiconductors. As already noted above, it wasddhat ferromagnetic properties
can be given to compounds$'BY and A'B"! by doping them with iron, cobalt, and
manganese ions. However, the technology of suolialf faces difficulties due to
the low limits of solubility of these impurities iIA""BY and A'BV' crystals. In
addition, such materials have acceptable charatitarionly at low temperatures.
Therefore, development and research of propertieev® magnetic semiconductors
Is underway. Such materials are obtained with araimg temperature above room
temperature, such as GaMn, GaCr, and others.

Existing spintronic devices are based on both tlh@tgnagnetoresistance
effect and spin-dependent tunneling. Switching divection of magnetization in
them is carried out with the help of either theimo(internal) magnetic field or with
the help of an external magnetic field. The lispogsible spintronic devices can be
quite large, but most of the proposed and thealtiqustified devices still await
technological development and experimental reseakamong the most famous
spintronic devices, the read head on a giant magegsstor, a non-volatile memory
on tunnel magnetoresistor, and spin-polarized feffdct transistor are considered.
The literature also describes a ballistic spirefilig transistor, a spin logic element,
unipolar spin diodes and transistors, etc.

Magnetoresistive memory and a spin-valve transistdnce switched, the
magnetic element can retain its magnetization antiew switch, and so it can be
used as a memory element. Such elements are ud¢BAM magnetic memory.
Spin-dependent tunneling provides significant efficy of such a memory,
schematically shown in Fig. 5.9.

Fig. 5.9. Eragment of memory device with arbitrary samplander, built from elements
on tunnel magnetoresistor

The memory device with an arbitrary sampling orgeformed from two
arrays of parallel ferromagnetic tracks orthogondhe plane, separated in space by
a thin insulating layer. Each track crossing asta magnetic tunnel transition. When
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the magnetization directions of two opposite feragmetic regions are aligned by
an external magnetic field, the tunneling resistanitl be lower than when they are
in opposite directions. Resistance change of at 206 is required for practical use
in memory devices.

An interesting device of spintronics ispin field transistor The schematic
diagram of the device is shown in Fig. 5.10. Thia three-electrode device similar
to a transistor with a metal base. As in a traddld~ET, a narrow channel is placed
between drain 1 and drain 3. Above the channethg@electrode, gate 2. Here, the
drain and drain are ferromagnets magnetized instmae direction (horizontal
arrows), and the channel is a semiconductor wizib @lectronic gas. The current
entering the channel from the leak is spin-polatiZé there is no voltage on the
gate, then the current flows freely into the di@mv resistance state).

If the voltage is applied to the gate, then tha gibithe electrons of the current
precesses (shown by inclined arrows in the chanBgladjusting the gate voltage,
it is possible to adjust the change in the orieoabf the electron spins during
passage through the channel. If at the end oftiaaree! the electron spins have the
orientation shown in Fig. 5.10, and, then the etexs are reflected from the flow
boundary. In this state, the transistor has a hegrstance. Thus, the resistance of
the spin field transistor can be controlled bydlextric field of the gate. The version
of the implementation of the spin-valve transissoshown in Fig. 5.1 The base
region of the transistor contains a metal, mulglagpin gate between two regions
of n-type silicon that act as emitter and collector such a structure, the "hot"
electron passes through the spin-valve base trayatthe emitter to the collector.
The base is designed as the exchangeable sofvapi@-system, in which there are
two ferromagnetic materials, namely NiFe and Coeylhave different coercive
forces and are separated by a layer of non-magmetierial (Au).

Due to the difference in coercive force, the layafrdNiFe and Co make it
possible to obtain clearly defined parallel andigartllel orientation of their
magnetization in a wide temperature range. Theybeaimdividually switched by a
suitable magnetic field. Schottky barriers are fedmat the interface between the
metal base and semiconductors. In order to obkeardesired high-quality barrier
with a rectifying effect, thin layers of Pt and Awe placed on the emitter and
collector sides. In addition, they separate the matig layers from direct contact
with silicon. Since the Si—Pt contact forms a h&ghottky barrier, it is used as an
emitter. The collector Schottky diode is designechave a lower barrier height
compared to the emitter diode. For the manufaattiseich a spin-valve transistor,
a specially developed technique is used, whichuahes the deposition of metal on
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two silicon plates and their subsequent connectiprconditions of ultra-high
vacuum.

Fig. 5.10 Spin-valve transistoa — schematic imagé,— one of possible implementations
with Si—Pt emitter, Si—Au collector and NiFe—Au—§mn-valve base

The transistor works in the following way. The @ntis established between
the emitter and the base, at which electrons geeted into the base perpendicular
to the spin gate layers. The injected electronst pass through the Si—Pt Schottky
barrier and therefore enter the base as non-equiih "hot" electrons. The energy
of hot electrons is determined by the height ofSkbottky emitter barrier, which is
usually between 0.5 and 1 eV depending on the msetalconductor combination.
As soon as hot electrons cross the base, theyfaoteal by both inelastic and elastic
scattering, which changes both their energy andligtebution of their moments.

Electrons can enter the collector only when thexelecquired enough energy
to overcome the energy barrier on the collectce.slthe value of this barrier should
be slightly lower than the emitter barrier. It gually important that the moment of
appearance of a hot electron is consistent withatfaglable states in the collector.
Part of the electrons collected in the collectod,atherefore, the current of the
collector depend significantly on the scatteringhie base, which is spin-dependent.
This is regulated by switching the base from thegymegization-matched low-
resistance state to the anti-matched high-resistatete. The total dissipation is
controlled by an external magnetic field that clemghe alignment of the two
ferromagnetic layers of the spin-valve. Such a-spine transistor is promising in
magnetic memory devices and for magnetic field @ens

5.6 Ferromagnetic liquid

The ferromagnetic liquid (ferrofluid) is a maten@lhich strongly polarizes in
the presence of magnetic field. Ferromagnetic diguare colloidal systems
consisting of nanometer-sized ferromagnetic oirfeagnetic particles suspended in

a carrier liquid, which is usually the organic satv. To ensure the stability of such
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a liquid, the ferromagnetic particles are conned@da special surface-active
substance, which creates the protective shell arthaparticles and prevents them
from sticking together due to van der Waals or netigrforces.

In the ferrofluids, the magnetite pdescFgO, are usually used. In this case,
such nanoparticles are single-domain "magnets"ptlentation of their magnetic
moments is random without external magnetic figdli@ation, and, therefore. total
magnetization of such a "liquid" is zero. When thagnetic field is applied, the
moments of individual particles are oriented in dmection of field, and the liquid
is magnetized. Thus, ferromagnetic fluids are sugmagnetic soft magnet
materials.

b

Fig. 5.11 Ferromagnetic liquica— on glass under influence of magnet located ugidss;
b — the case of a vertical magnetic field

Figure 5.11 shows photograph of ferrofluid in thegmetic field. Suspensions
of magnetic particles in liquids have long beerdusemagnetic vacuum valves, but
relatively large (micron) sized particles were ud@dcing such a suspension in the
permanent magnetic field causes its viscosity tosiase to a "solid state”, so that in
the magnetized state this material is not a ligMidterials similar to ferrofluids are
called the "magneto-rheological fluids". The difece between a ferromagnetic
fluid and magneto-rheological fluid is in the sizé particles. Particles in
ferromagnetic liquid are nanometer-sized partidlest are suspended due to
Brownian motion and do not settle under normal doots. Particles in magneto-
rheological fluid are mostly micrometer in size 8lerders of magnitude larger),
they are too heavy for Brownian motion to maintdiem in the suspended state,
and therefore they settle over time due to therahtlifference in the density of
particles and the carrier fluid. As a result, thege types of magnetic fluids have
different applications.
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Despite the name, ferrofluids do not exhibit typiesromagnetic properties
because they do not retain residual magnetizatimh @ercive field after the
external magnetic field disappears. In fact, felmgnetic liquids arparamagnetics
or they are often called superparamagnetics, duethtr high magnetic
susceptibility. Ferrofluids consist of nanometeesi particles (typical size 10 nm
or less) of magnetite, hematite, or other magnatterial suspended in a carrier
fluid. They are small enough that the thermal motistributes them uniformly
throughout the carrier fluid, and, therefore, tlweytribute to the response of the
fluid as a whole to the magnetic field. Ferromagnlkguids are colloidal solutions,
that is, the substances which have the properfiesoce than one state of matter.
The two states in this case are the solid metat@amtquid in which it is contained.
It is the ability to change state under the infeeief magnetic field that allows the
use of ferromagnetic fluids as sealants and lubts;aand can also open up other
applications in various nano-electromechanicalesyst

In order to prevent nanoparticles from stickingatber, preventing them from
forming too heavy clusters that cannot be keptuspsnsion due to Brownian
motion, the ferromagnetic liquids use surface-a&ctbubstances which coat the
particles of the ferromagnetic liquid. In an idéairomagnetic liquid, thr magnetic
particles do not settle even in a very strong magoegravitational field. Surfactant
molecules have a polar "head" and a non-polar'“tail vice versa), one of these
ends is adsorbed to the particle, and the othetteeched to the carrier liquid
molecules, forming, respectively, micelles aroumel particle.

As a result, spatial effects prevent particles fisiroking together. A double
electric layer appears on the surface of the pestievhich leads to the emergence
of Coulomb forces of repulsion between the paielad increases the stability of
the liquid.

Ferromagnetic liquids are stable: their solid gét do not stick together and
do not separate into a separate phase even ity atveng magnetic field. However,
the surface-active substances present in the leidsftend to break down over time
(about a few years), so that eventually the magrmiticles will stick together,
separate from the liquid and cease to affect tipaidls response to the magnetic
field. Also, ferromagnetic liquids lose their magoeproperties at their Curie
temperature, which for them depends on the speaifiterial of the ferromagnetic
particles.

Under the influence of a sufficiently strong veatlg directed magnetic field,
the surface of a liquid with paramagnetic propsrirevoluntarily forms a regular
structure of folds, Fig. 5.1 This effect is known as "instability in a nornyall
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directed field". The formation of folds increasks free energy of the surface and
the gravitational energy of the fluid, but decresaitee energy of the magnetic field.
Such a configuration occurs only when the critialue of the magnetic field is
exceeded, when the decrease in its energy exdedenitribution from the increase
in the free energy of the surface and the grawvitali energy of the liquid.
Ferromagnetic liquids have a very high magneticepsbility, and a small bar
magnet may be enough for folds to appear on thaei(for a critical magnetic
field).

Ferromagnetic fluids are commercially used in solevces as a sealant that
prevents dust from penetrating inside the caseaf drives of personal computers
and vacuum seals designed to introduce high-speesliato a high-vacuum zone.
Here, the liquid is used to seal the gap betweerndtating roller and the support
that supports it. The seal consists of severalsladgerromagnetic fluid in the gap
between the shaft and the sleeve and is controyledcylindrical permanent magnet.
The liquid forms an impenetrable ring around thes,awhich, however, does not
cause noticeable friction. Seals of this type a®dun engineering. Ferromagnetic
fluids are also used in acoustic speakers for mangdamping.

Ferromagnetic fluid is also used in acoustics ghHrequency speakers - to
remove heat from the voice coil. At the same tiln@prks as a mechanical damper,
suppressing unwanted resonance. The ferromaghatias held in the gap around
the voice coil by a strong magnetic field, beingcontact with both magnetic
surfaces and the coil at the same time.

Since ferromagnetic liquids have paramagnetic ptogse they obey the
Curie-Weiss law, becoming less magnetic at eleviat@geratures. A strong magnet
near the heat-generating voice coil attracts the fbad more strongly than the hot
fluid, drawing the hot fluid away from the coil amdto the cooler. This is an
effective cooling method that does not require &ololal energy consumption.

The ferromagnetic fluid can reduce friction. Appliéo the surface of a
sufficiently strong magnet, such as neodymium|ldvwes the magnet to slide on a
smooth surface with minimal resistance. Ferromagndéuids have many
applications in optics due to their refractive prdpes. Among these applications,
one should note the measurement of the specifiwosiy of the liquid placed
between the polarizer and the analyzer, illuminéed helium-neon laser.

To study controlled birefringence, a magnetic fliggplaced in a closed glass
cell several microns thick. Applying a magnetiddiparallel to the surface using an
optical microscope, one can observe how some miagpatticles in the liquid
assemble into needle-like chains oriented alongfigld. As the magnetic field
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increases, more and more patrticles join these sharhich become thicker and
longer. The distance between the chains also dexsea

If the field acts perpendicular to the surface blima, the chains are arranged
in a structure, usually hexagonal. This behavianalogous to the formation of a
lattice of vortices in a superconductor of the selckind. The formation of chains
in a ferrofluid in a magnetic field makes it optigaanisotropic. With the
propagation of light or an electromagnetic waves, #hectric and magnetic field
intensity vectors oscillate in planes perpendicuiar the direction of wave
propagation. Light is called linearly polarizedhi vector oscillations of the same
type occur in one plane perpendicular to the beard,not in a random transverse
direction.

If linearly polarized light falls on a film of a femagnetic liquid placed in
a magnetic field, it emerges from the other sidehef film elliptically polarized
(Cotton—Mouton effect). The intensity of transnuttieght strongly depends on the
angle of incidence. This effect may form the badieptical switches, in which the
intensity of transmitted light changes with changethe magnetic field or direction
of the polaroid.

With the help of a ferromagnetic liquid, it is pidds to create diffraction
gratings that are rebuilt by a magnetic field. Eafftion occurs as a result of the
superimposition of two or more light waves of treang length arriving at the
detector (for example, photographic film) alongjectories of slightly different
lengths. If the lengths of the trajectories diffsr half the wavelength, then such
waves cancel each other, and a dark area is fooméige film. If the lengths of the
trajectories differ by a wavelength, the intensiteg the waves add up, forming a
bright area on the detector. Diffraction gratingsgist of thin slits spaced apart by
the wavelength of the incident light.

If a magnetic field is applied to the ferromagndtaquid with different
susceptibility (which arises, for example, due ttemperature gradient), a non-
uniform magnetic volume force arises, which leads $pecific form of heat transfer
(so-called thermomagnetic convection). This forrhedt transfer can be used where
conventional convection is not suitable, for exampih microdevices, or in
conditions of reduced gravity.

A frozen or polymerized ferromagnetic liquid, whishunder the combined
effect of a permanent field (which is magnetiziagyl an alternating magnetic field,
can serve as the source of elastic oscillationk thié frequency of an alternating
field, which can be used to generate ultrasound.
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5.7 Nanobiomagnetism

Nanobiomagnetism is an important scientific field the intersection of
nanomagnetism and medicine, focusing on biologegtems or processes.
Magnetism is an integral part of life — from theegpence of magnetic iron in the
blood to the orientation mechanisms of birds aneshbe/hich are able to navigate
the Earth's magnetic field. Magnetic componentgaiaimg iron play an important
role in many aspects of human physiology. The tgilf magnets to act on objects
at a distance makes them a valuable medical tookXample, there is a well-known
procedure for removing iron shavings from the esi@gia magnet. Pins, bullets and
grenade fragments are also removed with the helmagfnets. The invention of
stronger and smaller permanent magnets makes fgssiioe delicate applications,
such as the temporary fixation of prostheses irtisteyy the control of catheters
moving within the brain or through the body.

Nanoscale materials are of particular importancdimmedical applications,
because their size is comparable to the size tf (E3-1002m), viruses (26450
nm), proteins (550 nm) and genes (2 nm wide and-100 nm long). Nanopatrticles
are small enough to move inside the body withositughiting its normal functioning,
and can access places unreachable by other methods.

Magnetic biomaterialsThe use of magnetic biomaterials is limited, asrthe
use in vivo (inside the body) requires strict bimgatibility. The requirements for
materials used in vitro (outside the body) are $&sst, but in any case, the methods
of studying living cells must take into account thmpact of materials on the sample
under study. In addition to biocompatibility, masds must be able to interact with
one or several molecules, must retain their magr@tperties for the required
period of time in water environments with differgatl levels, and must not be
excreted from the body too quickly.

The vast majority of research in this area uses axide particles because
they are highly biocompatible and can be madevareety of ways and sizes, and
they can be superparamagnetic or ferromagneti@dthtion, iron oxide can be
assimilated by the body to elemental iron and orygéh the help of hydrolytic
enzymes of the body. Intravenous injections ofawp30 mg of iron per kilogram of
body weight have been shown in animals to produxehronic or acute toxic
effects, and doses of 1 to 3 mg of iron per kilograf body weight have been
clinically tested in humans.

The disadvantage of iron oxides, however, is thaatively low magnetic
susceptibility. Iron nanoparticles have an ordemafgnitude higher susceptibility
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than microscopic iron oxide particles, but nanapkas are easily oxidized and are
not as biocompatible as oxides. Particles of theé é@mpound, which are produced
by mechanical grinding or chemical reduction, aseduin clinical trials to create
hyperthermia and drug delivery. These particlesbaweompatible, and the carbon
in their composition can help neutralize drug tayithrough physical adsorption.

Coating particles with a polymer can increase tresistance to oxidation and
phagocytosis, colloidal stability, ability to fumat, mechanical stability, and
biocompatibility. Many polymers are biocompatibledacan be used as coatings for
metal or ceramic particles. Particles introduced ithhe bloodstream are quickly
coated by circulating components such as plasmeeipso After that, the body's
defense system captures and removes these parfrdes the body. Most
nanoparticles can be removed from the bloodstreguomst 15 minutes. The time of
particle removal depends on the size, charge, nuamzenature of functional groups
on the surface of the particle.

For targeted transport of nanoparticles in the hubwdy, it is necessary that
they be in a state of suspension in a water-basletian. In vitro applications also
typically require an aqueous medium. Magnetic nantigdes must remain in the
state of suspensions in the liquid and not fornstelts due to magnetic interaction.

Magnetic particles in solution undergo two typesreixation: Brownian
relaxation and Néel relaxation.
3hV,

B
hydrodynamic volume of the particlég is the Boltzmann constant, is the

temperature, antl is the dynamic viscosity of the liquid.
DE

The Néel relaxation time i$, =1t &'’

The Brownian relaxation time is equal {0= , Where W, is the

, whereFE is the energy batrrier,

to~ 10%s. TheFE parameter is usually determined by the produthi@fanisotropy

K and the magnetic volumé FE = KV. The rate of relaxation has different effects
on reducing the mobility of nanoparticles. The Bnoan relaxation time can be
varied by changing the viscosity of the carrier,jlevthe Néel relaxation must be
independent of the carrier fluid. Ferritin is onketlbe most important magnetic
biomaterials that support human life.

Features of ferritin. In nature, there are materials with molecular tawit
filled with nanosized magnetic particles. An exaes naturally occurring iron in
the body, which is usually found in the form ofrfen, i.e., nano-magnetic particles
in intersticesInteresting research in the field of nanomagnetssto create porous
material crowded by magnetic nano-particles. In tieure there are some
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substances with molecular cavities filled with necede magnetic particles. One
example is the ferritin — biological molecule thantains 25% iron by weight, while
its shape is symmetrical protein shell. It hasdwlsphere with inner diameter of
7.5 nm and 12.5 nm in outer diameter. In biologgatems this molecule plays a
part of "repository" of iron F& in organism. One quarter of iron in human organism
Is contained in molecules of ferritin and 70% imogylobin.

Fig. 5.12 Magnetic properties of ferritima — magnetization curvédy— resonant frequency
dependence on number of iron atoms in the cavityagécule

At normal conditions the cavity of ferritin is &t by the quasi-crystalline iron
oxide: 5Fet+ 39) »+. This iron-oxide solution can enter from outsid®ia cavity,
in which the number of iron atoms can vary fromeavfto several thousand.
Magnetic properties of this molecule depend on remand type of particles in a
cavity. It can be both ferromagnetic and antiferagmetic. At low temperature the
guantum tunnelling can be observed ferritin. Attteeen when magnetic field is
absent the magnetization demonstrates tunnellibhgda® two minimal positions.
Resonant frequency of this tunnelling depends tat toagnetic moment; frequency
dependence on number of iron atoms in the femwiecule are shown in Fig. 514.2
It is seen that resonant frequency decreases gtintrease of atoms quantity in a
cluster. Under external magnetic field this resmeatisappears, because symmetry
of double-well potential becomes broken.

Biocapture and separation of magnetic biomaterialSome magnetic
materials are readily attached to all cell typdsavother materials are preferentially
attached to specific cell types. The disadvantdgeystemic treatment is that the
drugs can have a negative effect on healthy delissxample, as happens during
chemotherapy in oncology. Often a certain type ofecule must be separated from
other types for further study, and therefore thditabto distinguish between
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different cell types is a very important propeitlanoparticles can be classified by
their physical, chemical, or magnetic capture ghili

Particles with a certain capture capacity haveifipesurface features, such
as hydrophobicity, electrical charge, . These properties cause reactions that
allow the nanoparticle to "stick" to or enter thel.cSuch a mechanism can be used
for self-cleansing of certain organs or the bodg aghole. Nanopatrticles can target
specific pathologies, such as tumor or tissue mmffeation. Chemical capture
particles use features that increase binding selgctParticles with magnetic
capture ability are used for such therapy whercti@mical properties of binding to
a certain type of cells are limited. The magnetierdation force opposes the force
associated with linear blood flow, which is abol@®cm/s in capillaries, about 10
cm/s in arteries, and 50 cm/s in the aorta.

The accuracy of magnetic binding orientation alepahds on the depth of
the target tissue in the body: for organs suclhadiver and lungs, it is lower than
for target organs located closer to the surface. iggest challenge is creating a
focusing field of the required amplitude and gratigvith a sufficiently large
moment. Magnetic direction of particles signifidgnteduces their movement to
unwanted organs and tissues during applicationmégnetic field. Nanoparticles,
for example, FeC with sizes up to one micrometan,lwe directed to various organs,
such as the liver, lungs, brain. But the complaats that these particles are retained
mainly only during the time of the magnetic field.

One of the new approaches to magnetic steeriing isd-called ferromagnetic
seeding. Nanosized ferromagnetic particles (doglaes introduced into the body
using a catheter. Docker increases the magnettiegaof the external magnetic
field, which allows you to significantly reduce timensity of this field. This method
is now widely used for stenting during the treattm&rnvascular diseases (stenting -
installation of a stent - a special wire frame tke¢ps the lumen of the artery free
and passable) in the place of a narrowed sectitimecédrtery.

Identification of specific molecules is crucial fdragnosis, treatment and
prevention of diseases. The development of fasttaple electronic analyzers
capable of detecting some types of substances lescoeny urgent due to the threat
of biological and chemical terrorism. Magnetic sgpan is used in various fields
of technology, starting with the separation offtiom stainless steel during metal
processing to the separation of pure natural di@sfmom diamonds with inclusions
of other (magnetic) minerals.

Only a small number of cells have sufficient natamagnetic properties to be
separated by their own magnetism, so cells mustatbeched to magnetic
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nanoparticles or microparticles with a detectabbgnetic moment. For the first
time, magnetic cell sorting was proposed to be usedurface markers of cell
receptors. Magnetic separation of cells allowstgasgolate target cells directly from
blood, bone marrow and other fluids in a short tdue to fast reaction kinetics. The
limiting factor for magnetic separation is findingplecules with high specificity to
the desired target cellMagnetic sortings capable of separating micro- or nano-
sized patrticles.

Fig. 5.13 Schematic representation of the process of magseparation of cells

Magnetic separation consists of three steps: mar&imabeling the desired
cells with magnetic markers, separating the magakyi labeled cells from
unlabeled cells, and measuring the magnetic pregest the substance to determine
the number of labeled cells. A magnet is used fmaisge cells marked with a
magnetic marker from unmarked cells. Most often,aamaterial for marking,
polymers are used, in which magnetic materials eanbedded. The permanent
magnet can be used to either repel or attract niiegilg labeled cells. The magnetic

force acting on the magnetic carriers is equaint(;':Zi DcV,, NB?, whereFy, is
m

the force acting on one carriédB is the gradient of the magnetic fielgg is the
hydrodynamic volume of the magnetic carri@4 is the difference in the magnetic
susceptibility of the magnetic carriers and the ined This repulsive force opposes
the drag forceFy of the particle in the liquid. The pulling forage equal to
Fa = 3A nDuH whereDy is the hydrodynamic diameter of the magnetic earrim
is the speed of the magnetic carrier, &d the viscosity of the liquid. Magnetic
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sorting methods have a high probability of detecind monitoring bacterial, viral
and other pathogenic contaminants in real time.

Detection of several types of molecules with thé hef one chip can be
carried out by installing the studied moleculesuglly DNA molecules) on a
polymer layer that covers the sensor, Fig. 5.14& DINA sample under study is
attached to the polymer layer on the chip (1), tttensample DNA labeled with
molecules such as biotin is introduced and boundT(2e excess is removed, and
molecules bound to biotin (or streptavidin) attagdgnetic markers (3).

Fig. 5.14 The process of DNA detection using a magnetaresidevice

The sample DNA is complementary to the DNA molesulader study and
Is labeled, most often, with biotin. Magnetic mispberes bound to streptavidin
attached to biotin; therefore, the microspheresd lanbiotin, which is present only
on successfully captured DNA. The signal measugethé sensor can be used to
determine the number of studied molecules at tasgmt time. The feedback on the
sensor determines the tangential component ofdatesing field induced by the
magnetized microspheres. Such sensors have detmtedntrations as low as 3
pg/ml. The introduction of sensor elements on tlnenél magnetoresistor and
smaller magnetic markers will increase the sensitof the method.

The alternative method for detecting biological emiles is based on the
change in Brownian relaxation during binding. Thelaxation frequency of
nanoparticles changes when they bind to other mtdedecause binding increases
their hydrodynamic size. The frequency shift shoblel proportional to the
hydrodynamic dimensions of the nanoparticles, whatlows to recognize the
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studied molecules with different sizes. The advgmataf this method is that the
signal is present both before and after bindingclvis taken into account in the
case of robustness testing.

Delivery of medicinesControlled drug delivery is of great importance to
improve drug efficacy as well as patient convenger@ontrol of delivery allows to
reduce the total dose of drugs by-80%, at the same time, the dosage in the target
organ increases, and the systemic absorption @fsddecreases. Protecting drugs
before they reach the target organ increases fhetieeness of drugs that have a
short half-life in the body.

Nanoparticles have been used for drug deliveryesamound 1970, when they
were developed as carriers for vaccines and amgecaitugs, and this method is now
widely used in medicine. Ideally, nanoparticlesdang delivery should effectively
bind a sufficiently large mass fraction (load) édktdrug, should form stable
suspensions in an aqueous environment, should leorbpatible and
biodegradable, and should not be cleared too quiltkin the bloodstream. The
main advantage of magnetic nanopatrticles from thetf view of drug delivery
is the possibility of using magnetic propertiesertto limit the area of drug delivery
by magnetic positioning or for remote drug relead®e drug can be contained in
nanoparticles, can be associated with them or bddoon their surface. Most
magnetic nanoparticles used for drug delivery aseld on iron oxide or iron-carbon
compounds. Chemotherapy drugs in oncology, suchitaxantrone, doxorubicin,
and others, are bound to iron oxide or FeC solutising magnetic targeting.
Magnetic fields can be used for remote activatibrdrmigs and control of their
release rate.

Polymer spheres filled with magnetic nanopartieled drugs are exposed to
an alternating magnetic field, which creates sms@iéss-induced cracks in the
polymer. The cracks allow fluids to enter the sphard release the medicine. Using
magnetism as a release-on-demand mechanism mayermedidial for insulin-
dependent diabetics. Currently, magnetic capsudl&gmor more parts that are held
together magnetically have been developed. Demagitienh of magnetic capsules
using pulses of opposite magnetic polarity allowe ttapsule to open. The
constituent parts of the capsule are quite smalltharefore easily removed from
the patient's body. Capsules smaller than thosermly used for endoscopy could
be used to deliver drugs in the gastrointestirsedttr

Nanospheres are solid polymer matrices on whichattiere substance is
distributed. Nanocapsules consist of a polymer siagfounding a cavity filled with
a substance. These types of nanopatrticles diftheinelease of the active substance:
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from nanospheres, the release is exponential @perdlence of the volume of the
released substance on time), and from nanocapgukespnstant for some time.

Magnetic hyperthermia.Currently, a number of methods of treatment of
various diseases using local and general contrblgetrthermia are proposed. In
the case of overheating of the human body abov€ 4&srious disturbances in life
support systems occur and heat stroke developandptine further increase in
temperature, there is the irreversible violatiothef structure and function of protein
molecules in the body, which is incompatible witle.lIn this regard, methods of
local (local) hyperthermia attract the most at@mtialthough most of them are still
at the stage of development or clinical trials.

The simplest option for local hyperthermia is hegtivith a metal needle
inserted into the affected area; concentratiomofi$§ed microwave radiation on it is
also possible. Different variants of local magnetigperthermia are actively
developing, in which the magnetic material introgldianto the affected area is
heated from the outside with the help of electronedig radiation in the range of
100-800 kHz, which is practically not absorbed by bddgues, but intensively
interacts with ferro- and superparamagnets. Nariofes of iron oxides and various
alloys, potentially able to penetrate inside cedisd larger submicron particles of
biocompatible ferromagnets located in the inteutetl space can act as mediators.
Since it is difficult to control the distributiorf such particles between healthy and
affected tissues in some cases, this can leacktteating of healthy areas. To solve
this problem, it is proposed to use mediators Wothi Curie temperature values,
which automatically stop heating after reachingtatesmperature value. The second
solution is vectorization of nanoparticles (for exde, with antibodies) for targeted
delivery to affected cells.

Hyperthermia is implemented due to capacitive duative connections of
the radio wave field (16100 MHz), microwave field (with a frequency highlan
300 MHz), ultrasound, laser or external heat. Amosoopic implant made of Cu or
other highly conductive metal is used for eddy entheating. The use of magnetic
nanoparticles (magnetic monodomains) is better th@nuse of microparticles
(magnetic multidomains), because magnetic nanab@stmore effectively absorb
the energy of the external magnetic field.

The connection of the external radio-frequency neéigriield with magnetic
particles in the body allows energy to be transférto tissues by various
mechanisms: eddy current heating; hysteresis lpétie@at is generated when the
state of the magnetic material is forced to pastsquall of the hysteresis loop); heat
of internal friction (heat of kinetic movement ofparticle in a viscous liquid);
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magnetic resonance. The loss of efficiency of tlzgmetic particles should be as
large as possible to allow lower doses. In ordeavioid neuromuscular electrical
stimulation, the frequency of the alternating fietdist be higher than 50 kHz.
Limitations imposed by the depth of field penetratmean that the field frequency
cannot exceed-40 MHz, eliminating the effect of magnetic resorand&/hen iron
oxide nanoparticles are used, typical field frequyevalues are in the range of-50
500 kHz, and typical field amplitudes arelb kA/m.

Modeling magnetic hyperthermia is a difficult tadke to the complex
mechanisms of remagnetization in nanoparticlesin@png the properties of the
nanoparticles is important to limit the amount odterial that must be injected.
Hyperthermia, which is achieved in a certain corabon of field, frequency and
type of particles, as a rule, is determined expentally. Hyperthermia depends on
many factors, including the effect of surface prtipse on Brownian relaxation, size,
and other factors.

Magnets with a large loop area have been foundettdst for hysteresis
hyperthermia, however the magnitude of the magriagid at the location of the
nanoparticle may be limited, making only small Iscgvailable. In macroscopic
implants, shape anisotropy can be used to incrisarea of the loop, however,
local heating should be avoided.

The properties of the hysteresis loop in nanodagi@are determined by
overcoming the energy barrier for magnetizationation. For ferromagnetic
particles with dimensions much larger than the timgi dimensions of
superparamagnetic particles, there is no clear miEgee on hysteresis in the
considered frequency range. The physical basi®afifg with superparamagnetic
particles shows that the frequency dependence re ignificant than for their
ferromagnetic counterparts.

Nanoparticles for the treatment of neoplasms camjeeted into the body
once and then used repeatedly during treatment. &peoach to temperature
control is to use materials with a Curie tempemahetween 4Z and 50C, as these
materials automatically "turn off" when temperatgets too high. Ferrites such as
(Co-Zn)Fe04, manganates such as, LieMnO; [Me = Sr, Ba, Pb, Ag, Na] and
Y sFe; are used for these purposes.

5.8 Summary

1. Nanophysics is a scientific direction in theldief physical materials
science, which is considered one of the most progisThis is the creation and
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study of the structure and properties of matedatslensed from very small crystals,
clusters, fragments that have only>40% atoms. The nanophysics dedicates the
creation and study of structures and propertiesaterials, condensed in form of
very small crystals, clusters, fragments that haweeind of 18...10° atoms. Main
reason of nanomaterials differences from custormaagerials is that in these
substances thaitio of surface to volume is rather big

2. The main reason for the difference of nanomaterirom ordinary
materials is that these substances have a verg kRugace-to-volume ratio. The
smaller the size of the nanocluster, the greaterinfluence of surface properties
over bulk properties. In some sense, nanostructallew to transform the surface
properties of the crystal into bulk properties.

3. Nanotechnology is a scientific and technicakchion for the creation of
materials, functional structures and devices obnagter size. Due to the small size
of the blocks (particles, granules, phases) fromclwthey are built, nanomaterials
demonstrate unique mechanical, optical, electrigalj magnetic properties. Just
because of small size of units (particles, granudbases) the nanomaterials exhibit
unigue mechanical, optical, electrical and magnetoperties. The nanostructured
magnetic materialscan operate with wide range of characteristics.rddver,
nanotechnology can be used to create materials wi#scribed type of
magnetization curve — both for record magneticsdift materials and for extremely
magnetically hard materials.

4. Nanostructuring of volumetric magnetic materelsws controlling their
characteristics within wide limits. Nanotechnologpn be used to create materials
with a given type of magnetization curve - both fecord-breaking magnetically
soft materials and for extremely magnetically hauaterials.

5. Magnetic materials of this type, which demortstithe ability for large
magnetization and at the same time the absenceysftersis, are called
superparamagnets. The essence of this name iatttexhperatures lower than the
Curie point and in a wide temperature range, thewain, as it were, in a
paramagnetic phase.

6. Magnetoresistance is the effect caused by ageham the electrical
conductivity of a solid body when it is moved irdomagnetic field. Multilayer
structures composed of layers of nonmagnetic nataiternating between
oppositely magnetized ferromagnetic materials shovsignificant change in
resistance when they are placed in a magnetic. fi¢gdts phenomenon is called the
giant magnetoresistance effect.
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The effect can be both longitudinal, if the electurrent flows in the plane
of layers, and transverse - if the current is pedpruilar to layers. Multilayered
structures composed of layers of nonmagnetic nataiternating between
oppositely magnetized ferromagnetic materials slsmynificant change in their
resistance when putting them in magnetic fieldsTghenomenon is called as effect
of giant magneto-resistandg&MR). This effect can be eithéngitudinal when
electrical current flows in plane of layers,tansversal if current is perpendicular
to layers.

7. In recent years, a new scientific and technfedtl has been actively
developing - magnetoelectronics, or, as it is n@ahled - "spintronics”, which is
engaged in the study and practical applicatioreffetcts and devices using electron
spins. Spintronics studies magnetic and magnetoalphteractions in metal and
semiconductor structures, as well as quantum magpeénomena in nanometer-
sized structures.

8. Spintronicsdeals with study and practical application suclte&f and
devices that use electronic spin. Electrical currgrassing through magnetic
crossing, under a certain conditions can be accoie@dy the transfer of polarised
spins, leading, in particular, to switching of magmation in layered nanoscale
structures. Theoretical examination of this phenooneis based on conception of
exchange interaction between electrons — carrienscd-magnetic lattices in ferro-,
ferri- or antiferromagnetics

9. The transfer of electric current through the n&ig transition under certain
conditions is accompanied by the process of spimster, which leads, in particular,
to remagnetization of layered nanoscale structdies.theoretical consideration of
this phenomenon is based on the concept of theaegehinteraction between
electrons - current carriers - and magnetic lagtioef ferro-, ferro- or
antiferromagnets.

10. Materials and structures of spin electronies apart of semiconductor
microelectronics. More complex heterostructures hsuas semiconductor-
ferromagnet-semiconductor and ferromagnet -semioctodferromagnet have
been grown using molecular beam epitaxy.

Spintronics is a relatively new, but quite promggiield, the focus of which
is the use of electron spins. The main focus odrawsts is on the possibility of
manipulating the quantum spin states of an ind@idilectron to create spintronic
quantum logic gates and — in the future — fullydwonal quantum computers.

15. The relaxation frequency of nanoparticles cleanghen they bind to other
molecules, as binding increases their hydrodyname The frequency shift should
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be proportional to the hydrodynamic dimensionshefnanoparticles, which allows
to recognize the studied molecules with differen¢s.

16. Currently, many different technologies for afitag an image of the
internal structure of the body are used in medicineluding magnetic resonance
imaging (MRI). This technology allows medicine take significant progress in the
field of diagnostics and therapy.

17. In a magnetic field, magnetic nanoparticlesmagnetized and create an
induced magnetic field, which disturbs the proadsaagnetic relaxation of protons
in the water molecules surrounding the magnetioparticles. In turn, this leads to
a reduction in the spin-spin relaxation time oftpns, and, as a result, is registered
as contrast in MRI.

18. Nanoparticles are used for controlled drugveeyi, which is of great
importance for improving the effectiveness of druagswell as for the convenience
of patients. Protecting drugs before they reach tdrget organ increases the
convenience of using drugs that have a short Halfd the body.

19. Treatment with heat is called hyperthermia. Tus® of magnetic
nanoparticles in hyperthermia is due to the faat thagnetic nanoparticles more
effectively absorb the energy of an external magrietid.
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Soft and hard magnetic nanomaterials (compayison
Nanomagnetic films for computer memory devices
Giant and colossal magnetoresistance

How and where spin electronics are applied
Ferromagnetic liquids physics and application
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