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Kapitola 2

Krystalické a amortni pevné latky

Vétsina pevnych latek jsou krystaly, takze atomy, ionty nebo molekuly, ze kterych jsou slozeny,
tvofi tii-dimenzionalni strukturu. V krystalické latce tedy existuje dalekodosahové usporddani.
Jinym latkam toto uspotadani chybi a muzeme je povazovat za super-podchlazené kapaliny, jejichz
tuhost je dusledkem extrémné vysoké viskozity. Amorfni latky ovSem vykazuji usporadani na
kratkou vzdalenost. Rozdil mezi krystalickymi a amorfnimi latkami muzeme demonstrovat napf.
na prikladu oxidu béru B,Ogs, ktery tvoii obé formy. Atom boéru je obklopen tfemi atomy kysliku,
coz predstavuje kratkodosahové usporddani. V krystalu BoOgs jsou kyslikové atomy usporadany
do hexagondlni struktury (viz obr. 2.1).

2.1 Krystalova struktura

e Struktura vSech krystalu je popsédna pomoci miizky a skupiny atomu (baze, spojenych s
kazdym mftizkovym bodem.

e Miizka je definovdna takovymi tFemi zdkladnimi (elementarnimi) translaé¢nimi vek-

2o+ el boron atom

oxygen atom

" o o (1,)

Obrézek 2.1: Dvoudimenzionalni schéma B,O3: a) amorfni B,O3 vykazujici pouze kréatkodosahové
usporadani b) krystalicky B,O3 s dalekodosahovym uspotrddénim
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tory d, l;, ¢, ze usporadani atomu vypada zcela stejné, je-li pozorovano z libovolného bodu
7, nebo z bodu
7 =7+ ud + vb + wd, (2.1)

kde u, v, w jsou libovolna cela ¢isla.

e Rovnobéznostén definovany zakladnimi (elementdrnimi) translaénimi vektory se nazyva
zdkladni (elementarni) bunka.

e Miizka a jeji transla¢ni vektory se nazyvaji primitivni (prosté), jestlize kazdé dva body
7,7, z nichz seskupeni atomu vypada stejné, vzdy splauji (2.1) s vhodné vybranymi celymi
cisly u, v, w.

e Primitivni translacni vektory definuji primitivni bunku. Pfedchozi definice zarucuje, ze
jde o nejmensi moznou zakladni bunku dané struktury.

e Primitivni transla¢ni vektory casto pouzivame k definici krystalovych os. Mohou byt vsak
pouzity i jiné translac¢ni vektory, jestlize jsou jednodussi.

e Operace miizkové translace je definovana jako rovnobézné posunuti celého krystalu o
translacni vektor
T = ud + vb + wc, (2.2)

e Operace symetrie prevadéji krystalovou strukturu samu v sebe. Mezi né patii operace
miizkovych translaci (2.2), bodovych operaci (rotace, zrcadleni) a déle slozené operace
vytvorené kombinaci translaci a bodovych operaci.

Pti popisu krystalové struktury je tteba vyjasnit tii dulezité otazky:
1. jaka je mftizka (pro urcitou strukturu jich muze byt vice),

2. jaké zakladni translacni vektory a, Z;, ¢ budeme pouzivat pii popisu mfizky (pro danou
miizku je mozné zvolit vice nez jeden soubor zékladnich translacnich vektoru) a

3. jaka je bdaze (tu muzeme zvolit az po té, co jsme vybrali miizku a zdkladni transla¢ni
vektory).

Ve dvou dimenzich existuje 5 Bravaisovych mtizek (jedna obecnd a ¢tyfti specidlni spliiujic
bodové grupy symetrie): ¢tverecnd, pravouhld prosta, pravoihld centrovana, Sesterecné a kosoihla.

Ve tfech dimenzich vyzaduji bodové grupy symetrie 14 ruznych (jeden obecny a 13
specidlnich) typu Bravaisovych miizek. Ctrnéct typu miizek je vhodné seskupeno do sedmi krys-
talovych soustav (kubickd, ortorombickd, triklinickd, romboedrickd, hexagondlni, monoklinicka
a tetragonalni) podle sedmi typu elementranich bunek. Poloha a orientace libovolné krystalové
roviny jsou urc¢eny tremi body roviny, které lezi na krystalovych osach. Polohy bodu se vyjadii po-
moci miizkovych konstant. Prevracene hodnoty téchto cisel se prevedou na tii cela ¢isla, kterd maji
stejny vzajemny pomér (obvykle se voli nejmensi ¢isla). Vysledek se zapise v kulatych zavorkéach
ve tvaru (hkl).
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Q,

Obrazek 2.2: 2D krystalové miizky
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Obrazek 2.3: 3D krystalové mrizky



Kapitola 3

Vazby v pevnych latkach

iontova

kovaletni

kovova

Van der Waalsova

3.1 Iontova vazba

K iontové vazbé dochédzi pokud atomy s nizkou ioniza¢ni energii (ztraceji lehce elektrony, tj.
stavaji se kladnymi ionty) interaguji s atomy s vysokou elektronovou afinitou (lehce elektrony
prijimaji, tj. stdvaji se zdpornymi ionty). Jde tedy o vazbu mezi kladnym a zdpornym iontem,
ktera je dusledkem elektrostatické interakce. V rovnovazné konfiguraci iontového krystalu musi
byt odpudivé sily stejné nabitych iontu mensi nez pritazlivé sily opac¢né nabitych iontu. Vylucovaci
princip kvantové mechaniky pak zabranuje pribliZzeni iontt piili§ blizko k sobé, nebot vyzaduje
obsazeni vyssi energiovych stavi, pokud se elektronové orbitaly atomu zacinaji prekryvat.

Ionizacni energie atomu se periodicky méni v zavislosti na atomovém cisle, jak je ukdzano na
obr. ??. Neni tézké nahlédnou duvod této zdvislosti. Napt. atomy alkalickych kovu (skupina I pe-
riodické tabulky prvku) maji jeden s elektron mimo uzavienou podslupku. Elektrony ve vnitinich
slupach castecné stini vnéjsi elektron od naboje jadra +Ze, takze efektivni naboj, ktery pritahuje
tento elektron je spise e nez +Ze. Staci tedy vynalozit relativné malo energie, abychom tento jeden
elektron od atomu oddélili. Cfm je atom vétsi, tim je elektron déle od jadra a potfebujeme nizsi
energii. ZvySovani ioniza¢ni energie v jedné z "period” je zpusobeno zvysovanim néboje jadra,
zatimco pocet stinicich elektronu zustava konstantni. Opacnym extrémem nez alkalické kovy jsou
halogeny, které se snazi doplnit si vnéjsi p slupku o jeden chybéjici elektron. Halogeny maji vysokou
elektronovou afinitu (viz tabulka 3.1) Elektronové afinita je definovana jako energie uvolnénd,
kdyz je prvku ptidan jeden elektron. Elektronové konfigurace vsech iontu podilejicich se na vazbé
odpovidaji uzavienym elektronovym slupkam nejblize stojicich inertnich plyni. Rozdéleni elek-
tronového naboje u atomu inertnich plynu je kulové symetrické, takze lze ocekavat, ze smérovanost
vazby je velmi nizka.

Obecné je v iontovém krystalu kazdy iont obklopen tolika ionty opacného znaménka, kolik
se jich vejde, coz vede k maximalni stabilité krystalu. Relativni velikost jednotlivych typu ionta
tedy urcuje typ krystalové struktury. Nejcastéji se vyskytuji dva typy: plosné nebo prostorové
centrovand kubickd mfizka. Prvnim typem je napt. krystal NaCl (obr. ??), kde kazdy atom mé&
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6 nejblizsich sousedu jiného typu, protoze velikost atomu Na a Cl se dosti lisi. Ke druhému typu
patii napt. krystal CsCl (obr. ??) - tyto aotmy maji podobnou velikost, a kazdy ma tedy osm
nejblizsich sousedu druhého druhu.

Kohezni energie krystalu je energie, ktera se uvolni, kdyz vytvoiime s individudlnich
neutralnich atomu krystal. Zakladnim piispévkem ke kohezni energii iontového krystalu je po-
tencidlni Coulombovskd energie iontu Viguoms. Uvazujme iont Na® v NaCl. Jeho nejblizsimi
sousedy je Sest iontu Cl™ ve vzdélenosti r, takze

6e?

Vi=-— )
! 4regr

(3.1)

Dalsimi nejblizsimi sousedy je 12 Na*t, kazdy ve vzdélenosti v/2r, tj.

_ 12¢?
B Ao/ 2r

Kdyz udélame sumaci ptes cely krystal, dostaneme

Vs (3.2)

e? 12
Veoouiomp = — 6——+... 3.3
Coulomb dmegr < \/5 + ) ( )

62

= —1,748

dregr

62

= —« .
4megr
Konstanta a se nazyva Madelungova konstanta krystalu a ma stejnou hodnotu pro krystaly stejné
struktury. Jeji hodnota pro jednoduché krystalové struktury se pohybuje mezi 1,6 a 1,8.

Prispévek odpudivé sily k celkové potencidlni energii krystalu muze byt aproximativné zapsan
jako

B
Vodpud = — (3.4)

/”in

Znaménko je kladné, coz odpovidé odpudivé interakci a zavislost r=", kde n je velké ¢islo, kore-
spoduje s kratkodosahovym charakterem sily. Celkova potencidlni energie krystalu je tedy

V = VCoulomb+‘/odpud (35)
ae? B

dregr T
V rovnovazném piipadé separace iontu na vzdélenost ro musi byt V' minimalni
av
— | =rg=0, 3.6

Tabulka 3.1: Elektronové afinity halogenu v eV.

fluér 3,45
chlor 3,61
brém 3,36

i6d 3,06
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takze

2
A€ ot (3.7)

B =
dregn 0

a celkova potencialni energie je

ae? 1
V=— 1——). 3.8
4megro < n) (38)

Hodnota exponentu n je piiblizné 9. V krystalu NaCl je ro = 2.81A4, takze V = —1,27 x 10718 J
= —7,97 eV. Protoze nemuzeme pocitat kazdy iont vice nez jedenkrat, je pouze polovina této
hodnoty kohezni energii na jeden iont. Musime ale pocitat také s energii potfebnou k prenosu
jednoho elektronu mezi Na a Cl, coz se rovna rozdilu mezi ionizacni energii +5,14 eV pro Na a
elektronovou afinitou -3,61 eV pro Cl, tj. +1,53 eV. Kazdy atom tedy prispiva polovinou této
hodnoty, takze celkova kohezni energie na jeden atom je Eyone, = (—3,99 + 0,77) eV /atom =
—3,22 eV /atom.

Mnoho iontovych krystalu jsou tvrdé materialy diky pevnosti jejich vazeb a maji vysoky bod
tani. Zaroven jsou také kiehké, protoze skluz atomiu je omezen stridanim kladnych a zdpornych
iontu. Polarni kapaliny je mohou rozpousteét.

3.2 Kovaletni vazba

Kovalentni vazba je vazbou elektronovych paru neboli chemickou homeopolarni vazbou. Je to ne-
jrozsitenéjsi typ chemické vazby mezi atomy. Elektrony vytvarejici vazbu maji tendenci k c¢astecné
lokalizaci v oblasti mezi dvéma atomy spojenymi vazbou a vzdy opacny spin. Kovaletni krystaly
napt. diamant, Si, SiC. Kohezni energie je 3-5 eV /atom.

3.3 Van der Waalsova vazba

All atoms and molecules, even inert-gas atoms such as those of helium and argon, exhibit weak,
short-range attractions for one another due to van der Waals forces. These forces were proposed a
century ago by the Dutch physicist Johannes van der Waals to explain observed departures from
the ideal-gas law. The explanation of the actual mechanism of the force, of course, is more recent.

Van der Waals forces are responsible for the condensation of gases into liquids and the freezing
of liquids into solids in the absence of ionic, covalent, or metallic bonding mechanisms. Such
familiar aspects of the behaviour of matter in bulk as friction, surface tension, viscosity, adhesion,
cohesion, and so on, also arise from these forces. As we shall find, the van der Waals attraction
between two molecules 7 apart is proportional to 7, so that it is significant only for molecules
very close together.

3.3.1 Polar-polar attraction

We begin by noting that many molecules, called polar molecules, have permanent electric dipole
moments. An example is the HoO molecule (Fig. 3.4), in which the concentration of electrons
around the oxygen atom makes that end of the molecule more negative than the end where the
hydrogen atoms are. Such molecules tend to align themselves so that ends of opposite sign are
adjacent, as in Fig. ?7. In this orientation the molecules strongly attract each other.



10 KAPITOLA 3. VAZBY V PEVNYCH LATKACH

= = H=  +)

Obréazek 3.1: Polar-polar attraction

.

Obrazek 3.2: Polar-nepolar attraction

Obrazek 3.3: Nepolar-nepolar attraction
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Obréazek 3.4: Molecule of water

3.3.2 Polar-nonpolar attraction

A polar molecule is also able to attract molecules which do not normally have a permament dipole
moment. The process is illustrated in Fig. ?7. The electrical field of the polar molecule causes a
separation of charge in the other molecule, with the induced moment the same in direction as that
of the polar molecule. The result is an attractive force. The effect is the same as that involved in
the attraction of an unmagnetized piece of iron by a magnet.

It is not difficult to determine the characteristics of the attractive force between a polar and a
nonpolar molecule. The electric field E at a distance r from a dipole of moment p'is given by

1P 3(pr)

E = [~ —
471'60

dl (3.9)

r3 rd

We recall from vector analyses that pr’ = pr cos 6, where 6 is the angle between p'and 7. The field
E induces in the other, normally nonpolar molecule an electric dipole moment p’ proportional to
E in magnitude and ideally in the same direction. Hence

p=ak (3.10)

where « is a constant called the polarizability of the molecule. The energy of the induced dipole

in the electrical field E is )

£E=—jE=— 1 + cos? (9)p—6 (3.11)
r

o
(47T€0)2 (
The mutual energy of the molecules that arises from their interaction is thus negative, signifying
that the force between them is attractive, and is proportional to 7=¢. The force itself is equal to
d€ /dr and so proportional to r~7, which means that it drops rapidly with increasing separation.
Doubling the distance between two molecules reduces the attractive force between them to only
0.8 % of its original value.

3.3.3 Nonpolar-nonpolar attraction

More remarably, two nonpolar molecules can attract each other by the above mechanism. Even
though the electron distribution in a nonpolar molecule is symmetric on the average, the electrons
themselves are in the constant motion and at any given instant one part or another of the molecule
has an excess of them. Instead of the fixed charge asymmetry of a polar molecule, a nonpolar
molecule has a constantly shifting asymmetry. When two nonpolar molecules are close enough,
their fluctuating charge distributions tend to shift together, adjacent ends always having oposite
sign (Fig. 7?) and so always causing an attractive force.
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3.3.4 Hydrogen bond

An especially strong type of van der Waals bond called a hydrogen bond occurs between certain
molecules containing hydrogen atoms. The electron distribution in such an atom is so distorted
by the affinity of the “parent” atom for electrons that each hydrogen atom is essence has donated
most of its negative charge to the parent atom, leaving behind a poorly shielded proton. The result
is a molecule with a localized positive charge which can link up with the concentration of negative
charge elsewhere in another molecule of the same kind. The key factor here is the small effective

size of the poorly shielded proton, since electric forces vary as r—2.

3.4 Kovova vazba

Kovova vazba je tvofena vodivostnimi elektrony. U nékterych koviu pfispiva interakce iontu s
vodivostnimi elektrony vyznamné k vazebni energii, ale charakteristikym rysem kovové vazby je
snizeni energie valenc¢nich elektronu v kovu ve srovnani s volnym atomem. V prechodnych kovech
mohou déle k vazbé prispivat i vnitini slupky elektronu.

3.4.1 Systém elektront v kovech

Ptedevsim se tento problém fesi pomoci tzv. jednoelektronové aproximace. Je vsak nutné zavést
jesté dalsi aproximace, napf.

e piiblizeni volnych elektronu - umoznuje spravné pochopit fadu vlastnosti kovii, napt. mérné
teplo, tepelnou vodivost, el. vodivost.

e priblizeni slabé vazanych elektronu - vysvétleni dalsich dulezitych jevu, jako je rozdil mezi
kovy, polokovy a izolatory, vztah mezi vodivostnimi a valenc¢nimi elektrony v kovu apod.

V obou pripadech povazujeme systém elektronu za kvantovy idealni plyn fermiontu (max. 1 ¢éstice
v daném stavu). Pak je rozdéleni elektronu podle energii n(e)

dn

kde g(e) je rozdéleni hustoty energiovych stavii a frp je Fermi-Diracova statistika

1
= 3.13
oo = o T (3.13)
Chemicky potencial p, ktery muzeme uréit z normovaci podminky na pocet elektronu N
N = / fe g(e)de. (3.14)
0
je funkci teploty T
Pro castice s m # 0, tj. e = p%/2m je
e+de 77—
e dqdp
g(€)de = gofi (3.15)

h3



3.5. ASUMMARY OF PHYSICAL AND MECHANICAL PROPERTIES ASSOCIATED WITH INTERA

kde go obsahuje informace o vnitinich stupnich volnosti (napft. spin). Po upravéch a piihlédnuti k
dvoji orientaci spinu elektronu dostaneme

AmL3
gle)de = —

(2m)3/2eY2de

(3.16)

Pii T = 0 ptipomina fpp reprezentaci Heavysidovy funkce. Hodnota rozdélovaci funkce se v
bodé, ktery nazyvame Fermiho energie € = y = Ep, skokem méni z 1 na 0. Fermiho energie se

tedy definuje jako energie nejvyssitho obsazeného stavu pii absolutni nule.

Pro silné degenerovany plyn, tj. pii dostatecné nizké teploté, je chemicky potencial roven

M= Ho (1

12

kde o je chemicky potencial pii absolutni nule.

Z tesenim Schrodingerovy rovnice v el. poli periodického potencidlu iontovych zbytku krystalu
vyplyva existence pasu oddélenych oblastmi energie, kterym neodpovidaji zadné vlnové stavy.
Tyto oblasti se nazyvaji zakazané pasy. Pro chovani latky v el. poli je dulezita poloha Fermiho
hladiny vzhledem k zakdzanému pésu.

w2 <g
Ho

Fo)

(3.17)

3.5 A summary of physical and mechanical properties as-

sociated with interatomiac bonds

Property Ionic Covalent Metallic Van der Waals
Non-directional;  Direcional; Non-directional;  Analogous to
Structures of Structures of Structures of metallic bonds
high coordination low coordination high coordination

and low density  and high density

Mechanical Strong, hard Strong, hard Variable Weak, soft
crystals crystals crystals crystals

Thermal High melting High melting Range of Low melting
point, low point, low melting points point
expansion expansion extended large expansion
coefficient coefficient liquidus range coefficient

Electrical ~ Weak insulator, Insulator in Conduction by Insulator
conduction by solid and electron
ion transport liquid state transport
when liquid

Optical Absorption and High refractive Opaque, with Properties
other properties  index, absorption similar properties of individual
mainly of the different in in liquid state molecules

individual ions

solid and gas
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Kapitola 4

Typy materialu

Tabulka 4.1: Classification of materials based on nature and applications by Bever (1986)

Nature Applications

Ceramics Industrial Materials

Glasses Electrical Materials

Metals and Alloys Electronic Materials

Other Inorganic Materials Superconducting Materials

Polymers Magnetic Materials

Elastomers Nuclear Materials

Fibres Material for other
Energy Applications

Composite Materials Optical Materials

Wood Biomedical Applications

Paper and Paperboard Dental Materials

Other Biological Materials Building Materials

(*) M. B. Bever ed., Encyclopedia of Materials, Science and Engineering, Vol. 1 ed. R. W. Cahn,
Oxford (1986), Pergamon

4.1 Ceramics

The constitution of a ceramic is usually a combination of one or more metals with a non-metallic
element, usually oxygen. As a result, the atoms in a ceramic crystal are linked by a combination
of ionic and covalent bonds. The combination of oxygen atoms with the metal atoms provides
a strong ionic bond because oxygen, with two vacancies in the outer electron shell, effectively
borrows two electrons from the neighbouring metal atoms.

If ceramic crystals were of perfectly organised structure and uniform microstructure, these
materials would have mechanical properties that exceed those achieved. Indeed, failure of a ceramic
is generally a consequance of a microstructural defect, or combination of defects, such as inclusions,
pores, voids and distribution of irregular size grain.
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4.2 Glasses

Glass is a class of materials that does not crystallise when cooled from the molten state and,
therefore, does not have long range periodicity within the atomic structure. A pure oxide glass
consists of a random three-dimensional network of atoms where each oxygen atom is bonded to
two atoms of metals, such as boron and each metal atom is bonded with three oxygen atoms.
However, there are many type of glasses and in the case of silica glass, each metal atom is bonded
with four oxygen atoms producing a more complex atomic configuration. The addition of fluxing
atoms such as sodium reduces the number of bond cross links.

The major constituents of glasses are in two separated regions of the Periodic Table, Group
VI (O, Si, Se and Te) and Groups I and II (used primarily as fluxes).

4.3 Metals and Alloys

Metals and alloys are opaque, lustrous and relatively heavy, easily fabricated and shaped, have
good mechanical strength and high thermal and electrical conductivity. All these properties are a
consequence of the metallic bonds. In general, they form one of the face centred cubic (fcc), body
centred cubic (bcc) or hexagonal close packed (hep) structures.

The overall mechanical properties of metals and alloys are controlled by the crystal lattice
defects, such as dislocaions and vacancies. Mechanical and chemical properties can be modified
by the addition of alloying elements in varying proportion.

4.4 Polymers

Polymers are by definition materials composed of long-chain molecules, typically 10 to 20 nm,
that have been developed as a consequence of the linking of many smaller molecules, monomers.
The combination of tensile strength and flexibility make these materials attractive.

If the molecular chains are packed side by side, the molecules form an array with a crystalline
structure. Natural polymers have complex microstructure comprising a mixture of crystalline and
amorphous material. In the case of polymeric materials, the interatomic bonds between molecular
chains are the weak van der Waals forces, but in the crystalline structures, the chains are closer
together over comparatively large distances so that the contribution of intermolecular forces has
the effect of producing a more rigid material. To develop stronger, more rigid, polymers:

1. production of a crystalline structure (polyethylene, nylon)

2. formation of a strong covalent bond between the molecular chains by cross linking (vulcan-
ising raw rubber by heating with the controlled addition of sulphur atoms)

4.5 Composite Materials

A composite material was originally considered to be a combination of two materials but now
this class of material is regarded as any combination which has particular physical and mechan-
ical properties. The concept of composite materials has led to the design and manufacture of a
new range of structural materials that are generally lighter, stiffer and stronger than anything
previously manufactured.
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e natural composites: wood - cellulose fibres provide tensile strength and flexibility and lignin
provides the matrix for binding and adds the property of stiffness; bone - strong, but soft,
protein collagen and the hard, brittle mineral apatite.

e synthetic composites: combining individual properties such as strong fibres of a material (for
example carbon) in a soft matrix (such as an epoxy resin)
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