Fyzikalni vlastnosti materiall
FX001

1. Vazba v pevné latce, elastické a tepelné vlastnosti materiall
2. Elektrické vlastnosti material(l

3. Optické vlastnosti materiald

4. Magnetické vlastnosti materialu

5. SupravodicCe a grafen



Fyzikalni vlastnosti materiall

2. Elektrické vlastnosti materiall

a) Elektricka vodivost kovl — Drudeho model, Fermiho plyn, hustota stavl, Fermiho energie
a rychlost, vodivost elementarnich kovd, teplotni zavislost, pfimési, slitiny, specialni slitiny,
vysokoodporové vodice

b) Elektricka vodivost polovoditt — Sitka pasu zakazanych energii, efektivni hmotnost,
pohyblivost, statistika nositelti naboje, doping

c) PN pfechod — statistika nositelll naboje v PN pfechodu, oblast prostorového naboje, idelni
voltampérova charakteristika diody, kapacita PN prechodu, MOSFET.

d) Amorfni polovodic¢e, polymery — hustota stavu, lokalizace, pfeskokovy mechanismus,
organické polovodice.

e) lzolatory — vodivost, teplotni zavislost

f) Polarizovatelnost — staticka permitivita, lokalni pole, polarizovatelnost, susceptibilita,

kovalentné a iontové vazané materialy, trvalé dipoly

g) Feroelektrika, piezoelektrika



Kovy

n (10%°cm) E_(eV) v. (10° ms™)
Ag 5.85 5.48 1.39
Cu 8.45 7.00 1.57
Au 5.90 5.51 1.39
Al 18.06 11.63 2.02
Be 24.20 14.14 2.23
Ca 4.60 4.68 1.28
Mg 8.60 7.13 1.58
Pb 13.20 9.37 1.82
Na 2.65 3.24 1.07




Kovy — mérny elektricky odpor, pokojova teplota

P (10°Qcm)

Ag 1.61

Cu 1.673

Au 2.20

Al 2.74

Be 3.25

Ca 3.6

Mg 4.3

Pb 21.0




Med' — teplotni zavislost mérného elektrického odporu

T (C)  p (10°Qcm)

-259 0.014
-207 0.163
-150 0.567
-100 0.904

0 1.55

200 2.96

1000 9.42
Kap. 1500 24.6




Zavislost mérneho odporu na teploté
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Elektricky odpor tavenin a pevne faze

T (K) p./ps
Cu 1357 2.1

Ag | 1234 1.9

Pb 601 1.98
Sn | 505 2.11
Ga | 303 0.47
Bi 544 0.47




Zavislost mérneho odporu na teploté

Paladium a nikl — nemagneticky
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Zavislost mérneho odporu na teploté

Méd' s rtiznou koncentraci pfimési
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Zavislost mérneho odporu na teploté

Fig. 9.5 Normalised electrical resistivity data
for several metals with reasonably simple
Fermi surfaces plotted as a function of the
normalised temperature T /A . thg 18 shown in
Kelvin for each metal at the top of the figure,
Data taken from figures i Low femperg-
ture solid state physics, by HM. Rosenberg
(OUP, 1963),

Pty

0.3

0.1

()

Singleton: Band theory and electronic properties of solids

(.4

T T =
& AubB=175 f
O Na 202 '
F o Cu 333 7
v Al 1393
v
/
d
H
¥
- F o
l‘l.l"[:r* i i
1] 0.1 02 (.3
T/H



Zavislost mérného odporu na teploté

Tble 9.1 Summary of the temperature dependences of scattering times and electrical and thermal
saductivities.

Temperature  Scattering K Lorenz number
scatterer) times

Very low T X T k « T, Lo
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Singleton: Band theory and electronic properties of solids



Zavislost mérneho odporu na teploté
elektron-elektronovy rozptyl
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Meérny odpor usporadané a neusporadané slitiny Cu-Au

1 s _
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Cu Au %, act. . Au
Obr. 11.5. PIné vytaZend kfivka zndzoriiuje
meérny odpor ¢ [£2 cm] slitiny mé&d-zlato, Ziha-
né pFi 200°C (uspofadany stav). Cirkovana
kFivka se vztahuje na slitiny prudce ochlazené
z teploty 650°C (neuspofidany stav).
(C. S. Barrett, cit. 10.)

Dekker: Fyzika pevnych latek



Méerny odpor usporadané a neusporadanée slitiny Cu-Au
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Zavislost mérného vodivosti médi na koncentraci primesi

PEACENT CONDUCTIVITY
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Volume resistivity (o G m)

Electromotive force against copper (mv)

Teplotni zavislost mérneho odporu slitin
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Teplotni zavislost mérného odporu slitin
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AT = 50°C
Material
Med
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Wolfram
Hlinik
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(15)
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B (K

3.9x10°
2.0 x 104
8.0 x 10°
45 x 103
3.9x10°

a (K1)

1.65 x 10~
1.90 x 10~
1.49 x 10~
450 x 10°
2.31 x 10>
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-0.03%
22.5%
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PolovodicCe - gap

E. (eV)

Si - nepfimy 1.14
Ge - nepfimy 0.67
a-3n 0

GaAs 1.43
GaShb 0.78
InSb 0.18
CdS 2.42
CdSe 1.74
CdTe 1.45




GaAs, pasova struktura
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Madelung, Semiconductors data handbook, Springer
Frank, Snejdar: Principy a vlastnosti polovodi¢ovych soucastek, Praha 1976.



Si, pasova struktura
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Ge, pasova struktura
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Koncentrace nositeltl naboje v nedopovaném polovodici

Ec — EF
n = Ngexp {— ]
KT Rovnovazna koncentrace elektronl a dér
DRI, .- pro nedegenerovany péas s jednim
Ng = 2mmekT minimem vodivostniho a maximem
h? valenéniho pasu
Er— Ey E rovnovazna poloha Fermiho meze pro
p= Nyexp |— o, N
o intrinsicky polovodic.
N — 9 2mmy kT 2
v h?
; Eeo — By E
2 g
np=mn; = NoN e){}[— ]:N N e}{)[——]
F i CiVy €X] T CcivVy €X] T
Eo+ E 3 mi
E,=——Y 4 ZkTlog | —
2 4 mk
EC _ Ef.r; Ez' — EV
n; = Noexp |— — Ny, exD [_ ]
e { KT ] v kT

VSechny tyto vztahy plati pokud je Fermiho mez uvnitf zakdzaného pasu (slabé dopovani
radove pod 108 cm)



Koncentrace nositeltl naboje v dopovaném polovodici

Koncentrace donort N, donorové hladina s polohou E_
Koncentrace donorl ie souétem ionizovanych a neionizovanych donor(

N;= Nf + Nj

Pravdépodobnost obsazeni donorové hladiny elektronem - faktor 2 souvisi s faktem, zZe jen jeden
elektron mlze obsadit jeden donor, vodivostni pas je spinové degenerovany

F(E) = 1 _ 2
YT 1+1/2exp [(Eq— Ep)/KT] Ny
N} =N, !
1T+ 2exp (Er — Eq)/kT)
1
N =N

. “1+2exp|(E, — Er)/kT)
Z podminky nabojové neutrality: n+ N, =p+ N;

Za vysokych teplot jsou obvykle ionizovany vSechny donory:

(n4p)* = (n—p)* +4np = (Ng — N,)* + 4n?

n =

Ny — No+ 1/ (Na — No)? + 4n?

1
2
1

p:

-

3 | Na— Na+ V(Ng = N)? + in?



Zavislost polohy Fermiho meze na dopovani

pro n-typ se zanedbanim koncentrace akceptoru n ~ Ny
za vysokych teplot jsou ionizovany vSechny donory n2
e U8
p N,
V p-typu p = Na
2
N = m—
N,

Poloha Fermiho meze se liSi od intrinsické o potencial e®:

ool ] e 2
n = N¢g exp T = N; exXp T

e = EF = Ei

| [f_@]
n = n; exp |—
i €XP T

o [ e@]

P = n; exp T

kT kT

¢ =——Ilog (E) = — log (E)
e T e n;



Zavislost koncentrace nositelll naboje na dopovani
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Fig. 11 Schematic band diagram, density of states, Fermi-Dirac distribution, and carrier con-
centrations for (a) intrinsic, (h) n-type, and (c) p-type semiconductors at thermal equilibrium.
Note that pn = 2 for all three cases.

Sze, Ng: Physics of semiconductor devices



Poloha Fermiho meze
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A4 7

PolovodiCe — ionizaCni energie primesi
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Zavislost pohyblivosti nositelti naboje v kiemiku na koncentraci pfimési
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Zavislost pohyblivosti nositelti naboje v kiemiku na teploté
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Yu, Cardona, Fundamentals of semiconductors

Frank, Snejdar: Principy a vlastnosti polovodic¢ovych soucastek, Praha 1976.
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Zavislost mérného odporu polovodi¢t na koncentraci pfimési
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PolovodiCe — pohyblivost, ionizaCni energie primesi

He (cm?V-ist) uh (cm?V-ist) n. (cm?)

Si 1300 500 1.5 x 10%°
GaAs 8800 400 1.8 x 10°
Ge 3900 1900 2.4 x 103
V Si, e=12 E. (meV)

P 45

As 49

Sb 39

B 45

Ga 11

In 11




Pohyb nositelll ndboje v polovodici

Proudova hustota elektrond je tvorfena difiznim proudem gradientem koncentrace
a driftovym zplsobenym elektrickym polem E

jﬂ — neﬁ'ng & 3 EDHVH

oro diry: Jp = pep,€ —eD,Vp

V rovnovazném stavu je celkovy proud nulovy

P
jn=0=—neu,V® + eD,V (m exp [f_])

kT
odkud plyne Einsteinlv vztah pro difizni koeficient a pohyblivost
k1
Dn — — Hn
e
kT
D, = T:“"p

V polovodic¢i dochazi navic k rekombinaci s rychlosti R a generaci G elektron-dérovych pard.
Rekombinacni rychlost je tmérna soucinu np; rovnice kontinuity pro elektrony je rovna

d 1 - LY. 7 4
E:——V‘j?1+G_R=__V'j”—l_rnf_rnp
dt e €



PN prechod

Uvazujme jednorozmérny PN prechod
soufadnice x=0 v misté rozhrani mezi p- a n-dopovanou vrstvou

Strmy prechod — predpokladame prudky prechod mezi p- a n- dopovanou vrstvou
Koncentrace donord rovna N, pro x>0 a nule pro x<0. Akceptort N_ pro x<0 a nule pro x>0

Potencialovy rozdil (difuzni potencial V) oblasti daleko od PN prechodu:

kT N, kT N, kT N N,
VD:@RU—@poz—log(—d)+—1ug(—):—mg —
e T4 e T4 e n;
ed
Pro potencial plati Poissonova rovnice: n = n; exp {ﬁ]
; d*d € d
Vih = — = — x) —n(x) + Ng(z) — Ny(x — 1. € [_f_]
77 = = @) —n(@) + Na@) = Na(@)] p=nexp |-

Zanedbame-li v oblasti prostorového naboje -X <x<0, p,n<<N, a pro 0<x<x_, p,n<<N,

r<—x,: Ex)=0, &)=y

=N, =N, :
—x, <x<0: E(x)= L - (x +xp), P(z)= EQF (z + ,)* + ®po
>N, >N, ‘
0<zx<uzp: Ex)= —f—d(:r;n —1x), P(x) =Py — EQ—(:L'H — )
€ €

r>x,: Ex)=0, ®x)= Py



PN prechod

Porovnanim s predchozim vztahem dostaneme pro Sifku ochuzené vrstvy (vrstvy prostoroveho
naboje):

eNg 5 eNy 5 KT NNy
— T T

Vp = @no — @po = 5e P + 9 n T g 9 ne
Nozp = Nyzn,
| O — _fiija Ty = —@iﬂn
. 2¢  VpNy
Py e Ng(Ng + Ng)
2¢ Vb N,

T,
& Nd(Nu + Nd)

2€ VD(NLL -+ Nd)
Tn + Tp = e N N,




PN prechod
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PN prechod s externim napétim

Privedeme-li napéti U, teCe soucastkou proud a rovnovaha jiz neni vSude lokalné spinéna
Sifka oblasti prostorového naboje se zméni:

O=0,—,=Vp—U

2¢ (Vp — U)Ny
B N
P\ e No(N, + Ng)

2% (Vo — U)N,
'/'L.ﬂ. =
\ € ﬁfd(f\ru -+ f\rd)
2¢ (Vp — N, N,
iﬂn+iﬂp:\/F(D U)(Na + Na)
€ _L’?\'rair\rd



PN prechod s externim napétim

Zavadime pseudo-Fermiho hladiny E,_ a E_:

1\' [ E{_‘,‘ — EFn_ - FEFﬂ. ot E‘i-
n= Ngexp =T . = n4exp _T_
) Er, — Ey] "By — EFp)
= Ny Wl - = N W o
P=RveP | = | TP | T3p
n
Epn = kT log (—)
T
Ep, = —kTlog ( P )
Ty

A pro koncentrace minorinich nositel(l dostavame

(b, — P,
n(—xp) = Npo €Xp r( ka )]

[ —E;‘VD] [f U ]
n(—Zp) = N €Xp exp

| KT kT
n?  [eU el
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PN prechod s externim napétim
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Fig. 8 Energy-band diagram, with quasi-Fermi levels for electrons and holes, and carrier dis-

tributions under (a) forward bias and (b} reverse bias.
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PN prechod s externim napétim

Proud minoritnich nositell mimo oblast prostorového naboje je potom roven difiznimu proudu:

( ) ® [ (EU) l} ( = :En)
Pn\L) = Pno T Prno | EXP — CXP | —
kT T

N
i (5) = —eD, ji _ BDEi?nu [exp (% ) B 1} exp (_m E::ﬂ) i
)02 - 8 o () e (252
7= In(—2p) + Jp(zn) = [EDE:':;JU n eDifﬂui [EXP (%) B l] Ip

Kde L, a L jsou diftzni délky minoritnich nositelt L =VD 1, a 1, je doba Zivota minoritnich
nositeld.

Tato idedlni charakteristika diody je odvozena za predpoklad:

- Slabé injekce (zmény koncentrace jsou malé vzhledem ke koncentraci majoritnich nositelt) (c)
- Nedochazi k rekombinaci v oblasti prostoroveho naboje (a),(e)

* Mimo oblast prostorového naboje neni zadné elektrické pole (zanedbani sériového odporu
diody), proud je pouze difuzni (d)

« Difuzni oblast diody je mnohem vétsi nez difuzni délka



Log(l [A])

PN prechod

Redalna charekteristika Si diody

01 r

Q.01 +

0001 r

0.0001 |

1e-005 |

1e-006 |

VA S s poklopem
|deal forward
Rekombinafni proud jr— exp(gU/2KT)
Difusni proud jf~ exp(glU/kT)

Silna injekce

Vliv sérioveho odporu polovodite

1e-007 |

. Obr. 120. Normalizovand voltampérové charak-
teristika kiemikové diody PN (podle [21])

1e-008 |

A - ideélni propustni vétev,
B — idealni zavérnéd vétev, redlné charakteristika —

1e-009 ' dedin 26
D 02 04 DB 08 '] r\r'}'lil'-f.t"lllt kiivka

oblast rekombinaéniho proudu,

b — oblast difizniho proudu,
J [U] ¢ — oblast velké injekee,
d - vliv sériového odporu,
e — zavérny proud generadéni a vlivem povrchovyeh

Mé&feni ze specialniho praktika UFKL jevi,

f = koleno,

|a.S kaVé pos kytn UtO A. M I kl ikOVOU g — oblast ndrazove ionizace

Frank, Snejdar: Principy a
vlastnosti polovodiCovych
soucastek, Praha 1976.



PN prechod

T
i - Current
(d)
Forward
[ ) Current
JUNCTION
EHEA}(\E}\GWN Breakdown
Voltage, Vz
—— — - e
rr_Leakage Current | Thresholg Y°lt29e
L 104 Voltage
:ﬂ Aviilanche {furjilicon diodes,
=5 Current Vh=0.7V)

——— Heverse Voltage

Plnou Carou idealni charakteristika

Siln& injekce ~[exp(eU/2kT)-1]

' Rekombinagni proud ~[exp(eU/2kT)-1]

Sériovy odpor ~exp[e(U-RI)/KT]

Sze, Ng: Physics of semiconductor devices



Kapacita PN prechodu

Naboj na PN prechodu o ploSe A:

Q — A.g{Nd:En = AENQEP

2¢ (Vp — U)Ny
:L'p — J
\ e No(No + Ny)

2¢ (Vp — U)N,
:L.H o
\ € Na(Na + Ny)

C

B dQ _A\/f_at—f NN, 1
S dU TV 2 (Na+Ny)Vp—=U



PN prechod

Reverse Bias Forward Bias

A Conduction Band A Conduction Band J'

lrs L

Tunelovy priraz — ZenerQv



Tunelova dioda

Obr. 217. Pasova energeticks sché-
mata prisludna uréitym charalkte-
ristickym * isektim voltampérové

charakteristiky tunelové diody g

Frank, Snejdar: Principy a vlastnosti polovodic¢ovych soucastek, Praha 1976.
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MOSFET
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Obr, 151. Idedlni struktura MOS p#i rtzném napéti na elektrods:

akumulace; b) ptipad vytvoteni oblasti prostorového nédboje; €) vytvofeni inverzni oblasti

Frank, Snejdar: Principy a vlastnosti polovodi¢ovych soucastek, Praha 1976.
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MOSFET

soureeD) Oeate O)drain source( ) () gate () drain

n substrate P substrate

phiOs nMOS

Silicon Diceide
irculating | ayer

"'fd T:frain
sZodrce
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Bipolarni tranzistor
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Bipolar junction transistor

PNF Transistor

Emitter

Collector Emitter

—

N

NPN Transistor

Collector

e

1

Base

P

-

a). Physical Construction

1

Base

D—N—l—H—OD—H—l—H—@

__Two-diode Analogy

-q+—"u"c-,g—_h- -l_—‘u":E—+h'-

I Ie

S\

c). Circuit Symbols

Ic C




npn bipolar junction transistor
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Termoelektricke jevy

Teplotni zavislost polohy Fermiho meze a pohyblivosti je priCinou
termoelektrickych jeva.

[ et Source| [Covtea Surtace soofll, T
—— I T
— L) o.zslf, N
@ C;) @ C? — 200 -“ | > %90 300 \:;E-__?cn B0
— TK)
' r 100X\ e N T

= ‘PCJI'J 300 500 ?E:‘JD 800

;\f\aﬂv *

Peltierlv jev
Seebeckdlyv jev Seebeckiv koeficient pro
rzné dopovany polovodic.
Modra slabé dopovany,
cervena silné dopovany.



Termoelektricke jevy

Vykonova ucinnost termoelektrického generatoru je umeérna Seebeckovu koeficientu a
elektrické vodivosti

1400 T S B e 10000
: I‘U‘L’L"{"[I I:ﬂ{'l{}l' E.:ﬁllt'lLJ:“Ii"w’i.T}-': —
. ]..EUI.] = . 9 o= l""llp " .-_:
% ; a'/p=dc \ 8000 2
Z 1000 | , Y 3 3
= [ Secbeck 1e -
£ g0 16000 S
= g =X
8 600 4 4000 2
< L Heavily Doped b E
% 400 F Semiconductor Semiconductor 1 =
< : p: 2000 ©
2 200 f p - 5
3 r - g
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17 18 19 20 21 22
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Amorfni polovodice

COMDUCTION
B&RND

B 3
FIG, 5, Reglong of allowed and prohibited states in an
F U amorphous semiconductors just above the mobility edge,
g opt
9 LOCALIZED
STATES

Ej

'}
¥

WALEMNCE
BaND
E

—I-rlngmu{El

Tauc, 1971



Amorfni polovodi¢e — hustota stavu
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Gersten, Smith, The physics and chemistry of materials, Wiley 2001.



Amorfni polovodice
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a-(GaSb),.Ge,,

lg(c/ T* [Q'em™K™))
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Amorfni polovodice
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A.l. Kolyubakin, V.E. Antonov,
O.l. Barkalov, A.l. Harkunov,

Journal of Non-Crystalline
Solids 351 (2005) 3547-3550

o(T) = BT" -exp(=Ea /kT)



Amorfni polovodice
Uhlikovy rezistor
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Fig. 9.8 Natural logarithm of the resistance
8F - of a carbon resistor (Allen-Bradley 270 £2)
VETsSUS f ||‘.k’ insel \Itn'\\\ T|1l.' resistance
l A l l A l . ' l . a :
. g e versus T, Data are points; the hine 15 a
().2 0.3 0.4 0.5 (0.6 0.7 i FLIS :
striaght-line fit, (Data courtesy of Mervyn
yr«kyy  Bames. Oxford Phvsics Practic:

Singleton: Band theory and electronic properties of solids



Amorfni polovodice
Rezistor RuO,

@
251
"
T4 F
Fig, 9.9 Natural logarithm of the resistance of
a Rumuniuml oxide resistor (1 kQ at 290 K)
versus 1/T4, Data are points: the line is 3 el | —— |

straight-line fit, (Data courtesy of Mervvn
Barnes, Oxford Physics Practical Course).

Singleton: Band theory and electronic properties of solids
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Vodiveé polymery
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Vodiveé polymery - dopovani

NejCastéji se provadi dopovani odebranim elektronu, napr. :
protonaci (reakci s H*)

V tomto pripadé ma rozhodujici vliv pouZzity aniont, ktery
kladny naboj kompenzuje - dulezita je jeho schopnost
ulpét na makromolekule.

i
loogoves
J1/ 1L ey yaan ,_g"\@\ /@'"T 0<1x 10" Slem
Pouzivaji se nejcasté;ji N i ..
H

objemné anionty H

Daping Dedaoping

organickych kyselin Ci

+ HX +NH,/H,0

naopak male anionty H

H
N N
napr. chlorid l@\r 5 ]l 6 21x10°S/em |
(nap y) @Q’ EC’LN ¢
H H



Vodiveé polymery - polyanilin
Nejpouzivaneéjsi vodivy polymer
Relativné dobra stabilita a dostatecna vodivost
Jednoducha priprava a dopovani
Pouzit zejména:
elektromagnetické stinéni

elektrostatické natéry

mikroelektronika (superkondenzatory, aktuatory)
Inhibitor koroze



Vodiveé polymery - polyanilin

Protonovany pernigranilin (modsy)

Pernigranilinova kize (fmlova)

OO0 == DO

3
+e +H
+e
Protonovany emeraldin (zeleny. vodny) Emeraldinovi baze (modrd, nevodma)

@}_NH_{C%%H @ +H® Q " @ N ;<:

Leukoemeraldin (bezbarvv)

@—NH—{Q%NH@



Dielektrika

T(C) p (Qcm) iraz (KY MM?)
a-Sio, 20 1018
350 1010
Slida (muskovit) 20 1015 105 - 10°
6Si0,.3A1,0,.K,0.2H.0
Slida (flogopit) 20 1013 - 104 200
6Si0,.Al,O,.6MgO.2H,0
Opticka skla 20 108 - 104
NaCl 300 10° 10°
700 104
MgO 850 108
2100 102
ZrO, 400 1068
1200 360
2000 10
Al O, 20 1016
1100 10¢




Organické latky, 20 °C

p (Q.cm) Upr&raz (KV mm?)
Kaucuk 1015 - 10
Polymer (C.H,),
Parafin C H, . 1015 - 10Y7 20 - 30
PVC 104 - 10 14 - 20
PMMA (org. sklo) 1014 - 101 18 - 35
teflon 101> - 101%° 20 - 30
PE 1015 - 10Y’ 18 - 20
Fenoplast (bakelit) 1044 12

vinylplast 104 - 10% 45



Polarizovatelnost dielektrik — frekvencni zavislost

Total polarizability yeal part)

] UHF to ,

MHCTOW AL ey
violet

Ilnfl ared

[' ltl'd- l

)

< dipolar

i

——L

& jonie

- X

[ e e e e

& electronic

Freguency

sure 8 Frequency dependence of the several contributions to the polarizability

Kittel, Introduction to solid state physics, Wiley, 2005



C - diamant

Si

Ge

BN

GaAs

INSbh

SiO

Dielektricka konstanta

5.68

11.7

16.0

7.1

13.18

17.3

3.75

g-elektrony
5.68

11.7

16.0

4.5
10.89

15.7

2.10

g-ionty

2.6
2.29

1.6

1.65



Dielektricka konstanta

€ g-elektrony g-ionty
LiF 9.27 1.92 7.35
LiCl 11.05 2.75 8.30
LiBr 12.1 3.2 8.90
Lil 11.0 3.8 7.2
NacCl 5.62 2.25 3.37
KBr 4.78 2.33 2.45
Rbl 5.0 2.6 2.4




Dielektricka konstanta

ZrTio,, Tio,, CaTiO, £=30-100
(Sr,.B)TIO, £=900-1000
(BaTiO3),,(BaZrO3),, £=2700-3000



Feroelektrika — hysterezni smycka

Gersten, Smith, The physics and chemistry of materials, Wiley 2001.



Feroelektrika
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Feroelektrika — teplota prechodu, spontanni polarizace

Table 2 Ferroelectric crystals®

- — g . — —— e ————
" ~— -y 14 ‘?"*]
b — e e i a— - - ’ e e — BBl e e -

To obtain P, in the CGS wunit of esu cm™ 2, multiply the value given in uC cm™* by

3 x 10°.
[ S = s - T T RN F S e, IS S T ST oy
T, n K P,, in uC ecm 2 at TK
- — e e T R T s R N N R R W TR, W, Sl i Ve A, T Vg B Sy _
KDP type KH,PO, 123 4.75 [56]
KDoPO, 213 4.83 [180]
RbH:PO, 147 5.6 [S0]
KH;AsO4 97 5.0 [78]
GeTe 670 — —
TGS type Tri-glycine
sulfate 399 2.8 [29]
Tri-glycine
selenate 295 3.2 [283]
Perovskites BaTiO; 408 26.0 [296]
KNbO, 708 30.0 [523]
PbTiO3 765 >50 [2G6]
LiTaOs 938 50
LiNbO3 1480 71 [296]

— - — - > P - — — e—

2A compilation of data on ferroelectric and antiferroelectric materials is given by E. C. Sub-
arao, Ferroelectrics 5, 267 (1973).

Kittel, Introduction to solid state physics, Wiley, 2005



Struktura BaTiO, a zavislost spontanni polarizace na teplotée

{b)

Figure 10 (a) The crystal structure of barium titanate. The prototype crystal is calcium titanate
(perovskite). The structure is cubic, with Ba®* ions at the cube corners, O%” ions at the face
centers, and a Ti** ion at the body center. (b) Below the Curie temperature the structure is slightly
deformed, with Ba** and Ti** ions displaced relative to the 02~ ions, thereby developing a dipole
moment. The upper and lower oxygen ions may move downward slightly.
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Figure 11 Spontaneous pclarization projected on cube edge of barium titanate, as a function of

temperature. (After W. J. Merz)

Kittel, Introduction to solid state physics, Wiley, 2005



Perovskity — zavislost permitivity na teplote

BaTiO,
Rhombohedral Orthorhombic Tetragonal Cubic
el "-.‘: "-1..:

7000 - P e r
6000 -
5000
4000
3000
2000 L

|:| 1 1 1 1 |

150 A0 50 0 50 100 150

Gersten, Smith, The physics and chemistry of materials, Wiley 2001.



Perovskity — zavislost permitivity na teplote

BaTiO,
€ C
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Gersten, Smith, The physics and chemistry of materials, Wiley 2001.



Feroelektrika PbTIO,
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Figure 9 The temperature variation of (2) the dielectric constant €, (b) the pyroelectric coefficient
dP/dT, and (c) the specific heat ¢, of PbTiOs. (After Remeika and Glass.)

Kittel, Introduction to solid state physics, Wiley, 2005



The Landau theory of phase transitions

Variables: P (polarization), T 4 |
Helmholtz free energy F(P,T) up to P4, ¢,>0:

L

The equilibrium condition =
OP|,,

Due to the inversion symmetry

F(P,T) =F(0,T)+c,P* +c,P* +c,P° +...

¢, =b(T-T))

Spontaneous polarization Z—F =0

eq

P, =P, =/b(T, - T)/(2c,)

v



Gibbs free energy with an external electric field:

® =F - EP =F(0,T) +c,P* +c,P* +c,P° +...- EP

P
O s E =2b(T - T.)P, +4c,P,’
6P c’/7eq eq
eq

Dielectric susceptibility:

1 OF
goX, OP|g

=2b(T - T,)+12¢,P,*

Therefore:

T>T')(—1 1
7 g, 2b(T-T.)

1 1
g, 4b(T_- T)

1y —

T<T :x=

Phase transition of the 2™ order




OF
UptoP® c,<0,c,>0: —

s =0 =2b(T - T*)P +4c,P’ +6¢,P°

eq

n ” = P ° :3C6 B' C, i\/C42- 3csb(T - T*)E

The critical temperature:

) _
N
L C 2
T =T*+ 4
0 \/ 3bc,
0 P pl
Phase transition of the 1%t order
¥ does not diverge at T, T

v



Gibbs free energy with an external electric field:

® =F - EP =F(0,T) +c,P* +c,P* +c,P° +...- EP
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Fig. 7.6. Plot of reciprocal of the dielectric constant of barium titanate vs.
temperature. [After B. Wul, J. Phys. (U.S.8.R.) 10,-95 (1946); it is not known
why Wul’s Curie point is 40° below that reported by other workers.]



Fig. 4.5-47 SbSI «,. and 1/« versus T
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Feroelektrika — teplotni zavislost permitivity nad teplotou Tc
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Figure 12 Diclectric constant versus AT i
- = T, th s
alter G. Rupprecht and R. O. Bell ) in the paraelectric state (T > I'.) of perovskites,

Kittel, Introduction to solid state physics, Wiley, 2005



Kremen
bézné uzivané orientace a kmitové mody oscilatorovych krystalu
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Gersten, Smith, The physics and chemistry of materials, Wiley 2001.



Kfemen — bézné uzivané orientace oscilatorovych krystall

AT +35° 15
BT — 49°
CT +368°
DT - 52°
ET + 66"
FT-57°

Gersten, Smith, The physics and chemistry of materials, Wiley 2001.



Kfemen — bézné uzivané orientace oscilatorovych krystall
Teplotni zavislost vlastnich frekvenci
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Kfemen — materialové konstanty
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Gersten, Smith, The physics and chemistry of materials, Wiley 2001.
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tan(d)
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