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e Kovova membrana s ,,cimsi divnym®
e LED blikaji, proc?

PA VA

J.Erhart: Demonstrujeme piezoelektricky jev,
Matematika, fyzika, informatika 20 (2010) 106-109
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o & Trocha historie

1880, 1881 - Pierre a Jacques Curieovi, piezoelektrina objevena na turmalinu
a kremeni

1917 — A.Langevin — generace ultrazvuku, sonar

1921 — feroelektrfina - J.Valasek: Piezoelectricity and allied phenomena in
Rochelle Salt, Phys.Rev. 17 (1921) 475

1926 — W.Cady — stabilizace frekvence oscilacniho obvodu pomoci
kremenného rezonatoru

1944-1946 — USA, SSSR, Japonsko — feroelektricka keramika BaTiO,
1954 — B.Jaffe et al — PZT keramika

60. léta — krystaly LiNbO, a LiTaO,

70.1éta — feroelektricky polymer PVDF

80.1éta — piezoelektrické kompozity

90.1éta — domémoveé inzenyrstvi v krystalech PZN-PT, PMIN-PT
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o Pfredchudci piezoelektfiny

O

Pyroelektrina

turmalin = lapis electricus
(Na,Ca)(Mg,Fe);B,AlSi(O,0H,F);,

Carl Linnaeus

Franz Ulrich Theodor Aepinus Tourmaline crystal. (1707 - 1778)

(1724 — 1802) — polarni jev

David Brewster — pyroelektrina 1824
pyros=ohen

David Brewster
(1781 — 1868)
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o & Pyroelektrina

A.C.Becquerel William Thomson (Lord Kelvin)
Prvni méreni pyroelektriny teorie pyroelektriny

1828 1878, 1893

Antoine César William Thomson,

Lord Kelvin
Becquerel
(178q8 -1878) (1824 - 1907)
2.12.2011
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o & Objev piezoelektriny

Krystal turmalinu, 1880

8.4.1880
Société minéralogique de France

24.8.1880
Académie des Sciences

AP=d-T

Paul-Jacques
Curie
(1856 — 1941)

Pierre Curie
(1859 — 1906)

Curie J, Curie P (1880) Développement, par pression, de I'électricité polaire dans les cristaux hémiédres a faces inclinées. Comptes
rendus de ’Académie des Sciences 91: 294; 383.

Curie J, Curie P (1881) Contractions et dilatations produites par des tensions électriques dans les cristaux hémiédres a faces

inclinées. Comptes rendus de I’Académie des Sciences 93: 1137-1140.
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o & Zakonitosti jevu

e Linearnijev, naboj nezavisi na délce krystalu, ale na velikosti
ploch

e Existuje diky anisotropii krystalu (polarni osy), amorfni latky
vlastnost nemaji

Curieuv princip
Prvky symetrie vlivu zpUsobujici néjaky jev museji byt
v tomto jevu obsazeny.

Krystal pod vlivem vnéjsiho pole ma pouze ty prvky symetrie spolecné
symetrii krystalu samotného a symetrii vnéjsiho vlivu.

Napf.: mechanicky tlak ve sméru [111] na kubicky krystal o symetrii m3m vede na symetrii

napjatého krystalu rovnou 3m
NS
4
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primy jev mechanicky tlak = elektricky naboj
obraceny jev elektrické pole - mechanicka deformace

omezena na nékteré tridy krystalové symetrie (20 z 32 moznych)
1, 2, m, 222, mm2, 4, 4, 422, 4mm, 42m,
3, 32, 3m, 6, 6, 622, 6mm, 62m, 43m, 23

Pfiklad: SiO, (kfemen) symetrie 32

L
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Ex)

Primy jev (bratri Curieovi)

e ThompsonUyv elektrometr

e Nulovaci metoda AQ=VAC
(Danieltv ¢lanek —1.12V, 1836)

hnmimn
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Obraceny jev (bratfi Curieovi)

e HoltzUv stroj (indukéni elektrika, VN)
e Deformace mérena
primym jevem, opticky
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Bratri Curieovi — molekularni teorie

a) + l

+l!xf{+

Qbr. 2,5, Vznik nédboji: a) pfi stlateni a b) pfi roztaZeni elomentérni krystalové kiemenné bufiky.
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0 & Prvni teorie a aplikace piezoelektriny

Tenzorova analyza pro popis anizotropnich vlastnosti krystalt 1890

Woldemar Voigt: Lehrbuch der Kristallographie, Teubner Verlag 1910

Prvni aplikace — elektrometr,
radioaktivita (Maria Sktodowska-Curie)

Woldemar Voigt
(1850 —1919)

Maria Sklodowska-
Curie
(1867 — 1934)

Curiellv elektrometr
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o & Jevy ve vazanych polich

[ ELECTRICAL |

Heckmannuv
diagram

Piezoelektrina
E
Sﬂ, :Sﬂ,luT,u +di/1Ei

Di :di,uT,u_i_gi}-Ej

Jonas Ferdinand

Gabriel Lippmann
(1845 -1921)

S, = SZ,T# + 0, D;

Ei :_giﬂTﬂ +ﬂ|]- DJ

Thermoelastic effects
| MECHANICAL | | THERMAL |
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Joseph Valasek, 1920, Seignetteova sul NaKC,H,0,.4H,0
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[ 2000
ELECTRIC FicuD =~ rolis per centimerer

Joseph Valasek
(1897-1993)

2000

éo

Hysterezni smyc¢ka Seignetteovy soli — suchy krystal, 0°C

Valasek J (1921) Piezoelectricity and allied phenomena in Rochelle salt. Phys. Rev. 17: 475-481
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e

SiO, — prirodni a synteticky, ,,quartz” hodinky

32 | p— 33
35
. \‘-‘".
36 _
e 39
7S -y
Warren Perry 34—
Mason - a2t——¢d N, Kfemenny krystal
(1900-1986) e 4

W.P.Mason: US patent No. 2,081,405 (1937) — prvni patent na hodinkovy kfiemenny rezondtor

(ladicka)
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| o @ |Kiemennyresonstor SR

W.G.Cady — prvni standard frekvence - US National Bureau of
Standards, 1921

1926 — stabilizace kmitoctu radiového vysilace

Walter Guyton Cady
(1874 -1974)

INVESTICE DO ROZVOJE VZDELAVANI



Ex)

Prima konverze mezi mechanickou a elektrickou energii
e Linearnijevy - Piezoelektfina a Pyroelektrina
 Nelinearni jevy - Feroelektrina, Elektrostrikce

Analogie v magnetickych materialech

 Piezomagnetické vlastnosti, magnetostrikce,
magnetoelektrické vlastnosti, atd.
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Krystalografické pozadavky

%o . . ..
pro existenci piezoelektriny

Necentrosymetrické tridy (krome tridy 432)
20 piezoelektrickych krystalografickych trid

e Polarni tridy (10) — jedina polarni osa
1,2, m mn2, 4, Amm, 3, 3m, 6, 6/mm
e Polarné-neutralni tridy (10) — vice polarnich os

222, 4,422,42m, 32, 6, 622, 6 12, 43m, 23

2.12.2011
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o & Pyroelektrina

Primy jev

Zmeéna teploty - elektricky naboj
Obraceny jev (elektrokaloricky jev)
Elektrické pole - generace nebo absorbce tepla

Anizotropie

Example:

Lithium tetraborate Li,B,0-,
symmetrie 4mm

2.12.2011
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Ex)

Polarni tfidy symetrie (10) — jedina polarni osa

12, mmn2, 4 4mm, 3, 3m, 6, 6/mm

pro existenci pyroelektfiny

Pyroelektricka polarizace latky (dipélovy moment) —
smer polarni osy
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o & Feroelektrina

Spontanni dipolové momenty = pyroelektrina s
preorientovatelnou polarizaci

Elektricka analogie permanentnich magnetu

Charakteristickeé vlastnosti
* Feroelektrické domény a doménove steny

e Hysterezni smycka D-E (S-E)

2.12.2011
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Perovskitova struktura
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Existuje nékolik riznych smérd spontanni polarizace

Paraelectric (T>T,)

m3m

Ferroelectric (T<<T,)

Amm | i,

Tetragonal ﬂfﬁnrhunhin Rhom nhndrl-l
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o @ Domény, doménové stény

Doména — spojita oblast se stejnou orientaci
spontanniho dipolového momentu (polarizace)

Doménové stény — rozhrani mezi doménam
 Nabité stény

* Neutralni stény / \ /

N

Feroelektrické domény existuji ve feroelektrické fazi

Fazovy prechod — Curieova teplota

2.12.2011
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Fig. 5 Polarization and strain response of PZN-4.3%PT single crystals under electric field in directions 107, 25°, and 35° off
<001 =. a Strain versus electric field; b electric displacement versus electric field

T. Liu, C. S. Lynch: Domain engineered relaxor ferroelectric single crystals
Continuum Mech. Thermodyn. 18 (2006) 119-135
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Proces zaniku domeénové struktury pri zahfivani keramiky BaTiO;
nad Curieovu teplotu

(a) gradient teploty rovnobézny

(b) gradient teploty kolmy na doménové stény

Sang-Beom Kim, Doh-Yeon Kim:J. Am. Ceram. Soc., 83 [6] 1495—98 (2000)
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STRAIN 12x104

 Nelinearni jev
Deformace je umeérna
druhé mocniné intenzity
elektrického pole

0.9PMN-0.1PT.
Pb{Mgg sNbg gTig.1)03

dagﬂ*" Eﬂﬂp C/N
AT 3.7 KV/cm

1 ¥ | [ 1
20 10 S0 10 20

¥
ELEGTHIE! FIELD (kV/cm)
£

* Nejsou zadné pozadavky na symetrii materialu,
existuje ve vsech latkach
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°a

Si0,, GaPO,, AIPO,, ...

>
> Li,B,O;, ...
>

BaTiO,, PbTiO,, PZT,
KNbO,, TGS, KDP, ...
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e Monokrystaly

e Polykrystaly (keramika)
 Polymery

e Kompozity

e Tenké vrstvy

T
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Monokrystaly

O

a-Quartz (SiO,),a-Berlinite (AIPO,),Galium Orthophosphate
(GaPO,), Langasite (La,Ga.SiO,,), Langatite (La,Ga. . Ta, .0,,),

Langanite (La,Ga. .Nb, .O,,)

Lithium Tetraborate (Li,B,0-)

Lithium Niobate (LiNbO,), Lithium Tantalate (LiTaO,)

Perovskity - Lead Titanate (PbTiO,), Barium Titanate (BaTiO,),
Potassium Niobate (KNbO,)

Tuhe roztoky - (1-x)Pb(Mg, ;Nb, .)O; — xPbTiO, (PMN-PT), (1-
x) Pb(Zn, ;Nb, ;)O, — xPbTiO, (PZN-PT)

Rochelle Salt, KDP, ADP, KTP, ...

32



Ex)

Objeveny v 60.letech, syntetické krystaly
vysoka Curieova teplota 1195°C a 610°C
Aplikace v optice a pro rezonatory BAW a SAW
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e

(1-x)Pb(Mg, ;;Nb, ;)0 — xPbTiO, (PMN-PT)
(1-x)Pb(Zn, ;;Nb, )0, — xPbTiO, (PZN-PT)

300

200 r PMN-PT
8 ~ 200 F o Poled
o 8 e Unpoled
=] e
< E
© 100 F o Cubi
o N Tetragonal ubic
£ . g Gé_ 100 k Tetragonal
[l [ ()
c v -
= * 2
D ., 3 Region Il
S 0
< 0 v ’ . Relaxor |~ Normal
= ‘e Td'. Pseudo-cubic pio, Piezo.

Rhombohedral o* " * Region | |
* .
Electrostrictive
\‘ _100 A 'l A 'l
100 . 3 0 0.1 0.2 0.3 0.4 0.5
0 0.1 0.2 MOLE (x) PT
PZN X PT —
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Ex)

E E
Piezoelektricky koeficient je 4
zvysen vhodnou polarizaci yd
— —>
Krystal fez d3;[pC/N] ks3[%]
PZN (111) 83 38
(001)eng 1100 85
PZN-8%PT (112) 84 39
(001)eng
PMN-33%PT (001)eng

J.Kuwata, K.Uchino, S.Nomura: Dielectric and Piezoelectric Properties of 0.91Pb(Zn1/3Nb2/3)03-0.09PbTiO3
Single Crystals, Jpn.J.Appl.Phys. 21,9 (1982), 1298-1302

. S Eflﬁr : _Plum
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[111]

=
9

Slozeni polykrystalu ze zrn (zrno o velikosti 1-10pum)

e Polarizace elektrickym polem — feroelektricke latky
( oo/1IM)

Pred polarizaci po polarizaci
* Texturovana keramika
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@ Piezoelektricka keramika
Ao

PZT keramika —

500

Pb(zr,Ti, )O,

450

pr2+‘J02—.Ti4TZr4+/ﬁ

6 DS
Fr

Temperature, C
(3]
8
[N
.

e
w o
8 (8]
(@)
T_
A
'I N
v

PbZrO3 Mole % PbTiOz

~r 8%, [
tt*t’ o¢ H
* * [ ] e "
Sl e
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PbTiO3
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@ . Texturovanikeramika
9,

C'J

Texturovana zrna

G.L.Messing et al: Templated Grain Growth of Piezoelectric ceramics, Critical Reviews
in Solid State and Material Sciences 29 (2004) 45-96
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@ . Tedturovanikeramika

V4 V4

Textura zrna a jeho usporadani
SrTiO; Platelet BaTiO,; (Remeika)

(N

G.L.Messing et al: Templated Grain Growth of Piezoelectric ceramics, Critical Reviews
in Solid State and Material Sciences 29 (2004) 45-96
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@ . Texturovanikeramika

NS ==

Textura zrn
Whisker BaTiO,

*:_‘

G.L.Messing et al: Templated Grain Growth of Piezoelectric ceramics, Critical Reviews
in Solid State and Material Sciences 29 (2004) 45-96
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| © @ |Piezoslelirické polymeny S

PVDF (- CH, — CF, -, B-faze),

LU
A NP YN

C
H H H H H H
Heiji Kawai Eiichi Fukada
H.Kawai: The Piezoelectricity of Poly(Vinylidene Fluoride), (169”1|0_2\)Na| (1922)

Jpn.J.Appl.Phys. 8 (1969) 975-976

Copolymer P(VDF-TrFE), Electrically poled -0c0/77, and stretched - 002
Bone, colagen, DNA,...
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| © | Bublinkovy polypropylen - feroelekret

Dutinky uvnitr nabité — dipolové momenty

Velké piezoelektrické vlastnosti, nizka akusticka
impedance, mekkeé a flexibilni

L

b
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°a

e Dveé avice fazi

e Paralelni (a) a sériové (b) spojeni fazi
Sérioveé spojeni

1) 1) .(2 2 2) (1
e 10 ot

deﬂ‘ _ @ @
> Weld 4 f2el)
Paralelni spojeni
b)

1) 41) (2 2 2) (1
05D+ VD o
M2 4 o)

eff _
d33 -

a)

=
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o @ [ —

e Efektivni kombinace elektromechanickych vlastnosti

'l.l 'l
Vlastnosti: B—8—8

e Zesilené
e Zcela nové

[TTITT
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Efektivni hydrostaticky koeficient

1) 7(D (2) 2) 7(2) (D)
viDA) sy +vPd T sy, —I—2(v(])d(]) —I—v(z)d(z})
V(I)S(z) + v

s = dSY + 245 =

4V~ —2d0.aM ~ 0,42 o,

(2) (2) (1) (2)
d3] =0,dh =0.5'33 << 533. I I

|
ff (D (1)

v =13 =1/2)

KAt Eflﬁr ﬁ T
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0 = Piezoelektrické vlastnosti d;;[pC/N]

200 600 2000 15000
16
8 I
2
I .
E_ @ E T T w R
0 8 - = "2 " Z S 3 NE SIPIT "8 'L
O ) < prd = > 3 g :
N O o O O — — _| o = > 3 3
3 2 8
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Zaverem k uvodu ...

Prima konverze energie je vyuzitelna v mnoha
komercnich zarizenich

Senzory, aktuatory a prevodniky pro automatizaci a
sklizeni energie

,2omart” materialy a struktury

Elektromechanické vlastnosti jsou dulezitymi
vlastnostmi pro dielektrické materialy

Anizotropie a mikrostruktura je zasadni

9 Ef X
* * \ W4 -
= hod =P
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PIEZOELEKTRINA A FEROELEKTRINA
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e Krystalograficka symetrie

e Tenzorové vlastnosti

e Stavoveé rovnice

e Termodynamicka teorie fazovych prechodu
e Zaver

A o /

* 4 .

c 1/ e
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e

Piezoelektricky material = anizotropni médium

Keramika MM

Plosné ortotropni v roviné kolmo ke sméru polarizace

X3

AL ﬁ&lllnuﬂ
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Vazané veli¢iny — mechanické (napéti/deformace),
tepelné (entropie/teplota) a elektrické (elektrické
pole/indukce)

S =

= //k/7;(/ + 0y Ek+0°EA®

D; = 0'/(/77(/+8/(E/(Jr /7/
C

IIII][IJ
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o & Symetrie tenzorovych souradnic

e Elastické Sijd = S jikd = Sijk = Sklij VIV

o Elektrostrikéni  Quy = Ouy = Qui [V IIV]

e Piezoelektrické  dj =0y UUV°]

e Dielektrické (tepelna roztaznost, index lomu, atd.)
2

S =8 [V°]

e Pyroelektrické p; vV

Pro srovnani: symetrie tenzoru optickeé aktivity (axialni
tenzor 2. radu)

g;=(deta)g ,; e[ V]

2.12.2011




0, Tenzorova a maticova notace

O
e Elastické vlastnosti Cop = Cjg WP =12,...,6
( Slj/(/ OL,B 21,2,3
SOLB =5 25{//(/ o = 1,2,3,B — 4,5,6
\45,'/'/(/ OL,B — 4,5,6
* Piezoelektrické vlastnosti 4 Oy =123
: 2dlj/( a = 4,5,6

6’,- — ifk OL=1,2,...,6

tensor 11 22 33 23,32 | 13,31 | 12,21
matrix 1 2 3 4 5 6

2.12.2011
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< Tenzorové koeficienty

materialovych vlastnosti

Elastické moduly/poddajnosti (21)

Piezoelektrické koeficienty (18)

Dielektricka permitivita, tepelna roztaznost (6)

Pyroelektricky koeficient (3)

d11 d12 d13 OI14 d15 d16 S11
d21 d22 d23 d24 d25 d26 512
d31 d32 d33 d 34 d35 d36 513
€11 €12 &3 14
[812 €2 € J ( b P 5 ) 315
€13 €23 €33 S16

54
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Souradnice jsou vazany s prvky bodové symetrie krystalograficke
tridy

Triklinicka tfida — bez prvkd symetrie

Monoklinicka trida

m /m
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| o o [KiyStslogmfické soulfsdnice I

Ortorombicka trida
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Trigonalni trida
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9 @ Krystalografické souradnice

Tetragonalni trida

I
[ %i@

m

/mmm

2.12.2011

NVE ™
MIT &
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9 @ Krystalografické souradnice

Hexagonalni trida

L2,
T, o

2.12.2011
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9 @ Krystalografické souradnice

Kubicka trida

T

2.12.2011
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Tenzoroveé souradnice

Uvedeny v krystalografickych souradnicich

Triklinicka trida

INTERNATIONAL POINT GROUP
SCHOENFLIES POINT GROUP

I
TRICLINIC
SYSTEM

) (C;)
seoeocoodoeoce YYYY Y|
e0ocoeoloece ecoeocoee
TR YRR XX TEEE X
esoceees/eose YR I EN
esecsoeoee seoo0oeo
eecoece/oese ec oo e
evsooosee el soe
eoee o oleedllB oo e
eeveveoesb eee

45

Nioo™

2.12.2011
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Monoklinicka trida

Tenzoroveé souradnice

2 m 2/m
(Cp) @ (Cg) (Cop)
Y ° ' e o oo o
oo o ® eoe o o ooe o
eoe ° oo e o o soe o
I o ® ° °
MONOCLINIC ®oooe ® soe o e o% o o
® ® ® Y
SYSTEM S . 13 = . o3 13
o e0 ® 8 ® 10 0
4 a 4
° ° — oo e e o2 =
25 2T 17
2.12.2011 ]
)&
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Ex)

Ortorombicka trida

222 mma2 mmm
(Da) (sz) @ (Dzh)
ooe o900 ™ oo e
o0 oo e o0
'Y N eeoe ° T
13 ° ° ™ ° °
ORTHORHOMBIC ° ] o |eo Py
e ° e ®
SYSTEM S < g s g - 8
® e ® ® e
™ oiooo e 3 oé
{5 \7 12
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Tenzoroveé souradnice
© =

Tetragonalni trida

(Cq) ® (S4) (Can)
NEEINEEIRE
rerraeona. @) N (X N X “
SYSTEM o0 [ ) 70—0 ® .7.—0 ® 7
XN sf XN s N e
*o @ .EO-O_ [ ] .TS 03
422 4mm 42m 4/mmm
(04) (qu) ® (Dzd) (th)
N1 N 1 [N N1
(b) \.\o \./ \.\. ~
SR 2N SN <8
-—§H. .ﬁ ® .—IT) .-E
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Tenzoroveé souradnice
© =

Trigonalni trida

INTERNATIONAL POINT GROUP 3 3
SCHOENFLIES POINT GROUP (C3) @ (S¢)
o~ \' AP \
[ o N ] [ J [ o N ]
\ ”\\‘
@ [y X HiaaM- =
PN |8 i
e o ® |5 ® 9
v 32 im 3m
TRIGONAL (D3) (Cav) (Dzd)

SYSTEM :\. I \
(b) "‘\\‘.

=
/57.;
<L

<Nl
/EZ:
Xf/)_‘

ojvvoe
oo o
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Tenzoroveé souradnice
© =

Hexagonalni trida

6 6 622
(Ce¢) @ (Cah) (De)
o1 R A
[ o N ] ® *—e ¢ [ o N ]
\XX \x \x\,
5 5 5
N el |2 S (N
oo e o2 -_Zé. %
: 6Mmm em2 6/M &/MMmMm
ety A 3ol A
[ = N ® ” o ¢ [ o 2
S |/ > “
X 5 X[ 5 X 5
2N i i A S g
e @ OE *-é— .?
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Tenzoroveé souradnice
© =

Kubicka tfida

ci NN
NN

TLINES JOIN NUMERICAL EQUALITIES

n|l——w
Si—ow

EXCEPT FOR COMPLETE RECIPROCITY IN THE TRIGONAL AND HEXAGONAL SYSTEM
ACROSS PRINCIPAL DIAGONAL WHICH
¥ X INDICATES FOR s,d,dy,g OR g4TWICE
HOLDS FOR ALL CLASSES THE NUMERICAL. EQUALITIES
o INDICATES NEGATIVE OF e NUMERICAL LITIES
X INDICATES 2(s) -S2)OR (c)-Ci2)/2.

@ THESE CLASSES ARE PIEZOELECTRIC ON
HYDROSTATIC COMPRESSION AND HAVE
PYROELECTRIC PROPERTIES

2.12.2011
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e

-Occurrence of Piezoelectricity, Pyroelectricity, Optical Activity, and Enantiomorphism

Crystal Piezoelectric Pyroeleciric Claszes with Classes with
Svstem Classes Classes Optical .-lcli?itj" Enanticvmorphizm
Triclinic 1 1 1 1
Monoclinic m Im 2.m 2
Orthorhombic 222, mm2 w2 222, mm2 222
Tetragomal 4,34,422 4, 4mm 4, 422 4,422
4mm, I2m 1 Im
Trigomal 3,32, 3m 3. 3m 3,32 3,32
Hexaponal 6, 6,622 &, G 6, 622 6, 622
Gwmm, G 2
Cubic 23, 43m None 23,432 23,432

dﬁdﬂﬁgﬂmﬂgﬁhuﬂ%ﬁaﬁtwﬁd&m?ﬂﬂiﬂ

AL r.ﬁ &I I]I][Iﬂ
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Priklad: piezoelektricky jev

S, =So T, +d,Ey S, =8SaT, + 94D
D, =d.,T, +e,E, E=—g.T +B..D,
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Koeficienty ruzné podle volby nezavislych velicin

aD; S, ]
diy = — = CN-
aT, _ 9E
dE; S
Sip = — L= - C_] I‘Il2
9T,  aD;
aE; dT
3S, oD,
oD; 9T, I

Ejy = = —
s, IE;

: : ® ’
.t 4 .
* 4ok ) M

EVROPSKA UNIE el &
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Elektromechanické tenzory — trida symetrie eemm,

smer polarizace 3

0 0 0 0 d, 0y [% %2 S 0 0 0

0 0 0 ds 0 O S, S S3 0 0 0

dy dy dy3 O 0O O S3 S35 S 0 0 0

o 0 0 s, 0 O

€11 0 0 O O O O 544 O

e 0 © 0 p) 0 0 0 0 0 s
0 0 &g

Ses = 2(S11 — S12)

. Ef Iﬁr o &l TITT

B I o 3 /

.t 4 .

g 1[De
EVROPSKA UNIE el & '
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plocha d,;
PS[001]y

PbTiO; —4mm _
Maximum
dasl3+(dy, +d ) 5(1,2+1,2) — .
|f£s?in(e)§)s($5), Tzzlsinfe)sin(cp), 1;=cos(0) 83'7pC/ N pro 0= Oo’ tJ' pro [001]C
dg=83.7, d3;=-27.2, d;:= 60.2 [pC/N]

L
.
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Anizotropie materialovych vlastnosti
plocha d;

® =

P;[001];

BaTiO3 —4mm Maximum
Oaals®+(dgy+0y5)l5(11°+,?) 224pC/N pro 9 = 519
|, =sin(B)cos(e), 1,=sin(0)sin(9), ,=cos(6) 90pC/N pro [001].
dy= 90, d,,= -33.4, dy.= 564 [pC/N] 221pCIN pro [111].

2.12.2011
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Spontanni existence polarizace (soucasné také
spontanni deformace)

- strukturni fazovy prechod
Feroelektrické/feroelastické domény
- orientacni doménové stavy
Doménové stény

Hystereze

AL ﬁ&lllnuﬂ
. LGNS
INVESTICE DO ROZVOIJE VZDELAVANI EVROPSKA UNIE. \ad¥ £ %j




o & Domény v krystalu PbTiO, Mm3m —s 4mm

Krystal PbTiO; v polarizacnim mikroskopu.
Velikost krystalu 1.5 mm.

Contributed by Sang-Wook Cheong. http://www.physics.rutgers.edu/cmx/gifs/pbti.html

e e e [T
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9 @ Domény v keramice BaTiO, T

Leptany povrch keramiky BaTiO,
a) Struktury ,rybi kost” a ,,Sachovnice”
b) Pdasova struktura, domény prochazeji skrz zrna

G.Arlt, P.Sasko: J.Appl.Phys. 51 (1980) 4956-4960

2.12.2011
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Feroickeé faze
© =

Strukturni fazové zmeény
Materska (napr. paraelektricka) faze —feroicka faze

Feroelektrika
LINbO;,  3m —s 3m Feroelastika
- AgNbO
KNBOs 3y e 5 3
BaTiO, _ NaNbO;  m3m— mmm
m3m—> 4mm B
3m—m

2.12.2011
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Dielektricka permitivita, spontanni polarizace, atd.

000 1 v 1t T ¢r T v | T T *® [ 7T

899" Rhombo- Ortho- Tetragonal | BaTlO3

- uClecm?
_ — T T | —

Permittivity

ha

(=]
I
|

Rhombo- Ortho- Tetragonal
hedral rhombic

-
h
I

—200 —-160 -120 -80 —40 0 40 80 120°C
Temperature

= m

Spontaneous polarization
]

Temperature
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Anomalie materialovych vlastnosti

® =
Piezoelektricky koeficient 100y
LiTaO, _ $
gso
=
B~
2.12.2011 [ :.
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o

Rozvoj termodynamického potencialu
1 1
DT ) =o+ aT =Ty +, o’

Rovnovaha a stabilita 5
oD 0D
~=0,"">0
.y on on® .
Rovnhovazna hodnota parametru usporadani

(0

oD
an=a<T—Tc)no+ﬂn8=0

p

1o =1 i(_ a(T-T¢)

T>TC
12
) T<TC

L ]
'i“"*i-
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Bez hystereze Ns

(Para)

Q

§{

T
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EEY. . ...

Hystereze .

Ns

| T_heat
Ttl'coo Ttl'

KAt Eflﬁr ﬁ T
;’”: .o ¢
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Zavislost permitivity na teploté

First Order Second Order

T
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o & Souvislost spontanni deformace
se spontanni polarizaci

Obecné (pro vlastni feroelektrika)
Sk = Qijki B Pj

Pfiklad pro feroelektricky druh 4/ mmm— M, Py =(Ps,Ps,Ps3)

(S} (Qu Qn Q3 O 0 0) ( Pszl )
S;| |Q2 Qi Qs 0 0 0 Péi
S| Qs Qg Q3 0 0 O P,
S4| | 0 0 0 Q4 0 O P, Pss
Sc 0 0 0 0 Qg O P.,Ps

S) L0 0 0 0 0 Q) | PZ )

2.12.2011
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etformace

S48 = T T

;F ,FJ——— I :,j ] e :/_IrrclazI;of\;ekkonsta nty meérené

]-f#ﬂ ﬂ""’"ﬂ.—ﬂ"‘M | ITrakcl
S o e

S i |pedeatoionte] | .. f'”"i}?l e V materské fazi

P e o | If%'fmwa (extrapolace do feroické faze)

7L

g W0 00 M6 W0 %0 60 0T amw

_r——h-

e \e feroické fazi
Fig. 1430. Bi,Tiz0,,. Lattice parameters vs. T [61S15].

LB Tables Ill/16a

Obecny vztah pro slozky tenzoru deformace

J.L.Schlenker, G.V.Gibbs, M.B.Boisen, Jr.: Acta Cryst. A34 (1978) 52-54
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4/ mmm— m,, |<' .
a

8 feroelektrickych DS X
4 feroelastickych DS ;;::._.v_‘ ....... ‘

P.>>P_

KAt Eflﬁr ﬁ T
;’”: .o ¢
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Spontanni deformace/polarizace (soufadnice v materské fazi)

EE _

‘S‘(l)= ‘S;.Z ‘S;.l _‘S;.3 _(\/_ ar \/— a,P) P”=(_ﬁg;ﬁg,—e)
&‘513 513 ‘5;,3 J
( 511 _512 513\ 1 1

S = _512 511 513 P”l_(\/_ a’\/_ a’ c) PY = ( ﬁe’_ﬁe1_e‘)
\ 513 513 ‘S;s)
( 511 512 _513\ 1 1

5(3)= ‘S;.Z ‘S;.l ‘S;.S _( \/_ a’\/_ a’P) Pw_(ﬁloa’_ﬁ/oa’_e)
"~ 513 513 5;,3 Y,
( 5;1 _5;2 _513 1 1 1

S§Y = _512 511 _513 _( \/— P,— \/— ) PWI= T TP_PC)
" ‘Sia _‘Sia 533

L DGR
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Orientace doménové stény

(d5?)? — (d5V)? = (§2 — 59 ds,ds, = 0

Priklad

pro Bi,Ti;0,,

Par doménovych stén S\ (P11 p2)) and S2) (PB),pi4))

Dvé ko
Nabita
Neutrd

2.12.2011

(ds, —ia’%)a’s2 =0
S
12
mé doménoveé stény S
sténa (010) W-wall KZ—?B
ni sténa (10K) S-wall 12

88



Ex)

P(5) p(6)
(1-10)
(001)

P(7) p@8)

S() N/A
p(1) p(2)
S@) N/A
PB3) pa)
S(3)
pP(5) p(6)
S(4)

P(7) p@8)
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W-walls

= W,_, - libovolna orientace stény

= W, —fixovana krystalograficka rovina stény
S-walls (“strange” walls, W’-walls)

= S, —smer P

= S, = by a Qyy

" S;—smer P, by a Qy

= S,—smér a velikost P, b, a Q

** % ﬂ&lllll[l
Eflﬁr T
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W._. - libovolna orientace stén

W.W; — fixovana krystalograficka orientace stén
W.S —fixovana a ,strange” sténa

SS — par ,,strange” stén

R — nejsou dovoleny stéeny mezi dvéma doménami

J.Fousek, V.Janovec: J.Appl.Phys. 40 (1969) 135
J.Sapriel: Phys.Rev. B12 (1975) 5128
J.Erhart: Phase Transitions 77 (2004) 989-1074
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Dipolové momenty jsou castecné kompenzovany

Preorientace az pri vyssich

> U

polich

* ¥ & ﬁ&]llll[l
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Nelinearni stavové rovnice
Sij = dyij Ex + Qijki Pk B

Bez krystalografickych omezeni!

Vsechny latky maji elektrostrikéni vlastnosti

T
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Ex)

Elektrostrikéni koeficienty Q,;, Q;,, Qs

(S1) (Qu Q2 Q2 0 0

So| |Q2 Qi1 Q2 0 0 0 Ps
S3| [Quz Q2 Q1 O O
S4 0 0 0 Qg 0 O P, P
S5 0 0 0 0 Qu O PP,
6 L0 0 0 0 0 Qu) (AR,
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Prenos energie mezi mechanickou a elektrickou formou

12 _ electrical energy converted to mechanical energy

input electrical energy

_ mechanical energy converted to electrical energy

;:2
input mechanical energy

** % ﬂ&lllll[l
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e Ef ° T
;’”: I.o 32
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2 B
_ d33 """" !
B~ E T Mechanical i
533€33 cycle Slope:sas”
'.-_
A = Al
_DBt ------ T miax
B :
Electrical :
cycle 1
A : —E3

o

Transducer 1,
E;
F

Fig. 18.2. Diagram showing a conversion cycle of mechanical to electrical energy
to illustrate the relation between the electromechanical coupling factor kzz and
dg:h EggT, and S33E

W.Heywang, K.Lubitz, W.Wersing (edts.): Piezoelectricity, Springer Verlag 2008
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Dalsi mody

PFiEny

2
k2 . d31
31~ fF 71

511€33

tloustkovy

2
€33
kl? _
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tloustkoveé stFiing

d;;

E T
Sg5E11

2 _
k15—

radialné rozpinavy

2d2;

k2 =
P~ T, E _E
£33(S11 + S12)
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P, P, E. koercitivni pole

P.Cim?
0.6

0.4F

02

0.0

—E; 'E,
-3 -2 -1 0 1 2 3

field strength, KV/mm

P -

31/4 — 'r"*

v E I\ ﬁ . TTTITTT
: : [ ] K
* * Io 3
!'! . E
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Feroelasticita feroelektrické latky

T
d3z = € 33 ga3,

SaP' =2 Qa3 Pr Ps = gaa P, dsz = 2 Qs3*e' 33 P,.
Za3 = 2 Q33" P,
S:F" = strain at constant remanent polarisation F.. Sg'%"

| | M
/N (| o
ab e NN v
EAN | |
sr
Sy T il L
0 : : 4 ' e

Vamsits, s L e

field strength, KV/mm
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Permitivita — komplexni hodnoty .

1 - 11 g
E=&—-)& tan(5):g,

Disipovany vykon = ztrata energie za 1s

C"l° _ C'l?
o(C¥+C"?) ~ @(C?+C"?)

P=U.-1=2Z.1%=

C = (g'—jg")j =C'-jc"

1 C'-jC'

Z = =
©jeoC  o(C?+C?)

[TTITT
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Elastické vlastnosti - komplexni
S — SI_ jSII
Koeficient mechanicke kvality Q,,

1
) 27mech kezﬁ

Qm

T
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Priklad pro symetrii 4mm

Mechanicky tlak Mechanicka deformace
1 . onn, 033
M1 = Q1911+ G252 + 3533 %11 = ¥4 1 Y1 22 Y3 fs3
T2 = G251+ Q1522 + 13533 5, -t _oug 9%,
I33 = 351 + 352 + 033533 Y1 Y1 Y3
1 o11 o11
S3=——Nh3-——-h1—-——= M1
133 "1 "1

&I Illlllﬂ
-

§
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Maticovy tvar s;,=1/Y,
cl=s Ses=1/Y s
2
2013
Y3 =033 -
a1+ a2

¥, = (a1 - az)lcss(ay + a2) - 203]
(11033 — 0123

** ok L] T
INVESTICE DO ROZVOJE VZDELAVANI EVROPSKA UNIE y S %




