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Hierarchy of

Symmetry

11C i (21 Non-centrosymmetric )

1 Non-piezoelectric
(group 432)

20 Piezoelectric

(lo Pyroclectric j [m Non-pyroelectric ]

Piezoelectric: Coupling between electrical and mechanical energies in a
material, i.e. an applied stress leads to a change in polarization

Pyroelectric: A material with a temperature-dependent polarization
This requires a material with a unique polar axis

Ferroelectrics are a sub-group of the pyroelectric classes in which the
spontaneous polarization can be reoriented between “equilibrium” states by
an applied electric field

= ALL FERROELECTRICS ARE BOTH PYROELECTRIC AND
PIEZOELECTRIC!
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Symmetry Elements

Translation

Mirror

Mirror/Reflection Symmetry

] horizontal
vertical mirror plane
mirror plane
symbol m

=
=

Rotational Symmetry
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Rotational Symmetry

R

180° rotation

Inversion

Combination Symmetry Elements

apply two symmetry operations to the same object at once

e.g. Roto-inversion axis: rotation + inversion:
— =inversion

2 346

2 =m

mirror is horizontal
if rotation is about
vertical axis
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Polar Crystals

* In order to have a net polarization in the
absence of an applied electric field, the
crystal must be polar, i.e., it needs to
have a vector direction unrelated by
symmetry to any other direction

* Built-in, spontaneous polarization is
typically temperature dependent,
yielding pyroelectricity

AP =t AT

Stereographic Projections

2/m 222 2 m

Every dipole No net Pg Net dipole is Net dipole is
cancelled by equal Not Pyroelectric  possible possible
and opposite P can be Pyroelectric and  Pyroelectric and
Non-polar generated under pi I ic pi I ic
No piezoelectricity ~ stress, therefore net Pgl| 2 net Pgin mirror
or pyroelectricity this point group is plane

potentially

piezoelectric

700 Pvroelectrics

Pyroelectricity due to:

Primary: Thermal displacement of O
relative to Zn

Secondary: Thermal expansion and
piezoelectricity

73= — 9.4 uC/m? K

L —(16z-6)q
Polarization = —————
\3a®

ZnO0 is polar, but not ferroelectric

First approximation to calculation s;:

Zn - O tetrahedra is distorted. O positioned at (1/3, 2/3, z), Zn at (1/3, 2/3, 0)
q = effective charge of ions
a = lattice parameter

z moves by ~ 0.264 x 10 A/KK

More quantitative calculations require determining the electronic redistribution as a (7
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Pyroelectricity in Ferroelectrics

BaTiO, ceramic
i dP
=
P
dar
AP
AT Temperature

Polarization change during a
second order ferroelectric transition

« Pyroelectric current appears as
ferroelectric is heated
« Can develop large pyroelectric

0 W T %0 coefficients near phase transition
T temperatures
« Typically, full polarization change is not
Landolt-Bornstein Tables used due to depoling 13

Pyroelectric Detectors

Uses

« Intruder alarms

» Thermal imaging

* Gas detection

» Heat source detection
for air conditioning

Advantages to film-based devices
» Low heat capacity (enabling high frequency imaging)
* Integration with on-chip electronics possible
* Uncooled detection is possible

7/7/11
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The Constitutive Equations

» In a 1D model of piezoelectric material, the electrical
polarization caused by strain consequent upon an
applied stress can be expressed as

P=eS S = strain (dimensionless)
e = piezoelectric stress constant (C/m?)

* For a conventional dielectric

D=¢E & = permittivity (F/m = CV-' m™)
D = electric displacement (C/m2)
E = electric field (V/m")




7/7/11

Piezoelectricity

Randall et al., in Piezoelectric Single Crystals (2004) 16

« For a piezoelectric material

D=¢eE+P €5 = permittivity at constant strain
=¢gE+eS

« It can also be shown (for a piezoelectric material) that

T=cES-eE cE = elastic stiffness at constant E

» Together, the expressions for D and T unambiguously
relate the electrical and mechanical properties and are
known as constitutive relations

— The constitutive relations can also be expressed by
three other pairs of equations, and in three dimensions

Reduced Notation

Material properties such as stiffness, ¢ = c;;; express
relationships between second rank tensors such as
stress, T = T}, and strain, S=S,,in3D

Generally this requires four subscript indices, i, j, k and /

A reduced (“engineering”) notation is often used

ij, kl: 11 22 33 23=32 31=13 12=21

1 1 1 1 1 1
1, J: 1 2 3 4 5 6

The indices /, J = 1, 2 and 3 represent primary directions
(i.e. compression coefficients) and the indices I, J=4, 5
and 6 represent rotation around these (i.e. shear
coefficients)




The Piezoelectric Matrix

» Piezoelectric materials are anisotropic and thus require
their parameters defined in three dimensions

» This is often done using the piezoelectric (or elasto-
electric) matrix

» The general matrix

(relating to the triclinic | =
crystal structure) has o :
45 independent . g

coefficients

3x6 3x3

Dielectric
€

Piezoelectric
€

» Symetric crystal structures allow the matrix to be
simplified too

LiNbO4 PZT PMN-PT
Trigonal 3m, Hexagonal 6mm, Tetragonal 4mm,
12 independent 10 independent 11 independent
coefficients coefficients coefficients

“t

[
e’ '\::./'

“ SN SN

[ ] (=X ) [ ] [ = X [ ]

® Definedby ~— Numerical equality = Twice negative of linked value
symmetry O Negative of linked value® (¢}, —¢,) /2

From D.A. Berlincourt, D.R. Curran and H. Jaffe “Piezoelectric
and Piezomagnetic Materials” in W.P. Mason (ed.) Physical
Acoustics IA 169 — 270 (1964)

Electromechanical Coupling

Coupling Dimensional
Coefficient Mode Sample Shape Constraints
vansverse .
w o | === s
radia [N
ickass <.
k s $ ! >0
mode
ongtucinal N
kag engih mds ﬂ @ t C
ioknass NN
Kis desmese = T
1= length
Polarization Direction of w=width
g Direction: particle displacement: £= thickness
d = diameter

21
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Compressive l
stress || ¢

becomes (+)

Structural Origin of Piezoelectricity: ZnO

All Zn tetrahedra are in the same orientation|

ZnO bond length is I Compressive
less compressible stress ¢

—— thanO-2Zn-0
1 bond angle

* Zn moves closer to
b 3 basal O, that side

NOT

22

Piezoelectricity in Quartz

Piezoelectric effect develops due
to rigid rotation of tetrahedra

Piezoelectric Ceramics

« Commercially most important piezoelectric ceramics are based on

PbZr, ,Ti,O, (PZT) solid solution

e

~ =

v -

% s Tetragonal
1

£ '

2 [rs—

y Monoclink:

PbZrO, Composition (mol%) PbTiO.

laffe Caok and .laffe Piezoelectric Ceramics: Albert:

Multi-axial ferroelectrics enhance poling efficiency
Morphotropic phase boundaries used to enhance response

8
8

- |
2s°c |

, B0t c/n)

8
8

°

PIEZOELECTRIC CHARGE COEFFICIENT

8

o g 0

Mole Fraction PbTiO3 in PZT

Glo Bhals Fero Rev 41 %]
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Definition of a Ferroelectric

In the limit of a properly oriented single crystal, a ferroelectric phase is one
in which the spontaneous polarization can be reoriented between possible
equilibrium directions (determined by the crystallography of the system) by
a realizable electric field.

25

Order-Disorder Ferroelectrics

KDP KH,PO, T =123K Potassium dihydrogen phosphate

KD,PO, T, =220K
& 2 b
-, E AN g § § §

Khiro. mmm: foletc NH1,PO,, Full 3 { i ey pcn s e
esented by solid and open il

TGS (NH,CH,COOH), H,SO, ~T,=322K  Triglycine Sulphate

NaNO, . T.=456K g Sodium Nitrite

Phase Transition Sequence in
BaTiO-

BaTiO3 Phase
Transition Sequence

All displacements have been
multiplied by 5

27
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Phase Transitions in BaTiO4

Tetragonal Orthorhombic Rhombohedral

P, develops along (referenced to the cubic prototype cell):

Tetragonal <100> 6 equivalent directions
Orthorhombic <110> 12 equivalent directions
Rhombohedral <111> 8 equivalent directions

28

Ferroelectric Phase Transitions e« satio,)

Spontaneous Polarization

D%N Symmetry/Structure Changes

100 60 60 40 % 6 %0 40 80 8 100,
Tomperature’C

Dielectric Permittivity £ 2o oy

It 398

Tetragonal

* 3.97) 1 L 1 L |
12107 1 3 i =i60 5% o 56 00 50
Temperoture, °C
1o b E

s100 F

¢, = k = relative dielectric

610 |

Dielectric Constant

ook permittivity
o " Do e e
Temperature (°C) 29
Temperature Dependence of
Piezoelectric Response: BaTiO,
500 — . )
L * Piezoelectric
a00f . ] coefficients increase
> _ as transition
O 300F . b temperature is
IS o, s approached (at least
9 200F ' . until samples depole)
° . ° * Large piezoelectric
100 1 coefficients are
3m | mm2 4mm available over a
950100 -50 0 50 100 150  Narrow temperature
Temperature, T/ °C range near
polymorphic phase
transformations
Wada and Tsurumi. in Piezoelectric Single Crystals and Their Application 30
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BaTiO;: Applied Hydrostatic

Pressure
C
1 “ i i « Applied hydrostatic pressure
@ o favors lower volume phases
(especially the cubic and
. 1 rhombohedral phases in many
g wl- i perovskites)
% » tetr [
&
AN
r ~
40 o AN
-60 =

0 4 8 1 B 2 0 3
Pressure

Landolt-Bornstein Tables

31

Domains in Perovskites

Cubic: Pm3m Tetragonal: P4mm Rhombohedral: R3m

No domains 90°, 180° domain walls 71°,109°, and 180°
. domain walls

Domains in Tetragonal BaTiO,

Twin domain walls have crystallographic habit planes
related to the symmetry of the paraelectric phase. e.g.

TTT
I

90° wall in BaTiO,

From Moulson and Herbert,
Electroceramics

33
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Tilt Transitions in Perovskites
Untilted perovskite Tilted

Asite
O coordination

?
%

* Many perovksites show tilt transitions, some of which are non-polar.
Ex. SrTiO3, NaNbO,, CaTiO,

Perovskite structure collapses around small A-site ions

This often leads to antiparallel rotation motions, and no ferroelectricity
(though a ferroelectric phase can often be induced by an applied
electric field)

34
Bi-Layer Structure Ferroelectrics
Bi,M,.1RO3143, N =1,2,3,4,5
Bi,0, layers interleaved with perovskite-like M, R, O,,,, layers
o @ (] B 11,0,
e 1 11,0,
MNP ° P, develops 2
N : components: ~
° 50 uC/em?
.2<.> along a,
NV ~4 puC/em?
©o ©° along ¢ (L to
e o _o layers)
112>/L
SrBi,Ta,O.
[ D-¢J L] 222020
>‘w/\ P, develops
o o o parallel to layers
OO0 (Lc)
e o ©s e Oo
SBT Bi,Ti,O,, 35
LiNbO,

* LiNbO, has
T,~1170°C

« Polarization develops
along c axis (180°
domain walls only)

» An important material
for electrooptics, and
high frequency or
high temperatures
transducers

36
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Tetragonal Tungsten Bronzes: Sr,Ba; , Nb,Og4

P. || caxis
Therefore, in a random ceramic, poling is inefficient, and properties
are very low compared to single crystals

Sr,Ba, Nb,0; (SBN)

« solid solution when x = 0.25-0.75

« tetragonal tungsten bronze
structure

« electro-optic, piezoelectric,
pyroelectric, and photorefractive
applications

Sry sBay sNb,04 (SBN50) single
crystal properties in c direction:
dys = 90-110 pC/N

P, = 25-35 uC/cm?

£33 = 81,000 at T, = 118°C

7 =6 x 102 uC/cm2°C at 25°C

R.R. Neurgaonkar et al., Ferroelectrics 142, 167-188 (1993)

PVDEF: Polyvinylidene DiFluoride

. ® Fluorine
QN ¢ % carbon o phase — not ferroelectric
(™ [ Hydrogen

L] L] L] L] L] L]

B phase — ferroelectric
CL (L LU (L WL

« PVDF has a much lower density and acoustic impedance
than PZT, but also much smaller piezoelectric constants
» Mechanical poling facilitates chain alignment

SbSI and the Origin of

Piezoelectric Composites

SbSI: a “1-d” ferroelectric Underwater sensing with piezoelectrics
Py = d3305+d3,0,4d3,0,

d;; = piezoelectric coefficient
O, = stress

dy, =dg; +2dy,
Most perovskites have ds /d;; ~-0.43,
therefore d;, ~ 0

SbSI ferroelectric chain compound
dy /dy; ~-0.125

1-3 composites are essentially a means
of engineering d; /d;;

7/7/11
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Composite Piezoelectrics

* Composite

* Base compound 3k

dg4?/relative permittivity
(bulk, MKS units)

1234567809101112131418
Piezoelectric/Transducer Design

Tressler, et al., Composites A., 30 (1999), pp. 477-482.
40
Dielectric’s Response to E,,
- state T T T T T T T T
2
]
+ EIE PO L2
- A \%vllaxfww“'
/r/'\ 107 10° 1070 10 :Lu"l:y 107 100 107 10
T2
P « Each of these mechanisms

contributes to the measured

OD . dielectric constant

AR ) N N .
D ' « Low frequency dispersion in a
J—

=S by space charge polarizability
@ ® (trapped charge is common in
poorly processed materials)

) normal ferroelectric is often caused
s

Moulson and Herbert, Electroceramics 4
Electronic Polarization 1
Atomic Polarization 1 :
Polarization i |
Hopping Polarization | H |
Space Charge & Inter- | | | |
[ facial Pclan"gaﬁun 1 e C——>— B —’E*—A —*j
| P
i i i g
: : i v
102 1 102 1108 108 E 108 1010 102 10" 10'8 108
@on (@9, @) (@0
Relaxation Regime }-. Resonance Regime _-‘
—! < Absorption
e Band
5{ ¥ Norora
o—= (@on (@9, @) (@0
Kao, K.C., Dielectric Phenomena in Solids. 2004, Elsevier 42
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Small Signal Dielectric Properties

(i) Phase Transition Behavior } T L]

Taing
WI + Tl

B . T
27y

Temperature 7.(°C)

(a) BaTiO, is firstorder: ¢’ = g%msx 105°C
(b) LiTaO, is second order' = TCQTLG x 10%5°C
—ic

(c) In order-disorder ferroelectrics, e.g. TGS, KDP; C ~ 10°°C

(d) Often the dielectric a.c. measurements are adiabatic in the presence of a
polarization. Only in the centrosymmetric phase are the dielectric
constants under isothermal and adiabatic conditions equivalent. 43

(i) Piezoelectric and Elastic Clamping

H
8

ric Constant
o<zl
>
nezll
ol

100} L
21556000 =

.
o560
Field, volt/em
(a)

If material is not free to deform,
its polarizability changes relative
to free state

Dielectric Constant, ¢

H o o
& ool ‘% 05
| Popogog 0§ )
50—t o505 T4 Wo o
Temperature, 44

X-ray Measurements
of Grain-grain
Coupling

I 800}
Electric Field i jon
600+ /gﬂﬂ‘
i

dss (pmIv)

o
Sontribution

O la o
[ bution
—> |7 200/ ominear contri

‘ Linear contribution

10 dz3 (pmIV)

®

04
<
§ 03 SO,
H AFrom lattice
z f A
£ o2 FEstrain 3wt
H N\ -
H e
o1r g AFL m ‘
¥ |Fromsocumoton
Pramanick, J. Am. Ceram. Soc. 94 (2011) 00 200 a0 s00 800

Electric Field Amplitude (V/mm)

7/7/11
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Temperature (°C)

Jaffe, Cook, and Jaffe, Piezoelectric Ceramics; Alberta, Guo,

Piezoelectric Ceramics

Commercially most important piezoelectric ceramics are
based on PbZr,,Ti,O; (PZT) solid solution

Multi-axial ferroelectrics enhance poling efficiency
Morphotropic phase boundaries used to enhance response

8
8

AAAAAAAAA VP TPUPT IOV 1| U VEVIN TOUIT TUPT TP

0 10 2 30 40 S0 60 70 80

PbZrO,

‘Composition (mol%)

H
STt S 25°C i ‘
5
M
& 400
j— £
g
g |
Monoclinic 3 o
¢
g
3
9% 100 g
. N
PBTIO Y &-+og5 s )
Mole Fraction PbTiO3 in PZT
T T 46

Dielectric Hysteresis in Ferroelectrics

P, = Remanent polarization E_ = Coercive field

*Hysteresis loop is a consequence of the domain reorientation
+Poling is required to generate a net piezoelectric coefficient

47

Domain Changes During Poling: Net
Polarization of Each Grain

(a) unpoled
(b) partially poled

(c) saturation
polarization

(d) stress depoling in

ferroelastic
ferroelectric

Moulson and Herbert, Electroceramics

48
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Hard and Soft PZT Ceramics

Property | Undoped Hard Soft Piezoelectrically soft
PZT 52/48 PZT - 4 PZT -5 materials have lower
T, 386°C T28°C 365°C Tc,e.9. PZT-5H, T, =
200°C, are easy to
e (LkHz)  |730 1300 1700 pole and depole, and
tan & (1 kHz) |0-004 0.004 0.02 typically have larger
electromechanical
d;; pC/N) (220 289 374 coefficients
d,, (pCN) |93 123 71 Piezoelectrically hard
materials have higher
d;s (pC/N) (494 496 584 T, e.g. PZT-4 or
K, 0.52 0.58 0.60 PZT-8
= o 570 5 T.=350°C, are
3 67 7 0.7 difficult to pole and
ks, 0.31 0.33 0.34 depole, and typically
c 060 o 068 have smaller
" : : . electromechanical
coefficients

From Jaffe. Cook. and Jaffe, Piezoelectric Ceramics 49

Aliovalent Dopants
Doping can be compensated IONICALLY or ELECTRONICALLY

lonic Compensation:
Donor Doping: Pb(Zr,Ti,)O; doped with La%*
[Lapy] = 2[Vp,']
Acceptor Doping: Pb(Zr,_,Ti,)O; doped with Fe3*
2[Vy"] = [Fey]

Electronic Compensation
Donor Doping: BaTiO, doped with La3*
[Lag,7=n afree electron!

* Reorientation of defect dipoles distinguishes soft and hard PZT
* V" are often mobile at room temperature under field. These
strongly affect reliability

Pinning Creates Hysteretic Responses

Intrinsic — deformation of lattice Extrinsic — domain wall or phase boundary mof

Field

Domain wall
Electric Field

Reversible

(\ Irreversible
|

A\ /'j \V\Jﬂ 0 f\
I\ ViV

D. Damjanovic, NATO Science Series 3.
High Technology 76 (2000) 123

Wall position

7/7/11
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Intrinsic and Extrinsic Contributions

 Intrinsic contribution: response from single domain
» Extrinsic Contribution: r from d in wall
defects
» Domain wall motion contributes to about 50% of the dielectric
and piezoelectric response in PZT ceramics
Q. M. Zhang et al., J. Appl. Phys., 75, 454(1994)
D. Damjanovic et al., Proc. IEEE Ultrasonics Symposium, pp 251

and

P

Intrinsic Contribution 180° domain
T wall motion e Ps .
PP % - — inon-180° domain
! wall motion
E | E 1
1 { Ps |I l —~
Py i i
! 1
il |
I
14 LI

Permittivity

Domain Wall Contributions to Properties
(Extrinsic)

Intrinsic
Response associated with .
appropriate averaging of single

Extrinsic
Response associated with motion
of domain walls or defects

domain single crystal properties
*  Can be predicted from «  Donor dopants in PZT (e.g. La**, Nb5*, Sb™*)

thermodynamic theory enhance extrinsic contributions => soft
piezoelectric materials

+ Acceptor dopants in PZT (e.g. Fe*) reduce

3000
domain mobility, = hard piezoelectric materials

Soft PZT

«  Extrinsic properties are thermally activated. As
temperature = 0K, observed properties are due
to intrinsic contribution

g

logy: ~50% of room

piezoelectric response is extrinsic (Haun, Ph. D.
thesis, Penn State)

*  Hydrostatic measurements: Domain wall
motion contributes ~60% of room temperature
dy; (Zhang et al., JAP 75 454; Zhang et al., J.

Hard PZT

E

phenomenological theory

5 m 200 S0 Mat. Sci. 18,968)
Temperature (K) *  Phase measurements: at MPB, ~19% of d;; due
to irreversible wall motion, ~30% at PZT 63/47
(Damjanovich et al., ISAF Proc. 1996)
Rayleigh law
' ' " | [
=& init +a£ Eac d 337 d 33,init +ad Eac

&

constant at zero field due to intrinsic lattice and reversible contributions.

4 B
init is the relative dielectric constant and (l’ 33 init the piezoelectric

’
a Ea(’ is due to the irreversible displacement of the domain walls or phase

boundaries under ac field drive.

Only at sub-switching conditions,
where the density and the structure of
the domain walls and phase boundaries
remain unchanged with field cycling.

irreversible

I

Potential enery

Sub-switching fields
1/3-1/2 of Ec

Position of the wall
Neel L.; Cahier de Physique; 1942,12, 1
Damjanovic, D.;
Damjanovic, D.; Phys. Rev. B; 1997, 55, R649

7/7/11
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Factors Affecting Domain Wall
Mobility in Ferroelectrics

Grain boundaries produce grain size dependence
Defect dipoles producing pinching

VBa"'Vo"

Oxygen vacancy itself
is not effective in
pinning domain walls

Defect dipole in the shell Dielectric / electrode interface produces
produced the sublinear response. thickness dependence
Mny* and Mn;"™-V,*

Amplitude and Frequency Dependence

Data for PZT ceramics

350 02 350

0.15
300 < 300
g fore E
g A B
= ] =
250 1 250
< 0.05
i
200 0 200,
o 0 5 0.1 10 100

1 2 3 4 1
Amplitude of AC pressure (MPa) Frequency (Hz)

Piezoelectric coefficients are complex numbers that
depend on the excitation field, frequency, and time

Damianovic et al.. Sens. Act. A53 353 (1996)

Hysteresis and Amplitude Dependence

600
o—Qq
—d, // 160

d, =185+ 17.70,

Rayleigh approach

8

dy(0,)=d,,;, +ao,

8
8

@
g
g

0=y +aao>a:§<a3 -o?)

S

/{»uescn 776,

o 130

2
g

600

Q=185+ 177 09 0 £ 1772 (0F- o)

100F o e data
opam o o5 1 s 2 25
200 calculated with Eq. ¢ Amplitude of ac pressure, G (MPa)

/ Describes motion of domain walls in
200 / random local fields
ol o a quantifies irreversibility of wall

8

Amplitude of charge density, Q , (pC/mm’

Gharge density, Q (pC/mm’)

motion
800 —————— ., * Appropriate for small excitation
Pressure, G (MPa) fields

DeMartin and Damjanovic, J. Phys. C: Cond. Matter 9 (1997) 4943-4953.
D_Damianavic . Aonl Phvs 82 1788 (1997)

7/7/11
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Why Does This Matter From
a Practical Standpoint?

Table 1 Comparison of the Rayleigh coefficients for the dielectric response of various ferroelectric ceramics and thin films.

Composition Sample Orientation Eu o (emkV)® @/ (cmkV)
Femroperm PZ26 (Hard) ceramic 1365 67" 0049 hard
soft PZT Ceramic 1820 320 018
PZT ZeTi=58:42 Ceramic 530 130 025 e
PZT ZrTi=58:42+0.2% Nb  Ceramic 540 056
soft PZT Ceramic 1450 062
PZT ZeTi=45:55 Film 1.3 um (1) 888 0.0088
PZT ZeTi=45:55 Film 1.5 um (1) 1340 0.0097

Film 890 0020

0.9 um thick film  (100) Unpoled 1288+13 0.03+0.002

0.9 um thick film  (100) Poled 1,098£9 00330002

: 0.9 ym thick film (1) Unpoled 109710 0.026+0.001

PZT ZeTi=52:48 0.9 um thick film (1) Poled 980420 0.0240.002
PMN-PT 1 um thick film (100) Unpoled 0.0300.002
PMN-PT 1 um thick film (100) Poled 0.0290.002
PMN-PT 0.6 um thick film (1) Unpoled 0.023+0.001
PMN-PT 0.6 um thick film (1) Poled 0.0200.002
PYbN-PT 0.6 um thick film (1) 0.014+0.0005
PTIO; 026 um thick film {100} and {111} 0.0096+0.002

= 2-3d; (hard PZT)

Bassiri-Gharb et al., J.

» PZT films are harder than hardest bulk ceramics Electroceramics, 2007
2200
2000 Tnereasin;

Dielectric Permittivity Measured :suu

with Increasing ac Field
Amplitude

et
800 debia

1400
¥ 1200

1000

2800
2600
E 2400
]
§ 20
L2
£ 2000
8
2 1800
1600
1400
0
0 50 100 150
E, (kVicm) 59
Properties drop off logarithmically with time
« Impacts dielectric, piezoelectric,
electrostrictive, and pyroelectric
properties of ferroelectric
e materials.
« Aging involves the stabilization of
z extrinsic polarization mechanisms;
% i.e., pinning domain walls, which
&F reduces the overall permittivity of
arfedonraic the material.
1.8 um thick 62/48 PZT Ty .
—4— 25 um thick 52/48 PZT + Aging losses can be recovered

10
Aging Time (min.)

through increasing temperature or
electric field.

Relaxor ferroelectrics more
susceptible to aging owing to
dynamic micropolar states.

Shepard et al., J. Appl. Phys. 85 6711 (1999).

60

7/7/11
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Relaxor Ferroelectric - PbTiO; Single
Crystals

24
b | [0o1]
1 | LT it
‘ [ R
'/" ' ltj v (001) d.w.
ol B Ei'::fw ! : ] [010]
~ 1000 ;a;, a [100] (110) d.w.
Zlol) ~;‘ 0 20 40 60 80 100 120
2 o ) Electric Field (kV/em)
- o In rhombohedral PZN-PT measured
along pseudocubic [001]:
Curie Temperature(°C) k33 >90%
dj3 > 2000 pC/N
T.R. Shrout, strain up to 1.7%
S-E. Park
Y. Yamashita 61

High Strain Single Crystals

gl | Park and Shrout, J. Appl. Phys 82 1804
o —sigacrr| (1997)

P
04

£
<
] / V |
o o FZESH
" compranrt | i
ot ooz
0‘00 20 40 60 8 100
Electric Field (kV/em)
PL<Pp<Pyy Pp=P gy
on switching to high field phase Induced Phase
Initial state of witching bac
;)‘nl]cadcl:;tl; RaPr (p, < p, on switching back)

PL=Poiis

i)

62

""" Orientation Dependence of Piezoelectric Response
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MPB in Relaxor-PbTiO; Systems
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« In many materials, the morphotropic phase boundary is curved

This can lead to field-induced phase transitions, and additional
hysteresis

Z. G. Ye. in Piezoelectric Single Crystals and Their A|

lication (2004 o4

Texture in Lead-Free
Ferroelectrics
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Designing New Morphotropic
Phase Boundaries
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Summary

« Symmetry hierarchy in polar materials

 Important piezoelectric materials and
their structures

* Intrinsic and extrinsic contributions to
the piezoelectric coefficient
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