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| Introduction

IA General remarks

The present Volume 111/36, which consists of two subvolumes A and B, is a revised, updated and ex-
tended edition of Landolt-Bérnstein, New Series, Group lll, Vol. 16 "Ferroelectrics and Related Sub-
stances" [81Mit, 82Mit] and Vol. 28 (supplement to Vol. 16) [90Nak1, 90Nak2]. In the compilation work

for the last volume 111/28, survey was made mainly on the references published before 1986. Since then
many papers were published concerning ferroelectricity, as indicated by that the Toyoda bibliography
[93Toy] contains about 30000 papers published on ferroelectrics between 1987 and 1993. During this
period and the succeeding years, many ferroelectrics were discovered and new experimental techniques
were developed. This new edition 111/36 is planned in response to this situation.

Materials treated in Vol. 11l/36 are ferroelectric and antiferroelectric substances (including solid
solutions) as well as substances closely related to them. The subvolume A is for oxides and B for non-
oxides including liquid crystals. The data included in Vol. I1l/36 are those which give information on the
ferroelectric or antiferroelectric character of the substance and are important in connection with it.
Figures and tables are presented only when they seemed to be reliable. In some cases, references are
given without presenting numerical data for user's convenience. The compilation of data has been made
on the basis of a bibliography prepared by Toyoda [93Toy] and a supplement to it, covering the years
from 1921, when Valasek found the ferroelectric effect in Rochelle salt, till the end of 1995. INSPEC
also was helpful to search data. More recent data, published in 1996, have been taken into account as far
as possible. The bibliography [93Toy] includes 71300 references to literature on ferroelectrics and
related substances from 1921 to 1993. Number of ferroelectrics families increases from 48 in 111/28 to 72
in 111/36. Numbers of tables and figures increase from 395 and 2430 in Ill/16a and 111/28a (supplement to
I1l/16a) to 536 and 3411 in I1I/36A, respectively.

Printed version and the electronic version on CD-ROM

This subvolume consists of a printed version and an electronic version on CD-ROM. All the compiled
data can be found in the CD-ROM. Abundance and diversity of the data, however, makes it difficult to
overview the relevant research field, and thus the printed version is designed to survey the present status
of ferroelectrics research and to grasp the contents of CD-ROM. About 6% of tables and 28% of figures
in CD-ROM are selected and presented in the printed version. Captions of the tables and figures which
appear only in the CD-ROM are presented also in the printed version.

IB Definition of ferroelectrics and antiferroelectrics

A ferroelectric crystal is defined as a crystal which belongs to the pyroelectric family (i.e. shows a
spontaneous electric polarization), and whose direction of spontaneous polarization can be reversed by an
electric field. An antiferroelectric crystal is defined as a crystal whose structure can be considered as
being composed of two sublattices polarizing spontaneously in antiparallel directions at least in one
projection, and whose ferroelectric phase can be induced by applying an electric field. Experimentally the
reversal of the spontaneous polarization in ferroelectrics is observed as a single hysteresis loop (Fig. 1B-
1), and the induced phase transition in antiferroelectrics as a double hysteresis loop (Fig. IB-2), when a
low-frequency ac field of a suitable strength is applied.
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The spontaneous polarization in ferroelectrics and the sublattice polarizations in antiferroelectrics are
analogous to their magnetic counterparts. As described above, however, these polarizations are a neces-
sary, but not a sufficient condition for ferroelectricity or antiferroelectricity. In other words, ferro-
electricity and antiferroelectricity are concepts based not only upon crystal structure, but also upon the
dielectric behavior of the crystal. It is a common dielectric character of ferroelectrics and antiferro-
electrics that in a certain temperature range the dielectric polarization is observed as a two-valued
function of the electric field strength as shown in Figs. IB-1 and IB-2.

In general, the spontaneous polarization in ferroelectrics or the sublattice polarization in
antiferroelectrics can be regarded as a structural perturbation on a nonpolarized crystal. Such a non-
perturbed crystal structure is sometimes called a paraelectric structure. By definition, the paraelectric
structure can be realized by making the ferroelectric polarization or the sublattice polarization equal to
zero. The phase having a paraelectric structure is called a paraelectric phase. Usually ferroelectrics or
antiferroelectrics exhibit the paraelectric phase at high temperatures.

Some structural perturbation on a paraelectric state results in a state which neither has a spontaneous
polarization nor fits in the definition of antiferroelectrics. Such a crystal state is called nonpolar in this
volume.

Ferroelectricity in liquid crystals and high polymers

In the last two decades active studies have been made on ferroelectric liquid crystals and high polymers,
after ferroelectricity was considered as a characteristic property of solid crystals or ceramics for about 50
years. Ferroelectricity of these non-solid materials is attractive because of their applications to fast
display elements and soft transducer, in addition to the pure scientific interest.

Ferroelectric liquid crystals are defined as those which exhibit the ferroelectric hysteresis loop as
shown in Fig. IB-1. Unlike the ferroelectric crystals, however, these ferroelectric liquid crystals have no
spontaneous polarization as a bulk in general. For instance, the chiral smectic C phase of DOBAMBC
consists of many layers, each of which has spontaneous polarization parallel to the layer plane, but the
spontaneous polarization is helically distributed in different directions from layer to layer, so that the bulk
of DOBAMBC has no spontaneous polarization as a whole. Although this structural feature is somewhat
similar to antiferroelectrics, observed hysteresis loop becomes the one as shown in Fig. IB-1 because the
helical structure does not have a chance to appear under the alternating electric field due to its transition
delay and direct reversal of the polarization occurs between the induced ferroelectric phases, and thus the
linear part of the antiferroelectric hysteresis in Fig. IB-2 is eliminated. Some liquid crystals exhibit the
antiferroelectric hysteresis loop as shown in Fig. IB-2 when the linear part appears and are called
antiferroelectric. Data on ferroelectric, antiferroelectric and related liquid crystals are given in Chapter 71
in the Subvolume 111/36B2. Readers may consult [91Goo], [91Tay], [93Buk], [94Bli], [94Fuk], [98BlIi]
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for ferroelectric and antiferroelectric liquid crystals, and [80deJ], [92Cha], [93deG], [97Col] for general
review on liquid crystals.

Ferroelectric high polymers are usually prepared as thin films in which crystalline and amorphous
regions coexist, and the ferroelectric hysteresis loop originates from reversal of spontaneous polarization
in the crystal region [89Fur]. Electric field distribution is expected to be complex in the thin film because
of the interposition of the amorphous region. The ferroelectric hysteresis loop can be observed when
volume ratio of the crystal regions per total is relatively large (e.g., more than 50 %). Coercive field is
larger (e.g., > 50MV/m) compared to that of the solid ferroelectrics (usually a few MV/m or smaller).
Ferroelectric properties sensitively depend upon sample preparation, e.g., melt-quenching, melt-
extrusion, annealing temperature, poling, etc. [89Fur] and [97Kod]. Data on high polymer ferroelectrics
are presented in Chapter 72 in the Subvolume 111/36B2.

IC Remarks on some fundamental concepts and quantities

Data at room temperature

Throughout this volume, data in tables and figures should be understood as room temperature data if not
otherwise stated.

Presentation of experimental errors

In the tables of this volume, experimental errors are given in parentheses referring to the last decimal
places. For example, 1.356(12) stands for 1B5®L2 and 127.3(21) for 1223.1.

Chemical formulae

For all the complex perovskite-type oxides, chemical formulae such as FWLEO; or
Pb(Fe;W1/3)05 are used instead of formulae such agiRNb)Q or Ply(Fe;W)O, even when the oxides
have the ordered structure.

Molecular weight
The molecular weigh! is given following the chemical formula at the beginning of each section. It was
calculated with the atomic weight (the ratio of the mass per mole of the elements to 1/12 of the mass of
one mole of nuclides®C) recommended by the Commission on Atomic Weights and Isotopic
Abundances of [IUPAC in 1985 [861UP].

The following remarks are made according to the order of the subsections of Table IF-1. The number
in parentheses corresponds to that of the relevant subsection.

History of research(1)

Brief description is made on the history of research of the substance in each subsection 1a. In Section ID,
Figs. ID-1...3 give a survey on the history of research of ferroelectrics.

Name of phase and symbols for space groyf)

Phases are numbered as |, I, ... beginning with the high temperature phase. Space group is given both by
the international symbol and the Schoenflies symbol (e.g703§2). See [92Wil], for symbols of the
4-dimensional superspace groups for incommensurate phases.

Diffuse phase transitions(1)

The ferroelectric phase transition takes place in a relatively wide temperature range in disordered
perovskite-type oxides of complex compositions [e.g. PlhdMb,5)O5], and in some solid solutions of
tungsten-bronze-type oxides, etc. It is called a diffuse (or smeared) phase transition. In such cases the
transition temperaturé; can be given only as an average value, and is presented with (average), [e.g.

Landolt-Bdérnstein
New Series 111/36A1



4 | Introduction

140°C (average)] in figures and tables of this volume. Usually the average vafiésafetermined as
the peak position in the curve of low-frequency dielectric constant vs. temperature.

Crystal structure (3)

Most crystallographic nomenclatures are the same as in the International Tables for Crystallography
[65Lon], [83Hah], [92Wil]. Data expressed in kX units have been transformed to A units according to the
conversion factor 1 kX = 1.00202A [48Bra]. For some crystals, different systems of crystallographic

c axes are used in literature. Tagb, caxes adopted in this volume are those which seem to be most
widely used.

The notation [uvw] should be understood as a direction referred & thecaxes in the paraelectric
phase unless otherwise stated. KheY, Zaxes (the rectangular coordinates to describe vector and tensor
quantities) are parallel to tree b, caxes, respectively, when tlae b, caxes are perpendicular to each
other. In the monoclinic system (takihgparallel to the unique axisj || b, Z || c, andX forms a right-
handed rectangular system along with'YtendZ axes.

In crystal structure analysis, the atomic scattering factor is corrected for the thermal vibration by the
temperature factor. Various expressions have been proposed for it. The most frequently used ones are as
follows.

Temperature factor

= exp{—By:h* + Byk® + Bagl®+ Byshk + Byskl + Bsylh)} (a)
= exp{—§11° + byok® + bsd® + 20,0k + 20,5kl + 2bglh)} (b)
= exp{d/4 (@*?Byh*+ b*2Bk® + c**Byl® + 2a*b* Byhk + 2% c* Bkl + 2¢* a* Byylh)} (c)

= exp{— 2% (a*?U1h*+ b*2U k% + c*?Usd? + 2a*b*Uhk + 2o* ¢ Ukl + 2c*a* Ugqlh)} (d)
whereB;, by, B, andU; are called temperature parameters.
The isotropic temperature parameter (sometimes called Debye parasnistdgfined by:
= expfE B sirf 6/A?). (e)

In a few publications the mean square displacement of the aten®/(877), is listed instead dB.

Discrepancy indices in structure analysig3)

As a measure of reliability of the result of structure analysis of crystal, the discrepancyRndex
(sometimes called reliability factor) is used, which is defined by

R=3 [ F°OHOFS9m /5 F°PT,

whereF, is the structure factor of th& Bragg reflection, and the summation is extended over all the
observabld's.
In powder diffraction studies, discrepancy ind&xof intensity is used, which is defined by

RB =5 DIIObS_ IicaIcD/ s IiObS,

where |; is the integrated intensity of th& Bragg peak. In powder diffraction studies, profile of
diffraction peak is another source of information on the crystal structure. Structure analysis taking the
peak profile into account is usually called Rietveld profile refinement method due to his original work
[67Rie]. In this method, all the crystallographic parameters (i.e. atomic positions, temperature parameters
and the unit cell parameters) are refined simultaneously on the basis of a least square fitting procedure.
As a measure of fitness to experimental data, the following discrepancyRgglés used
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wherey; is the intensity of scattered X-rays (or neutrons) at the scattering alhghknd@s is the scale
factor (also adjusted during the refinement), ands the weight given by intensity statistics (e.g.
wi= 1/y,%).

In the case of neutron diffraction studiBs,. andRy.g,are defined as discrepancy indices for nuclear
and magnetic scatterings, respectively.

Dielectric and electrocaloric properties(5)

For methods of measuring dielectric constants at various frequencies readers may consult Field and
Westphal's article in [54von]. The isothermal dielectric permittigjtgnd pyroelectric (or electrocaloric)
coefficientp; are defined by the equations:

AD; = Zf:” Ej + pAT,
J
AS=3 pE + (pc/T) AT,
J

whereAD;, AT, andAS are changes of the component of electric displacement, temperature and entropy,
respectively, and;, p, ¢, andT are component of electric field strength, density, specific heat capacity
and the absolute temperature, respectively. \W&h= 0 in the above equations we have the expression

for the adiabatic dielectric permittivityijS :

&5 =& — (Tlpcy)pip;

The dielectric permittivities measured with the alternating current should be regarq%d as

Nonlinear properties of the polarizati®nand the straits against the electric fiele and the stres§
are characteristic of ferro- and antiferroelectrics. At constant temperature and stress, the electric field
strengthE is expressed by the Taylor series expansion as

E=(Llx,)P+EPP+ P

Therefore, values of and { are given as measures of the dielectric nonlinearity. They should be
understood as the values at atmospheric pressure unless otherwise stated. \jglaes pbt given in
this volume, but, in the paraelectric phase, they can be calculated with the relation

Xp = go(K - 1)!
wherek is the dielectric constant. In genemlpbeys the Curie-Weiss law above the Curie point;
K =Ko+ CI(T - 0O),

wherek,, is a temperature-independent term and sometimes small enough to be neglected compared with
the term C/(-0,).
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Usually the spontaneous polarizatiBnis determined by the extrapolation of the linear section of the
hysteresis loop from high values Bfto theP axis as shown in Fig. IB-1. But a few research workers
determinePs by putting it equal to the remanent polarizatidn In general, however, the difference
betweenPs obtained by the extrapolation aRdis within the experimental error.

Electromechanical and elastic propertieg7, 8)

Latin subscripts i and j stand for 1, 2, 3, and Greek subsaériptsandv for 1...6. The correspondence
between i, jand (ory,v)isasusual: 1,41; 2,25 2; 3,35 3;2,3-4; 3, 1-5; 1, 25 6.

In this volume the sign of the component of the stress tensor is defined as positive when it
produces a positive straff. The strain component is related to the compoBgat strain tensor by

S=§ fori=j
S =25 for i#j.

Taking the electrostriction into accouBtjs given by

S\ =3 éa)\“Tu + Zlfi)\ Pi +3 Q)\ij Pi Pj.
H | L

The electrostrictive constar,, are defined by

Qu=Qyj for i=j,
Q)\HZZQM] for |¢]

Other constants related to electromechanical and elastic properties are defined in the same manner and
expressed by the same symbols as in 2.1 of [66Bec]. Relations associated with electromechanical and
elastic constants are summarized in Table IC-1. Definitions and symbols of quantities related to
electrooptic and piezooptic effects are the same as in 3.1 of [66Bec]. Relations associated with
electrooptic and piezooptic constants are summarized in Table IC-2. For detailed discussions on
interaction between vector and tensor quantities readers are referred to [57Nye] and [66Mas]. Readers
may consult [86Lan] for theory of elasticity. For general reviews on electromechanical properties readers
may consult [46Cad], [50Mas], [64Mas], [93Bha] and [96Co0]. For second and higher order elastic
constants, see [92Eve]. For piezoelectric ceramics, see [71Jaf].

Table IC-1. Electromechanical and elastic constants: relations and definitions

(1) Piezoelectric equations

D; = Z%,-TEJ +20, T, E= ZB”-TDJ =20 Ty
3=zdj)\Ej+ZS/\iTp 3=zngDj+ZS)I\::1Tp
Di = ZQJSEJ + zap SJ Ei = ZﬁIJSD] + Zhip SJ
T)\:_Zq)\Ej-FZC)\EHSJ TA=—ZthDj+ZC)I\::15,1

(2) Relations between various constants

35S, G, =0 ((=EorD) SBe=9 (=SorT)
QA:ZdipCS\ diA:ZepSE)\
hir =2 giu CHD)\ Oin = 2 hiy SEA
ex=2 Eljshj)\ dr=2 «‘Ilegjp
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(3) Definitions of various electromechanical coupling factors.
The coupling factdk, is defined byk?=d? (g's5)™

The following two coupling factors are used as well:
a) planar coupling factor
k2 — 2d§1

02
- 5;3(31El+ §2) i QL_UE Ekgl

for a thin disc of piezoelectric ceramics which is poled perpendiculaoto:iPpisson ratio).

b) thickness coupling factde’ = €7, (&5

3 c,o'?a)'lfor a thin plate the thickness of which is alahg

(4) Definitions of electrostrictive constants.

0Qy fori=j
S=2 QPP and Q= Qi for i #]j
]

Table IC-2. Electrooptic and piezooptic constants: relations and definitions
(1) Index ellipsoid
Xt +ay +ag 2+ 2a,yz+ 2a57x+ 28Xy = 1 .

(2) Piezooptic and electrooptic equations

Nay =3 ME T, +3rlE+3 Ly EE . Aa)\ZZp)E}S,+Zr)§Ei+ZL)\S” EE

AaA:ZH)\zTV+Zp;Pi+ZM;j PP, Aa)\:Zp;S,+Zp)§Pi+ZM)§j PP,

and
. _ELDMjfori:j D_QME” fori=j

19 = = *=SorT
A L for i # | A My for i # | ( )

Acoustic surface waveg8)

The acoustic surface waves were treated first by Lord Rayleigh in 1885. They propagate through the thin
surface region with smaller velocities than bulk elastic waves. Recently engineers have been interested in
these properties of the surface waves for constructing signal-processing devices. Basic data on the surface
waves are presented in subsection 8a. Readers may consult [70Whi], [7OFar] and [780li] for basic
properties of the surface waves and recent development in application, and refer to [68Cam] and [72Far]
for analytic treatment of various devices.
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Optical properties (9)

For general reviews on crystal optics readers may consult [61Ram]. To describe nonlinear optical
properties related to second harmonic generation (SHG), a nonlinear susceptibility tensor is used, whose
componentsly are defined by

Pi(2v) = jzk & ik Ej(V)E(V) )

in the SI (MKSA) unit system, and by

Pi(2v) = Z]_ A Ei(V)E(V) (9)
in the cgs-esu system. HePe(2v) is a component of the second harmonic polarization of frequancy 2
generated by the electric field of light of frequengyE(v), and & is the dielectric permittivity of
vacuum. The SHG susceptibiligh, is defined byd,= dy for all combinations of j and k. (For the
convention on the contraction of these suffixes, see the preceding note on electromechanical and elastic
properties.) Kleinman showed that the SHG susceptibility tensor may exhibit greater symmetry than the
piezoelectric tensors [62Kle]. The relations deduced by him (the Kleinman conditions) are as follows:

d12= g Oi3=0ss, O14=0Cp5=0zs, Gi5=03;, Oig=0z, Oo3=03s Ops=0s

According to Egs. (f) and (gii, (MKSA) has the unit of  m and is converted ), (esu) by
3
dir(esu) " 0% dy (MKSA). (h)

In most casesgl, are given by relative values referring dgs of KH,PQ,, etc. An absolute scale
recommended in [84Jer] is given below.

Material di [-107*'m] A [um]

GaAs d14= 134(21) 10.6

LilOs dy= -7.1(1.14) 1.064
LiNbO; da; = —5.95(0.95) 1.064
Sio; d;;= 0.503(0.08) 1.064
NH4H,PO, ds= 0.76(0.12) 1.064
KH,PO, ds= 0.63(0.1) 1.064

For further information, readers may consult [87Eim] and [91Dmi]. It seems worthwhile giving the
following comments to avoid any misconception.

(i) The component®;(2v) andEj(v) stand for amplitudes of the polarization and the electric field, and
not the effective values of them.

(i) Conversion from Eq. (f) to Eqg. (g) is not made by the conventional substitggien:1/4rt This is
the reason why the factor 3#4l0* appears in Eq. (h), whereas usually the conversion factor for the
quantity given in V> m is 3:1 as shown in Table IE-3.

(i) Although the symbold, of SHG susceptibility is the same as that of the piezoelectric strain
constant, the relations between theand the tensor componedi are different in the two cases:
diy =djx for all i, j, k in case of SHG wheredg = d for j = k andd;, = 2dy for j # k in case of the
piezoelectric strain constant.
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Properties studied by light scattering(10)

Scattered light gives information on elementary excitations or optical inhomogeneities in materials when
they are irradiated by monochromatic light (usually laser beam). We shall use natatighg, gs for v
(frequency) and) (wave number vector) of the incident and scattered lights, respectivelfyand — v

andAq = g — gs. Naturally the unit ofAv is Hz in the SI (MKSA) unit system but in many publications

the frequency shift is expressed by the wave numbe)in vacuum in units of cim (kayser). In this
volumeAv is given in both units in most cases.

Data concerning Raman, Brillouin and Rayleigh scatterings are presented in the subsection 10 except
for elastic constants which are given in the subsection 8a. In Raman scattering, the frequefteyisshift
usually caused by molecular vibrations or optical lattice vibrations. Theis in general larger than
1.5-13" Hz (5 cmY). The light scattering caused by acoustic phonons is called Brillouin scattering, for
which Av is around 3-10..1.5-16" Hz (0.01...5crit). There are elastic or quasielastv & 0) scattering
processes which are caused by inhomogeneous distribution of the refractive index in a crystal. They are
called Rayleigh scattering.

The scattering geometry is expressed by a notation sugfXag§Xfor light scattering by a crystal.

The notation stands faf(e, e)gs whereg ande;s are polarization vectors of the incident and scattered
lights, respectively. Thus, the first and last letter @fY)Xindicate that propagation directions of the
incident and scattered lights are parallel to the@nd X axes, respectively, and the two letters in
parentheses indicate that polarization directions of the incident and scattered lights are paralk¢l to the
andY axes, respectively. Therefot&XY)Xcorresponds to the experimental set-up illustrated in Fig. IC-

la. In case of isotropic materials (or in case the detailed specification of the scattering geometry is
difficult or unnecessary), the geometry is expressed by two letters such as HV. They stand for directions
of g ande; referring to the plane determined fgyandg.. For instance, HV means thatis horizontal
(parallel) to the plane and is vertical (perpendicular) to the plane, as illustrated in Fig. IC-1b. Readers
may consult [76Bal] or [78Hay] for details of light scattering by crystals, and [74Sco] in the relation with
ferroelectrics.

Y A
Z\ /
i I //// es
I ;_'_/_ / >
| ’ / o
/'_/_/l______ a; &
)
// I
>X <> €
A
-1 € q
a “qi b

Fig. IC-1. Symbols on scattering geometries) Z(XY)X. (b) HV.

Models of lattice vibrations are classified according to the irreducible representations of the 32 crystal
point groups. Table IC-3 gives symbols for them together with information on their Raman and infrared
activities.

When a crystal has several infrared active modes with the same symmetry, they are usually numbered
by the order of increasing frequency. In this volume, the number is given as a subscript. For instance,
E(TO,) [or E(LO,)] is used to express thdowest-frequency transverse (or longitudinal) optic mode
with the E symmetry.

Readers are referred to [57Kos] or [72Bra] for the mathematical theory of symmetry, and to [64Hei]
for the Raman and infrared activities.
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Table IC-3. Point groups, irreducible representations, and Raman and infrared activities

Crystal system Point group

Irreducible representations

*) **) Raman active modes ***) Raman inactive modes ***)
Triclinic 1 C, AX, Y, 2)

1 G Ag AXY, 2)
Monoclinic 2 G A(Y), B(X, 2

m G A'(X, 2), A"(Y)

2/m CZh Ag' Bg Au(Y)! Bu(xl Z)
Orthorhombic 222 ) A, B1(2), Bx(Y), Bs(X)

2mm G, A(2), Az Bi(X), BAY)

mmm Dzh Agv Blg: BZg- BSg Au- Blu(z)r BZu(Y)r BSu(X)
Tetragonal 4 ¢ A(2), B, EX,Y)

Z S4 Av B(Z)! E(x! Y)

4/m Gain Ag By, By Au2), B, E(XY)

4mm Clv Al(z)v Bh BZa E(X, Y) A2

422 Dy Ay, By, By EXXY) Ax(2)

42m D2y Ay, By, By(2), E(X,Y) Az

4/mmm Dlh AIg- Blgy Bng Eg Ang Aluy AZU(Z)a Blu- BZuy Eu(xa Y)
Trigonal 3 G A(2), EXX, YY)

:_3 C3i Agv Eg AU(Z)! Eu(xl Y)

32 D; A, EXY) A(2)

3m G AD EXY) Az

3m Das Ay B A, Axl2), E((X,Y)
Hexagonal 6 (™ A(Z2), (X, ), E B

6 3an ALE'X YY), E" A"

6/m C6h A91 Elga E29 891 AU(Z), Elu(X1 Y)r E2u

622 Ds AL BE(XY), B As(2), By, B,

6mm G, A2, B(X, V), B Az By, By

6m2  Das  ALEXY)E" A A A'(D)

6/mmm Dy, Asg Eig Exg Agg Big Bag Ay, Aaf(2), By, By,

Elu(xa Y), E2u

Cubic 23 T A E FKY,2

m3 Th Ag By Fy Au B, R(X Y, 2)

432 O ALE B Az F(X, Y, 2)

43m Tyq AL E R(XY,2) Ay Fy

m3m Q1 Alg- Eg- FZQ Ang Flgy Alu- AZu: Ew Flu(X- Y: Z), F2u

*) International symbol. **) Schénflies symbol.

***) Infrared active modes are indicated by adding parentheskzed Z. For instance, A Y, Z) and Ag) are
infrared active whereasg fand By are not. The letterX, Y, Z mean that the mode is infrared active to the
incident radiation polarized along the orthogaoXaY, Z axes (cf. IC), respectively.

Magnetic properties (12)

There are two ways to define the magnetic counterpart of the dielectric polarRatidd — &E: the
magnetic polarizatiod = B — yyH and the magnetizatio = B/uy — H, with J = tgM. In this volume
magnetic properties are based updnin accordance with other Landolt-Bdrnstein volumes [78Nom].
Their values can be transformed into those based lipgmultiplying by L.
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The specific magnetizatioa is defined byM/p with the unit of Amkg™, wherep is the density. The
molar magnetizatiowr, is defined byM/(mol/volume).

The magnetic susceptibilitymagnis M/H. The specific susceptibility (or mass magnetic susceptibility)
Xmagnp 1S M/(Hp). The molar susceptibilitymagn m is M/(H(mol/volume)).

Magnetic resonance and Mdssbauer effe¢l3)

Various spin Hamiltonians used in the analysis of experimental data on ESR are listed in Table IC-4. The
number assigned to each Hamiltonian in this table is used when the respective Hamiltonian is referred to
in presenting data. An explanation of the spin Hamiltonian (8) is given in [64Rim]. Interpretation of other
Hamiltonians can be found in [53Ble, 55Bow, 60Low, 64Hut] or [70Abr].

For general information on the Mdssbauer studies, readers are referred to [63Fra] and [68Gol].
Chapters 4 and 5 of [73Bhi] are devoted to applications of Méssbauer effect to studies of lattice dynamics
and ferroelectrics.

Table IC-4. Spin Hamiltonians

H = us(gH.S + gH,S + gH-S) 1)
H = goks(HhS + HyS) + g sHS, )
H = gope(HSc+ HyS) + giueHS+ "A(ISc+1,S) + Ay 1S, ©)
H = goMe(H,Sc + HyS) + gyeH:S, + D [ - (1/3)S(S+ 1)] (4)
H = ua(H,S + gH,S + gH,S) + D[S - (1/3)S(S+ 1)] +E(S] -S)) +"Al'S (5)
H = ua(@H,S + gH,S + gH,S) + D[S - (1/13)S(S+ 1)] +E(S; - §7) + S"Al (6)

H = gus(HSc+ HyS + H,S) + D [S) — (L3)S(S+ 1)] +E(S; - S ) + (F/180) [35S' - 30S(S+1) S
+ 2557 - 65(S+ 1)+ F(S+ 1] +@l6) [ + S+ S~ (1/5)S+ 1)+ 3S- 1] +"AIB (7

H = gus(HiSc + HyS, + H,S) + b Yo .0+ bao[ Yao + ((70)/74)(Yaa + Ya, _a)]

+beol Yo.0— ((14)"2/2)(Ysa+ Yo, -4)] + "Al S (8)
H = gus(H,Sc + H,S + H,S) + (b1g/60) (OF + 507 + (06d/1260)(O5 — 2105) + Al S ©
H = lg(@H,S + GHS + gH.S) + STARQ,[ 17 = (1) (1+1)] + ZS Ay, (10)
H=ps H-gS+ AZS-”A,\-I,\ (11)

The summations in (10) and (11) extend over all nuclei of the ligand which are contributing to the HFS.
Q.: constants of the quadrupole interaction in the spin Hamiltonian.

Crystal imperfections and X-ray and neutron scatteringg14)

Subsection 14 presents experimental data on temperature dependence of Bragg reflection, satellite and
diffuse scatterings, and inelastic neutron scattering. They all are related with imperfections (including
lattice vibrations) in the crystal. Readers may consult [62Woo0], [64Gui] or [67Jam] for details of diffuse
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X-ray scattering. Several conventional symbols are used to indicate special points or lines in the Brillouin
zone for discussing the inelastic neutron scattering. Figure 1C-2 shows them for the simple cubic lattice.
Readers may consult [72Bra] or [57Kos] for other crystal lattices. Fundamentals of thermal neutron
scattering are described e.g. in [65Ege], [66Bro], and [77Mar].

! I
1 | R
' 1 N
AL
| r A
Fig. IC-2. Conventional symbols of special points in \ ,/“‘_»': %4 —>
reciprocal spacegfspace,q = 2 1/A) for the simple cubic x_ 47 2 M Z y
lattice. T': 10a{0,0,0}, X: a{1,0,0}, M: T7a{1,1,0}, r SN
R: a{1,1,1}. The symbols S, T, ZA, A, = represent the //’
positions along the lines on which the filled circles sit. <

Commensurate and incommensurate structural modulation§l14)

Generally molecular interaction extends over several unit cells in crystals and sometimes causes a
structural modulation of long period. The modulation is called commensurate when the wave number
vectork (k = 1/A) of the modulation is in rational relationship with the reciprocal lattice veatpbs, ¢

while the modulation is called incommensurate in irrational relationship [91Per], [92Wil]. Udually
depends upon temperature in incommensurate phases.

EXAFS (14)

In this volume, subsection 14 includes experimental data on EXAFS (extended X-ray absorption fine
structure). Recently accurate EXAFS data are being obtained by use of the synchrotron radiation. EXAFS
studies give information on local structures surrounding a specific atomic species both in crystalline and
non-crystalline materials. Local structural parameters supplied by the analysis of EXAFS data are given
in subsection 3b.

Domains(15)

Usually a ferroelectric crystal is not polarized uniformly in one direction, but is composed of many twin
components which are called domains. The spontaneous polari&yfig uniform within the domain.

The boundary between two domains is called a wall. Some ferroelectrics (e.g. TGS) have only two
possible (antiparallel) orientations Bf, so that the domain walls separate antiparallel domains and are
therefore called 18Qwvalls. Other ferroelectrics (e.g. BaTj(have more than two possible orientations of

P, and therefore a more complicated domain structure may occur. The domain wall which separates two
domains havindPs at right angles to each other is called 4 @all. Occasionally a crystal consists of

only one domain and is called a single domain crystal. Usually, however, crystals are multi-domain
crystals. A relatively strong electric field (e.g. 100 kVyrmay change a multi-domain crystal into a
single domain crystal, or may reverse the spontaneous polariBatmha single domain crystal. Such
dynamical processes are called switching and are composed of domain wall motion and nucleation of
new domains. The switching current is defined as an electric current which flows into the crystal con-
denser during the switching. Quantities which characterize the switching current are shown in Fig. 1C-3.

Landolt-Bérnstein
New Series I1I/36A1



| Back to Main Indéx | Introduction 13

c t

a t

Fig. IC-3. Switching of ferroelectric crystal [67FatE: electric field strength): electric currentls switching
current,t: time. @) constant field applied dt= 0. (b) switching currentsobtained with an electric field antiparallel
to the originalP,, of the crystalts switching timet,,: time for maximum switching current,; maximum switching
current. €) Currentl obtained with an electric field parallel .

Ferroelectric thin films (16)

Recent advances in quantity of ferroelectric thin films has resulted in the realization of new technologies
(e.g., in integrated memory devices), which were not achievable through classical bulk ceramic
processing techniques. Readers may consult [96Ara], [98Sco] and the series of [95Tut] on these topics.

ID Survey of history of ferroelectrics research

Research activities concerning ferroelectrics are increasing steadily. The situation is illustrated in
Figs. ID-1...3.
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Fig. ID-1. Number of oxide ferroelectrics discovered in each year. Only pure compounds are included. Re-
presentatives of the 15 families of oxide ferroelectrics are indicated at the year of discovery. Prepared by K. Deguchi
using the information given in subsection la of each section.
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Number of oxide ferroelectrics

Fig. ID-2. Total number of oxide ferroelectrics known at the end of each year. Only pure compounds are included.
Prepared by K. Deguchi using the same information as in Fig. ID-1.
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Fig. ID-3. Number of research papers on ferroelectrics and related substances published within each year. Prepared
by K. Deguchi on the basis of [93Toy] (cf. 1A).
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IE Symbols and units

Most symbols adopted in this volume are those which are recommended by S.U.N. Commission of
IUPAP [78IUP] or used in the International Tables for X-ray Crystallography [65Lon], [83Hah], [92Wil].
The International system of units (Le Systéme International (Sl) d'Unités) is used throughout this volume.
Sometimes, however, the traditional use prefers other units for special quantities (e.g. kayyen (cm
optics). In such cases, the quantities are given in both Sl units and traditional units in most figures and
tables in this volume. An exception is A instead of 0.1 nm. Crystallographic data are presented in A
without conversion to nm.

In Table IE-1, symbols used frequently in this volume are listed together with their units. In Table IE-
2, symbols used as subscripts and superscripts are listed. Conversion factors from the SI (MKSA) units to
the electrostatic and the electromagnetic units for important quantities are given in Table IE-3.

Table IE-1. Symbols and units.
Symbols are arranged first in the order of the Latin alphabet and then the Greek alphabet. Such symbols
asAH are arranged according to the letters followin@.g.AH is to be found in the place bff, notA).

a) Letters and signs

a, b, c, .. Wyckoff notations for atomic positions, see [65Lon]

(hkl) Miller indices

{hki} equivalent (hkl)'s in cubic or other systems

[uvw] direction parallel ta = ua + vb + wc; u, v, w: integers (referred to tlee b, c axes
of the paraelectric phase unless special remarks are made.)

<uvw> equivalent [uvw]'s in cubic or other systems

Il parallel to

O perpendicular to

b) Abbreviations

space groujnternational and Schoenflies symbol LT low temperature

I, I, 1ll, ... names of phases mon monoclinic

A, AF antiferroelectric NMR  nuclear magnetic resonance
(A) possibility of being antiferroelectric NQR nuclear quadrupole resonance
A, B, C, ... symbol for atom, various compositions orth orthorhombic

ac alternating current P paraelectric

cub, ¢ cubic (P) possibility of being paraelectric
DTA differential thermal analysis pc pseudocubic

dc direct current pol polarization

ESR electron spin resonance PTCR positive temperature coeff. of resistance
F ferroelectric R Raman

F possibility of being ferroelectric rh, r rhombohedral

FS fine structure RT room temperature

hex, h hexagonal SAW  surface acoustic wave

HFS hyperfine structure SHG second harmonic generation
HT high temperature Sm smectic

Im imaginary part Ss solid solution

IR infrared tetr tetragonal

lig liquid tri trigonal

LA longitudinal acoustic TA transverse acoustic

LO longitudinal optic TO transverse optic
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¢) Symbols and units

Symbols Units Definitions
A numeral Absorption
A kg kg, solubility

kg m3, wt%
A B m? HFS parameters
A Am? hyperfine splitting tensor, n: nuclear mass number
"A Am™ principal value of hyperfine splitting tensor, n: nuclear mass number
"AL A Am? hyperfine splitting parameters in axial symmetry, n: nuclear mass number
AA K™ change in slope of &vs. T curve.
a m FS parameter
ab,c A unit cell vector
a,b,c A length of unit cell edges
a,b,c A unit cell vector in reciprocal space
B T (Wb m? magnetic induction, flux density

=V sm?

B A? isotropic temperature parameter [cf. Eq. (€) in Introduction]
B; numeral anisotropic temperature parameter [cf. Eq. () in Introduction]
b m’ FS parameter
bj numeral anisotropic temperature parameter [cf. Eq. (b) in Introduction]
c ms' light velocity in vacuumd = 2.99792458 1om s')
C K Curie-Weiss constant with regardia k = K., + C/(T—0,)
Co JK*mol* molar heat capacity at constant pressure
Co JK'kg? specific heat capacity at constant pressure
c N m? longitudinal elastic modulus
Cs N m™? shear elastic modulus
O N m? elastic stiffness
D m FS parameter
D numeral dissipation factor
D cm? electric displacement
d m thickness of specimen
d A bond length
Ohi A interplanar spacing of planes (hkI)
di CN? piezoelectric strain constant
din mV? susceptibility for second harmonic generation (see section IC)
E eV energy
E N m? Young's modulus
E m’ FS parameter
E vm’ electric field strength
AE, AEgag M st guadrupole splitting in Mdssbauer spectrum
Epias vm? bias field
E. vm? coercive field
Eerit vm? critical field
Eg eV energy separation, band gap
e C charge of electrong(|= 1.60217733(49)-1HC)
e m* polarization vector of phonon
e Cm? piezoelectric stress constant
€qQ/h Hz nuclear quadrupole coupling constant
eQg/h Hz component of nuclear quadrupole coupling tensor
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Symbols Units Definitions

F m’ FS parameter

F.Mg cCmJ* F.Mg =ppc, ", figure of merit for current responsivity

F.Mg, cCmJ* F.Mg,=ppc, 'k figure of merit for voltage responsivity

F.M.y CmJ* F.M. =pip 'c, 'k 2 figure of merit for material noise limited
signal-to-noise ratio

F.M.px Cm*27'Q"? F.M.p- = pip'c, "o 2 figure of merit for defectivity

f Hz frequency

fa Hz antiresonance frequency

fir m? C? piezoelectric strain constant

fi Hz dielectric relaxation frequency

fr Hz resonance frequency

AfR Hz fA - fR

fr-r Hz m radial frequency constant

o] numeral principal value aj-tensor

i numeral component of gyration tensor for optical activity

Oi numeral component @-tensor

Oin m? C™* piezoelectric strain constant

H Am? magnetic field strength

H Jm? spin Hamiltonian

H. Am? coercive field strength, coercive force

Hy kg m? Vickers hardness number

AH Am? magnetic resonance half width

A'H Am’ separation between maximum and minimum of the derivative of the
magnetic resonance curve

<AH*> A’m> second moment of magnetic resonance curve

AHy, Am” line width in ESR

AH, Am’ line shift in ESR

oH Am’” magnetic resonance line separation

h Js Planck constaiih = 6.6260755(40) - & J §

hiy NC? piezoelectric stress constant

I A electric current

I Jst scattering intensity

I numeral nuclear spin quantum number

(P Jst integrated intensity of Bragg reflection (hkl)

ls A switching current

J A photovoltaic current

J Vsm? magnetic polarization] = B — pgH

j Am™ electric current density

k JK? Boltzmann constant (k = 1.380658(12)420 K ™)

k m* wave number vector

kix numeral electromechanical coupling factor

Ko numeral planar coupling factor

ke numeral thickness coupling factor

Ly m? V2 quadratic electrooptic constant fér

I m length

Al mm? elongation per unit length

li m coherence length

M numeral molecular weight

M Am? magnetizationM = B/po— H

Landolt-Bdérnstein
New Series 111/36A1



18 | Introduction

Symbols Units Definitions

M Am? spontaneous magnetization

My m*C™ quadratic electrooptic constant fer

Mo kg electron massp = 9.1093897(54) 18'kg)
m* My effective mass of charge carrier

Ny Hz m frequency constant

N/Ny numeral counting rate in Mdssbauer spectrum
n numeral refractive index

Ny, N, Ne numeral refractive indices fd of light ||a, b, ¢
Ne numeral refractive index for extraordinary light
n, numeral refractive index for ordinary light

Ng, Ng, N, numeral principal refractive indiceB< ng<n,)
An numeral birefringence

P W m? light intensity

P cm? dielectric polarization

P cm? longitudinal polarization

Poyro cm? pyroelectric charge

P, Cm? remanent polarization

Ps cm? spontaneous polarization

Py cm? wing polarization

p Pa hydrostatic pressure (Pa = Nm

p m helical pitch

Peft U effective magnetic moment of atom or ion
pi CK™m? pyroelectric coefficientp; = aPg;/ 9T

P mm? piezooptic constant fd3

Q numeral qualify factor

Q! numeral internal friction

Qe = 1/tand numeral electrical quality factor

AQnm J mol transition heat per mole

Qi m* C? electrostrictive constant fé?

q m wave number (@A)

q m* wave number vector

R Q resistance

R numeral reflectivity

R numeral, % discrepancy index (or reliability factor)
Ry m° C? Hall constant

Ru numeral counting rate

ro mv™* Fe=raz = (N/Ne)° I3

I mV? electrooptic constant fdf

S numeral spin quantum number of atom or ion
S vK? Seebeck coefficient

S JK'm™®  entropy per unit volume

Sh JK*mol* entropy per mole

AS, JK*mol™? transition entropy per mole

S mm? strain tensor

S m it component of strain tensor

S m m’ component of strain tensds; = §; for i = j, S, = 25; for i 2
S numeral electron spin quantum number

S m? N elastic compliance

T K, °C temperature
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Symbols Units Definitions

T numeral transmission

Tq K, °C glas transition temperature

Trelt K, °C melting point

Tx K, °C crystallization onset temperature

T N m? stress tensor

T N m™? component of stress tensor

Ty N m™2 component of stress tensdf,=T;

T, sec, s spin-lattice relaxation time

Tap sec, s spin lattice relaxation time in rotating frame

T, sec, s spin-spin relaxation time

ATirey K, °C irreversible electrocaloric temperature change

ATev K, °C reversible electrocaloric temperature change

t sec, s time

ts sec, S switching time

tm sec, s time for maximum switching current

AU eV,Jmol' activation energy

Uj A? anisotropic temperature parameter [cf. Eq. (d) in Introduction]

\% \% voltage

\% e 1/2 (optical axial angle)

\Y A3 volume of unit cell

\Y; °m*T™*  Verdet constant

Vi, A3 volume for formula unit

Vi V half-wave voltage

V,, Vm? electric field gradient

v ms' sound velocity

v ms? velocity of absorber in Mdssbauer effect

Uy ms*t effective amplitude of vibration velocity

Un m® mol? molar volume

XY, Z A m orthogonal coordinate system. (WHgeis the unique axisy || b, Z || cand
the X axis forms a rectangular coordinate system together with amel
Z axes.)

X,y numeral molar fraction

XY, Z numeral fractional coordinates of atoms in the unit cell

XY, Z A m principal axes of tensor ellipsoid

y numeral normalized yield

z numeral number of formula units per cell

Zyac numeral number of vacancies

a m*, dB mi*, acoustic absorption coefficient

neper m-*

a dB st ultrasonic attenuation

a m* optical absorption coefficient

a m?s* thermal diffusivity

a o rhombohedral angle

aj K1 linear thermal expansion coefficient

o numeral temperature coefficient of

a, By e interaxial anglesb Oc, cOa, alb

a, B,y o interaxial anglesb’ Oc¢, ¢ Oa,a Ob’

Bi A? anisotropic temperature parameter [cf. Eq. (¢) in Introduction]
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Symbols Units Definitions

r Hz full width at half maximum of spectral line

r Hz damping parameter

r ms' line width of Mdssbauer absorption line (half width at half maximum)

y mA*s'  gyromagnetic ratio

y K™ cubic thermal expansion coefficient

) ms* isomer shift

o rad dielectric loss angle

tand numeral dielectric loss tangent: t&r K "/k '

£ Fm' permittivity, D = ¢E

& Fm? components of dielectric permittivity tensor

& Fm' permittivity of vacuum £ = 8.854187817 - I8F m'")

{ vmic™® coefficient of power series expansion of electric field strength:
E= ()P +EP+ P

14 numeral reduced wave vector coordinate

n numeral asymmetry parameter

0] K, °C transition temperature

o K, °C transition temperature between the phases Il and |

o, K, °C superconducting transition temperature

G K, °C ferroelectric transition temperature

o, K, °C antiferroelectric transition temperature

G, K, °C paraelectric Curie temperature in the Curie-Weiss law

G magn K, °C ferromagnetic transition temperature

(ON K, °C antiferromagnetic Néel temperature

G magn K, °C paramagnetic Curie temperature in the Curie-Weiss law

O, K, °C phase match temperature

AO K, °C shift of phase transition temperature

0 ° tilt angle

6s rad, °' Bragg angle (scattering angle6s)2

K numeral dielectric constart:= g/g,

Ko numeral static dielectric constant

Koo numeral temperature-independent term in Curie-Weiss law:
K= Ko + CI(T-0,)

K', K numeral real and imaginary parts of complex dielectric constank' + ik"

Kij numeral component of dielectric constant tensor

Kiuvw] numeral dielectric constant f&r || [uvw]

K(hkiy numeral dielectric constant of crystal cut parallel to (hkl)

Ka, Kb, K¢ numeral dielectric constant along theb, c axes

A m wave length

A Js'm™ K™ thermal conductivity

1/A m* wave number per unit length

AW,V numeral direction cosines

Ho Hm? permeability of vacuumup= 4m- 107 H m™)

g Tt Bohr magnetony = 9.2740154(31) - 16/ T

T Tt nuclear magnetoru(, = 5.0507866(17) 10%'J T

e m?V™s®  Hall mobility

1% Hz frequency (mainly used in optical properties)

Av Hz splitting of the resonance frequencies

Av Hz frequency shift
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Symbols Units Definitions

VH Hz frequency of resonance field

v Hz Larmor frequency

Ve Hz correlation frequency

ov Hz half width at half maximum

ov Hz doublet separation of NQR spectrum

é vm°C3 coefficient of power series expansion of electric field strength:
E=(/x)P + &P+ P°

&n ¢ numeral fractional coordinates in the reciprocal unit cell

My m? N7 piezooptic constant foF

T m? Nt piezoresistive constant

o} Qm resistivity

o} °m? specific rotatory power

P kg m3 density

Pa kg m? apparent density

e A electron density (number of electrons péy A

Oph Q'm? photoconductivity

o kg m3 relative density

Ox kg m? X-ray density

Ohi m? C* electrooptic constant fd?

o Q'm? conductivity

o Q™ surface conductivity

o cm? charge density

g numeral standard deviation in fractional coordinates of atomic position

g A? standard deviation in temperature parameter

g Am’kg? magnetic moment per unit mass, specific magnetization

Om Am?mol™* magnetic moment per mole

T sec, s dielectric relaxation time

Tc Sec, S correlation time

Q e rotation angle

® o rotation angle of optical indicatrix

@ V m? components of the electric field gradient tensor
X Fm' electric susceptibility

Xo Fm' paraelectric susceptibility

Xmagnm m® mol™* molar magnetic susceptibility

Xmagnp m>kg™ mass magnetic susceptibility, specific susceptibility
Xme sm? magnetoelectric susceptibility

Table IE-2. Subscripts and superscripts arranged alphabetically

Superior Definitions Superior Definitions

0 at0O K S at entropyS (adiabatic)
numeral (left) mass number S at strainS

D at electric displacemeit T at temperaturd

E at field strengtte T at stres§

P at polarizatiorP
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Inferior Definitions

a antiferroelectric

a, b, c parallel to thes, b, caxes

A, B, a, b, c, sublattice A, B, a, b, ¢, ...

d diffuse

e extraordinary light

f ferroelectric

o) per gram (only for magnetic
guantities)

HT high temperature

ij, k numerals (1...3)

AW,V numerals (1...6)

LT low temperature

m per mole; per molecule;
maximum (in a few cases)

n nuclear, per nucleus

n normalized

0 ordinary light

p paraelectric

p at pressur@

R resonance

r remanent

S spontaneous; switching

v at volumev

[uvw] parallel to the [uvw] direction

(hkl) perpendicular to the (hkl) plane

Il parallel

O perpendicular

amagn antiferromagnetic

anis anisotropic

brk breakdown

calc calculated

Inferior Definitions
crit critical
cub, c cubic
det determined
dia diamagnetic
eff effective
exp experimental
ext external
fmagn ferromagnetic
hex, h hexagonal
int internal
loc local
magn magnetic
max maximum
me magnetoelectric
mech mechanical
melt melting
min minimum
mon monoclinic
obs observed
orth orthorhombic
pmagn paramagnetic
prk perovskite
ps pseudo
pyro pyroelectric
quad quadrupole
res resonance
rh, r rhombohedral
sol solid
tetr tetragonal
th theoretical
thr threshold

Table IE-3. Conversion factors from the Sl system to the cgs-esu and the cgs-emu systems

(Replace the value of column 3 by the value of column 4 or column 5). Arrangement is made according

to the order of the properties of Table IE-1.

Quantities Symbols Sl cgs-esu (non-rationalized) cgs-emu
Length I m 1 cm I cm

Mass m kg 10 g 10 g

Time t S 1s 1ls

Density 0 kg mi® 10°%g cm?® 103 g cm?

Electric field strength E Vv m' 10/ 3esu 10° emu

Electric displacement D cm? 12n0° esu 41M0° emu
Dielectric polarization P cm? 3-1G esu 10°emu

Dielectric constant K dimensionless 1 (dimensionless) 1 (dimensionless)

Piezooptic constant

dimensionless

1 (dimensionless)

1 (dimensionless)
(continued)
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Table IE-3. (continued)

Quantities Symbols SI cgs-esu (non-rationalized) cgs-emu
Electric susceptibility X Fm' 9-10 (dimensionless) 10 emu
Pyroelectric coefficient pi Cm?K™ 310 esu K 107° emu K*
Electric current density j Am? 3-1G esu 10° emu
Resistivity Jo Qm 10°/ 9 esu 10" emu
Conductivity o Q'm? 9-10 esu 10 emu
Molar heat capacity C, JK'mol* 10" erg K* mol™* 10" erg K* mol™*
Transition heat per mol AQn Jmol* 10" erg mor* 10" erg mol*
Transition entropy per mol AS, JK!'mol? 10" erg K* mol™* 10" erg K* mol™*
Thermal conductivity A JmtstK? 10ergcm'stK™® 10 ergcm* st K™
Stress tensor T N m?2 10 dyn cm? 10 dyn cm?
Hydrostatic pressure p Pa(=Nm’ 10dyncm? 10 dyn cm?
Strain tensor S mm? 1 cmcm? 1cmcm?
Elastic stiffness op Nm? 10 dyn cm? 10 dyn cm?
Elastic compliance Sy MN? 10" cn? dyn™? 10" cn? dyn™®
Piezoelectric strain constant  d, CN? 3-1¢ esu 10° emu
Piezoelectric stress constant g, cm? 3-1Fesu 107° emu
Piezoelectric strain constant g, ~ m’C™ 10°/3 esu 10° emu
Piezoelectric stress constant h;, NC?t 10*/ 3 esu 10° emu
Electrostrictive constant (fd?) Q,, m*C™ 10"/ 9 esu 10%emu
Electrooptic constant (fd?) pn m‘ct 10°/ 3 esu 10° emu
Electrooptic constant (fdE) Fin mv?! 3-1¢ esu 10%emu
Piezooptic constant (fdF) My, m N 10" cn? dyn™* 10" enf dyn™
Quadratic electrooptic constantL ,, m? V™2 9-1¢ esu 102 emu

(for E)
Quadratic electrooptic constantM,, ~ m* C™ 10"/ 9 esu 10" emu

(for P)
Hall constant R« mC’ 102/ 3 esu 10" emu
Magnetic induction B T(EWbm? 10°%/3esu 10°G

(flux density) =V sm?)
Magnetic field H Am™ 12nI0’ esu 410 Oe
Magnetic polarization J TEWbm? 10°/(12m) esu 18/ (4m) G

(B = toH +J) =Vsm?
Magnetization B = tio(H + M)) M Am” 3-10esu 10°G
Magnetic moment per unit o Am’kg? 3-10%esu cmig lemug'

mass, specific magnetization
Magnetic moment per mol On  Am’mol 3-10° esu cm mol™ 10°* emu mot*
Mass magnetic susceptibility, Xmagn, M® kg™ 10%(4m) esu cmg’ 10%(4m) emu g*

specific susceptibility
Molar magnetic susceptibility  Xmagn m
Magnetic susceptibility Xmagn
Magnetic resonance half width AH
Second moment of magnetic <AH?>
resonance curve
Gyromagnetic ratio %
Isomer shift o)
Magnetoelectric susceptibility xe

m® mol™

dimensionless

Am?
AZm™

mA*ts?
m st
smt

10%/(4m) esu cm mol™
1/(4m) dimensionless
12rtm0’ esu
144r2110" esu

107/ (12m) esu
10 cm s*
1072/ (4m) s cm*

10%/(4m) emu mol
1/(4p) dimensionless
410 Oe

16¢10° Oe

18/ (4m) Oe's*
10 cm s*
1072/ (4m) s cm*
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IF  Survey of contained data

Each chapter of this volume corresponds to one family consisting of similar substances. This Subvolume
A contains nineteen oxide families and thus nineteen chapters, as listed in table of contents. Each section
in a chapter is devoted to describing properties of one substance (pure compound or solid solution). Table
IF-1 shows how the data are presented in each section: The section is divided into 16 subsections and
each subsection gives the data on special properties (e.g., dielectric properties). The information given in
each section is surveyed by a table at the beginning of the section according to the order of subsections
1...16 of Table IF-1.

A detailed two-dimensional survey of contained data is made in Table IF-2 which gives all the
substances appearing in this Subvolume along the ordinate and properties along the abscissa.

Table IF-1. Arrangement of data for each substance

Subsection Information

1 History and fundamental quantities.

History (discoverer, year of discovery).

Fundamental quantities (phases, state (F, A, P), crystal system, space group of each phase,
transition temperatures, direction of spontaneous polarization, melting point, density,
transparency and color, cleavage plane, deliquescence and efflorescence, phase diagram for
solid solution).

(o]

2 Material preparation and crystal growth.
a Method, solubility in fluxes or solvents.
b Crystal formsa, b, c axes X, Y, Z axes.

3 Crystal structure.

a Unit cell parameters.

b Crystal structure, table of positional and temperature parameters, interatomic distances
and bond angles, figure of crystal structures, structural change associated with phase
transitions).

4 Lattice distortions (thermal expansion, lattice deformation associated with spontaneous

polarization).

5 Dielectric properties.

a Dielectric constantsk( vs. T, Curie-Weiss law constantg; vs. p, K vs. two- or one-
dimensional pressure,vs. frequency, phase diagram in regard &mdEy;,9).

b Nonlinear dielectric properties (effect Bfj,s on k, values off andJ{).

c Spontaneous polarization and coercive field (or critical field for antiferroelectrics).

d Pyroelectric and electrocaloric effect.

6 Thermal properties.

a Heat capacity, transition heat, transition entropy.

b Thermal conductivity.

7 Electromechanical properties.

a Piezoelectricity.

b Electrostriction.

c Nonlinear electromechanical properties.

(continued)
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Table IF-1. (continued)

8 Elastic properties.
a Elastic compliances and stiffnesses (including data on acoustic surface wave).
b Nonlinear elastic properties.
9 Optical properties.
a Refractive indices, birefringence, reflection, absorption (infrared region, visible region,

ultraviolet region).

b Electrooptic effect.
c Piezooptic effect (photoelastic effect).
d Optical activity (rotatory power), Faraday effect.
e Nonlinear optical properties.
10 Properties studied by light scattering.
a Raman scattering.
b Brillouin scattering and Rayleigh scattering (Elastic constants are given in 8a).
11 Electrical conduction (conductivity, breakdown strength, thermoelectric effect, photo-
conductivity and photoemission, superconductivity, band structure).
12 Magnetic properties (magnetic susceptibility, spontaneous magnetization, magnetic
structure, magnetoelectric effect).
13 Properties studied by magnetic resonance and Mdssbauer effect.
a NMR.
b ESR and ENDOR.
c Mossbauer effect.
14 Diffraction phenomena related with secondary structures and local structures.
a Bragg reflections due to structural modulations.
b Diffuse or inelastic scattering.
c EXAFS.
15 Domains.
a Domain structure.
b Effects of electric field and mechanical stress.
16 Miscellanea (thin layer, surface layer, radiation damage, plasticity, dislocation, etchant,

point defects, twin structure, stripe pattern, paraelectric resonance).
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IG Outline of Subvolume B: Non-oxides

Table 1G-1. Substance families contained in Subvolume B: Non-oxides

Part 1: Inorganic crystals other than oxides

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
M15
M16
M17
M18
M19
M20
M21
M22
M23
M24
M25
M26
M27
M28

SbSI family [T. Yagi]

TIS [Y. Shiozaki]

TIInS, family [Y. Shiozaki]

AgASS; family [K. Deguchi]

SnP,Ss family [K. Deguchi]

KNiCls family [Y. Shiozaki]

BaMnR, family [K. Deguchi]

HCI family [K. Gesi]

NaNQ family [K. Gesi]

CsCd(NQ); family [K. Hasebe, T. Asahi]

KNG; family [K. Gesi]

LiH3(SeQ), family [M. Komukae, T. Osaka]

KIO; family [K. Hasebe, T. Asahi]

KH,PO, (KDP) family [E. Nakamura, M. Komukae, T. Osaka]
PbHPQ family [K. Gesi]

KTIOPQ, family [T. Hikita]

CsCoPQ@family [N. Nakatani]

NaTh(PQy)s family [Y. Shiozaki]

Te(OH) -2NHH,PO, -(NH,),HPO, [E. Nakamura]
(NH,),SO, family [K. Deguchi, K. Hasebe, K. Gesi, T. Asahi]
NHHSQO, family [T. Yagi]

NH,LiSO, family [T. Yagi]

(NH,)3H(SOy), family [K. Gesi]

Langbeinite-type family [T. Hikita]

Lecontite (NaNESO,-2H,0) family [M. Komukae, T. Osaka]
Alum (NH,Fe(SQ),-12H0) family [M. Komukae, T. Osaka]
GASH (C(NH)3AI(SOy),-6H,0) family [K. Gesi]
Colemanite (G8s011-5H,0) [M. Komukae, T. Osaka]
K4Fe(CN)-3H,0 family [M. Komukae, T. Osaka]
K3BiClg-2KCI-KHsF4 [Y. Shiozaki]

SnTe group [Y. Akishige]

PbN; [E. Nakamura]

SbS; [T. Yagi]

SkO4I [T. Yagi]

H,O [K. Nakatani]

KOH group [E. Nakamura]

KSCN [E. Nakamura]

N&Sc(POy); [E. Nakamura]

Ho(UO,)2(AsO,), - 8H0 [E. Nakamura]

Li(N,Hs5)SO, group [E. Nakamura]

N(CHs);HSO, - HO [E. Nakamura]

Ag.H3lO¢ group [E. Nakamura]

MNbWGOs - nHO group (M = Rb, Tl) [E. Nakamura]
NH4PFs - NH;F [E. Nakamura]

Part 2: Organic crystals, liquid crystalline and high polymer ferroelectrics

50

SC(NH), family [Y. Shiozaki, T. Ashi]
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51 CCLCONH, [Y. Shiozaki]

52 Cu(HCOO0)-4H,0 [M. Komukae, T. Osaka]

53 N(CH)4HgCl; family [M. Adachi]

54 CHNHSAICI, family [Y. Shiozaki]

55 [(CHg),NH,],CoCl, family [K. Hasebe, T. Asahi]

56 [(CHs),NH,]sSh,Cly family [K. Hasebe, T. Asahi]

57 (CHNH3)sBi,Cl 1 family [K. Hasebe, T. Asahi]

58 DSP (CgSr(CH,CH,COOQY)) family [E. Nakamura]

59 CH,CICOONH, family [E. Nakamura]

60 TGS ((NHCH,COOHX-H,SOy) family [N. Nakatani]

61 NH,CH,COOH-AgNQ [E. Nakamura]

62 (NH,CH,COOH)-HNG; [K. Gesi]

63 (NH,CH,COOH)-MnCl,-2H,0 [M. Komukae, T. Osaka]

64 (CHNHCH,COOH)-CaC} [M. Komukae, T. Osaka]

65 (CHs)sNCH,COO-HPQ, family [K. Deguchi]

66 (CH3)sNCH,COOTCaCh2H,0 [E. Nakamura]

67 Rochelle salt (NaKgE1,04-4H,0) family [Y. Shiozaki, E. Nakamura]

68 LiNH4C4H406-H,O family [K. Deguchi]

69 GHeNBF,4 [N. Nakatani]

70 3GH4(OH),-CH,OH [N. Nakatani]

71 Liquid crystals [H. Takezoe, Y. Ishibashi, R. Nozaki, E. Nakamura]

72 High polymers [T. Furakawa, R. Nozaki]

M29 H,NCONHNH, - HCI [E. Nakamura]

M30 CaCGH40Os - 4H0 [E. Nakamura]

M31 CoH1gNO [E. Nakamura]

M32 C4CH,0CH3(NO,),]» [E. Nakamura]
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