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Effective material properties in twinned ferroelectric crystals
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Without external fields, ferroelectric materials will have multidomain configuration in the
ferroelectric state. Detailed analysis found that twinning may not be treated as random since the
number of orientations for the domain walls are limited in a given symmetry change during a
ferroelectric phase transition. In each finite region of a large crystal or in small crystallites, a
particular set of twins is favored under certain boundary conditions, which consists of only two of
the low temperature variants. Statistic models of random distribution of domains do not apply for
calculating the physical properties of such twin structures. However, one could derive the two
domain twin properties by using the constitutive equations and appropriate mechanical boundary
considerations. This paper presents a theoretical analysis on such a two-domain twin system,
including its global symmetry and effective material properties resulting from different twinning
configurations. Numerical results are derived for LiNEDd BaTiQ. © 1999 American Institute

of Physics[S0021-897@09)01214-1

I. INTRODUCTION tion of these relaxor based single crystals revealed that the
The macroscopic material properties of a multidomain™/NNINg mostly consists of two variant twih§ (for PZN

ferroelectric system are the collective average of individualand for B"?‘T'Q)' It is also found that the orlenta_\t|on of the_
domains. Traditionally, people took statistic average of thd/0-domain system and the selection of the variants can sig-
properties of all the low temperature variants and used thgmcantly influence the effective material properties of mul-
volume ratio as the weighting factor. However, in reality tidomain systems. This means that the statistical model or

different physical properties may follow different averaging Mdels, based only on the volume ratio, will not give proper
rules depending on the geometric configuration. For manyrediction of the physical properties in these domain engi-

properties the contribution of each domain do not alwayd'€ered crystals. Roughly speaking, the volume ratio average
coincide with their volume ratio. For example, the elasticScheme assumed isotropic distribution of domain walls and
constant of a fiber reinforced composite is much larger in thédnored the cross coupling between different quantities of the
fiber length direction than in its radial direction, although the@ssociated domains. _ _

volume ratio can be the same. Similarly, in a multidomain If we utilize the fact that the basic domain structure only
system the contribution of each domain not only depends ofONSiSts of two variants and they have a certain orientation
the volume ratio but also on the relative geometric configu€lation in domain engineered crystal systems, it is possible
ration and on the orientation of the applied external fields{0 accurately derive the apparent macroscopic property by
Experimental evidence showed that the domains often appe8iectly applying external loads to the system. Such a two-
in a twin band with only two variants in the set.Even for variant domain set can then serve as the building block for
a ceramic system, domains observed in each given grain af&lculating properties of systems with more complex domain
mostly twin pair sets rather than all the available variantsPatterns.

Such a limited variant twinning pattern is more pronounced  The importance of calculating the effective properties of
in a single crystal system since all orientations must be cotwo domains lies in the fact that the macroscopic properties
herently joined together. Each twin band often occupies &bserved experimentally, whether from an ultrasonic method
sizable volume in a large single crystal. Generally speaking®f from a resonance technique, are actually a collective con-
two-variant twinning is the basis of all multidomain systemstribution of theexistingdomains, not alpossibledomains. In

in ferroelectrics. a given domain engineered single crystal, only some of the
Recent development in domain engineering of relaxolOW temperature variants can appear. _
based single crystal systenfs.g., for single crystals PZN- Because of the importance of predicting the effective

PT, PMN-PT produced much enhanced piezoelectric andnaterial properties, there is vast literature on property aver-
dielectric propertie$.Experimental observation showed that aging of multicomponent systems. For example, the equiva-
many engineered crystal systems have only two varfantslent elastic constants were previously calculated for two
Even those nonpoled samples are composed of large regiofyer elastic systefrby using the volume ratio as the weight-

of two-variant twin band structures. Experimental observaing factor for both the stress and strain. This approach allows
the calculation of elastic properties in two layer system for
materials of any symmetry and any orientation between the

30n leave from the Department of Physics, Technical University of Liberec,

Liberec, Czech Republic. two Iayers. This methgd was later extended to piezoelectric
YElectronic mail: cao@math.psu.edu materials® The dynamic approach for calculating the effec-
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z the response to derive the effective average property of this
twin crystal. For generality, we allow the crystallographic

DW symmetry of both materials to be arbitrary, however the ma-
terial properties of both domains must be expressed in the
same coordinate system before performing the average. For a
ferroelectric system, the material properties are represented
by the elastic compliance tensef), piezoelectric constant
y tensord® and dielectric constant tensef”, which satisfy

the constitutive relations

T

Domain (1) Domain (2) 77(i) g gt
ool ol

DO Tl gh &b

) (i=1,2), 1)

FI(_B. 1. The two domain system with coordinate systems chosen with the ywhere the superscriptd) and (2) represent the quantity for
axis perpendicular to the domain wabDW). domain 1 and domain 2, respectivebf) and D" are the
elastic strain tensor and the electric displacement ve€tdr,

i terial ies of pi lectric | d material fand E® are the stress and electric field, respectively. The
Iveé matenial properties of piezoelectric fayered matenal o, 4omains can be of different thickness, which is repre-

arbitrary orientatioh was based on the nature of acousucsented by volume ratios™ and v@ with W+ @=1.

wave propagation in layered material in the Iong—wavelengtkbOmponents of elastic straipare assumed to be symmetric

Ir|nm|tt. rIit ie\lIorwedrttiaxpllc':AI;C?rllCT?EO?h0;af cromf;f)leiievsertnoft a:lil Iwhile the components of elastic stress do not have this sym-
atenal properues. Another metnod for etiective mate ametry due to the cross domain coupling. The simplified no-

prqperty calcul_atlons is the method of e_ffectlve meoI'umtation is related to the true tensor notation in the following
which was applied to calculate the properties of polycrystal-

line ceramic&~'2and piezoelectric composité$** The me- form:
chanical stress and electric field were assumed uniform in the
matrix and in the inclusioligraing. The average was calcu- - _
lated under a number of assumptions about the space distri"*
bution and the shape of inclusioiispherical and elliptical
shapg. Effective material properties for 1-3 composites since the material properties are similar in magnitude for the
were calculated for &im symmetry as a function of volume o domains, unlike the case of polymer—ceramic
fraction:** While all of these techniques have advantages angomposite!®>1it is reasonable to assume that the mechanical
disadvantages in certain aspects, they have provided guidrress, strain, electric field and electric displacement in both
ance for many particular applications and for the properjomains are homogeneous in the equilibrium state. At equi-
characterization of multicomponent systems of interest t0 §ibrium, the effective stress and strain of the twin system is
certain accuracy. symmetric and the two domains are required to form a co-
However, it is not appropriate to use the volume ratioperent nonseparating boundd®W) under external applied
average if there are only a limited number of domains in astresses. For convenience, we will use the shortened notation

system. In this paper we will try to eliminate some of thosefor | the tensor components of material properties defined
less convincing assumptions used in previous averagingy17

methods and to develop a systematic procedure particularly
applicable to a two-domain twin system. We will use differ-

Ty =]
Tj+T; i#j

} (i,j=1,2,3; x=1,....6. (2

ent weighting factors for different physical properties based S 1=1.k=1
on the relative orientation to the external stress and electric ] 2sija 1#) k=1 S _
field. Some quantities in each domain can be the same as in S 2sy  i=]j,k#I (hikl=123;
the combined twin system rather than all quantities being the .

. . . . 4S;i |¢j,k¢|
weighted average. We will also give the macroscopic sym- ]
metry associated with twinning of different pairs of the low Nov=1,....6, (3a)
temperature variants resulting from cubic to rhombohedral
and cubic to tetragonal ferroelectric phase transitions. djc j=k

d"‘_[Zdijk j#k] (j,k=1,23u=1,...,6. (3b

Il. AVERAGING OF TENSOR PROPERTIES IN A TWIN

CRYSTAL . . .
The constitutive relations for each of the domains are

For the twinned structure under study, we assume that
the two variants have a volume ratio@f) andv(® and the (M) — gMEM 4 M) T(n) (4a)
domain wall(DW) is perpendicular to thg axis. Consider- 1 KI—k 7 =ikl Tkl
ing the unit cell of a twin structure as shown in Fig. 1, we
can apply static stress and electric field to the system and u " =eMEM+dRTR  (i,j,k1=123n=12, (4b
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whereT{” andE{" are the components of the elastic stress ()= (). (6)
tensor and electric field vector, respectively. . )
Volume ratio averaging conditions can be expresséd as D(z )= D(2 ), (69
7 =0y +o @y, (59 T =T, (6h)
Ti'=oWTH+0@TR (i,j=123. (5b) TL=TR), (6i)

These relations cannot hold true simultaneously for both the T T2 (6))
strain and stress as one can see from the twin structure in 2% 2

Fig. 1. We need to redefine the conditions for such a system E(N=g{? (6K)
for which the orientation and configuration are known. Me- P
chanical equilibrium and nonseparable boundary conditions, E3’=E3”. (61)

i.((ei.), t(ri])e continuit;(/i)of th_e three -components - of SIeSSirhese conditions provided different averaging rules for some
T%%T%% and TZ%, six components of strain:
1 I 1)

0 ) 0 " components of elastic stress, strain, electric field and electric
711, W33, W32, W13, W31 andnys , two components of electric displacement.

: (1) Q) ; ; (i)
field, E;” and E3’, and the electric displacemem’, Equations(6a)—(6l) give the relations between the elas-
(i=1,2), lead directly to the following conditions across theyjc stress and electric field in domain 2 and domain 1. For a

domain wall: prescribed stress or electric field to the twinned system, one

7P= 73, (6a  can first represent the stress and field in domains 1 and 2
W @) using the global quantities. Then, these tensor components

738 = 133 (6b)  can be substituted into Eqéa—(5b) to find the effective
Q_ (2 (60) material properties. The linear system of equations, Egs.

52 = sz (6a—(6l) can be solved in matrix form

753=n, (6d) b1 A1) = p(2) H2). @)

5=, (68 where

sii s s osl) sl] s s s df} db) df
0 1 0 0 0 0 0 0 0 0 0
sid s s sf] sf] SR SR SR i db) d
0 0 0 1 0 0 0 0 0 0 0

o s osd o) SR o dy a)
( (

b= s S8 SR sB s s s ) d) A aQ | -12 ®
sid il sf s sl sl s SR did db) o
0o 0 0o O o0 o0 o 1 0 0 o
0o 0 o O o o o o0 1 0 O
df) df3 df) df} df) dfd dbd dfd e} € e
0o o o o o o o o o0 o 1
|
and transposed vectef' is given by Nine simple loads for the two-domain system were ap-

plied to help us derive the independent effective constants. In
each case, only one or two components of the load are non-
A0T= (T 753 T8 579 578 T8+ T, zero.

i i i i i longitudinal stress
37433750 B ED) EY)). 9

To find out the effective material properties of the two- 1. T‘ﬂf#O
domain system, we can use matrix calculations. In the ex- 2 Tgf2f¢0 aIIotherTﬁ-“are . anEieffzo;

amples, however, we will solve them in steps for conve- ot
nience. 3. T33#0
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shear stress

4. TS#0T5#0
5. Ti§#0,T51#0 ¢ allotherTE" are zero an&®"'=0;
6. TSh#0,T5i#0

electric field

7. ES"#0

8. E5"#0 all otherEf" are zero andf"=0.
9. ES™#0

The constitutive relations become relatively simple for these
nine independent loads for calculating the effective material
properties. Usually only one kind of material constants for
the effective material is involved in each equation.

Putting each of these nine independent loads into Egs.

(6a—(6l) and using the averaging rules, E¢5a—(5b) we
obtain the linear system of equations

AX;=vY;, (103
@
v @
) ) s S s ol
s o A
o | s
sid s s s{d s df o
R s s A
df) df} df) dil dbl e
(109
1
THY
1
T8
1
1
ST
X = E(Tm ) (i=12,...,9, (100
2 13
ET(l)
2 12
1
ESH
2 2 1
S(1 1) 3(12) - S(12)
s st3 — sy
(2) (2) _ (1)
1 Si4 Sz4 — S24
f eff
yi=—=T5 2 Y= 2 y |+ (108
,@ 1| @ si2— st
2 2 1
s{@ sig — st
2 2 1
o oy~
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2
S(15)

2
3(35)
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2
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11
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11
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<

11
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4@ _ g df? Because the prototype symmetry of the paraelectric phase is
i1 m1l 4@ cubic, the possible DW orientatiolisfor the two domains
di3—df 23 with polarization P 111] and P{111] are [010] and
d@—d¥ 1 d(zi) [101]. We calculate the effective material properties for the
y=Efl o Ye=—=E5"| 4@ |. (100  case with DW oriented if010]. Domains are often ob-
diz’—dic v @) 25 L . . . .
) served as periodic twin bands in most ferroelectric materials,
d{@—d{d) dae therefore it is reasonable to assume the same volume ratios
(2 ) 2 for the two domains, i.ey™=0v3 =1 the expected sym-
12 "2 metry of such a twin structure and its effective material prop-
dgzl)_ dgll) erties ismm2. . _
@) (1) Independent material propertles fpr thenasymmetry
diz —d33 class in its own crystallographic coordinate system with the
d(si)—d(sﬁ) mirror symmetry plane perpendicular to tleaxis can be
¥o=ES'| L@ 4w (10)  found in published tables.
35 35 Material properties for domain 1 in the chosen coordi-
d$®—diy nate systentas plotted in Fig. Lare
B- ey

! ! ! ! ! ’
_ " ) _ S11 S12 S12 S14 S15 Si5
The mechanical stressﬁs%1 and electric fielde}™’ are dif-
ferent in general for these simple loads. Values of mechani-

cal stress and electric field in domain 2 can be expressed 1) S12 Si2 S11 Si5s Si5 Sia
S =

! ! ! i I !
S12 S11 S12 S15 Sis Sis

from Egs.(6a—(6l) using values of corresponding compo- Sl, Sl Sis Sis Sis Sis |’ (129
nents in domain 1. We can solve E40g and substitute the , , , , , ,
results into Eqs(5a)—(5b) to find the effective material prop- S5 S14 Si5 Sas Sas Sss
erties for the two-domain system. Detailed procedure is il- Sis Sis Si4 Sis Sis Sia
lustrated in the example below.
€11 €1 €

lll. EXAMPLES OF TENSOR PROPERTY AVERAGING eV=| e, €, €], (12h)
FOR A TWIN CRYSTAL WITH THE SAME , , ,
VOLUME RATIOS OF THE TWO DOMAINS €12 €12 €11

As an example, we calculate the effective material prop- d! ' 'ood dl. d!
erties of a 3n symmetry class single crystal, such as the fl }2 }2 f4 }5 ?5
PZN-PT single crystal, with a set of twins containing equal d'®=| dp dyy dp dis dy dis |, (129
volume ratios of the two domains. First of all, we need to di, dj, di; dis dig di,

rotate all tensor components of material properties for both

domains from their own material coordinates to the sameavhile material properties for the second domain in the same
global coordinate systerfmaterial coordinate for the parent coordinate system can be derived as

cubic structure Components of material properties for do-

mains 1 and 2 are rotated to the common coordinate system S;1 St S12 —Sis Sis —Sis

using matrices / / / / / /
S12 S11 S12 ~Si5 S14 ~Si5

1 1 l ! ! ! ! ! !
= = = S S S —S S —S
RO e e
1 11 —S14 —S15 ~Sis Sqa TS5 S4s
RM= 7 F B 3%5 sé4 5%5 —5%5 s{m _3{15
s 1 —S;5 TS5 —Sui S45 TS5 Sy4
0 "5 (133
6 3
€11 ~ €12 €12
and o , , ,
1 1 1 €=\ —e, ey e, (13b
_E E ﬁ €, —€, €y
R(z): — i _ i _ i (11) dill.l diZ diZ _di4 d2,|.5 _diS
2ok O=| ~di, ~dy ~dip  dis -di dis),
o .2 L dip d dy —dig  diy —di
V6 3 (130
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where
S11=5(4s11+4s13+4 V28)4+ Saat 2549), (149
Sio= 5 (Sp1+ 381+ 4515~ 212814+ Sag— Saa), (14b)
S14= 3(S11— 3810+ S1a+ 2514+ Saa— Sad), (149
S15= 5 (— 4811+ 25,3— V2814+ 2835+ S44), (140
Shs= 3(5S11— 3815~ 4513~ 412514+ 2533+ S40), (148
Sys= 5 (— 2511+ 61— 813+ 412514+ 4S33— Sy4),
(141
di,= ! (2d15— 2/2d g+ 203, + d3p) (149
1373 15 22 31T d33),
di,= ! (—dys+ 200+ 203+ dso) (14h
127373 15 20 2d31+d33),
d 2 (dyg+22do+ day— d3a) (14i)
= — —— —_ y I
N 15 20t d33— a3
d! ! (dys+ 2200~ 2d 3.+ 2d30) (14))
15 3\/§ 15 22 31 33) ]
€11=3(2€1,+ €39), (14K
€15=3(—entegy). (1410

As an example, let us apply load 1, i.Eﬁfafaé 0, other are
all zero (the other loads 2—-9 can be solved similarlyhe
corresponding matrices for the linear system are

2s;; 255, ;5 000 0
2s;, 2s;; Ss;5 0 0 0
2sis 2s;s S,y 0O 0

A= o5 o5 0 s s 2di|n %@
0 0 0 sj
0 0 0 djs dis 2e),

! !
Sga 2035

(15b

y1=(2TS (150

’ )

14
!

—S15
I

—dj,

J. Erhart and W. Cao

where we reshaped matrk and vectorsx,,y, for conve-
nience. The solution of Eq10g for our particular case is
given by

=T T@=0, TR+TP=0, (19
T (2Tt T (2T e,
EN=(-T5] %, (17)
where
Sas Sss Uis S1a Sss dis

B=| Ssis Sa dis B,=| S15 Sas dis|, (18
dis dis €1 di, dis €y
Sas S1a Uis Sis Sas Sia

B,=| Sis S5 dis| Bs=| Sis Sa Sis (19

dis dip € dis dis dip

Mechanical stresses in domain 2 are expressed as
TR=T1¢  T@=0, TY=-TY, (20)
TR+T@=0, TR=-TY, EP--EP. @

Now we can substitute these expressions into the averaging
conditions Eqs{(6a—(6l) and obtain some of the effective
material properties for the two-domain system. The same
procedure can be applied to the other loads 2—9 and a com-
plete set of effective material properties for the twin structure
will be obtained and they are explicitly given below:

sii sz siz O sjp O

sp % sip 0 si O

SIEE

=l o 0 o < o S| (229
it 35 s 0 s O
0 0 o0 s o s
€51 0 €
€= 0 & 0], (22b)
€ 0 e
dif df7 dif 0 dif o
gefi= o0 0o 0 d5f o d5|, (229
o o @ o af o
where
ST1=S1,~ (SideB, + s;deB, +djdeBy)/deB, (23
sM=s1,—(s]deB; + s} deB,+d},deB;)/deB, (23b)
s$3=51,~ (SideB; + 51 deB,+ di,deB;)/deB, (239
s=s1.— (s4deB; + s deB,+d;,deB;)/deB, (23d)
sSi=s1,—(s}deB,+ s} deBs+d;,deBs)/deB, (230
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seif=s! ,— (s4deB,+ sjsdeBs + d; deBg)/deB,
se=s,,— (s],deB;+s|deBg+ sjdeBgy)/deB*,
sell=s).— (s]deB; +s; deBg + sjdeBgy)/deB*
sef=s},— (sjsdeBig+ sysdeBy +d; deB;,)/deB,
€51= €1,— (d1,deB+ dideB 4+ €1 deB;g)/deB,

€= e),— (djdeB,3+d],deB 4+ €] ,deB;5)/deB,

e53= €11~ (dj,deB o+ djdeB +dj,deByg)/deB*,

d§i=d;,— (s1,deB;at s;deB, 4+ d; ,deB,5)/deB,
dSf=d},— (s|deB,3+ s]deB,+ d},deB;s)/deB,
d$5=d;,— (sisdeB st si,deBy,+d deBys)/deB,

d$f=d;— (s,deB;5+ sjdeB,+d; deB;s)/deB,

dSf=d}— (s],deB, g+ s;deB,,+ s)deB;g)/deB*,

where
! li ! li ! li
S11 S12 Si5 Sis Ss5 dis

i I ! I ! i
B*=| S;» Si1 Sis Bs=| S14a Saa dis|,

! ! ! ! ! !
Si5 Si15 Sas di; dis €
! ! ! ! ! I
Sas S15 Ui S44  Sss  Sis
! ! ! ! ! !
Bs=| Sss Si5 dis Bs=| Sa5 Saa Si5],
dis di; €gg dis dis dpy
! ! ! ! ! !
S14 S12 Si5 S11 S14 Si5
! ! ! ! ! !
B;=| Si5 S11 Sis Bg=|( S12 Si5 Si5],
! i li ! ! i
S4s S15 Saa S15 Sa5 Saq
! ! ! ! ! !
S11 S12 Sus Sis Sss dis

! ! ! ! ! !
Bo=| S12 S11 Si5 Bio=| Sas Saa dis|,

! ! I ! I !
S15 Si15 Sss dis dis €1
!

li ! li i !
Sas Sss Uis Sga  Sss Sas

! ! ! ! ! !
Bii=| Sas Sus dis Bio=|( Sas Sas Sss

dis dis €1 dis dis dig
dig Sps dis Spq dig dis
Bis=| dis Si s Byy=| Sis dis dis
€, dis €11 dis €1, €1
Sas Sis dig di, Si» S5
Bis=| Sas Sas dis Bis=| di2 S11 Sis
dis dis €1, dis Sis Su

! ! !
S11 S12 Ui
! ! !
S12 Si1 dip

’ ! ’
S11 Uiz Sis
! ! !
Bi7=| S12 dio S5 Bis=

! ! ! ! ! !
Sis dis Spg Sis Si5 Oy

(231)
(239
(23h)
(23i)
(23)
(23K)
(23))
(23m)
(23n)
(230
(23p
(230

(249

(24b)

(240

(244

(249

(241)

(249

(24h
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The symmetry of these effective material properties is at
leastmm2. Some may show degeneracy in certain compo-
nents.

Similar calculations can be carried out for any arbitrary
material symmetry and arbitrary orientation of domains and
DW.

IV. NUMERICAL EXAMPLES FOR m3m—3m AND
m3m—4mm FERROELECTRIC SPECIES

In order to make some comparison between our method
and the volume ratio weighted average, we have performed a
numerical computation for two systems that have experimen-
tal data available in the single domain single crystal state.
Unfortunately, the lack of experimental results prevented us
from direct comparison to measured data for a two-domain
twin band system. The two systems calculated represent do-
mains formed at the ferroelectric phase transitionsn8m
—3m and m3m—4mm. (BaTiO;) was chosen as an ex-
ample for them3m—4mm transition. There are unfortu-
nately no complete data sets available for thedm—3m
transition. Therefore we used the numerical data of LijlbO
in the 3m phase and assumed that the domain structures
could be engineered to the configurations resulting from a
m3m— 3m transition(the true phase transition of LiNkQs
3m—3m and there are only 180° domains in its naturad 3
phase.

If the effective material properties could be calculated
based on volume ratio weighted averdgkge effective ma-
terial properties can have a very compact form. In vector
notation, the effective material properties of a two-domain
system are given by a>® matrix

s d'
I\/l_d €/’

wheres is a 6<6 matrix of the elastic complianced,is a
6x3 matrix of piezoelectric constants aeds a 3<3 matrix

of the dielectric constant. Because the volume ratio weight-
ing method eliminated the cross coupling between domain 1
and domain 2 and ignored the orientation effect, the effective
material properties can be simply expressed as

(29

e

M@
o@D

M= MOmM®D)~Im@ ¢

X (26)

2 \ 1!
(mW)~1m@4 2
@

whereM®) and M) are matrices of material properties of
both domains andl is a 99 unit matrix. The matricesm®)
andm(® are given by
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TABLE |. Effective material properties for two variant twin structure of LiNp@&nhd BaTiQ. The coordinate
system is chosen in the way that thexis is perpendicular to the DW. Zero values of tensor components are

listed by dots.

LiINbO5; DW(010)

BaTiO; DW(110)

Material
property P4 111] Ps[lTl] This work Ref. 8 PJ100] P4J010] This work Ref. 8
Sep 11 5.60 5.60 5.42 5.50 7.92 7.92 7.49 7.92
[100¥?m?N"Y] 12 -136 -136 -1.10 -1.08 -128 -128 -171 —-1.28
13 -136 -1.36 —-1.38 -146 —-380 -380 —-347 —3.79
14 -1.35 1.35
15 0.26 026 -0.49 -053 .. ..
16 0.26 —0.26 . 3.83 -3.83 . .
22 5.60 5.60 4.65 4.84 7.92 7.92 7.49 7.92
23 -136 -136 -1.10 -108 -380 -380 —-347 —3.79
24 0.26 —0.26 . .
25 -135 -1.35 1.36 0.87 . .
26 026 —0.26 3.83 -3.83 .
33 5.60 5.60 5.42 5.50 8.05 8.05 7.81 8.05
34 026 —0.26 . .
35 0.26 026 —-0.49 -053 o .
36 —-1.35 1.35 . ... —2.89 2.89 . .
44  15.65 15.65 15.27  15.27 13.62 13.62 11.94 11.94
45  -0.98 0.98 . . 478 —4.78
46 —0.98 -098 -099 —0.99 . . .. ..
55 15.65 15.65 7.92 9.22 13.62 13.62 11.94 13.62
56 —0.98 0.98
66 15.65 15.65 15.27  15.27 34.23 34.23 30.63 30.63
di 11 16.28 16.28 11.84  15.53-157 157
[107Y’CN~Y] 12 -583 -583 -5.03 -374 121 -121
13 -583 -583 -3.14 —6.58 24 —24
14 —47.11 47.11 . .
15  26.44 26.44 23.84  20.40 . . .
16  26.44 —26.44 -85 -85 -127 -127
21 -5.83 5.83 121 121 130 121
22 16.28 —16.28 . —157  —157 —147 —-157
23 -5.83 5.83 . . 24 24 17 24
24 26.44 26.44 2223  22.23
25 —47.11 47.11 . . . .
26 26.44 26.44 2223  22.23 -85 85
31 -583 -583 —-314 —6.58
32 -583 -583 -503 -3.74
33 16.28 16.28 11.84 1553 . . .
34 2644 —26.44 . =277 =277 —-179 —180
35  26.44 26.44 23.84  20.40-277 277
36 —47.11 47.11
€ij 11 3.45 3.45 1.68 340 135 135 24.1 24.1
[10 %Fm™1] 12 -0.44 0.44 ...o-121 121
13 —-0.44 —0.44 1.04 -0.50 . . .
22 3.45 3.45 1.91 1.92 135 135 133.3 135.5
23 —0.44 0.44
33 3.45 3.45 1.68 3.40 256 256 199.6 199.6
s s sl s s s odl) o) o
0 0 0 0 0 0 0 0
sy sf) st s§) SR sf df db) dff
0 0 0 1 0 0 0 0
s SR s s SR d) df dQ | spo. @
0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 1 0 0
o) df off ) df o ) f
0 0 0 0 0 0 0 0 1
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Numerical values for a two-domain system of engineeredries of 3m and 4mm using both methods. It was found that
LiNbO; and BaTiQ calculated using this approdclare  the new method gives similar results for en#h system but
listed in Table | to compare with the numerical values ob-predicts quite different piezoelectric and dielectric coeffi-
tained by using the method given in this pageaso listed in  cients for 3n systems. In some components, the difference
Table ). can exceed 100%. The elastic properties, however, differ

It is important to point out that the global symmetry of very little for both symmetries because the two types of do-
the twin structure is maintained whether or not the intercoumains are very similar in elastic properties, therefore the cou-
pling between the two domains has been considered. For th@ing of the two domains does not make a significant differ-
case of LINbQ, the symmetry belongs to thmm2 class. ence while performing the property average.
For BaTiO; the symmetry of the system is alsom2, but Two variant twins are the basis of all twin structures as
there is additional degeneracy for some material propertiesevealed by all microscopy works. Properly calculated, the
They are: siﬁzsgg. Using the method of volume ratio effective property of the two-variant twins will pave the way
averag€ only two of the degenerate relatiosgfz sgg,sfg to calculating more precisely more complicated multidomain
=s§f3f hold for the elastic compliance tensor. single crystal ferroelectric systems.

From Table I, the difference in elastic properties calcu-
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