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Abstract
An algorithmic method is presented for determining all domain configurations
and their symmetries in domain average engineered structures. This method is
applied to PZN-PT single crystals by determining the domain configurations
of domain states which arise in a phase transition between G = m3m and
F =3m.

In domain average engineered samples of ferroic crystals [1], the sample is subdivided into
a very large number of domains representing m domain states S;,i = 1, ..., m, where m is
equal to or smaller than the theoretically allowed maximum number . The tensorial properties
of such crystals are taken to be averages over all domains of the sample:

Tove = il ViT; (D)

where T; is a tensor property of the ith domain state S; and V; is the fraction of the total volume
of the sample made up of domain states S;. A sample, defined by its constituent domain

states S;,i = 1, ..., m, and their corresponding fractional volumes V;,i = 1,...,m, will
be referred to as a domain configuration. A specific domain configuration consisting of the
domain states S;,i = 1, ..., m, will be denoted by [S, ..., Sa1[Sp, - -+, Sel- - [Sks -+ Sm]

where all domain states in each subtuplet of domain states, within the same square brackets,
have the same fractional volume. In this letter we give an algorithmic method for determining
all domain configurations in a domain average engineered sample of domains that have arisen
in a phase transition between a phase of higher point group symmetry G and one of lower
point group symmetry F'.

A method was given in [2] for determining all domain configurations in the special case
where the domain states were of equal fractional volume. This method was applied to PZN-PT
by considering the phase transition between G = m3m and F = 3m. A highly mathematical
analysis was given in [3] for determining the domain configurations in the general case of
non-equal fractional volumes. This was also applied to the case of domain configurations
of PZN-PT, but an exhaustive listing of all domain configurations was not explicitly given.
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Table 1. Representative subsets of domain states for G = m3m and F = §X),Zm;y, and the

subgroups H of m3m that leave them invariant.

Representative subset ~ Symmetry H
{1}; {2345678} 3yyzmiy
{13}; {245678} MyxyMzy2;
{15}; {234678} 3yyamiy
{16}; {234578} mymy; 2y,
{123}; {45678} 3yy2mz;
{135}; {24678} Mmyy
{136}; {24578} My
{1234} 4,34y,
{1235} ms;
{1238} 3gems,
{1356} 2%,

{1357} My Mgy M
{1368} 4omymyy

Table 2. Domain configurations and their symmetries derived from the subset of domain states
{1368}.

Subgroup K C 4,mymyy,  Domain configuration ~ Symmetry

(1) d;mymyy [1368] domymyy

(2) 4, [1368] 4omymyy

(3) mxym)?yzz [13][68] mxym)?yzz

4) mymy2; [1368] domymyy

(5) myy [6](8][13] Myy

(6) mgzy [1][3][68] Mgy

(7) my [16][38] my

(8) my, [18][26] my

2, [13][68] Myymiy2;
(10) 1 [113][6]18] 1

Here we give an alternative method for determining all domain configuration in the general case
based not on the highly mathematical concepts of [3] but on a generalization of the symmetry
analysis of [2]. As we present this algorithmic method, we shall in parallel derive all domain
configurations in the case of PZN-PT.

Consider the phase transition from G to F. The symmetry analysis of the domain
configurations is based on the coset decomposition of the point group G' with respect to its
subgroup:

G=F+gF+gF+---+g,F 2)

where the elements g; are coset representatives of the decomposition and g; = 1. The relative
orientations of the domain states are given by S; = g;S;. The closure of the group G under
multiplication implies a permutation of the cosets of the coset decomposition (2) and in turn
a permutation of the domain states S; under elements g of G. The action of an element g of
G on §; is defined by ¢S; = g2:S1 = g fS1 = grS1 = Sk, where f is an element of F', and
the domain state S; is transformed by the element g into the domain state S;. The action of an
element g of G on a domain configuration is

glSi, o SallSey oo Sel - [Sky -+ oy Sl
=[g51,...,88.1(8Ss .., 8Sc]--- 185, .., &Sml. 3)
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Table 3. Representative domain configurations of domain states in the phase transition between

m3m and §X),Zm;y.

Domain Conditions on
configuration Symmetry fractional volumes
[1] 3xyzmiy
[13] mxym)?yzz
[11(3] Mgy Vin# Vial
[15] 3iyeiiy
[115] 3xyzMzy Vin # Vis)
[16] mxmy"zz,vz
[11[6] ms; Vin # Viel
[123] 3ugemiz
[11[23] mg; Vi # Vs
[11[21[3] 1 Vior # Via)
[11[3][5] My
[6][13] Myy
[11[3][6] 1 Vin# Vial
[1234] 434y iy
[1][234] 3xyzMiy Vi # Vizsg
[12][34] My M52y Vi) # Viz4)
[21[4][13] Myy Vizy # Viay or Vigy # Visy or Vig) # Vg
Vin # V31
[11[213][4] 1 < Vi # Vizpor Visp # Vi >
Vis1 # Viay or Vigy # Viay or Vi) # Vi3
[11[5][23] Miz
[11[2][31(5] 1 Vio) # Vi3)
[81(123] 3y50miz
[21[8]1[13] Myy Vi1 # Vg
[11[2][31(8] 1 Vin # Vi3l
[15][36] 25,
[11[31[51[6] 1 Vi # Visy or Viz # Vig)
[1357] MyxyMyyNi;
[171(35] Mmzymz2yy Vun # Vizs)
[131[57] MyyMzy2; Vi # Visn
[15][37] 25y /mzy Viis) # Vis
Vi # Visyor Visp # Vi)
[11[31[51(7] Mgy < Vi # Vizyor Visy # Vi) >
Vi # Vimor Viz1 # Vis)
[1368] 4oy
[13][68] MyyMizy2; Vi) # Vies)
[61[81[13] Myy Vie) # Vis)
[16][38] My Viie) # Vi3s)
Vin # Vi3
(HI31618] ! <V[|] # VE@} or V{}} # V[8]>
[21[4][8][57] Myy
[21[41[51(71(81] 1 Vis) # Vim
[71[24][68] My
[21[41[6][71[8] 1 Viz1 # Viay or Vig) # Vig)
[41[8][567] 3y52mi;
[41[61[81[57] Myy Vie) # Vis7)
[41(51[61[71[8] 1 Vis) # Vim
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Table 3. (Continued.)

Domain Conditions on
configuration Symmetry  fractional volumes
[25][3478] Mmyems 2,
[251[38][47] my Vizs) # Vian
[25]1[37][48] 2y, Vian) # Vias)
[2][5](34][78] ms; Via1 # Visy or Vizag # Vg
Vi3 # Viay or Vi) # Vig)
[21[31[41[51[71(8] 1 Via) # Vis) or Viz) # Vi or Vig) # Vig)
Vizr # Visy or Viz) # Vg or Viay # V7
[234678] 3yaMiy
[234][678] 3xyzMzy Vi23a) # Viers)
[37][2468] 2zy/mzy Vi371 # Vio4es)
[281[371[46] 2y Vizs) # Viae)
[26][37][48] 1 Vize] 7 Vias
Vi31 # Vim or Viaay # Vies)
3][7][24][68 Ty
[31[71[24][68] msy <V[3] # Vipa or Vi # Vies)
Viel # Vis
[21[3][41[6]1[7118] 1 Vi21 # Viey or Via) # Vi7y or Vig) # Vig)
Viz1 # Vi) or Viz) # Vizy or Viay # Vie)
[24][57][68] Myymyy2;
[51[71[24][68] Mgy Vist # Vin
[2][41[6][8][57] My Va1 # Viay or Vgl # Vig)
Vis1 # Vin
21[41051161[7118 1
[2][41[51[61[71(8] <V[2] £ Vig or Vig)  Vis)
[5][234][678] 3yyzMmzy
[31[51(71[24][68] msy Vi3) # Vigay or V71 # Vies)
[21(31[41[51[61[71[8] 1 Viay # Viay or Vig) # Vig)
[12345678] m3m
[1234][5678] 4. 3xyzmyy V{12341 # Vis678]
[15][234678] 3yyzmzy Viis) # Via3ae78)
Vi # Vis) or Vi) # V[678]>
1][5][234][678 34yz
HBIE341I678) ey <Vm # Vizsa or Vis) # Viers)
[1368][2457] 4omymyy Vizes) # Vi2as7)
[1357][2468] myymzymz  Vizs7) # Viaes)
[28][46][1357] myym;2zy Vizs1 # Vise)
V131 # Vs or Vioa) # Vies)
[13][24][57][68] MyyMiy2; Vii3) # Viesy or Vg # Vis7y
Vi13) # Vip4) or Vis7) # Vies)
[26][48][1357] 2y /My Vize) 7 Vi8]
[17][28][35][46] m; Vi # Vizsy or Vipg) # Viag
[17][26][35][48] 2xy Viin # Vizs)
- Viis) # Vian
151[26][371[48 1
[151[26](37]1481 <V[26] # Via7) or Viag) # Viagy or Vi37) # Viag)
Vi21 # Vier or Viay # Vigy or Viiz) # Vis7)
[21[41[6]1[81[131[57] My Vi21 # Vg or Vig1 # Vig
Vi21 # Vi) or Viay # Vie) or Viiz) # Vis7)
Vis1 # Vin
Vi # Visy or Vigg # Vigy or Vizp # Vi or Vg # Vig)
Vi # Vim or Vigg # Vig) or Vi3) # Visy or Vigg # Vig)
[1I[2][3][41(51061(71(8] 1

Vi # Vim or Viz) # Visy or Viz) # Visy or Vigy # Vig)

Vo) # Vi3 or Vg # Viag or Vi3 # Vi or
Vie) # Vi or Vig) # Vis) or Vi) # Vig)
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For a given G and F', all domain configurations are classified into classes of equivalent
domain configurations: two domain configurations [Si, ..., Se1[Sp, -+, Sel - [Sks - -+ Sl
and [S], ..., SJIIS,, ..., S/1---[S;, ..., S),] are said to belong to the same class of equivalent
domain configurations if there exists an element g of G such that

8IS o SallSp s Sl ISt v s Sul = IS}, s SUISh v S [Sp s SpL ()

That is, the unprimed domain configuration is transformed by g into the primed domain
configuration. In determining all domain configurations for a given G and F' we shall explicitly
list only one domain configuration from each class. The remaining domain configurations
in each class are derived by applying all elements g of G to these representative domain
configurations.

The subsets {Si, ..., S} of all domain states in the domain configurations can also be
classified into classes of equivalent subsets of domain states: two subsets {Sj, ..., S,} and
{S}, ..., S} are said to belong to the same class of equivalent subsets of domain states if there
exists an element g of G such that

g{St, .. St =1{gS1, ..., gSu} ={S],..., S} 5)

The symmetry group H of a subset of domain states is defined as the subgroup of all
elements g of G which leaves the subset invariant:

giS, ... S} =1{gS1.....8S}=1{S1,.... Sn}. (6)

This classification was used in [2] and is equivalent to the classification of all domain
configurations of domain states with equal fractional volumes. A computer program is
available [4] which calculates the classes of equivalent subsets of domains and their symmetries
for any pair of point groups G and F'.

Given a point group G and subgroup F', the first step in determining all domain
configurations is to determine one representative subset of domain states from each
class of equivalent subsets of domain states and its symmetry group H. For G =
m3m and F = §xyzm;y, the coset representatives g;,i = 1,...,8, can be chosen as
1,2,,2,,2y, 1, m,, m_, my, respectively. Representative subsets and their symmetries of the
20 classes of equivalent subsets of domain states are given in table 1. Each subset is denoted
by listing the indices of the domain states contained in that subset.

Next, for each representative subset of domain states, we determine all domain
configurations which contain these domain states. For each representative subset {Si, ..., Sy}
of symmetry H we list all subgroups K € H. For each K we partition {Sy, ..., S,} into
a set of subtuplets {Sy, ..., SaH{Sp, ..., Se} - {Sk, ..., S} where all domain states of each
subtuplet can be obtained by acting on one domain state with all elements k of K. (These
subtuplets are known as K-orbits of domain states in {S, ..., S, }.) For each such partition
we construct a domain configuration [Sy, ..., S1[Sp, ..., Sel- -+ [Sk, - .., Su] by taking the
fractional volumes of all domain states in each subtuplet to be the same. We denote by Vi, 4
the fractional volume of each domain state in the subtuplet [S;, ..., S,]. We temporarily
assume that the fractional volumes of the subtuplets are distinct, and determine the symmetry
of the domain configuration. If the group H contains sets of conjugate subgroups K, then one
performs this construction only for one subgroup K of each conjugate set of subgroups. The
use of additional subgroups in a set of conjugate subgroups will only give rise to equivalent
domain configurations. One then lists all distinct domain configurations.

For example, for the representative subset {1368} of symmetry H = 4.m,m,, we list in
table 2 the subgroups K C H, the domain configuration determined by the partitioning of the
set of domain states with respect to K, and the symmetry group of the domain configuration.
The first, second, and fourth domain configurations so derived, as well as the third and ninth, are
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identical. Also, the fifth and sixth, and the seventh and eighth, use pairs of conjugate subgroups
of H = 4,mm,,. Consequently we have, derived from {1368}, five non-equivalent domain
configurations where the fractional volumes of the subtuplets are distinct. All such non-
equivalent domain configurations for G = m3m and F = 3xyzm 7y and their symmetries are
listed in the first two columns of table 3.

We now relax the condition that the fractional volumes of the domain states of each
subtuplet in a domain configuration are distinct. All relationships among the fractional volumes
are allowed under the criterion that the relationships do not lead to a domain configuration of a
higher symmetry. In column three of table 3 we list conditions that the relationships must fulfil
to satisfy this criterion. Some domain configurations have no conditions on the relationships
among the fractional volumes. Others have optional conditions separated by the word or, and
others multiple optional conditions given on separate lines. With these conditions table 3 is
now a list of one representative domain configuration from each class of equivalent domain
configurations. A complete listing of all domain configurations, in this example, is obtained
by applying all elements of G = m3m to each of the representative domain configurations
listed in table 3.

This material is based on work supported by the National Science Foundation under grant
No DMR-0074550.
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