JANA PRIVRATSKA

SYMMETRY PROPERTIES
OF
DOMAIN WALLS
ASSOCIATED WITH
COMPLETELY TRANSPOSABLE
DOMAIN PAIRS

UNIUERZITNI KNIHOUNA
TECHNICKE UNIVERZITY U LIBERC

L

3146071353

THESIS FOR HABILITATION

Liberec, November 1997




Daxros ecezda JoCcTATOYHO — HE
xearaer QaHTAUL.

II. BnoxuHIUeB




Contents

1 Introduction

2 Basic notions
98 Mathematical toola - = S L v
2.2 Pointhke groups m Eq, B and Tz oo oo d o0 oo I Ree
2.3 Pointlike layer and sectional layer groups . . . . . ... .. ... ...

2.4 Plomain statesiand domain-pairs =5 @0 vt an s T e TR

3 Domain walls in non-magnetic domain pairs
3.1 Wall symmetry and sectional layer groups . . . ... .........

3.2 Geometrical approach to the wall symmetry . . . ... .. ......

4 Domain walls in magnetic completely transposable domain pairs
4.1 Point group symmetry of pyroelectric and pyromagnetic layers . . . .
4.2 Pyromagnetic and pyroelectric walls in completely transposable do-

I P e e Ao e Do o
4.3 Pyromagnetic and pyroelectric domain walls joining non-pyromagnetic

and non-pyroelectric domains . . . . . ... ... ... ..
5 Concluding summary
A Coordinate system and symmetry elements

B Generators of non-magnetic point groups

18

22
22
28

34

34

44

63

66

69



i
Symmetry groups of domain walls in non-magnetic non-ferroelastic
domain pairs 73
Symmetry classification of non-magnetic non-ferroelastic domain
walls 88
Magnetic sectional layer groups 93
Pyroelectric and pyromagnetic domain walls in 380 domain pairs
described by magnetic completely transposable twin laws 103
Symmetry of pyroelectric domain walls in non-pyromagnetic and
non-pyroelectric domain pairs 111
Symmetry of pyromagnetic domain walls in non-pyromagnetic and
non-pyroelectric domain pairs 115
Symmetry of pyroelectric and pyromagnetic domain walls in non-
pyromagnetic and non-pyroelectric domain pairs 130

Bibliography 154



List of the most important symbols

Eqn
G =(G.Ts)
G

I

G} =Gv
GI=Gv
Gl =GV
2(_?3 = Gv
269

(hkl)
(hkil)

G(hkl) = G, Jr
{(hkl),G}; = {hkl};
{(hkil),G}; = {hkil};
{hkl}, {hkil}

Ly

D;

S;

F

(S:, 55)
{5, 5;}
i

I

n-dimensional Euclidean space

space group

point group

translational group

pointlike line group

pointlike plane group

pointlike space group

pointlike layer group

point group of the pointlike layer group *Gs
plane determined by Miller indices

plane determined by Bravis-Miller indices

sectional layer group

face orbit

plane orbits

holohedral sectional layer group

i-th domain

i-th domain state

symmetry group of the domain state S;
ordered domain pair

unordered domain pair

symmetry group of the domain pair (S, S;)
symmetry group of the domain pair {5, §;}
domain wall between domains

with domain states S; and S,




List of the most important symbols

T[S1(hkl)S;] = Tiz(hKD)
Thz(n) = Thz

u, S1p

u, 1y,

R, J

sf(G, p)

Jia[F1]

1

1

b= B B~ i S

symmetry group of a domain wall

side-exchanging operations

side&state-exchanging operations

one-sided sectional layer groups

simple form generated by the plane p and the group G
explicit notation for a domain pair symmetry group
the time inversion

the space inversion

the space and time inversion

magnetic group not containing the operations 1’,1,1"
magnetic group not containing the operations 1’,1’
magnetic group not containing the operations 1’,1
magnetization

polarization

pyromagnetic and pyroelectric groups
pyromagnetic and non-pyroelectric groups
non-pyromagnetic and pyroelectric groups
non-pyromagnetic and non-pyroelectric groups
type of a domain pair where domain walls

can be pyromagnetic and pyroelectric

type of a domain pair where domain walls

cannot be pyroelectric

type of a domain pair where domain walls

cannot be pyromagnetic

type of a domain pair where domain walls

are non-pyromagnetic and non-pyroelectric
asymmetric

symmetric

irreversible

reversible



Chapter 1

Introduction

Non-homogeneity can induce effects that are forbidden in a homogeneous systems,
e.g. a non-homogeneous temperature or non-homogeneous deformation give rise to
an electric polarization in solid or liquid crystals. The existence of these effects
follows from the fact that a non-homogeneity usually decreases the symmetry and
thus allows the existence of some properties that cannot be found in the homogeneous
system because of its higher symmetry.

Domain walls represent a special kind of a non-homogenity. The lowering of the
translational symmetry to two dimensions confines the appearance of a new effects
to a certain layer the symmetry of which is described by so called pointlike layer
groups [8,19.31]. These groups further exclude some symmetry elements that may
exist in domain bulks, e.g. rotation and inversion axes that are not perpendicular
or parallel to the wall. On the other hand, a planar domain wall may be invariant
under operations that interexchanges domain states on two opposite sides of the
wall. Since these operations cannot exist in the bulk of domains we encounter an
enhancement of symmetry. Thus the symmetry difference between the domain bulks
(domain states) and the wall is, in general, not a simple symmetry lowering and can
thus induce not only an appearance of new effects in the domain wall that do not
exist in the domain states of adhearing domains but also a disappearance of some
properties existing in domain states.

In some papers a special interest was attended to situations where domain

walls acquire properties that do not exist in domain bulks. Baryakhatar at al [1,2]




1. Introduction

have studied theoretically the appearance of electric polarization in domain walls in
magnetically ordered crystals. Walker and Gooding [32] predicated theoretically the
existence of a spontaneous polarization of a wall joining two non-polar domains of
quartz. Similar results for quartz were obtained by Saint-Grégoire and Janovec [27]
from symmetry analysis.

In this report a question of possible appearance of spontaneously polarized
(pyroelectric) and spontaneously magnetized (pyromagnetic) domain walls joining
antiferroelectric and antiferromagnetic domains with zero average polarization and
magnetization is discussed. The general analysis will be further restricted to non-
ferroelastic domain walls which bridge domains with the same spontaneous defor-
mation. A complete tables of layer groups which describe symmetry of a domain
wall will be determine for such domain pairs. The same method will be applied
on 380 magnetic completely transposable domain pairs in order to determine tables
of layer groups describing symmetry of domain walls between them. These domain
pairs will be classified according to possible existence of spontaneous polarization

and magnetization in their domain walls.




Chapter 2

Basic notions

2.1 Mathematical tools

A group (G is a set of distinct elements g1, gy, ... such that for any two elements g;
and g;, an operation called the group multiplication (o) is defined which satisfies the

following four requirements :

1. The set G is closed under multiplication: for any two elements g; and g; of G,

their unique product g; o g; also belongs to G.

2. The associative law holds:
gk o (gj09i) = (gk 0 g;) © gi- (2.1)
3. There exists in G an element ¢° which satisfies
g°0og=gog’=g (2.2)

for any element ¢ € G. Such an element ¢° is called the unit element or the
identity element; it will be denoted by e:

ED(—=goe=].

4. For any element g € G, there exists an element g~' (the inverse element) which

satisfies

g log=gogl=e (2.3)

The elements g; are sometimes called group elements, particularly when one

wishes to emphasize that they are members of the group G. Groups having an

3
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infinite number of elements are called infinite groups, while groups having a finite
number of elements are finite groups. The total number of elements in a finite group

is the order of the group.

If any two elements g; and g; of a given group G commute, i.e., if
9i©9; = 9; © i (2.4)

(commutative law) holds, then such a group G is said to be a commutative group or
an Abelian group.
If a group G contains an element g such that its powers g' (¢* =g o g,

g =gogo..og i—times) exhaust all the elements of the group, i.e.,
G=1{9,6% 18" -ng" = e}, (2.5)

such a group is called cyelic, and its order is equal to n. Such an element g;, whose
powers are the other elements of the group, is called a generating element, or a
generator.

In the next text the product symbol o will be omitted.

A subgroup H of a group G (H C &) is a subset of G that is itself a group
under the multiplication defined in the mother group . Both the single element
{e} and the group G itself are trivial subgroups of G. The other subgroups, if any,
are proper subgroups.

Let H be a subgroup of G, H C . If element g; in G is not contained in the
subgroup H, we can form left coset g,H, or right coset Hg; which consists of all the
products g;h; (or h;gi), where h; runs through the elements of H. Two cosets g;H
and g; H (i # j) have no elements in common or are identical. If G is a finite group
then the group G can be expanded with respect to the subgroup H by representing

G in the form of the union (symbol + is used instead of U) of the cosets of H
G=eH+qH+.. +g,H, (2.6)

or

G=He+ Hg + ...+ Hg,. (2.7)
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The numbers of cosets appearing in two preceding equalities are equal, although their
contents may be different.

Let the group G of order n contain the subgroup H of order k. Since every
coset g;H consists of k distinct elements, the equality n = kp must hold. Hence,
the order of the mother group G is divisible by the order of the subgroup H. The
integer p = n/k is called the indez of H in G. When n is a prime number, k must be
equal to n or to unity, so, the group whose order is a prime number has no proper
subgroups.

An element b of the group G is said to be conjugate to a if there exists a group
element g such that

b= gag™". (2.8)
Sometimes, we say that b is the transform of a by g.If b is conjugate to a, then a is
conjugate to b. If b is conjugate to a and c is conjugate to b, then ¢ is conjugate to
a, because from b = gag™' and ¢ = hbh™' it follows that ¢ = (hg)a(hg)~!. The set
of all elements that are conjugate to each other is called a conjugate class or simply
a class. By this definition, different classes have no elements in common.

Let H be a subgroup of the group . If we transform the elements of H with
an element g of G, the set of those elements gHg™" is a subgroup of G. It is called
a conjugate subgroup of H.

If the subgroup H satisfies the relation gHg™' = H for all elements g € G,
then the subgroup H is called an invariant subgroup of G. An invariant subgroup is
also called a normal subgroup or normal divisor.

An invariant subgroup satisfies the equality
gH = Hy, (2.9)

which means that the left coset is identical with the right coset as a set, i.e., an

invariant subgroup is a subgroup whose right and left cosets are identical.
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2.2 Pointlike groups in E;,E; and E;

In a continuum description of a medium in Ep (n-dimensional Euclidean space)
special types of continuous space groups G = (G, 1), so called pointlike space groups
[19], are used in order to indicate that each point P of a material with such symmetry
has the site-point symmetry Gp [7,19] (Gp is a point group G located at the point
P.i.e. Gp is a point group of symmetry operations which leave at least the point
P unmoved) and continuous translational subgroup T spans the whole vector space
Vi underlying the corresponding Euclidean space Ey. It means that it is the point
group G of the space group G (in general the group G is called a space group if T
spans the whole space V,, [19]) which completely determines the properties of the
medium from the group-theory point of view.

In this report only crystallographic point groups in E;, E3 and E3 will be used
and therefore the term “crystallographic” will be later sometimes omitted. Their
generators are restricted to the crystallographic cases, axes of rotation 1, 2, 3, 4, 6
and axes of rotoinversion 1,2 = m,3,4,6. The numbers of crystallographic point

groups are finite.

In E1 pointlike line groups are denoted as Gv, where v indicate one-dimensional con-
tinuous vector space of translations. There are only 2 point line groups GY (the
lower index represents 1-dimensional Euclidean space, the upper index repre-

sents a point group [14,20,24]).
=il L

In E2 pointlike plane groups are denoted as Gv, where v indicate two-dimensional
continuous vector space of translations. There are 10 point plane groups G9
(the lower index represents 2-dimensional Euclidean space, the upper index

represents a point group).

GY =1, 21, Im, 2mm, 4, 4mm, 3, 3m, 6, 6mm.
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In E3 pointlike space groups are denoted as GV, where V indicate three-dimensional
continuous vector space of translations. There are 32 point groups G = G9
(the lower index represents 3-dimensional Euclidean space, the upper index
represents a point group).

G=G3=1,1; 2, m,2/m; 222, 2mm, 2/m2/m2/m;

4, 4, 4/m, 422, 4mm, 22m, 4/m2/m2/m;

3, 3, 32, 3m, 32/m; 6, 6, 622, 6mm, 62m, 6/m2/m2/m;
23, 2/m3, 432, 43m, 4/m32/m.

They form T crystal systems. All the groups belonging to a given crystal system
are subgroups of the maximal supergroup (holohedry) characterizing the crystal

system.

An extension of classical groups describing geometrical symmetry is possible
by a group of non-geometrical properties which assign to each point of geometrical
space p > 1 different values. In case p = 2 so called two-colour or Shubnikov (resp.
antisymmetric) groups are generated, assigned values are "black/white” or " +1/—1",
[3.4,23,29,30]. When the operation "change of colours” (or "change of signs”) is
replaced by the time inversion 1’ then two-colour groups can be reinterpreted as
magnetic groups.

Magnetic point groups are often divided into three types [2]:

Type I: ordinary (trivial or white (or black}) point groups (32)
Point groups G are identical with 32 crystallographic point groups mentioned
in the beginning of this section.

Type II: non-magnetic (gray) point groups (32)
Point group of this type is expressed as direct product of ordinary point group

G and the group of time inversion {1,1}

M=G® {I,i’}, (2.10)
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Type I1I: non-trivial magnetic (black and white) point groups (58)
Point group of this type is given as

M=H+1(G-H), (2.11)

where H is a halving subgroup of the ordinary point group G.

The numbers in parentheses give the number of point groups of each type.
All three types of magnetic point groups are derived from 32 crystallographic
point groups and thus they can be divided into 32 magnetic families, in accordance

with the initial ordinary group G.




2.3 Pointlike layer and sectional layer groups

2.3 Pointlike layer and sectional layer groups

A layer is a three-dimensional diperiodic object. For the layer (or two-sided pane

which can be considered as a layer of zero thickness) bisecting space two outer nor-

mals can be distinguished, each of them is directed towards one halfspace. See Fig.

11

Ist halfspace

|
central plane

|
|
layer

|
|
|

2nd halfspace

Figure 2.1: Outer normals of a layer

The unit vector niz represents
the outer normal directed towards
the second halfspace, nsg; the
outer normal towards the first
one. Because nj2 = —naj, it is

possible to use simpler notation

ny2 = n and ny; = —n.

The pointlike layer groups (or net groups [23]) denoted as Gv or G (v or left

upper index indicates dimension of continuous translational group Tg) are created

by all symmetry operations leaving the given layer (or two-sided plane) invariant

(unchanged). The point group *G% of a pointlike layer group contains two types of

such operations [4,8,30].

I. The symmetry operation(s) transforming points on one side (face) of the layer

to the equivalent points on the same side (face). These one-sided symmetry

operations keep also unchanged outer normal. It is evident that 2, 3, 4 and

fi-folded axes and mirror planes are of this type only if they are perpendicular

to the layer, and rotoinversions must be excluded.

2. The symmetry operations transforming points lying on one side (face or upper

side) of the layer into equivalent points lying on the opposite side (back face

or lower side). These operations invert outer normal n into —n and vice versa
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In this case 3, 4 and 6-folded axes must be completely excluded. Mirror planes
and 2-folded axes satisfy the given condition only if they lie in the central plane

of the layer, and axes of inversion rotation (I,3,4,6) must be perpendicular to

the layer.

In order to distinguish these two types of operations the second one will be underlined
in this report (e.g. 2, m, etc.). This auxiliary notation was introduced in consider-
ation of domain twins [6] and was also used in the recent papers [25,24]. Next list
of point layer groups presents both notation introduced by Holser (8] and auxiliary
notation. In the first notation the symbol is written in the following sequence:
(1) symmetry in a direction normal to the plane, arbitrarily taken as the z axis,
(2) symmetry in the plane, along an axis designed z, and
(3) symmetry in another direction in the plane.

From the total number of 32 point groups 31 point layer groups *G3 can be
determined [8,23,29,31]. (In [8] they are presented as subgroups of the point group

in a two-sided plane.) These point layer groups can be divided into two families.

A) 10 one-sided point layer groups include only operations leaving side invariant
(“one-sided” operations not reversing the outer normal or side-preserving oper-

ations), none of generators of these groups is underlined :

!_Holser’s notation || 1|21 | Im | 2mm 4|4mm 3|3m 6 | 6mm
[,-\uxiliar_\-' nota,ti(mFr 1| 2 | | 2 =ll4mm 3[3m 6 | 6mm

(all axes and mirror planes are perpendicular to the layer).
In fact, they describe symmetry of a plane and therefore they are analogous to

the plane groups operating in Es.

B) 21 two-sided point layer groups contain also an operation exchanging half-spaces
("two-sided” operation reversing the outer normals or side-reversing operations).

It is possible to subdivide them into 2 parts:
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a) 10 groups with side-exchanging operation(s), containing the reflection through

the central plane of the layer.

(=]

6/m | 6m2 ] 6/mmm ]
6/m | 6m2 [ 6/mmm |

Holser’s n. ml_J 2/ml | m2m | mmm ] 4/m | 4/mmm

Auxiliary n. | m | 2/m | mm2 | mmm I 4/m | 4/mmm

(=20

b) 11 groups with side-exchanging operation(s), not containing the reflection

through the central plane of the layer.

}_Holser"s .

| Auxiliary n.

321 3m |622
32 | 32/m | 622

E

o

2112/m | 22
2| 2o | 22

[N ]
|H=1] =t
i
b3
b
=i

(o

(N

2

1] o=
o | b2
s

(=1

f—=1] =i

(axes 2,4,3,6,3,4,6 and plane m are perpendicular to the layer, axis 2 and

plane m are parallel to the layer).

Fig. 1.2 illustrates different position of axes and mirror planes with respect to

the central layer plane w for the layer groups 2/m and 2/m.

2
m

/w?//, ////// 2 Kﬁ‘///////

Figure 2.2:

The total number of 122 magnetic point groups (including all three types)
[1,4,23,30] determine following 125 magnetic layer groups. Operations reversing nor-
mal will be again underlined in auxiliary notation. These groups are subdivided
into 27 sublists with respect to which magnetic family the point group belongs. A
magnetic family includes all three types of magnetic point groups derived from one

ordinary point group. (27 families = 32 ordinary point groups minus 5 cubic ones)

1. Family 1

1




2.3 Pointlike layer and sectional layer groups

o

10.

i

13.

. Family 1

. Family m

m, m, ml’, ml’, m', m'

. Family 2/m

2/m, 2/m, 2/ml’, 2[/ml’, 2'[/m/,

/m', 2/m, 2fm/, 2[m, ¥/m

. Family 222

222,

(=]

221, 22001

. Family mm?2

12

mm2, mm2, mm2l’, mm2l' m'm'2, m'm’2, m'm?2, m'm2', m'm2'

. Family mmm

2/m2/m2/m, 2/m2/m2/ml’,

2/m2(m2/m’, 2[m'2 [mZ[m, 2[/m'2 [m?m

. Family 4

4, 41, &

Family 4

1

b=t
=i

3

Family 4/m

4m, 4/ml’, {(m, 4/m’, 4 [m’

. Family 422

422, 4221' 422/, 42'2

Family 4mm

dmm, dmml’, Ymm’, 4m'm’

2/m2'[m’2'[m’,

2/m2 [m'2 [m/,
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14. Family 42m

e |
W |
(5]

2m, 42ml', £2m', ¥2'm, 12'm'

15. Family 4/mmm
4/m2/m2/m, 4/m2/m2/ml’, 4'/m2/m2'[m', 4/m2'/m'2'm’,

4/ m'Ym'2m’, 4fm'2/m2 m, & [m'2 [m2/m’

16. Family 3
sfenpl

17. Family 3
3 31,3

18. Family 32

S2Na2 1N 00!
19. Family 3m
3m, 3ml', 3m'

20. Family 3m

9 !

3m, 3ml’, 3m’, 3w/, 3'm

21. Family 6
6, 61', 6
22. Family 6

5?

I

([
(=1}

1L
23. Family 6/m

6/m, 6/ml’, 6'/m', 6/m’, 6'/m
24. Family 622

622, 6221', 622", 622"
25. Family 6mm

6mm, 6mml’, 6'mm’, 6m'm’
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26. Family 6m2

6m2, 6m2l’, 6'm'2, 6'm2, 6m'2’

27. Family 6/mmm
6/m2/m2/m, 6/m2/m2/ml', 6'/m'2{m2[m', 6/m2[m'2[m/,

6/m'2/m'2/m’, 6/m'2[/m2'[m, 6 /m2'/m2/m'

If the points on the two sides of the plane are coloured white (upper side) and
black (lower side) then the one-sided operations (side-preserving) and two-sided oper-
ations (side-exchanging) are colour-preserving and colour-exchanging, respectively.
The layer groups are isomorphous to black-white groups [7,29]. According to the
previous division, the one-sided layer groups are called white, two-sided layer groups
with reflection m are called gray (a white point on the upper side always occurs with
a black point on the lower side at the same location) and two-sided layer groups

without mirror reflection are the "proper black-and-white” groups.

The sectional layer group for a given point group (G and for a given bisecting
plane is the group (subgroup of () of all those elements of the given group which
leave the given plane invariant. In accordance with this definition it is a layer group
depending on the given group (¢ and on the sectional plane. When a sectional plane
belongs to the set of planes determined by Miller (or Bravis-Miller) indices (hkI) (or
(hkil)) then the sectional layer group will be denoted as G(hk!), or only G when the
sectional plane (hkl) is clear from context.

Appendix B presents tables of generators of 7 crystallographic holohedral point

n

groups showing to which type they belong (reversing " |” or not reversing "1” outer
normal) with respect to the sectional plane (hkl). These tables cover all non-
equivalent plane orbits {hkl}, (or orientational orbit [19]), each of them is represented
by one sectional plane (h&!). A plane orbit {h&!} contains all planes which are gen-
erated by the point group (7 acting on the plane (hkl). Non-equivalent plane orbits

correspond to symmetrically non-equivalent crystal faces used in crystal morphology

[6,7].

-
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Then it is possible to determine holohedral sectional layer groups Ly for each
crystal system and non-equivalent sectional planes. Results are presented in Tables
2.1, 2.2, 2.3, 2.4, 2.5, 2.6 and 2.7 where each plane orbit is again represented only
by one sectional plane (hkl).

The sectional layer group G(hkl) of the point group G for the given sectional
plane (hkl) is then the intersection of the concrete point group (7 and the holohedral

sectional layer group Ly(hkl) of the same crystal system
G(hkl) = G N Ly(hkl). (2.12)

Example:
a) G=4,2,2;,(h0l) = G(hOI) = {4.2,2,,} N {2,/m,} =2,,
b) G =4./m.,(h0l) = G(hOI) = {4./m.} N {2,/m,} =1

The complete list of the sectional layer groups for all 32 crystallographic point
groups can be found in Appendix E as a special part of the sectional layer groups of

122 magnetic point groups.

Table 2.1: Triclinic system

(R0 [ Ta
RO 1

Table 2.2: Monoelinic system

(hkl) Ly

(001) [[ 2./m,

(hk0) || 2./m.
1
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Table 2.3: Orthorhombiec system

I hkl) Ly ‘

(

(001) || 2./mz2,/m, 2./ m.
(010) 2:;’ 22,/m,2./m:
(100) || 2:/ma2,/m,2./m-
(kD) 2./m.
(ko) 2,/m,
(0kD) 2./ms
(1) I

[ (RkI) Ly |

(

(00]) | 4./m2s/ ey iny
(100) 2;/m.2,/m 2. [m,
(
(

110) || 209/mpy 20/ may2. /m,

hk0) 2. /m,
(hhl) 2 /ey
) 2,/m,
(hkl) il

Table 2.5: Trigonal system
| (hkl) Ly |
(0001) || 3.2v0/mms
(21_10} 210/ M7
(010) 210/ma1

(2hhh) i
(0hAl) 210/ mai
(hki0) 1
(hkl) 1

Table 2.6: Hexagonal system
| (hkl) Ly
(8991} Gz/ﬂ:zlofmzizlzfmul
(2110) || 210/m3i212/m0r2./m.

(010) || 210/m11215/mpy 2. /m.

(2hhh) 212/moy
(Ohhl) 2,0/ mag
(hFi0) 2./m.
(hkel) 1
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Table 2.7: Cubic system

(001) 4:,’m=2¢fmr23yfmw
(110) erf’ﬂr_L—Q—ty'}'(mrﬁng(ﬂj':
(hk0) 2./m;

(hhl) 2. 5/mzy

(hkl) 1

(111) L

The sectional magnetic layer groups for the magnetic point groups of the II and
I1I type can be derived by the assistance of crystallographic sectional layer groups as
the time inversion 1’ has no influence on the orientation of the outer normal. For the
given section plane and within the given magnetic family the sectional layer groups
of the second type differ from that of the first type only by redouble of generators
as a result of the direct product with {1,1’}, and in the sectional layer groups of
the third type some classical symmetry operations are formally replaced by primed
operations in dependence on concrete initial magnetic point group.

The tables of the magnetic sectional layer groups are presented in Appendix

E, each plane orbit is again represented by one sectional plane (hkl),
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2.4 Domain states and domain pairs

2.4 Domain states and domain pairs

A domain D; is a region with homogeneous distorted structure. A crystalline do-
mains can arise in phase transition from a high-symmetry (parent, disordered) phase
of symmetry G to a low-symmetry (distorted, ordered) phase of symmetry F' which
is a subgroup of G.

A domain state S; is the bulk structure (extended into the entire space) of a
possible domain in a domain structure. A domain D; is then defined by the domain
state S; and by the connected region {); to which the structure of S; is confined in a
real domain structure.

The term single domain state S; is used for a domain state in a special case
when the crystal in the distorted phase consists of one domain only ( the region );
covers the whole crystal). The basic symmetry properties of single domain states
follow from symmetry groups G and F of the parent and distorted phases,resp. The

number n of single domain states can be calculated from a formula
n=|G|:|F|, (2.13)

where |G| and |F| are the orders of the point groups G and F [10,11,12,15].

A domain pair is a set of two domain states S; and S; that are treated irre-
spectively of their coexistence [8,30].

In an ordered domain pair (S;,S;) the transposed domain pair (S;,S;) is not
identical with the original domain pair (S;, S;) unless ¢ = j ( trivial domain pair).

In an unordered domain pair {S;, S} the identity {S;, S;} = {5, S;} holds for
all ¢z and ;.

If F; and F) are the symmetry groups of S; and S, respectively,
(i.e. FiS; =5, F;S; = S;) then any operation f that belongs both to F; and to 5
f € F.NF; = F;, is a symmetry operation of the unordered domain pair {5, S;},
HEasil = s 5] = (5.5

If, moreover, there exists such g7, € G which transposes (interexchanges) S;

and S;, i.e. g5 = 5, 97,S; = Si, then all operations from the left coset g:;Fij do so
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as well. (g5 F;Si = g5;Si = S; and g; F;;S; = g5;S; = S;.) These operations are also
symmetry operations of {S;, S;} since for unordered domain pair {S5:, 5;} = {5;, Si}-
Thus symmetry group J;; of the unordered domain pair {S;, S;} can be, in a general

case, expressed in the following way:
g =Bty (2.14)

Taking into account this equation, the symmetry group J;; of the domain pair
{S:,8;} can be formally treated as a dichromatic (black and white) group. This
colouring changes the unordered domain pair {S;, S;} into an ordered domain state
(S;,S;) in which the first domain state is taken as black and the second one as
white. The change of order of S; and S; changes the ordered domain pair (S, 5;)
into another (S;,5:) , ((S:,S;) # (55, Si),¢ # j), it means that a "black and white
” domain pair is changed into a "white and black” one identical with a transposed
domain pair.

Operations f € F}; leaving both domain states unchanged can be treated as
colour-preserving (or state-preserving) operations and the group F;; as the symmetry
group of the ordered domain pair (5, S;).

Operations g;; reversig S5; into S; and S; into S; can be treated as colour-
changing (orstate-changing) operations which transform the ordered domain pair
(5:, S;) into the transposed domain pair (S;,S;). For such operations the auxiliary
notation (with asterisk) will be used in this report. In [12,14,16] these operations
were "primed”.

Domain pairs can be classified according to their symmetry J;;. Pairs for which
g5, exists are called transposable (or ambivalent) domain pairs, pairs for which an
interexchanging operation g;; cannot be found are called non-transposable (or polar)
domain pairs. The symmetry of a non-transposable pair is reduced to F};.

[t was mentioned that all operations that transforms S; into S; are contained
in the left coset g7, F; since g%, FiS; = ¢;;Si = S;. If {5;,S;} is a transposable pair
and, moreover, F; = F; = F}; then all operations of the left coset g5 F; transform

simultaneously S; into S;. Such pairs are called completely transposable domain
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pairs. The symmetry group J;; of a completely transposable pair {S;, S;} is then
Jij = Fi + g F. (2.15)

If F, # F, then F; < F, and the number of transposing operations of a transposable
domain pair is smaller than the number of operations transforming S; into S5;. These
domain pairs are, therefore, called partially transposable domain pairs.

Depending on the spontaneous deformation e/ and el of S; and Sj, resp.,
domain pairs can be divided into two types:

(1) A non-ferroelastic domain pairs for which e = e), i.e. the domain states S;
and S; have the same spontaneous deformation, and

(2) a ferroelastic domain pairs for which el £ el je. the domain states S; and S,
have different spontaneous deformation .

For completely transposable domain pairs a simple criterion holds: {S;, S;} is
ferroelastic iff FamF, € FamJ,;, where the symbol Fam denotes the crystal family
of a point group [4].( Crystal families represent six categories as both trigonal and
haxagonal crystal systems belong to the hexagonal family.)

There are 15 groups of the form that satisfy FamF; € FamJ;; and F; = F}, i.e.

15 ferroelastic completely transposable non-magnetic domain pairs [16].

Table 2.8: Symmetries of 15 ferroelastic completely transposable domain pairs

= T 1 2 2 m 2/m
T iSRS (S 22250 P Srn PO e 2 e e D
F,=Fl2]|2]|2m]| 22 | mm2 | mm2 | 222 mmm
IG5 |l 4* | 4° | 47/m | 4722" | 4"mm” | °2°m | 4*m"2 | 47 /mmm*

There exist 48 groups .J;; describing symmetries of non-magnetic non-ferroelastic

domain pairs [14]. All non-ferroelastic domain pairs are completely transposable,
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Table 2.9: Symmetries of 48 non-ferroelastic non-magnetic domain pairs

[ F 7 F | Jii [ F i F ik
1 iE 422 | 4/m m m" 3 6" 6 6m=2"
2 2/m* dmm | 4/m*mm 3 6* 3 67 /m*mm*
m 2" fm 42m | 4/m m m 3 | 65/m* 6/ 6/mm*m*
222 | m*m*m" ol 32 6 | 6/m" 622 | 6/m m m"
mm2 | mmm* 1 3271 6 | 67/m 6mm | 6/m*mm
3 im 3 312° 32 | 6722° | [62m | 6"/m mm
1 4% /m* 3 3m=1 G T 23 m3
4 42=2" 3! 31m* 3m | 6*mm* 23 432~
4 dm*m” 3 Im*1 6 | 6m™m" 23 4*3m*
4 2*m* 3 31m* 32 | 672m" m3 m3m*
4 dm=2" 32 It 6 | 6"2*'m 432 m*3m*
4/m | 4/mm*m* 3m 3*m 3m | 6 m2" 43m m*3m

Complete tables of 380 completely transposable magnetic domain pairs are

presented in [21].




Chapter 3

Domain walls in non-magnetic
domain pairs

3.1 Wall symmetry and sectional layer groups

A planar domain wall, as a thin transient region connecting two domains with domain
states S; and 53, can be considered as a layer lying between them. If the wall is
parralel to the plane determined by Miller indices (hkl), the symbol [S1(hkl)S;] will
be used for such a wall. Because the planar wall can be also determined by its
normal n, the wall can be also represented by an equivalent symbol [S;(n)S;]. In
case the direction of n of the wall is not essential or it is known from the context,
both preceding symbols will be shortened to [S;|S].

The symmetry properties of the wall [S;(n)S;] are described by a layer group.
Let it be T[S;(kkl)Sa] = T[S1|S2] = Ti2(hkl) = Tia(n) = Tq, expressing that the
planar wall connects domain states S; and S; and is parallel to the plane (hkl) or
that it is perpendicular to the vector n (i.e. n is its normal).

An operation u € Tys(n) must fulfill two necessary conditions:

1. Being an operation of a layer group, u must either keep normal to the layer n
unchanged or invert it into the oppesite one —n. Operations of the latter type

are underlined according to the convention introduced in Section 2.2 .

2. Being an operation of the symmetry group Ji; of the domain pair {S1, S2},
u must either keep both states S; and S, unchanged or exchange them, i.e.

uS; = S; and uS; = S;. The latter one, state exchanging operations, will be

22
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denoted by an asterisk (u*) according to the convention introduced in Section

R,

These two conditions can be fulfilled in four different ways each of which specifies
how an operation u transforms both the normal n and domain states S; and Sa.

Thus we can distinguish:
1. Side-preserving operations:

(a) An operation u = fi; that neither changes the normal n nor the domain
states S; and S;. It obviously keeps the wall [S;|S;] unchanged. Such

operations are called frivial symmetry operations of a domain wall [25].

(b) An operation u = rj, that exchanges domain states S; and S; but does
not invert the normal n , i.e. it keeps the half-spaces on both sides of the
wall in their initial positions. It transforms the initial domain wall into a
reversed wall [S,|S;] with respect to the initial wall [S;]S,] with S; and Sy

on the opposite sides.
2. Side-reversing operations:

(a) An operation u = s,, that inverts the normal n and thus exchanges the
half-spaces on the left and right sides of the wall. Since these half-spaces
are occupied by domain states S; and S, this exchange of half-spaces is
accompanied by an exchange of domain states on both sides of the wall. The

operation $;, thus transforms the initial wall into a reversed wall [S,]5;].

(b

An operation u = 1}, that exchanges the half-spaces (inverts the normal
n) and independently exchanges domain states S; and S;. It means it
transforms the wall into itself. This operation ], is, therefore, a symmetry
operation of the wall. Such operations are called non-trivial symmetry

operations of a domain wall,

Table 3.1 summarizes the action of these four types of the layer operations on

the normal n, on both domain states 5; and S, and on the domain wall [S;(n)S,].
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Table 3.1: Action of the four types of an operation u on a domain wall

Lu ‘ un | uS; | uS: u[S1(n)Ss] wall ]
[fz] n [ S [ S [[Si(n)Sa] = [Sa(=n)Si] | initial wall
(5, [ n [ S, | 8 [[S2(n)Si] = [5i(—n)S,] [ reversed wall
sip | —n | S | 8 | [S1(—n)S;] = [S2(n)S,] | reversed wall
th [=n| 8 | § | [S2(=n)S] = [Si(n)S; inittial wall

Then the layer group Tya(hkl) that describes the symmetry of the wall [S;(hkl)S:]
consists of all trivial and non-trivial symmetry operations of the wall.

Further we shall confine our consideration to domain walls that arise from
completely transposable domain pairs for which F; = F; holds, as mentioned in
Chapter 3. This covers all non-ferroelastic domain pairs and only some, but not all,
ferroelastic domain pairs.

The procedure that enables one to find the group Tys(hkl), for a given com-
pletely transposable domain pair {S;,S:} and the wall determinated by a plane

(hkl), consists of the following steps [10,11.12,24,33]:

A) Find the sectional layer group of F; = F, along the plane (hkl). (This sectional
layer group can be considered as the symmetry grup of a trivial domain wall
[51]51] with the same domain states S; on both sides of the wall.) Its symmetry
consists of all operations of the group Fy that leave invariant the plane (hk()
bisecting the domain state Sy with symmetry Fy. This sectional layer group
will be dencted F,(hkl), or symply F,.

The sectional layer group Fy must contain all trivial symmetry operations f,; of
the domain wall. The set of all these operations forms a one-sided layer group
F, which is a subgroup of the general sectional layer group F, f‘l < Il [11].

If s,, is a side-reversing operation of F, then the left coset §12ﬁ‘1 comprises all
such side-reversing operations and the sectional layer group F; can be expressed

in the form
Fy = Fy + 5,55, (3.1)

Thus the trivial part F 1 of the wall symmetry can be deduced from the sectjonal
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layer group F; as its halving one-sided subgroup.
Determine the symmetry group Jy2 of the non-ordered domain pair {5y, 52} as
Ju=F +j1';»F1. (3.2)

where F is the symmetry of the domain states S; and S, and jj, an operation

exchanging these states, j;,S1 = S; and jj,S2 = S;. It was shown that the

sectional layer group Jy; of J;; along the plane (hk!) has the form [11,12]
Ti=F 'i'ﬁgﬁl +f‘;2}?1+§12ﬁ1| (3.3)

where the operations 7,,r], and s,, are defined in Table 3.1., and the subgroup

P is the one-sided sectional layer group of Fj determined in the preceding step.

In this left cosets decomposition ¢],F; contains all side&state reversing opera-
tions and rj,F; all state reversing operations. Then the symmetry of the wall
T12 can be derived from the sectional layer group Jy2 of the symmetry group

J12 of the domain pair {51, Sz} as its first two left cosets

Tu = F[ + 1;2161, (34)

us the task of finding the symmetry group Th2(hkl) of the domain wall [S;(hk()S,]

hased on determination of the two sectional layer groups F,(hkl) and jlg[hkl'),

and their halving subgroups F(hkl) and Ty,(hkl), resp.

The first two left cosets in equation 3.3 assemble all operations that leave the

domain wall invariant in two ways, not exchanging domain states or exchanging

them. Accordingly, one can distinguish

o symmetrical walls for which T\, > ﬁl

o asymmetrical walls for which Ty = F.

The last two left cosets in the eq.(3.4) assemble all operations that transform

the domain wall [S;(hkl)S;] into the reversed wall [Sy(hkl)S;] with opposite order

of the domain states. They enable to distinguish

o reversible wall for which Jy; > Tia
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e irreversible wall for which Jy; = Tis.
Appendix C presents tables of sectional layer groups Ji, of the symmetry group
Ji; for all 48 non-ferroelastic domain pairs listed in the Section 2.3, and a concrete
sectional plane (hkl) as a representative of each crystallographical plane orbit {hkl}
associated with the point group Ji;. (A plane orbit unlike a face orbit does not
distinguish between two different orientations of the outer normal to the plane, e.g. in
trigonal system there are two eguivalent face orbits {1120} ; = [(1120), (2110), (1210)]

and {1120}, = [(1120),(2110), (1210)] which belong to the same plane orbit {1120}.)

These tables presents:
1. Symmetry group F; of the domain state S;.
2. Symmetry group J;2 of the unordered domain pair {S;, S2}.
3. Side, state and side&sstate reversing operations s,4, 77, and t],.

4. One-sided sectional layer groups £ containing all trivial symmetry operations

of the domain wall.

. Sectional layer groups Fyp = P+ gnﬁl of the groupFj.

on

6. One-sided sectional layer groups Jiz = Fj + r}zﬁl of the group Ji.
7. Wall symmetry groups Th2 = F + ;’szﬂ],
8. The complete sectional layer group J, defined by the equation (3.3).
These tables enable one to determine (a)symmetrical and (ir)reversible walls.
Explicite results are presented in Appendix A.
Table 3.2 summarizes number (given in parentheses) of the non-equivalent walls

according to their classification and number of the non-empty left cosets in the groups

T[-)_ a.nd Jlg‘
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Table 3.2: Number of the left cosets (l.c.) and corresponding types of domain walls.
R = reversible [ = irreversible S = symmetrical A = asymmetrical
(n) = number of non-equivalent walls of the given type

a4 21e [l e
i e —
wall: o, R(112) S, 1(84) A, R(56) A, I(32)
T12 : 2 itc 1 I.C,
\\ /
wall 5(196) A(88)
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3.2 Geometrical approach to the wall symmetry

The property "symmetry-asymmetry” and “reversibility-irreversibility” of a domain
wall is closely related to a geometrical representation of groups describing a domain
pair, F; and Jys .

By application of all the symmetry operations of a group G on assigned plane
p = (hkl) we get a set of equivalent planes {p,G}; = {p}s, a face orbit. (If Ais a
subgroup of B, then {p, A}; C {p. B};). These planes generate a convex polyhedron
(open or closed) which is called simple form, sf(G, p) [5,30,31].

Because of the structure, the high symmetry group Ji; = Fi + g, F) can be
treated as a dichromatic group (e.g. black and white). Then a simple form associated
with a group Ji2 can be decomposed into two geometrically equal polyhedra which
represent a simple form sf( £}, p) associated with the left coset /) (faces are hatched
horizontally — white colour) and a simple form-like polyhedron sf*(g7,F1, p) associ-
ated with the second left coset g7, F) (faces are hatched vertically — black colour),

see Fig. 3.1. The notation sf*(g;,F1, p) was used in order to express the fact that

g1, F is not a group.

Figure 3.1: Decomposition of sf(.Ji2, p) into sf(Fy, p) and st (97, F1, p).

If a plane which determines the sectional layer group J,; is parallel to one
face of the simple form associated with Jy,, then using geometrical symmetry of the
corresponding polyhedron and colour symmetry of its faces we can determine very

easily which left coset of J,; is (non)empty, see Table 3.3,
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Table 3.3: Left cosets of J, and corresponding types of faces.
Arrow-heads represent outer normals.

| left coset | corresponding faces J

= single,

Fl or

7
Firss two-colour face %
a two parallel faces - %
having the same colour
e two parallel faces
E]zFI . 5
fe | with different colours i

Comparing simple forms associated with symmetry groups F; and J;;, we can
! F ) b, i

one-colour face
single,

distinguish five different cases.

(1) sf(Fy, p) = sf(J12, p), there are parallel faces; see Fig. 3.2.

We can see that there must be present operations

reversing normals and keeping colours (s), revers-

T T,

ing normals and changing colours (t*), and chang-

SRSSERTREN

SRR IR,
NREAIERS k
NTTTTTRNRNN

NS

S

ing colours and keeping normals (r*). The layer

ﬁy group Jy; has four nonempty left cosets and there-

T

fore corresponding domain wall is symmetrical and

Figure 3.2: reversible.

(2) sf(Fy, p) = sf(Jy2, p). there are no parallel faces; see Fig. 3.3.
There is no operation reversing normals, it means

the layer group J; has only two cosets
Jiu=F+r,F, (3.5)

corresponding domain wall is asymmetrical but re-

versible.

Figure 3.3:
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(3) sf(Fi.p) C sf(J12,p), sf(Jiz, p) has parallel faces; see Fig. 3.4.

Figure 3.4:

There are only operations reversing normals and
leaving colours unchanged (s). The layer group

J12 has only two left cosets,
T2 = Fy + s by (3.6)

Corresponding domain wall is asymmetrical and

reversible.

(4) sf(F1, p) C sf(J1a,p), sf(J12.p) has parallel faces, sf(Fy, p) has not; see Fig. 3.5.

Figure 3.5:

We can find only operations reversing both nor-
mals and colours (t*). The layer group has again

only two left cosets,
Ja; =F +£;JF1| (3.7)

and corresponding domain wall is symmetrical and

irreversible.

(5) sf(Fy.p) C sf(Ji2,p), sf(Ji2, p) has no parallel faces; see Fig. 3.6.

Figure 3.6:

In this case there are no s,r* and {* operations,
the layer group Jy; can not be decomposed into
left cosets,

jlj = Fl. (3.8)

and corresponding domain wall is asymmetrical

and irreversible.
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These results are summarized in Table 3.4.

31

Table 3.4: Dependence of domain wall symmetry on transition sf(F;, p) — sf(.J;2, p).
#-35f has parallel faces.

number of faces

number of faces

symmetry

I in sf(Fy, p) in sf(Jyz, p) left cosets in Ji, of a domain wall
= asymmetrical
n F ol
| irreversible
~ = asymmetrical
n B+ rF ;
n . L reversible
-~ - symmetrical
2n# e L i ;
irreversible
-~ ~ asymmetrical
n# Fi + 81, e
n#t reversible
~ = = = symmetrical
n# Fy + 512F) + ri 1+ £, ¥ -
reversible

Tables 3.5, 3.6, 3.7, 3.8, 3.9, 3.10 and 3.11 present number of equivalent faces

on a polyhedron representing a simple form. Tables cover all 32 point groups and all

plane orbits {hkl} associated with a group G. Domain walls are parallel to individual

face of a simple form representing the given face orbit [14]. The symbol "#7 is used

again when a simple form has parallel faces.

Results for all 48 non-ferroelastic domain pairs are presented in Appendix D.

They are identical with results obtained by the analysis of a sectional layer group

Jiz of the symmetry group J;; describing a domain pair {5, S;}.

Table 3.5: Triclinic system

[{rE}1T]T]
(i} 171
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Table 3.6: Monoclinic system

[{hkr’} ” 2 | m|2/m
oo} [ 1 J2#] 2#
(rkO} [[2# | 1 | 2#
[{rkl} | 2] 2 | 4#

Table 3.7: Orthorhombic system

mkl} 222 | mm2 | mmm ‘
{001} || 24 1 2#
(010} | 2# | 2# | 2#
(100} | 2£ | 2# | 2#
{hEOQ} || 44 | 47 a#

(hO1} [ 4# | 2 | 4#
(Okl} | 4# | 2 | 4#
{(hkl} | 4 | & | s#

Table 3.8: Tetragonal system

] (hkl} | 4 T4 [4/m[422]4mm | 2m | 4m2 | 4}mmm_]
oo} [ 1 T2 24 [2#] 1 | 2# | 2# 2
(100} | 44 [ 4t | 43 |43 | 4# | 4# | 4# 4
(110} a4 [ 4t | 43 |4 | a4 | a# | 4# 44
{(nk0) 4 [ 44 | a# | 8# | 8# | 8# | 8# 84
(hOl} || 4 | 4 | 84 [8# | 4 | 8# | 4 8#
{RR} || 4 [ 4 | 8# [8# | 4 4 | 84 R#
[{hel} [ 4 [ 4 [B8# ][ 8] 8 8 8 16#

Table 3.9: Trigonal system

[ {rk1y T3] 3 [321]312]31m [3m1[3m1]3im |
{0001y 1]2#[2# [2#] 1 1 | 2# | 24
(2110} [[3]6#] 3 [6# | 3 | 6# | 6# | 64
{0170} [[3]6# |6 | 3 [ 6# | 3 | 6 | 64
(2hhRIY |[3 6% | 6 | 6% | 3 | 6 |12# | 6#
{onhl} |36 62| 6 | 6 | 3 | 6% | 12#
{(hki0} [3]6#] 6 | 6 | 6 | 6 |12# |12

{hkil} [[3]6#] 6 | 6 | 6 | 6 |124|12%
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Table 3.10: Hexagonal system

[ {nk1} [ 6 [ 6 [6/m] 622 [6mm [ 6m2]62m | 6/mmm |
[ {ooo1} | 1 T2 | 2# [ 2 | 1 | 2# | 2# 24
(2110} [ 6# | 3 | 6# | 6# | 6# | 6# | 3 64
{0170} [[6# | 3 [ 6# [ 6% | 6# | 3 | 6# 64
(2hhhl} | 6 | 6 [12# [12# ] 6 [12# | 6 124
{ORRI} || 6 | 6 | 124 |12# | 6 6 | 12# | 12#
(hki0} [[6# [ 3 [ 6# [12# ] 12#¢ | 6 | 6 124
{hkat} || 6 | 6 [12# | 12 | 12 | 12 | 12 | 244

Table 3.11: Cubic system
[ {hkl} ” m3 | 432 | 13m | m3m ]

{oo1} [ 6# [ 6% | 64 | 6% | 6% |
| {110} [l 124 | 124 [ 124 [ 124 | 12
| {nko} [ 124 | 124 [ 244 | 244 | 243
| (rhl} | 12 [ 244 |24 | 12 [ 24#
(hkl} || 12 |24 | 24 | 24 [ 48#
(i} | 4 [s# [s# [ 4 | 8%




Chapter 4

Domain walls in magnetic
completely transposable domain
pairs

4.1 Point group symmetry of pyroelectric and pyromag-
netic layers

In Section 1.3 existence of 122 magnetic point groups was mentioned. A complete
list of 125 magnetic layer groups is presented there, where they are divided into 27
families. Another criterion of division takes into account presence or absence of the
time inversion 1’ in the layer group. In analogy with division of the magnetic point

groups, it is possible to find:
* 31 trivial magnetic layer groups, i.e. classical layer groups without the time
inversion 1'.
* 31 non-magnetic layer groups which are direct product of classical point groups
and the group consisting of identity and time inversion {1,1'}.

+ 63 non-trivial magnetic layer groups containing some primed symmetry opera-

tions but not the time inversion 1’.

For the next part of this report a special interest attract magnetoelectric groups
(58 cases) [3.21] and those where exhibition of spontaneous magnetization and po-

larization is possible.
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4.1 Point group symmetry of pyroelectric and pyromagnetic layers

a) pyromagnetic groups (31 cases):
1,2,2", m,m',m'm2,m'm'2,3,3m’,4,4m'm/, 6, 6m'm’,
2219, 300 4 4219 420! 62190

1,2/m,2 [m!,m'm'm,3,3m',4/m,4/mm'm’, 6, 6/m, 6/mm'm’,6m'2’,

b)

pyroelectric groups (31 cases):
1,2,2" . m,m',m'm2. m'm'2,3,3m’, 4, 4m'm’, 6, 6m'm’,
mm2, 3m, 4’ 4dmm, 4'm'm, bmm,

1,21, m1l’, mm?21’, 31, 3m1’, 41’ 4mm1’, 61', 6', 6mml’, 6'm'm.
From this total number of 125 magnetic layer groups only
e 65 are magnetoelectric
e 42 are pyromagnetic

o 42 are pyroelectric.

The intersection of the last two types is not empty, it covers 20 cases with simulta-
neous appearance of non-zero spontaneous polarization and magnetization.
Direction of the magnetization M and polarization P is, except the trivial tri-
clinic symmetry 1, 1" and 1, partly or completely determined by a layer group. Next
arrangement of 64 pyroelectric and pyromagnetic layer groups respects this prede-
termination [25]. There are five different positions of the normal to the layer and
magnetization for pyromagnetic non-pyroelectric layers so as five different positions
of the normal to the layer and polarization for pyroelectric non-pyromagnetic layers.
In case of pyroelectric and pyromagnetic layers eleven different positions of magne-
tization M, polarization P and normal n to the layer can be distinguished. To make
this division more transparent each possibility (except the trivial triclinic symmetry
1,1" and 1) is accompanied by an illustrative figure. In all figures the central plane

of the layer "w” is horizontal (hatched) and the outer normal is oriented upward.




4.1 Point group symmetry of pyroelectric and pyromagnetic layers

1. Pyromagnetic (M # 0) non-pyroelectric (P = 0) layers.

1.1 Magnetization is completely determined by symmetry.

1.1.1 Magnetization is perpendicular to the layer (M || n) for the layer groups:

= 2/m, 2'2'2(me), m'm'm, 4(me), 42'2'(me), 42'm'(me), 4/m,

R

=]

4/mm'm’.3, 32(me), 3Im’, 6, 6/m, 62'2'(me), 6m'2/, 6/mm'm’.
See Fig. 4.1.
1.1.2 Magnetization is parallel to the layer (M L n) for the layer groups:

L=2/m, m'm'm, (M| 2), 22'2(me), (2||M L m). SeeFig. 4.2.

(4,36 '
c)z 158 z

| In
L‘”'ﬂ A 2 /wem,’ A I

T

2
M

Figure 4.1: Figure 4.2:

1.2 Magnetization is partly determined by symmetry.
1.2.1 Magnetization is parallel to the layer (M L n) for the layer group:
L=2/m!, (22LM| m'). SeeFig. 4.3.
1.2.2. Magnetization is confined to a plane perpendicular to the layer for the
layer group:

L=23m! (20 LM |mf). SeeRig 4.4

Figure 4.3: Figure 4.4:
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4.1 Point group symmetry of pyroelectric and pyromagnetic layers

1.3 Magnetization is not restricted by symmetry for the non-trivial triclinic
layer group:

=1

The symbol (me) indicates that the group L is magnetoelectric, nevertheless,

form of the magnetoelectric tensor is such that the polarization P equals zero.

2. Pyroelectric (P # 0) non-pyromagnetic (M = 0) layers.

2.1 Polarization is completely determined by symmetry.
2.1.1 Polarization is perpendicular to the layer (P || n) for the layer groups:
L =21', mm2(me), mm21', 4'(me), 41', 4dmm(me), 'm'm, 4mml’,
31, 3m(me), 3ml', 6, 61', 6mm(me), 6'm'm, 6mml’.
(In all these layer groups P is parallel to the unique axis.) See Fig. 4.5.
2.1.2 Polarization is parallel to the layer (P L n) for the layer groups:

L = 21", mm2(me), mm2l’, (P || 2). See Fig. 4.6.

2 (43,6,4'.6"
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mim') % ‘h‘l
L

n in
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Figure 4.5: Figure 4.6:

2.2 Polarization is partly determined by symmetry.
2.2.1 Polarization is parallel to the layer (P L n) for the layer group:
L=ml', (P || m). See Fig. 4.7.
2.2.2 Polarization is parallel to a plane perpendicular to the layer for the layer

group:
L=ml' (P | m). SeeFig 438.
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m

+n
T ‘D/\ e

Figure 4.7: Figure 4.8:

2.3 Polarization is not restricted by symmetry for the triclinic layer group:

= e

The symbol (me) indicates that the group L is magnetoelectric, nevertheless,

form of the magnetoelectric tensor is such that the magnetization M equals zero.

3. Pyromagnetic (M # 0) and pyroelectric (P # 0) layers.

3.1 Polarization and magnetization are completely determined by symmetry.

3.1.1 Polarization is parallel to magnetization (P || M).
3.1.1.1 Both M and P are perpendicular to the layer (P || M || n) for the
layer groups:
L =2, m'm’2, 4, dm'm!, 3, 3m!, 6, 6m'm’.
(In all these layer groups both M and P are parallel to the unique
polar axis.) See Fig. 4.9.

3.1.1.2 Both M and P are parallel to the layer (P || M L n) for the layer

groups:
=2, 2m'm’, (M || P || 2). See Fig. 4.10.
2(43,6)
¥}
i
[; !\“f M,P m'
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Figure 4.9: Figure 4.10:
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3.1.2 Polarization is perpendicular to magnetization (P L M).
3.1.2.1 Magnetization is perpendicular and polarization is parallel to the
layer (M || n,P L n) for the layer group:
L=2mm', (P| 2, MLm). SeeFig. 411.
3.1.2.2 Magnetization is parallel and polarization is perpendicular to the
layer (M L n,P || n) for the layer group:

L=m'm2, (M Lm, P| 2). SeeFig. 4.12.
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Figure 4.11: Figure 4.12:

3.1.2.3 Polarization and magnetization are parallel to the layer (P,M L n)

for the layer group:

L=2mm!, (ML1m, P|2). SeeFig. 4.13.

In z

rﬂ' 7 P

Figure 4.13:

3.2 Polarization is completely and magnetization is partly determined by sym-
metry.
3.2.1 Polarization is perpendicular and magnetization is parallel to the layer
(P || n, M L n) for the layer group :
=20 (P 2, M LiZ2i). = See Eig: 414




4.1 Point group symmetry of pyroelectric and pyromagnetic layers 40

3.2.2 Polarization is parallel to the layer (P L n) and magnetization is par-
allel to a plane perpendicular to the layer for the layer group:

L=2,(P|2,ML2). SeeFig2.15.

e ;
jn 8
BT
Figure 4.14: Figure 4.15:

3.3 Magnetization is completely and polarization is partly determined by symmetry,
magnetization is perpendicular to polarization (M L P).
3.3.1 Magnetization is perpendicular and polarization is parallel to the layer
(M || n, P L n) for the layer group:
L=m, (M Lm, P| m). SeeFig.2.16.
3.3.2 Magnetization is parallel to the layer (M L n) and polarization is parallel
to a plane perpendicular to the layer for the layer group:

L=m, (MLm, P| m) SeePFig 4.17.

L5
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Figure 4.16: Figure 4.17:
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3.4 Polarization and magnetization are parallel to the same plane but there is no

specific relation between directions of P and M.

3.4.1 The plane determined by polarization and magnetization is parallel to the
layer ({P,M]} L n) for the layer group:
F=ml, Ll P|m nlM|lim) See Eig 413

3.4.2 The plane determined by polarization and magnetization is perpendicular
to the layer ({P, M} || n) for the layer group:
L=m', (P| m/, M| m’). SeeFig. 4.19.
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Figure 4.18: Figure 4.19:

3.5 Direction of neither polarization P nor magnetization M is determined by sym-
metry for the layer group of trivial triclinic symmetry:

L =1.

Recapitulation of this division is summarized in Tables 4.1, 4.2 and 4.3 where
the symbol M « n (or P « n) is used to indicate direction of magnetization
(or polarization) with respect to the normal of the layer:
the symbol || signifies that the given two vectors are parallel,

and the symbol L means that the given two vectors are perpendicular.
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Table 4.1: Pyromagnetic (M # 0) non-pyroelectric (P = 0) layers.

| determination of M ! layer | number
| by symmetry M < n | groups | of groups
total [l Tl 16 |
ik L 3
partial 1 qiEnl 1
1.2.2 1
| no 1.3 1

Table 4.2: Pyroelectric (P # 0) non-pyromagnetic (M = 0) layers.

determination of P layer number
by symmetry P — n | groups | of groups
| total I 2151 16
' T ) g
partial e 2241 1
222 1
no 2.3 1

Table 4.3: Pyromagnetic (M # 0) and pyroelectric (P # 0) layers.

determination | { number
of PandM (P—oM|[P~n|Men| layer of
by symmetry ‘ | groups | groups
total || I [ 311 8
i L 3.1 12 2
T T T (3121 1
I L Tjarze] i
g, Soli2i3 1
P- total 0 T T |32l I
M - partial iC 3.2.2 1
P - partial 1 i I 3.3.1 1
M - total L 3.3.2 1
partial L It 3.4.1 1
3.4.2 1
no 3.5 1

In these tables only two limiting orientations are taken into account, M or P
are either perpendicular or parallel to the normal (i.e. parallel or perpendicular to

the layer). An empty "box” indicates general position when the layer group does

not prefer any direction of magnetization or polarization.
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These tables show that the total predetermination appears in 51 cases, in 30
of them polarization and magnetization are perpendicular to the layer, partial in 10

cases and only 3 symmetries do not restrict mutual direction of M and P.




4.2 MP-walls in completely transposable domain pairs

4.2 Pyromagnetic and pyroelectric walls in completely trans-
posable domain pairs

It was shown [21] that 122 electromagnetic point groups create 380 classes of com-
pletely transposable twin laws. In these cases, like for non-magnetic transposable
twin laws [13,15,20], the symmetry magnetic group J;; expressing symmetry of a

domain pair {51, Sz} can be written as [17]
Jiz =B+ 65,7, (4.1)

where F} is the symmetry group of both domain states S; and S, and g5, represents
an operation interexchanging (transposing) the two domain states, i.e. g7,51 = Sz
and g7,5; = 5.

The analogy of completely transposable twin laws for non-magnetic and mag-
netic twin laws admits to use the same algorithm introduced in Section 3.1 for de-
termination of a symmetry group of a non-magnetic domain wall. It means it is

necessary to determine a sectional layer group Jy; of the group Jy; and its subgroup
Ty = Fy + 13,5, (4.2)

where F) is a group containing all symmetry operations fi; leaving the sectional
(one-sided) plane invariant and t], is a state&side exchanging operation.
According to symmetry of the layer group T, a domain wall can belong to one

of four types.

1. Pyromagnetic and pyroelectric, i.e. symmetry allows existence of non-zero spon-

taneous magnetization and polarization, M # 0, P # 0.

2. Pyromagnetic and non-pyroelectric, i.e. symmetry allows existence of non-zero

spontaneous magnetization but only zero polarization, M # 0,P = 0.

3. Non-pyromagnetic and pyroelectric, i.e. symmetry allows existence of non-zero

spontaneous polarization but only zero magnetization, M = 0, P # 0.

4. Non-pyromagnetic and non-pyroelectric, i.e. symmetry allows existence of spon-

taneous non-zero neither magnetization nor polarization, M = 0, P = 0.




-

4.2 MP-walls in completely transposable domain pairs

Symmetry of layer groups Jyz and 7} which determine the type of a domain
wall depends not only on the group Ji; of the domain pair but also on the sectional
plane (hkl). Nevertheless it is possible to distinguish among 380 classes of magnetic
completely transposable twin laws Jy3[Fy] four types analogous to types of domain
walls. (In this explicite notation the first part of the expression Ji;[F}] represents
the symmetry group of a domain pair and the second part (in brackets ”[ ]7) is the

symmetry group of both domain states.) They will be denoted as:

e MP - groups Jiz[Fj] describing such domain pairs that some domain walls

can be simultaneously pyromagnetic and pyroelectric.

o M - groups Jio[Fy] describing such domain pairs that some domain walls

can be pyromagnetic but all walls are non-pyroelectric.

e P - groups Ji3[F}] describing such domain pairs that some domain walls can

be pyroelectric but all walls are non-pyromagnetic.

e O - groups Jig[Fy] describing such domain pairs that all domain walls are

both non-pyromagnetic and non-pyroelectric.

This division is determined by inner structure of the groups Jy2[Fy], in partic-
ular if they contain the time inversion 1’, or the space 1 and space-time 1’ inversions
as state exchanging operations. If 1’1" and 1 are generators of the layer group T},
then the type of the domain wall is predetermined, considering the fact that
groups containing the time inversion 1’ cannot be pyromagnetic,
groups containing the space inversion 1 cannot be pyroelectric and
groups containing the space-time inversion 1’ are neither pyromagnetic nor pyroelec-
tric.

In the following symbolic notation

® ¢ - a magnetic group containing primed or unprimed operations except 1’,
and 1,

® - a magnetic group containing primed or unprimed operations except 1’ and

I, i.e. 1 is its generator,
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. .. . . . !
e ' - a magnetic group containing primed or unprimed operations except 1’ and

1, i.e. 1' is its generator,

the structure of 380 J[F] groups can be briefly expressed as
dldl, ila) ¥1dl, alal, avlal, il iV, VgL, L), ¥, and iV

All groups with structure i'[g],¢1'[z] and ¢1'[q1l’] have among their generators
the space-time inversion 1’ as a state exchanging operation. Therefore I € T, holds
for all domain walls and these groups belong to the type @. This situation appears
in 90 cases.

All groups with structure i1’[11'] and ¢1'[¢1’] have among their generators the
time inversion 1’ as state&side-not-exchanging operation. Therefore 1’ € T, holds
for all domain walls and these groups belong to the type P. This situation appears
in 37 cases.

All groups with structure i[q] and ¢1’[i'] have among their generators the space
inversion 1 as side exchanging operation. Therefore 1 € T, holds for all domain
walls and these groups belong to the type M. This situation appears in 69 cases.

In the last four types, i.e. qlq],ql’[¢].i[¢] and i'[i’], the concrete form of layer
groups [26] shows that it is always possible to find such an orientation for which the
wall is simultaneously pyromagnetic and pyroelectric. These groups then belong to
the type MP. This situation appears in 184 cases.

These results are summarized in the following two tables, Tab.4.4 and Tab.4.5.
The symbols M P, M, P and 0 are used in the explicite notation to indicate groups

allowing:

MP - non-zero magnetization and polarization,
M - non-zero magnetization and zero polarization,
P - zero magnetization and non-zero polarization,

0 - the case when both magnetization and polarization are zero.
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The second table, copying the first one, contains additional information about the
number of non-ferroelastic magnetoelectric and ferroelastic domain pairs.
Complete list of 380 J[F] groups, describing symmetry of domain pairs, divided

into four sections in accordance with type of their walls is presented in Appendix F.

Table 4.4: Number and type of the domain pairs
with pyromagnetic and pyroelectric domain walls

Ju | MP | M P 0o [ M[o]P]oO]|oO
| wall | [R] || [MP]|[MP]|[MP])|[MP]|[M]|[M]|{P|[P]] 0] | =
[PM | qlq] 16 9 9 8 6 | 6 [6]6]16]s2
| q1'[q] 13 8 8 19 || 48

i[i] TR 8 | 27

'] | 2

M| g 13 8 8 | 19 || 48

BUGH| _ 21 || 21

P | ql'[ql] Tl ] o
| 11[i1] 10 || 10
[0, i'[q] | ' 13 8 8 | 19 || 48
11[q1'] i 10 | 11 | 21

11'[2] =_ 10 1 [ 21

[ e 16 [ 22 | 22 [ 21 [25 ] 40 [25 ] 40 [169 [ 380

Table 4.6 presents distribution of individual types of Fy groups and domain

walls belonging to 32 magnetic J-families. This table shows that:

o Symmetry of J[F]-groups in 1,3 and m3 J-families completely excludes MP
and P types of domain walls. (All domain walls in these 15 domain pairs are

non-pyroelectric. )

e Symmetry of J[F|-groups in 1,3 and 23 J-families establishes domain walls
only of MP type. (In fact, in these 3 cases all domain walls can be simultane-
ously pyromagnetic and pyroelectric, except the case when the wall is parallel

to (001), then P = 0.)

e Domain walls of M type are present only in 11 J-families

1,2/m,mmm,4/m,4/mmm, 3, 3m,6/m,6/mmm, m3, m3m.
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MP-walls in completely transposable domain pairs

(This covers 69 J[F] groups.)

Domain walls of @ type are present in the same 11 J-famalies.

(This covers 90 J[F)] groups.)

Non-ferroelastic magnetoelectric domain pairs have walls only of MP and M
type.

(It appears in 83 and 58 cases.)

Ferroelastic domain pairs have walls only of MP and P type.

(This appears in 56 and 15 cases.)

Non-pyromagnetic and non-pyroelectric domains do not exist in 10 magnetic
J-families

1.2.m mm2,4.4mm, 3,3m. 6, 6mm.
Between non-pyromagnetic and non-pyroelectric domains we can meet

— walls of only the M type in 2 J-families
1: 3
both groups are non-ferroelastic magnetoelectric,
— walls of only the MP type in 5 J-families
222,4,32,6, 23,
all five groups are non-ferroelastic magnetoelectric,
— walls of the O type only in 8 J-famalies

mmm. 4/m, 4/mmm, 3m, 6/m, 6/mmm, m3, m3m.

(4] cases)
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4.3 Pyromagnetic and pyroelectric domain walls joining
non-pyromagnetic and non-pyroelectric domains

The Table 4.6 in the preceding section shows that among 380 domain pairs de-
scribed by magnetic completely transposable twin laws there exist 169 cases with

non-pyromagnetic and non-pyroelectric domains. Nevertheless, all four types of do-

main walls can be found between them.

1. O - type of the domain wall appears in 41 cases.
The domain pair symmetry groups Ji2[F)| are of i1'[i],¢1'[¢1’] and i[g] types.

+ mmml'[mmm], mmml[2221'], m'm'm’[222],

* 4/m1'[41'], 4/ml'[4'/m], 4/m'[¥],

* 4/mmml'[4/mmm], 4/mmml'[4221'], 4/mmml'[42ml’],
4/mmml'[d'/mmm], 4/m'm'm’[422], 4/m'm'm’'[4'2m'],
4/m'mm[E2m], 4/m'm'm[42m], ¢/m'm'm[4'22],

* 3ml’'[3m], 3ml'[321], 3'm'[32],

* 6/ml'[61'], 6ml'[6'/m'], 6/m'[6'],

* 6/mmml'[6/mmm], 6/mmml’'[6221'], 6/mmml'[6m2l'],
6/mmml’[6'/m'mm’], 6/m'm'm’'[622], 6/m'm'm’[6'm'2),
6/m'mm[6'm2], 6'/mmm'[6m2], 6/mmm/[6'2'2],

*» m31/[m3], m317231], m'3'[23],

* m3ml'[m3m], m3ml'[A3m1’], m3m1'[4321'], m3ml'[m3m/], m'3m’[432],
m/3m’[A3m’], m'¥m[43m], m'Im[4'32].

None of these groups describes either ferroelastic or non-ferroelastic magneto-
electric domain pair.
2. P - type of the domain wall appears in 18 cases.
The domain pair symmetry groups Ji3[F] are of q1’[q1’] and i1'[i1’] types,
6 of them are ferroelastic (a) and

12 non-ferroelastic magnetoelectric (b) domain pairs.
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*

2/m1'[11'](a),

*

mmm1'[2/m1](a),

* 4/m1'[2/m1'](a),

* 4221[2221'](a),

* 42m1'[2221")(a), 42m1'[41'],

* 4/mmml’[mmml’](a), 4/mmml’[4/ml],
* 3m1[31’],

« 6/ml’[31],

*

6221/[321'],

* 6m21'[321'], 6m21'[61'],

*

6/mmm1'[3ml’], 6/mmml’[6/ml’],

*

4321'[2317],

*

43m1’[231], m3ml'[m3l).

From the total number of 22 pyroelectric non-pyromagnetic layer groups (see
Section 4.1) only 8 are present here as the symmetry (layer) group Ti2 of the
domain wall, in particular

BB RO B RIS el L P L i [ SRR

3. M - type of the domain wall appears in 40 cases.
The domain pair symmetry groups Ji;[F] are of (g] and i1'[¢'] types, 33 of them
are non-ferroelastic magnetoelectric (b) and none of them ferroelastic domain

pair.

*

11'[1')(b),

2/m1’[2/m/](b), 2/m1'[2'/m](b),

*

mmm(222](h), mmml'[m'mm]|(b), mmml'[m'm'm'|(b),

|
i

*

4/ml[4/m')(b), 4/ml'[4'[m'](b), 4'[/m[d](b),

¥
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*

4/mmm[422](b), 4/mmm[E2m](b), 4/mmml’[4/m'm'm'|(b),
4/mmml'[d/m'mm](b), 4/mmml'[4'/m'm'm](b), 4'/mmm'[4'22'](b),
4 fmmm'[A'2m’](b), 4 /mmm/[E'm2](b),

31[3)(b),

*

3m[32](b), 3ml'[3m|(b), 3Iml'[3'm’](b),

*

*

6/m1'[6/m’](b), 6/ml'[6'/m], 6 /m/[6](b),

6/mmm[622](b), 6/mmm[6m2], 6/mmml'[6/m'm'm’|(b),

*

6/mmml’[6/m'mm](b), 6/mmml'[6'/mmm'], 6/m'mm'[6'22'],
6'/m'mm/[6'm2’|(b), 6/m'mm'[6'2m’](b),

* m3(23](b), m3l'[m'3)(b),

* m3m[43m], m3m[432](b), m3ml'[m'3'm],

m3ml'[m’3'm’|(b), m3m/[4'32'], m3m'[4'3m’](b).

From the total number of 22 pyromagnetic non-pyroelectric layer groups (Sec-
tion 4.1) only 13 are present here as the symmetry (layer) group Tj; of the
domain wall, in particular
1%, 2°/m, 2'/m"™, 2"/m!, m"m'm, m'm'm", 4/m", 4/m*m'm/,
3", 3I’'m!, 6/m", 6/m m'm’.

4, MP - type of the domain wall appears in 70 cases.
The domain pair symmetry groups Ji2[F] are of ¢[q],q1'[q],4[i] and #'[¢'] types,
34 of them determine non-ferroelastic magnetoelectric (b) and 17 ferroelastic

(a) domin pairs.

2'/m[l'](a), 2/m'[I'](a)

*

* 2221'[222](b),

*

m'mm[2'/m](a), m'mm[2/m'](a), m'm'm'[2/m'](a),
« 41'[4](),

4/m'[2/m'](a), 4 [m'[2/m|(a),

*

« 422(222)(a), 42217[422)(b), 4221'[4'22)(b), 4'22[222)(a),
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* 42m[222](a), 42ml'[42m](b), 42ml'[d'2m’](b),
42m1'[¥2'm](b), 4'2m'[222](a),
2m'[#](b), 4'2'm[¥])(b),

* 4/mmm[mmm|(a), 4'/mmm/'[mmm](a), 4/mmm'[4’'/m].
4/m'm'm'[4/m'|(b), 4/m'm'm'[m'm'm’](a), 4/m'mm[4/m’](b),
4/m'mm[mmm’)(a). 4'/m'm'm[4'/m’](b),
¢ /m'm'm[m'm'm’](a), 4'/m'm'm[mmm'](a),

* 321'[32](b),

* 3'm[3(b), 3'm![3'](b),

« BL[E)(b),

* 6/m’[3], 6 /m[3](b),

« 622(32], 6221'[622)(b),

6221/[6'22'), 6'22/(32](b),

* 6m2(32](b), 6m21'[6m2], 6m21'[6'm'2](b),

* 6m21'[6'm2'](b), 6'm'2(32], 6'm2'[6'](b), 6'm'2[6](b),

+ 6/mmm[3m], 6'/m'mm/[3m], 6'/m'mm[6'/m'],
6/m'm'm’[6/m’](b), 6/m'm'm’'[3m’], 6/m'mm[6/m’](b),
6/m'mm[3'm], 6/mmm'[6'/m],

6'/mmm/[3'm|(b), 6 /mmm'[3'm]|(b),

*

231'[23](b),

« 432[23], 4321'[432)(b), 4321'[4'32], 4'32'[23](b),

* 43m([23](b), 43ml'[43m], ¥3ml’[4'3m'|(b), 13m'[23],
* m3m[m3], m3m'[m3], m¥m'[m'Y], m'3m(m'¥)(b).

From the total number of 20 pyromagnetic pyroelectric layer groups (see Section
4.1) only 15 appear here as the symmetry (layer) group T3 of the domain wall,
in particular

faiyim

1, 2, 2%, 2", m, m*, m/, m'm'2, m™*, m'm2, m'm 2", mm"2", m'm"2*, 3, 3m'.

Missing five groups are: 2,4, 4m'm’, 6, 6m'm’.
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Tables, presented in Appendices G, H and I cover 128 domain pairs with P, M

and MP type of the wall. They contain

e F) - symmetry group of the domain state S5,

o Jy; - symmetry group of the domain pair {S;, Sz},

e (hkl) - plane parallel to the domain wall

o F, - one-sided sectional layer group of Fi,

e Ty, - symmetry (layer) group of the domain wall,

e Jy; - sectional layer group of Jya,

o T - type of the group Tha,

e J - type of the sectional layer group Jiz, i.e. MP, M, P or 0, (see Section 4.2)

o number specifying the twin law J[F]. The numbering is taken from the num-

bering of the 380 transposable magnetic twin laws [21].

Analysis of these tables enables one to separate all existing combinations of
layer groups T}, and J,, and to study relations between them independently on the
central plane (hkl) of the domain wall . Tables 4.7, 4.8 and 4.9 present following

information about the domain walls of P, M and MP types.
e Symmetry group of the domain wall Tj,.

e For each group T}, all sectional layer groups Ji; which appear in combination

Ty, € Jy; for the given type of the domain wall.

e Type of these groups with respect to predetermination of the nonzero or zero

magnetization and polarization, i.e. M P, M, P and 0.

e Direction of the polarization and magnetization predeterminated by the wall

symmetry group (see Section 4.1).

o [nformation about symmetry properties of the given domain wall, concretely if

it is (A)Symmetrical or (I) Reversible (definitions are in Section 3.1).
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o Presence of the given combination Ty, € Jyz, i.e. the given type of wall,
among walls connecting some special type of the domains, as ferroelastic, non-

ferroelastic magnetoelectric, etc.

e Direction of the spontaneous polarization P(Wi,) and the spontaneous mag-
netization M(W)3) in the domain wall Wy, = [S1(hkl)S;] and M(W3;) in the
reversed domain wall Wy, = [Sa(RKI)S,].

When the determination is not unique, only two prominent directions are men-

tioned, saving or reverting orientation. A possible change of the magnitude is

expressed by indices.

Table 4.7: Pyroelectric non-pyromagnetic walls
(fa ... ferrcelastic domain pair ,

na ... non-ferroelastic domain pair)
[ type sym.
Tl') P jlz fa._rw Of j]'g ()fwaH P(LV]Q} P(H’"n]
[l 14 fa,na P Al P; P,
| ThT na 0 AR P —-P
P, =iz
21 % i AR
2 fa.na T glﬂ
S im* BT
m*1 fa.na P AR B T
21" Pl|2 | 2m*m™1’ na B AR P P
: 2221" fa 0 AR P —-P
DR | Tl fa,na 2 ST P, P,
2°/m*l" | fa,na 0 SR P —-P
! fa,na 0 Efi B —P
ml’ P|m ml’ fa,na P Al P, P,
2/ml’ fa,na 0 AR P —-P
B
-}- = it
2*m*ml na i AR e Pi-
m'l’ |[Plm* | 2°/m"l’ | fa,na 0 SR P -P
| P, | Py |
' m*m=21" || fa,na 12! S P P
| |12 12
mm2l' | P||2 | mmml’ fa 0 AR e -P
m'm2°1" | P[|2° [ m*m2°1’ na P 57 P, P,
m*m*ml’ | fa,na 0 SR P —P
31 P|3 3m*1’ na B AR i P
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Table 4.5: Pyromagnetic non-pyroelectric walls

(nme ... non-magnetoelectric domain pairs,
ame ... non-ferroelastic magnetoelectric domain pairs)
! type | wall
| Ty M Tir nme,ame || of Tz | sym. | M(Waa) | M(Wa)
ik I nme, ame M ST M, M-
Il" nme, ame 0 SR M -M
2/m" nme, ame M SR :/I/[FJE I;[,I“Z
= 12 —Mys
2 /m"™ nme, ame M SR ://I[uz' _;IVI”?
12! 12" |
2% /m I Mj|2* 2/m nme, ame M ST M, M2
I. 2 /m1"" nme, ame 0 SR M -M
; mm'm  |[nme,ame 0 SR M -M
2/m* | M2 2/m* ame M 50 M, M,
2/m'1'" ame 0 SR M -M
m*m m" ame 0 SR M -M
m"~m"™m" nme M ST M M
4" /m® ame 0 SR M -M
24 m’ M||m"™ 2 fml1t ame 0 SR M -M
S _ , Mgz | -Mp
m™m™m nme. ame M it M, M,
2 fm' M||m' Dl ame M SI M, M,
2/m'l"™  |nme,ame 0 SR M -M
Iy _ ) M2 M,z
m*m'm ame M SR Mige | —Migza
i m'm"™m ime, ame M SR T i
= . ‘ Mg | —Myy
m™m'm M]||2 m™m'm ame M 5I M, M,
mmm'l”  |nme, ame | 0 SR M -M
m'm'm" M||2 m'm'm”* ame || M ST M, Mo
m'm'm'l"™ ame 0 SR M -M
4" /m*m*m’ ame 0 SR M -M
4/m* M| |4 4/m'1"™" ame 0 SR M -M
4/m*m m* ame 0 ok M -M
|_'~1,r‘m'm'm' | M4 |4/m'm'm1”" | amne 0 SR M -M I
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Table 4.8 (continued)
|[ 1 l type [ wall |
Tia M s nme,ame || of Jia | sym. || M(Wi2) | M(W3)
B M]||3 3 ame M S M; Mo
TiE ame 0 SR M -M
[ 3Im* ame 0 SR M -M
3ITm™ nme M SR M M
i 6" /m' ame 0 SR M -M
| 3Im M||3 3'm’ ame M ST M; M,
| | Al ame | 0 SR M -M
‘ | 6 /m'm*m' ame | 0 Sk M -M
‘ 6/m~ |M|6]| 6/m'1" ame [ B M -M
6/m*m*m* ame | 0 | SR [ M —M
[_li;’m'm'm’ | M||6 | 6/m'm'm']"™ l ame ” 0 | SR ” M -M
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Chapter 5

Concluding summary

In this report the symmetry of domain walls associated with 380 magnetic completely
transposable domain pairs was discussed. A special attention was given to 141 mag-
netoelectric and to 48 non-magnetic non-ferroelastic domain pairs. Symmetry group

Jyz of the unordered domain pair {S;, Sz} was expressed, in explicite notation, as
Jl:[ﬂ] = F1 + g1, 1, (5.1)

where Fj is the symmetry groups of the domain states S and S, and g7, is an
operation exchanging these domain states. For all these domain pairs the sectional
magnetic point groups J, were found for all crystallographic plane orbits {hkl}
represented by a sectional plane (hE!l).

To find a symmetry layer group Tj; describing a domain wall the standard
process of left coset decomposition of sectional layer group J), was used. Complete
tables for non-ferroelastic domain pairs are presented in Appendix C.

As further analysis was restricted to possible existence of non-zero magnetiza-
tion M # 0 or polarization P # 0 in a domain wall, 155 magnetic point layer groups
were determined. It is possible to distinguish four parts of these magnetic layer
groups:

a) 22 of them are pyromagnetic M # 0 non-pyroelectric P = 0,

22 of them are non-pyromagnetic M = 0 pyroelectric P # 0,

b)

c) 20 of them are pyromagnetic M # 0 pyroelectric P # 0,

d) 91 of them are non-pyromagnetic M = 0 non-pyroelectric P =0 .

63
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A detailed description of the direction of magnetization and polarization with respect
to the outer normal to the layer or their mutual direction is presented for all 64
magnetic layer groups from a), b), and c) .

Using these results it was possible to divide magnetic completely transposable

domain pairs also into four types:

Type MP - groups Ji;|F| describing such domain pairs that some dmain walls can
be simultaneously pyromagnetic and pyroelectric.

They cover 184 groups, 83 of them are magnetoelectric.

Type M - groups Jy3[F)] describing such domain pairs that some domain walls can
be pyromagnetic but all domain walls are non-pyroelectric.
They cover 69 groups, 58 of them are magnetoelectric.

Type P - groups Jj[F}] describing such domain pairs that domain walls can bea
pyroelectric but all domain walls are non-pyromagnetic.

They cover 37 groups, none of them is magnetoelectric.

Type @ - groups Jyo[Fy] describing such domain pairs that all domain walls are both
non-pyromagnetic and non-pyroelectric.

They cover 90 groups, none of them is magnetoelectric.

A special attention was devoted to domain pairs with antiferromagnetic and non-
ferroelectric domain states, i.e. with zero average magnetization and polarization.

This situation appears in 169 cases:
e the type MP appears in T0 cases,
e the type M appears in 40 cases,
e the type P appears in 18 cases,
e the type O appears in 41 cases.

For domain pairs which belong to the types MP, M and P , i.e. for 128 cases, layer

groups T3 € Jy2 were determined. Complete tables are presented in Appendices G,
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Appendix A

Coordinate system and symmetry
elements

Next four figures present coordinate systems, set of the symmetry elements and their

notation used for the following crystallographic systems:
e orthorhombic
e tetragonal
e trigonal and hexagonal

e cubic

Figure A.1: Orthorhombic system Figure A.2: Tetragonal system
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Table A.1: Symbols of symmetry operations of 6/mmm point group

T 1| * : a2 | g5 | ¢ : T o, P PSSR (A=
This report 1[2. [3[6]32[6°] 200 [ 20 [ 20x [ 212 | 21 | 2u1 |
Rectangular coor.sys. || 1| 2. |3 |6 | 32 [6°] 20 | 2« | D] 2 |2 | P |
e = — e = T
his report [L|m:|3]|6 i 32 | 6° | mog | miz | miz | mor | Mg | T3
Rectangular coor.sys. || 1 | m. |3 |6 |32 |6% | m, | mo | men | my | my | mye
=) J | Fd = ¥ Y ¥

Figure A.3: Trigonal and hexagonal systems
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Figure A.4: Cubic system




Appendix B
Generators of non-magnetic point

groups

Following tables present classification of the generators of the crystallographic point

groups with respect of their influence on the normal to the plane (hkl):

e T ..... indicates no change of the normal vector n
e | ..... indicates reversion of the normal vector n into the opposite one -n
e "empty box” ... indicates that the symmetry element does not keep direction

of the normal n

Table B.1: Triclinic system

(hk) [1]1]
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Table B.2: Monoclinic system

[ (rkD) T 1

) 20 e
(o015 SIS S
(AeO) T L] L[ 1
(kD [ T4

Table B.3: Orthorhombic system

(k) J1]1]2:[2 ]2 [ma:]m, [m.]
o) TrliftTi]t]r]t]1
T e R S
o) [lel v el et
2(hk0) [ 1] | l 1
(ho)) 11 l 1
k) [[1]L] 1 t

(hkl) | T]L] .

Table B.4: Tetragonal system

(hkl) || 1 1[21. 2y 2312,75, 229 4_.|4;1 -'_Lcl-i:" s || s m;]mw Mg
oy e rRe A N PRt e e
T [ N = I
(110) [ 111 o R [ tl et
(hk0) | T] 1 l T
(o) 1111 l i
(A1) (| T ] 4 1 7
(hkt) [ 11 ! o
Table B.5: Trigonal system

[ (hkl) T1]T]20] 2 ]2 [3:[372[3.[37 | mor [mpa [ mm

R R R T

@iio) fr]L] t |

I[DIIIJ) (| i

| (2hkA1) | T 1)

[ (0rhY) [ T{L] | 1

(hki0) [ 1]

(hkil) [[1]1
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Table B.6: Hexagonal system

| (hED)

(5=
o

5

5

244

L]
o

[ (0001)

-

251 (?m | 212 | 251

|

1

| (2110)

[ (0110)

(2hhhl)

(ORAI)

—+ ||| = |—

{hki0)

(hkil)

— | —

— == | =~ | — ||| =

s
| (hkl)|g

| 6

T
21 | Mg

mii

Mg

mm

mii

[~ (0001)

| (2110)

(0110) |

(2hhhAl) |

3 e >

(Ohhl)

(hk20)

(hkil)
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Table B.7: Cubic system

Gy I T [52 [5 [ee= e 2 %)
(OO s N S S
(110) || 1] e el
(REO) || T ] !
(kR0 | T3 I
(hED) | 7)1
() [ 1[4 lig*] | | Laf &
[hkl) [ 4 LIRS
(001) 1 1 ! !
(110) .
(hk0) .
(hhl) |
(hkl) . |
(111) N e ’ |

[(hkD [ [3 3 [3. [32 3 I3 [32 (3 (3 [3- 3. 3" 37 [37 [ 3|
(001)
(110)
(hk0)
(hhi)
(hkl) | be
() [ 1| [ | [ | !
[(RkD) [ e [y [ [ may [ mag [ mos [y | mas [ mye |
oyl I FT L [T T
(110) ol
(hkD) i
(hhl) i
)
(111) T rlr]




Appendix C

Symmetry groups of domain walls
in non-magnetic non-ferroelastic
domain pairs

The following table presents the sectional layer groups J,; and the symmetry groups
T3, of the domain walls for all crystallographic non-equivalent planes (hkl) when the
domain pairs {5, S2} are non-ferroelastic.

TR LN G NESS R P R 8 symmetry group of the domain state 5

S L e e e A e symmetry group
of the unordered domain pair {5, S-}

8 8 5 hie AN Loy auiota s side, state and side&state
reversing operations

. I?'l .................................... one-sided sectional layer group
containing all trivial symmetry operations
of the domain wall

o Fip= 1’?'1 F §13ﬁ] .................... sectional layer group of the group Fy
. j” = jf‘] + "f'.‘j:" ceiiiiiiriiiiei.... one-sided layer group of the group Jj;
sl =R P Ble o Sis symmetry group of the wall

o J1o=F) + i R e B+ iwfj_] ... the complete sectional layer group
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Appendix D

Symmetry classification of
non-magnetic non-ferroelastic
domain walls

Following tables present classification of walls for all crystallographic non-equivalent

planes (hkl) for 48 non-ferroelastic domain pairs.

B symmetry of the single domain
e Ji3 ...... symmetry of the domain pair
895 i symmetrical wall

0 A asymmetrical wall

S reversible wall

R e irreversible wall

(R | Ju || (kD) [ (ko)  (001) |
i | I 5 s [ 5'_r
I el || B S S

Lrl 2*/m S s | §
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(hkl) | (hk0) ] (001)
BEEC . I 7
2 | el s |
| m |2°/m T I ‘R—‘J
[ A [ 5 T (k) [(OK) ] (hoD) [ (ko) ] (100) [ 010) [ 001) |
222 mim i 5 S & g S 5 g l
mm2 | mm*m S § S S S 73 S {
B | Ju [ (A0 [ (k) (h00) ] (h%0) ] (100) | (010) ] (001) |
222 | m*m™m= I R R R R R R
mm2 | mm m 7 i I R R R !
T (h&0) | (hhd) | (h00) [ (R40) ] (110) [ (100) [ (001) ]
[ 4 4/m* Il e TR e
4 4*/m* 5 5 g S S S S
4 42*2* A S S A S S &
4 4m*m* A A A A 5 3 A
4 42*m* A A 5 A b3 S S
i im™2" A 5 A A 5 5 S
4/m | 4/mm m* A o) S A S 5 S
422 [4/m™mm= | & ol S S 5 o S
dmm | 4/m mm S 1 S 5 {5} 5 5
2m |4 /m m*m 5 e i S 5 5 8
[ h To [ Gk | (k) [ (h0D) ] (k0) [ (110) T (100) [ (001) |
4 4/m* I i Tl R R R I
i 4 [m" Tal i i la e gt B TR ER
1 122 PRI TR R FE LI BR e OB L
4 dm*m* I R R R R R R
1 12°m* I R I R R R R
T | dwz | D PESERAES R
4/m | 4/mm*m* R R f i R R !
422 | 4/m*m*m" I R R R R - i
dmm | 4/m mm ! ! 1 R 2 & .
42m | 4*/m*m*m e R i E | R -
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Magnetic sectional layer groups

The following tables present sectional layer groups of 122 magnetic point groups,

sectional planes (hkl) represent all plane orbits {hkl}.

Table E.1: The family of the magnetic point group 1

[ E
(hkD) 1] 11"

Table E.2: The family of the magnetic point group 1
[T Ji[r]i]

[(aa) [1] L [1v]

Table E.3: The family of the magnetic point group 2

2 J2[z]2r
[(oo1) [ 2. [/ 2 ] 2.
(hkO) [ 2. || 2¢ || 2.1
(e [T 2[00 ]
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Table E.4: The family of the magnetic point group m

m ms m; m. 1.-
(001) || m, [} [ m,1']
(hko) m. mi m.1'
(RED [ 1 [ 1T | 117

Table E.5: The family of the magnetic point group 2/m

| 2/m [[2./m, [ 2/m. [ 2./m. ] 2. ]m, 2. /m.1 |

(001) 2. /m. [2/m; [2./m’ | 2./m. | 2./m.V
(hk0) || 2./m. [| 2./m! | 2./m! [ 2./m, || 2./m.T"
GEY | 1 T e i

Table E.6: The family of the magnetic group 222

[ 222 [[ 2:2,2, [ 2.2(2] [ 2.2,2.1°
(0o01) [ 2.2,2. || 2.202 || 2.2,2.1
(010) || 2.2,2. || 2:2,2; | 2,2,2.1"
(100) [ 2-2,2. || 2:22¢ || 2:2,2.1
(hkO) | 2. 2, 2.l
(hol) || 2, = 2,1
(OkD) || 2. 2 2.1’
(kD) | 1 1 1’

Table E.7- The family of the magnetic group mm2

[ mm2 || mym,2: [ mim2. | mm,2; mem,2.1" |
(001) |[ memy2: mim; 2. m’rmy2:: mzmyzcl,
(010) || mom,2. || mem,2 mimyzf m:m,;g_.lj
(100) || mym,2. m.m,2. mim,2; memy2.1

Q v l) !

(hk0) 2. 2; 2 2.1

i m myl’

(hO1) Ty m ?, :

(0kl) my m m, ﬂ;i:
(hkl) 1 1 1
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Table E.8: The family of the magnetic group mmm
| mmm memym, e
Il
OO0 || 2./mz2, /my2ojm | Tofmcd, i 2o
(010) 2:!’771:2;;1;&5,23/'7?1; 2. /m, Q’fm" 2 /m!,
(100) |12 /om2 2 | 2 e i
(hk0) 2./m. >
(ho1) 2,/my 2,/m;,
(K1) 2;/ms 2./m;
(hRT) 1 i
&mm mim; m'; mim,m. mem,m;1’ ]
(001) || 2:/m32, /mi2:[m | 2./m;2, /my2l/m, || 20/me2,/my2./m. 1"
(010) [ 2./m.2 m’ 2. /m), | 2./m;2, /mg_,fmz 2,/m.2y/m,2./m.1’
(100) )i 2 /m'z;yfm’gz./mi 2:/m ”’/mu ms | 2:/m.2,/m,2./m.1'
(hkO) 2. /m!, 2 /m. 2./m.1’
(hO) 2,/m!, 2, /m, 2,/my 1’
(OkI) e, 2, /m’, g,/_m,l'
(hkD) i i iy

Table E.9: The family of the magnetic point group 4

4 Jafe]er]

[(oo1) [[4: J4 [ 41"
2, [[2. ] 2.1
1

(hkl)
(hkl)

Table E.10: The family of the magnetic point group i

T EE I

%
e [

Table E.11: The family of the magnetic point group 4/m

IMIWWI%
o0 [ o/ [ e [ [/ ]
-hko ) [[2/m- | [ 2./m. | 2

T 5 S A
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Table E.12: The family of the magnetic point group 422
L 422 [ 422, [ 423, [4.7% T T P A
o i )

(001) || 4.2.2,, || 42202 4,22, | 4.2.2,,1
(100) || 2:2,2. || 2.2'2, 2edads. || 2221
(LI0Y 2202 22y2:52, 20 2052: [ 202,52,
(hk0) % 2, 2 2.1
(hhl) | 2., 2u 2y 25
(o)) [ 2, 2 2 2,
(hkl) 1 1 1 1

Table E.13: The family of the magnetic point group 4mm

( 4mm | 4.m;mg, | dmeml,

| 4:m m;,

” d.memg,l’

L
I
!

4.mymgy, || £im.m

4.m;m’ 4. memzyl’

) z E I
(100) | momg2. | memyg2. | mimi2. | mem2.l
(110) || mymag2e | g2 [y | BT
) [ 2 2. 2 pAL
(hhl) My mig Mg My
(hO1) my, my m), m,1’
(hET) 1 I I 17

[02m [ 1.2.ms, || 82ma | L2ma | 12ms, I §32xm,91'_1
(001) 4.2,May fzz,m:g i:;; Maxy i:lrﬂ;lg 4—;3-;”;1!{ }
{1[]0) 2:23,2.: 2:2};2: 222;22 ?Igyriz "'==!l'—:72 T
(110) || mpymeg2, || Moy Mrgas _Ergm:;ig: ma:y’?:ggz ’-nary;nfii;r—z

v . s ES 2z £z
[hM]} 21 _*_ m m’r_ mrg[*
(hhi) My Mgy )z‘y .)!y -

o 2 2y
(hUE) 2,‘, Zy =y s ]_]_J'
' 1
(hkl) 1 1 1
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Table E.15: The family of the magnetic point group 4/mmm
F/mmm 4./m, mrer‘/m mem’, l
{Ogl) 4, ,fm_z-_.t/m.t—.ryr’/m.ry 43*"&::::/’7“:21 /'m:
(100) 5 2 /m,2,/m,2, [m, 2 Tm.2, Jm,3 ‘_L_Lfmz
{1 10} ~ryfﬂrg2_rgfm¢§22/mz ;_nlry—rv/m y—zJ’sz
{hko} Z,/mz 2_fm_
(hhl) 2eg/TTieg e i
(hOI) 25,/“!0'1!r 2,/m,
(hkl) I 0
[ 4/mmm “ 4, /m.mim!, 4. /m.mim!, |
(001) 42/_”/mr_¢,, m, | 4/mi2,/m2, [m},
(100) | 2/m2jmi2./m, | 2. /mi2,jmi2./m
(110) y/_,y_w/mw_z [m. | 20, /ml 2, /m 2 [m.
{hk‘[}) zz;'rmz ngm’:
) 2/ Beglig
o) 2, /m, 2/,
(hFD) I i
| 4/mmm N 4. /mimzmg, 4, fmim,m’, 4. /m.mymg,1’
| {001} 4z/m;3;/mxgjty/mry /mi 2 fmr-zy/mry 43!m:2_r/mrzrvfnlr? Iy
N e AN A WA AT LA MES N AR
2 9_Jm’ 2. fm. 2 [m || 2zy/M0cy2 o fmeg2. /m. 1’
“10) /__:ywy/mzy-z/m “ny—ry—:y TP z W =ry=ry .
(hk0O) 2./m. 2./m, 2./m.1
hh:’) 2 [mag 20/ Mg Zﬁ,/mza}
hot) 2;/"“!1 —2-;/::”9 nyfn’yl
{hk;) T 1 i1

Table E.16: The family of the magnetic point group 3

5 [0
oo [ 3 [ 51
0 1]

:
i
\

Table E.17: The family of the magnetic point group 3
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Table E.18:

Table E.19:
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The family of the magnetic point group 32
82 [ 3:210 [ 3.2} [[3.2000" |

(0001) 3210 [ 3.2 [ 3207

(21}0) 210 o 2101’

(0110) J| 210 | 2 [ 247

(2hhh) 1 1 L1

(0hRD) | 210 || 206 || 2407

(hki0) 1 1 13

(hkil) 1 1 ikt

The family of the magnetic point group 3m
| 3m “ 3:mai || 3.mi; | 3.mq51’
(0001) [ Bmas | oty [ Bomar?
(2110) || mo7 || my; || mrl’
(0110) || mg; || mi; || magl’
(2hhh) 1 1 11’
(ORARD) || moi my; magl’
(hki0) 1 1 Gk
|_sz} 1 1 11’

Table E.20: The family of the magnetic point group 3m

| = 3. Mo 3 mf“_ l Sim'n— jimgj H - 3. magl! J
(0000 || 32,0/ miat || B.Zh0) ™ | i/ mis | 3:210/mat || 3o/ mail’
(2110) 2 o/mm 210/ M1 _Qloxmjﬁ 2o/ Ma1 210;&211;
(0110) [ 240/mai 210/ ™M Zm’i:n;i 239/?121 me_mfgil
GhRR) | L i P I
(OhRD) || 2io/mai _%'_f_fﬁfz_____iwilf_”i :2-10/;”21 =1o;"$n
hki0) 1 SRS e = =
o R i e i R L




Appendix E
99

Table E.21: The family of the magnetic point group 6

8 _[6.J6]er
0001) 6. T6” [ 6.1

z

(0001)
(RED) | 1 11T

Table E.22: The family of the magnetic point group 6
|] . [ 6 [ 6]

{0001 0

(hE20) || m, || m’ || m. 1"

(hkzl) || 1 1 3k

Table E.23: The family of the magnetic point group 6/m

| 6/m [ 6./m. | 6./m] | 6./m] | 6/m. ] 6./m.1"]
[ (0001) [ 6./m, | 6./m! [ 6./m. | 6./m. ] 6./m.1’
| (REi0) || 2./m. | 20/m! | 2./m, | 2/m. chm%
I hikal) 4

1 e i 11"

|

Table E.24: The family of the magnetic point group 622

uizz ” 6:210212 || 622102} | 6:21021 6::2102121'J
(0001) [ 6:210212 || 62210212 | 6:210212 6:2102151"
(QHU) 2102122 2102122: 202122 2102122:L
(OIIU) 2102122 2502 12_}.; :&02'2.2_: 2_102122.21’
(2hhh) || 212 2 2, 2!
(W&M) 210 210 2’10 '.2.101"
(hki0) 2, 2 2 2.1
(hkil) I 1 1 1

Table E.25: The family of the magnetic point group 6mm

s [ |y [ [l
WWW 5:’”'21':’”‘51 szﬁm‘ili’
(2110) || maymar2: mzim;n% mfnmm; Eziiz*zl
0110 TMi M1 2 moiiiy 2. mgl..m z 210201 £=
((thh}) Mot mo, m?l Eui’ 5
(OhAL) Mo ot m ; 2211’
(ko) | 2 % 2 2!
(hkil) 1 1

[ R
- ———eeEEEEEE
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Table E.26: The family of the magnetic point group m?2

a F =0y Bl I ¢ =

Enﬂ || ?:mzl-n 6:mai212 | Bimyg2, [ 6 o2 | Bmar2ial’ ]
{!JEI?I) ﬁzn‘liigl‘l 6 m21-12 6 mn_u 6 m!lzl‘l ﬁzmﬁgul’
{3150) mai21m: _31212m: mnzmm: my;2,m. || my2,m.1
(0110) || mai2iam. | my;2i0m, | my;2i,m’, m;2,m, | my2iam, 1’
(2hhh) 212 21 2 2 2T
{Ohh” mMay m;i Moj mzi mzilr
(hki0) ms m., m’, m. mgl’
(hkil) 1 1 1 1 11’

Table E.27: The family of the magnetic point group 6/mmm

| 6/mmm 6. /m.magme; 6. /m’ mogmb,
(0001) 6. /m.210/mai21a/mor || 6 /m!2,0/ma12,/mpy
(2110) || 210/ma1212/mn2./m. || 210/mai21,/mp, 2. /m
(0110) glofmﬁgu/_ﬂlmngmz =10/m21212/m{,1§;/m2
(2hhh) 215/ ma1 252/my
(0hhl) 210/ Mai 240/Mai
(hEi0) 2./m. 2/
(hkil) i 1
| 6/mmm || 6. /m-my;mi, | 6. /mimimo, _‘
(0001) || 6./m. 20/ myi2ia/miy | 6:/m210/mistia/ My
(2110) || 20/ mhi2is/men2:/m= 210/ M 210/ Min 2. /™
(0110) || 25o/my;2 o/ My 22/ g—lﬂfm?lglﬁf—-m;-’!m‘
(2hhh) L/ mby 212/ Moy
(0hRI) 20/ M1 210/ Mg
(hki0) 2./m. zzgn,
(hkil) 1 1

ﬁ /m Mai Mo

6. /m;2i0/m W

._w/m?lzufmm_.z/m

!

glo/mz'.?lz/—-ﬂi-z-zfm

21,/ mo1
._E.’w/'mﬂ

2./m;
]

!
6 /m-maia

6./m-maimol’

,jm.qo/'mz'ﬂlz/mml

e T
6. /m. 2o/ Mai21a/Min

..m/mzl.z.u/mmz-/‘m '

210/ M1 212/ Mo 2: /M2’
1t Julwmb .|
210/ mail’

2 fmT

1

P e

2o/ mai2 12/mmﬂ [ms
;’10/’”21-12/%1 (e
2,2/ Moy
2o/ mai
2;/m:

P Tl

e ]
R L AR
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Table E.28: The family of the magnetic point group 23

Table E.29: The family of the magnetic point group m3

u'nﬁ ” mg3, m..3, m3,1' —|
(001) || 2./m=2,/my2./m. || 2./m}2, [mi2./m! | 2, /m,2,/m,2. /m.1’
(L10) 2./m. 2./m. 2./mI
(h£0) 2;/m. 2./m, 2./m,1
(hhAl) ik Y i
(hkl) 1 1 1
(111) 3, 3, 3,1’

Table E.30: The family of the magnetic point group 432

[432 [ 43,2 [ 43,2, | 43,20
(001) |[ 4:2:2., | 412,20, [ 4:2.2.,1
(110) [ 222092 | 20,2552 || 20020521
(hk0) % 2, 2,1’
(RRD) || 245 2, 251
(hkl) 1 1 1’
(111) | 325 || 392 | 3p2e5l

Table E.31: The family of the magnetic point group 43m

T | Ty | Wiy [ bl |
0 N s ek
ROy 2 | 2 | %l
[hhi} Mxy ____n_‘i-‘..'t———- mr?,l
GEY 1| L
(1) | Spmes || %omes | Bt
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Table E.32: The family of the magnetic point group m3m

| m3m || m.3,m,, m.3,m!
(001) 4=/m=2x/m:2=g/m=y 4 /-_z_mfmrgiy/m;y
(110) 2,y/m¢y2,g;’m=52¢/m= y/——ry—a:y Mig2: /M=
(hk0) 2./m, 2:/m;
(hhl) 205/ Moy 2g/Mig
(hkl) 1 1
(L) gpg.ty'/ml‘ﬁ gpziﬂfm;ir
@m || m’ '}' Mg, m.3; mry 33y
NN e ey R e e M I
(110) -z:y/mry—-l?!rl"’nlfﬂ'— Jm’, f Moy ru/mri ./m’ wzyfmxyzryfmrf‘z
| (hk0) 2./m; e/ 'Jm = )
[ (hh1) 2.,/m., Zug/ M= Aﬂ/_f;m
I i A 13 l/m 7
m} §;=.:'/m;u ___%2_2—;5_/7_?13.———— dpsry) My




Appendix F

Pyroelectric and Pyromagnetic
domain walls in 380 domain pairs
described by magnetic completely
transposable twin laws

There are 380 classes of the magnetic completely transposable twin laws describing
symmetry of the domain pairs. They are divided into 4 parts with respect to the
type of the domain walls.

The symbols are given in the explicite notation J[F] equally with notation of
the corresponding type of these groups. The symbols M,P,MP and 0 are used in

the following situations:

I 7
( T[ magnetization M # 0 | magnetization M = D_J
2

/ polarization P # 0 MP
| M 0

J polarization P = 0

Inner structure of the J[F] group is also presented in the explicite notation.
Symbols ¢, ¢, 4’, I represent:

- s x T T8, !
a group does not contain symmetry elements I, 1 and 1’

L ] {!u _____
= = it '
O gEIEE T ¢ a group contains space inversion 1 but does not 1" and 1°,
. _ , 4
L. . 5 .
e ¢/, . ... agroup contains space-time Inversion I’ but does not 1 and 1',
8 time inversion.
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The symbol (a) is used for the ferroelastic domain paj
s,

the symbol (b) for the non-ferroelastic magnetoelectric domain pai
in pairs.

.Ad i i
1 omain wall can be simultaneously pyromagnetic and pyroelectric

(a) A group Jiz[Fy] is of the type MP[MP] ; 16 cases ; gs[q1]
¢ 2(1)(a), 2[1)(a), m(l)(a), m1)(a),
o m'm2[m](a), m'm2[2)(a), m'm¥[m')(a), m'm'22)(a), m'm'2m')(a),
o 42(a), 4mm/4)(b), 4m'm/[m'm'2](a),
o 3m[3](b),
o 6[3], 6m'm'[6](b), 6m'm/[3m.

(b) A group Jy2[F}] is of the type M[MP] ; 9 cases ; ¢:[q1]
o 222[2)(a), 2'2'2(2)(a),
o i[2)(a), 42'2[4](b), 42'm'[m'm'2|(a),
o 32'(3](b),
o 6[3)(b), 622[6](b), 6m2[3m](b).

(c) A group Jio[F] is of the type P[MP] ; 22 cases ; g, g21'[q1)

o 11[1](b),

o 202)(0), 20[2](5), mlm](), mlm]E),
o mm2[m](a), mm2[2}(a), mm2l'[m'm2](b), mm21'[m'm'2|(b),

o 41'[4)(b), 4[2(a), 4mm[4](b); 4mmV[am'm’)(b), 4'm'm[m'm'2](a),
o 31[3)(8), 3m[3(b), 3m1[Bm(G),

o 61'(6](b), 6'[3](b), Gmml[6](b), 6mm1'[6mm’](b), 6'mm/[3m'](b).
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(d) A group Jio[F] is of the type O[MP] ; 8 cases ; ¢ la]
) ¥ 2 1

o 222[2](a)

o ¥[2(a), 4220)(b), Y2m/mims(a),
o 32[3](b),
o 6'3], 622[6](b), 6'm'2[3m).

(e) A group Jy3[Fy] is of the type M[M] ; 17 cases sq2lqn], 2041
¢ 2/m[1](a), 2/m'(](a),

o m'm'm[2/m](a), m'm'm[2'/m')(a)

il

o 4/m2/m(a), 422[22(a), M), 2m[22)
s fmmm{4/m], 4 fmmm '),

e 3m/[3]

o 6/m[3], 622[32), Sm2[B], 6m2[32)(b), 6/mm'm[6/m],

6/mm'm'[3m/].

(f) A group Ji2[F] is of the type O[M] ; 22 cases ;qa[q1], g21'[qn], 22[i1]
o 2221'[2'22)(b), mmm[2/m](a),
o 1U(E|(b), &/m[2/m](a), 4221[422|(b), #22[222)(a), 12m[A](b),
D2mU[A2m)(5), V2m222(a), 4fmmm[4/m], ¥ [mmm/{m'm'm](a),
o 320[32](b), 3m[3],
o 61[6], 6/m'[3], 6221'[622)(b), 6'22[32](b), 6m2(6], Bm21'[6r2],

6'm2'[32/], 6/mmm[6/m], 6'/m'mm’[3m’].

(g) A group Jiz[Fi] is of the type P[P] ; 14 cases @2l 21 (1]

s mm21/[mm2](b),

o 41'[4')(b), 4mm[mm2](a), 4gmm1'[dmm](b), 4mm]'[4'm'm](b),

A'm/m[mm2)(a), ¥m'm[+](b),

o 3ml[3m](b),
o 61[6'), 6mm[3m], fmml’[6mm](b). 6mm1/[6'mm’], 6'mm/[3m](b),

6'mm’[6'].
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(h) A group Jiz[Fy] is of the type O[P] ; 6 cases 102(q1]
1 ] 1

o 422'[4')(b), 42m[mm2)(a), 4'Ym[mm2|(a),
o 622(6'), Bm23m](b), §'m2[3m],

() A group Jus[Fi] is of the type 0[0] ; 70 cases ; la]. @21 (@], dalia], 15[54]
o 2/m(l')(a), 2/m'[l')(a),

o 2221[222](b), m'mm([2'/m](a), m'mm[2/m')(a), m'm'm’[2/m’)(a),

o 1W[H(b), 4/m'[2/m')(a), ¥/m'[2/m')(a), 422[222](a),
4221'[422)(b), 4220'(4'22')(), 4°22'[222](a), 12m[222](a),
22m1'[42m)(b), T2ml'[A'2m’|(8), E2mV[E2m)(b), ¥2m’[222)(a),
2m/[#)(b), ¥2m[T|(b). 4/mmm[mmm](a), 4'/mmm/[mmm](a),
' [mmm/[4/m], 4/m'm'm'[4/m](b), 4/m'm'm'[m'm'm'](a),
4/m'mml[4/m')(b). 4/m'mm[mmm’|(a), 4'/m'm'm[4'/m](b),

4 fm'm'm[m'm'm’)(a), 4 /m'm'm[mmm’)(a),

o 321[32)(b), 3'm[3)(b), 3m[3)(b),

o BU'[6)(b), 6/m'[3], 6/m[3](b), 622[32], 6221'(622](b),
6221/[6/22'), 6'22[32(b), Bm2[32](b), 6m21'(6m2],
6m21'[6'm'2)(b), Bm21'[6'm2'(b), 6'm'2[32],
6'm?2'[6)(b), B'm'2[6)(b). 6/mmm[3m],

6 /m'mm'[3m], 6 /m'mm/[6'/m], 6/m'm'm'[6/m'](b),

6/m'm'm'[3'm'], 6/m'mm[6/m’](b), 6/m’'mm[3'm|,

y=—

6'/mmm'[6/m], 6/ /mmm!'[3'm](b), 6 /mmm’[3'm'](b),
231/[23](b), 432(23], 4320/1432)(b), 4320'('32], ¥32(23](B),
43m[23](b). 43m1'[43m], 3m1'[3m'](b), 13m’[23],

m3m[m3], m3m/'[m3], m'3'm'[m'3'], m'3'm[m'3(b).

., —=
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2. A domain wall i
1s non-pyroelectric but can be P
yromagnetic

(a) A group Jiz[F] is of the type M[MP] ;13 ¢ il
— i 13 cases 2
o 1[1](B),

q]

o 2/m[2)(b), 2/m[m](b), 2'/m'[2](b), 2'/m’[m)(b),
o m'm'm[m'm'2)(b), m'm'm[m'm2](b), |
o 4/m[4](b), 4/mm'm/[4m'm’(b),

o 3[3](b), 3m/[3m'](b),

o 6/m[6](b), 6/mm'm'[6m'm'](b).

(b) A group Ji[F] is of the type M[M] ; 8 cases ; ilg]
o m'm'm[22'2)(b),
o 4/m[A](b), 4/mm'm/[42'2)(b), 4/mm'm'[42'm'](b),
o 3nm/[32)(b),
o 6/m6], 6/mm'm/[622](b), 6/mm'm'[Bm'].

(c) A group Jy2[F] is of the type O[P] ; 8 cases ; ilq]
o mmm[mm?2|(b),
o 4/m[4)(b), 4/mmm[4mm](b), 4'mmm/[4'mm’](b),
o 3m[3m](b),
o 6//m/[6'], 6/mmm[6mm](b), 6 m/mm/[6'mm’].

(d) A group Jio[F] is of the type 0[0] ; 40 cases ; i[q), i21'[24]
o 11'[1'](b),
o 2/ml'[2/m](b), 2/m1'[2'/m](b),
o mmm([222](b), mmm1’[m'mm](b), mmm1'[m'm'm’](b),

), 4/ml'[4/m](b). &' [m[¥](b), 4/mmml[422](b),

. 4/m1’{4/m’](b :
4/mmm[i'.2m](b). 4/mmm1'[4/m’m’m’]{b), 4{mmml’[4;’m'mm](b),

s
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4/mmml'[4' [m'm'm](b), &' fmmm![4/22'](b).
&' fmmm'[42m’)(b), ' [mmm/[I'm2)(p),

o 3U[(b), 3m[32](b), 3m1'(3'm](s), Im1'[3'm)(b),

o 6/mU[6/m'|(b), 6/ml'(6'/m], 6/m'[§')(b), 6/mmm[622](b).
6/mmm(6m2], 6/mmmV(§/m'm'm')(5), 6/mmm1'[6/m'mm](b),
6/mmm1'[6'/mmm'), 6 /m/mm/[6'22],
6'/m'mm’[6'm2](b), 6 /m'mm'[§'2m')(b),

o m3[23](b), m3V[m'3](b), mIm[d3m), m3Im[432)(h), m3ml'[m'3m),
m3m1'[m'3'm’|(b), m3m'[432'], m3m'[A'3m’](b).

3. A domain wall is non-pyromagnetic but can be pyroelectric

(a) A group Jya[Fy] is of the type P[P]; 11 cases ; q21'[q11’]

o 2U'[11'(a), m1[11)(a),

o mm21'[m1')(a), mm21'[21')(a),
o 41'21)(a), 4mml/[mm21'](a), 4mml'[41'],
o 3m1/[31],
o 6131, 6mml1‘[3ml’], 6mml’[61'.
(b) A group Jy3[Fy] is of the type O[P] ; 8 cases ; q21'[m1']
o 2221'[21)(a),
o 11'[21')(a), 4221'(417], 12m1'[mm?2l'](a),
o 321'[31),
o 6131, 6221(61], 6m21'3m1.

s il ryg Bt A ]_f
{(:} A group leiF-l] is of the type 0[0] H 18 cases ; Q'zl [QIl 31321 M1 }

e 2/ml'[11'](a),

. mmml’{:!/ml’](ﬂ)a
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o 4/ml'[2/ml(a), 4221'[222V)(a), T2m12221(a),

(3]

ml’[41'],
4/mmml'[mmml](a), 4/mmm1'[4/m1"),

o Im1’[31],

e 6/m1'[31'], 6221/321], 6m21'[321], 6m21'[61,

6/mmm1'[3ml’], 6/mmml'[6/m1/,
o 4320(231], B3mU[231], m3ml[m3L].

4. A domain wall is non-pyroelectric and non-pyromagnetic

(a) Ji2[F}] is of the type O[MP] ; 13 cases ; '[q]
o 1'[1],

Y [mm], 2/m2), 2/m'[2], 2/m/[m],

m'mm[m'm?2'], m'm’'m'[m'm'2],

A/mid], 4 /m'mim ],

o 3'm/[3m'],

o 6/m'[6], 6/m'm'm'[6m'm’].

(b) Jiz[Fy] is of the type O[M] ; 18 cases ; i21'[11], '[q]
o 11'[1],
o 2/m2/m], 2Ymi2/m)
o mmml/[m'm'm], m'mm([22'2'],
o /mifd], 4/mVf4/m], 4/mmml4/mmm’
4/m'mm[42'2], 4 fm/m'm[dm'2],
o 31'(3], 3[3], 3m1'Bm], 3m(32],
o 6 /m(6],6/m1/[6/m], 6/mmm1[6/mmm)

6/m'mm[62'2], © /mmm’ [62'm'],

o m'3'm[4/32'].
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(¢) Jiz[Fi] is of the type O[P] ; 18 cases 1 il'[q1'),i'[q]
o 11111,

 2/ml'[21'], 2/m1'[m1/),

o mmml'[mm21], m’mm[me],
o 4/ml'[d], 4'/m'[4], 4/mmml'[4mm1’),

4/m'mm[4mm], ' /m'm'm{4'm'm],

o 31I'BY], 3ml'3Bml’], 3'm[3m],
e 6/ml'[61], 6'/m[6'], 6/mmm1’[6mm1’],

6/m'mm[6mm], 6'/mmm/[6'mm!).

(d) Jia[F1] is of the type 0[0] ; 41 cases ; i1'[i;],i1’[q1"], i/[q]

o mmml’[mmm|, mmml'[2221'], m'm'm'[222],

o 4/ml'[11'], 4/ml'[d'/m], 4/m'[¥], 4/mmm)'[4/mmm],
4/mmm1’[4221), 4/mmml’[2m1’], 4/mmml'[4'/mmm’),
4/m'm'm'[422], 4/m'm'm'[42m/],
4/m'mm[d2'm), 4 /m'm'm[4'2m], 4 [/m'm'm[422],

e 3m1'[3m], 3ml'[32V], 3'm'[32],

o 6/ml'(61], 6ml[6'/m'], 6/m'[6], 6/mmm1'[6/mmm],

6/mmm1[6221], 6/mmm1‘[6m21'], 6 /mmmU'[6'/m'mm/],
6/m'm'm’[622), 6/m'm'm/[6'm'2], 26/m'mm[6'm2’],
6'/mmm'[6m2], 6' /mmm![6'2'2],

o m3l'[m3], m31'[231], m'3[23], m3ml'[m3m], m3ml’(43ml7],
m3m1'[4321'], m3m1[m3m’], m'3m'[432], m'3'm'[4'3m’],

m'3'm[43m], m'3'm[4'32').




Appendix G

Symmetry of pyroelectric domain
walls in non-pyromagnetic and
non-pyroelectric domain pairs

The following table presents sectional layer groups J;; and the symmetry group of
the domain walls for all crystallographic non-equivalent planes (hkl) for 18 cases

non-pyromagnetic and non-pyroelectric domain pairs with pyroelectric walls (type

P).

B T e symmetry group of the domain state S,

e symmetry group of the unordered domain pair {S;, 5;}

b e one-sided sectional layer group containing all trivial
symmetry operations of the domain wall

8 T s symmetry group of the wall

R R the complete sectional layer group of Ji

Dl S5, e polarization P # 0

L el (A SRS S type of the group Tiz

) PRIET e Y type of the group Jiz

The digraph *) is used for the ferroelastic domain pairs.

Numbers in J box are taken from the numbering of the 380 transposable magnetic

twin laws [21].
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F
Dil l Jl_,: | (hk[} Fl
2 fm" {001} 1 Tl; 7
= 1 -
*) (hkD) : m; 2_ i T
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Symmetry of pyromagnetic
domain walls in non-pyromagnetic
and non-pyroelectric domain pairs

The following table presents sectional layer groups J,, and the symmetry group of
the domain walls T}, for all crystallographic non-equivalent planes (hkl) for 40 cases

of the non-pyromagnetic and non-pyroelectric domain pairs with pyromagnetic walls

(type M).

) A At e symmetry group of the domain state S,

L e e e symmetry group of the unordered domain pair {5, 5}

TR e one-sided sectional layer group containing all trivial
symmetry operations of the domain wall

e symmetry group of the wall

8 Cr SN the complete sectional layer group of Jiz

M e e magnetization M # 0

A type of the group T2

T e Bt type of the group Jiz

- . i - t)
The digraph +) is used for the non-magnetoelectric domain pairs, the others ar

non-ferroelastic magnetoelectric domain pairs.
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Symmetry of pyroelectric and
pyromagnetic domain walls in
non-pyromagnetic and

non-pyroelectric domain pairs

Appendix I

The following table presents sectional layer groups Ji; and the symmetry group of
the domain walls T}, for all crystallographic non-equivalent planes (hkl) for 70 cases
of the non-pyromagnetic and non-pyroelectric domain pairs with pyromagnetic and

pyroelectric walls (type MP).

o Iy ................ symmetry group of the domain state 5,

symmetry group of the unordered domain pair {5y, 5;}

. J|2 ..............

=) SR one-sided sectional layer group containing all trivial
symmetry operations of the domain wall

& Flon il o symmetry group of the wall

AR ) i the complete sectional layer group of Ji;

CHAGE oo oo siara st magnetization M # 0

e polarization P # 0

>
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Dl R O o et type of the group Ty,

DY St e type of the group J;;

The digraph

+) is used for the ferroelastic domain pairs,

+) is used for the non-magnetoelectric domain pairs,
*) is used for the magnetoelectric domain pairs,

the others are non-ferroelastic magnetoelectric domain pairs.

131

Numbers in J box are taken from the numbering of the 380 transposable mag-

netic twin laws [21].
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