Space Group

- 32 point groups— symmetry groups of many molecules
and of all crystals so long as morphology
1s considered

— space group—- symmetry of crystal lattices and
crystal structures

14 Bravais lattice
centered lattices— new symmetry operations
reflection + translation

rotation + translation



Space Lattice

— 14 Bravais lattice

P C I F ‘
Triclinic P1
Monoclinic ~-P2/m | C2/m
Orthorhombic 'P2/m 2/ m2/m | C2/m2/m2/m | 12/m2/m 2/1;1 F2/r;1.2/m 2/m
Tetragonal | P4/m 2/m 2/m_ I4/m2/m2/m |
Trigonal R32/m
P6/m2/m2/m -
Hexagonal
Cubic P4/m32/m I14/m32/m | F4/m32/m

The 14 Bravais lattice represent the 14 and only way in which
1t 1s possible to fill space by a three—dimensional periodic array

of points.




B 1.1 A3A, Z¥ =4, Bravais A3}
274 #dg - ARA 2354 A2 B Bravais 3=}
a2 . . a=b5b=
(cubic) 4% 44 a=f=y=90° P, I, F
£ 1 o L a=b*c
s Y — 8=090°, y=120° P
(hexagonal) o =g g=5b= o
(trigonal) (thombohedral) =B =y+90°
3 % . a=b+c
(tetragonal) C El =B=9y=090° P, I
A a+b+c
(orthorhombic) A} Ab a=8=7y=90 P, C(A, B), I, F
1. c-unique
a+b+c (P), (A)
o A} o A @ x a=F=90°"*Fy
(monoclinic) = 2. b-unique
a¥Fb+c P, C
a=r=90°+ 43
2 Al A Al A A} a*+b+c p

(triclinic)

a+ B+ y+E90°




New Symmetry Operations

i) orthorhombic C-lattice

_ 1
reflection at 5,),2

—

b

+ translation 5

0,0,0 > L.1.0

2927
glide reflection
glide plane (b—glide)

i1) orthorhombic I-lattice

O—>—0
a, ’ ¢
O O

1 1

rotation about at 5,54

A
L'.

c

+ translation 3

0,0,0 »> L L.

2°%2°2
screw rotation
screw axis (2,-screw)



Compound Symmetry Operation

TableS.1. Compound symmetry operations of simple operations. The corresponding
symmetry elements are given in round brackets

Rotation Reflection Inversion Translation
Rotation X II'{e?ltec::-tion ilflc\)r::?';ion fg:::;on
Reflection E'Efcl)etgt-ion axis) X lz'c;t;gi?on ggg:tion
Inversion g\glzgon axis) E‘?)_tt;glign axis) X Inversion
Translation (Screw axis) (Glide plane) g::tr:;;ion X




Glide Plane

i) reflection ~
ii) translation by the vector g parallel to the plane of
glide reflection where |g|1s called glide component

S B A

i FrAS ]
(glide plane) (

Njn

§ 1s one half of a latgice translation parallel to the
glide plane E‘ - ~ H



Mirror Plane vs. Glide Plane

<5 Ao

O

O Q
N /,
o“/ 5
o

_P\:.I-m

~0 -
\,)‘i J:jr , ;,'
o

— glide plane can occur 1n an orientation that is possible
for a mirror plane



Glide Plane
- orthorhombic P72 7
(100),(010),(001) possible
glide plane parallel to (100)
b

1 —

-
> 2 ? 4b C‘

=0\ y001)
N ==

b-glide c—glide n-glide d- ghde

Q.ﬁﬁ

] (070)

glide component




Glide Plane

bo —

i b
: L. l
% along the line parallel to the projection plane ,L |
| I
EMOAE
X V.Z |
? l
5 in the direction of the arrow | ’ : Of+x5¥2
T | |
z a a-glide at x,3z
e S - i
gedad X742 px vz X 1-yL+z

b b-glide at x,y,0 ¢ c-glide at x,3,2

1 . .
> normal to the projection plane



L

! in the direction of the arrow

2

d n-glide at x,y,; with glide component

Glide Plane

, along the line parallel to the projection plane

/ combined with % normal to the projection plane

....... . & 1
) O )q,zl+){,‘—?-+z
Q XY O
XV.Z
\ AL F

n-glide at 0,y,z with glide component
i
i

!|a+b| b+l



Screw Axis

. 2
~ rotation ¢ =?” (X=1,2,3,4,6)

- translation by a vector § parallel to the axis
where |s| 1s called the screw component

e
S I 5Cé4! '5
\%H“" I&‘ ;
X | #ﬂ_.}_%
‘E‘:%Z‘ p=0,1,2....X-1 J 12

“» |




Screw Axis




Screw Axis
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17 Plane Groups

— 5 plane lattices + 10 plane point groups+ glide plane
— criterion: lattice itself must possess at least
the symmetry of the motif

‘ Two-{old rotation axis

b
Y . 0 . A Three-fold rotation axis
.f"' 4I & Four-fold rotation axis
' @ Six-fold rotation axis

Oblique latti . :
pe ilg,u;: 3963“' ——— Mirror line

) b

Y
: I MREELR

‘ a0
Rectangular lattice Centred Rectangular
a#b,y=90° | cos Y| = bl2a

[ /7 A

Square lattice Hexagonal lattice
a=b,y=120°

a=b,y=90°
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17 Plane Groups

Point
groups Space
compatible groups
with compatible
crystal Lattices in with lattice
Crystal system  system system
Oblique 1,2 p (primitive) pl, p2
a# b, y#90°
Rectangular Im, 2mm p (primitive) pm,
a¥b,y=90° p2mm, pg,
p2mg
p2gg
¢ (centred) cm, c2mm
Square 4, 4mm p (primitive) p4, p4mm,
a=b,y=90° pdgm
Hexagonal 3,3m, 6, p (primitive) p3, p3lm,
a=b,y=120° 6mm p3ml
p6. pbmm




Symmetry direction
(position in Hermann—-Mauguin symbol)

]

Lattice
Primary Secondary Tertiary
Two dimensions
Oblique
Rectangular Rotation (10} [01]
Square {)nomt [10] ;[1 T]} |1
plane [01] \[11]
Hexagonal A{[10] (T11]
[01] [12]
[T1] [21]




17 Plane Groups
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17 Plane Groups
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17 Plane Groups

c2mm

¢

3

B ittty

3

K

_ _J;,_

%

3

cm




17 Plane Groups




17 Plane Groups
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17 Plane Groups




No. 1

pm

No. 3

cm
No. 5

International Tables for X-ray Crystallography

1 Oblique
P 1 Patterson symmetry p2
@) O
m Rectangular
14 1m1 Patterson symmetry p2mm
0] ©
¢} O
Q 0]
O @)
m Rectangula
clml Patterson symmetry ¢ 2
® ©
(@) O
®©
O
® ©
O O

Oblique

Patterson symmetry p2

)

o

Rectangular

Patterson symmetry p2mm

o

O

Rectangular

Patterson symmetry p2mm

O 0

O |0

010

00
@ (0]

Q0
0o

o
P
of | of

0]0)

/

®*— —— @

2mm p2mm
p2mm No. 6
(] [}
i
S



International Tables for X-ray Crystallography

p2mg 2mm
No. 7 p2mg
0 0
o
®
®
o
@) o
c2mm . 2mm
No. 9 c2mm
0 [oX©)
®(0 ©|0
ole
[0) (@)
ol (@10}
® O ® O
p4dmm 4mm
No. 11 p4dmm
£Y P %
R[P QP
ol P1%
RoYox P

Rectangular

Patterson symmetry p2mm

S —® ——®
ot -t —
P SN Sy §

Rectangular

Patterson symmetry c¢2mm

Square

Patterson symmetry p4mm

Rectangular

Patterson symmetry p2mm

o

Square

Patterson symmetry p4

@]

o

Square

(©]

Patterson symmetry p4mm

O

O

O

O

p4 No. 1(
. 0 .
L * ¢
L 4 U] *
4mm padgm
pagm No. 12
~\\ ' I/,
\\\\\ ////
/A\
/// i | \\\\




International Tables for X-ray Crystallography

Hexagonal = Hexagonal 3m P 3m 1

Patterson symmetry p6 Patterson symmetry p6mm p 3ml

Hexagonal Hexagonal 6 P 6
No. 16

Patterson symmetry p6émm  patterson symmetry p6 P 6

Hexagonal

Patterson symmetry p6mm




International Tables for X-ray Crystallography

Rectangular

Patterson symmetry p2mm

Y88 318
©) 0//
O o]0,
© O o O
Origin at 2mm
Asymmetric unit 0<x<4}; 0<y<}
Symmetry operations
(H 1 2 2 0,0 B3 m 0,y @ m x0

Generators selected (1); t(1,0); 1(0,1);

(2);

(3)

Oy mm ®p 2mm
Sp2mm DNo. ¢
' .
; ;
; '




International Tables for X-ray Crystallography

@ short international (Hermann—-Mauguin) symbol

Ve 0606 O

for the plane group

short international (Hermann—-Mauguin) symbol
for the point group

crystal system

sequential number of plane group

full international (Hermann—-Mauguin) symbol
for the plane group

patterson symmetry

diagram for the symmetry elements and the

general position



International Tables for X-ray Crystallography

Generators selected (1); £(1,0); 1(0,1); (2);

Positions

Multiplicity,
Wyckoff letter,
Site symmetry

Coordinates

4 i 1 (Dxy

@xy Oxy @xy

2 h o.m. by Ly . 00 00
! O 10 @10

2 g .m O,y 0,y !

2 f ..m xt %3 i

2 e ..m x0 x0 i
. 0|0 OO

1 d 2mm 4,3 00 o O

1 ¢ 2mm 1,0 i

1 b 2mm 0, i

1 a 2mm 0,0 i .l ¢
L QO oW
oT )

Reflection conditions

General:
no conditions

Special: no extra conditions

¢ L]

¢ 0

L L
] ¢ ¢




International Tables for X-ray Crystallography

Maximal non-isomorphic subgroups

I [2Ip211(p2) 1,2
2lpiml(pm) 1,3
Rlplim(pm) 1;4

IIa none ,

IIb [2]p2mg(a’=2a);[2]p2g m(b'=2b)(p2mg); [2]c 2mm (a'=2a.b'=2b)
Maximal isomorphic subgroups of lowest index

IIe [2]p2mm(a’=2a or b'=2b)

Minimal non-isomorphic supergroups

I [2lp4mm

II [2]1c2mm



Flow Diagram for Identifying Plane Groups

fr What is the highest order of rotation 7 !I l
None 2-fold 3-fold 4-fold 6-fold
Is reflection present ? ‘ Is reflection present ?J ‘ Is reflection present ? J Is reflection present 7 ‘ Is reflection present 7 \
yes no yes no yes no yes no yes no
|| ] l l
Is there Is glide- Do Is glide- Are all Do
glide- reflection reflections reflection centres of reflectfons
reflection | | present ? oceur in present ? rotation oceur in
in an axis two on axes which
which is directions 7 reflection intersect
not a axes at45° ?
reflection
axis 7
I T I T 1 I 1 I
yes no yes no no yes no yes no

Are all
centres of
rotation

on
reflection
axes ?

)
)
k-
-
_!::
o
o
e
ol
*
-
]

p3m ‘ p31m Fn pamm| | p4gm rpa,—l pemm

5 3 4 1 6 9 7 8 2 15 14 13 11 12 10 17 16



Example I

PLATE §
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Space Groups

—Bravais lattice + point group =2 230 space groups
+ screw axis
+ glide plane

— Bravais lattice + point group= 73
— Bravais lattice + screw axis = 41
— Bravais lattice + glide plane = 116



T hree dimensions

Triclinic

None

Monoclinic* [010] (‘unique axis b’)
[001] (‘unique axis ¢’)
Orthorhombsic [100] [010] [001]
Tetragonal [001] {[100]} {[11‘0]}
[010] [110]
Hexagonal [001] [100] [170]
[010] [120]
[110] [210]
Rhombohedral [001] ([100]
(hexagonal axes) < [010]
[1T0]
Rhombohedral [111] ({110]
(rhombohedral axes) { [011]
~ [T01]
Cubic [100] (T111] [110][110]
[010] [17T] [011] [011]
[001] 1[nr] (1017 [101]
[TT1]




Space Groups—monoclinic

— monoclinic system— highest symmetry

2 2

. 1 3
P—, C— (a-ghdeatx,,,z, x,7,z
m m

2, screw axis at 4,,0, 5,¥,5, 2,0,0, 3,¥,5)
c .
/ C

4 e

N\

Q
|
<>
Q|
d
l\)l'—tCD
N
R
A=



Space Groups—monoclinic

c c ; . C
1
a . | Cl

2
— — subgroup 2, m | N
2, = 2,c-glide > m E D E S
a— a—

. b) c}
glide plane parallel to (101)

—13 monoclinic space groups

Point groups Space groups
P2/m - C2/m
P21 / m =A

2/m P2/c C2/c
P21 / C b

m Pm - Cm

. Pc Cc

9 P2 C2
P2, =

* C2y/m=C2/m, ° C2,/c=C2/c, °© C2;=C2
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Space Groups—monocl
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1.4. Graphical symbols for symmetry elements in one, two, and three dimensions

(a) Symmetry planes normal to the plane of projection (three dimensions) and symmetry lines in the plane of the
figure (two dimensions)

Glide vector in units of lattice 7
Symmetry plane or symmetryline Graphical symbol translation vectors parallel and Printed symbol
normal to the projection plane

Reflection plane, mirror plane
Reflection line, mirror line None m
(two dimensions)
‘Axial’ glideplane (@ 1 along line parallel to projection plane a,borc
Glide line (two dimensions) 4 along line in plane g
‘Axial’ glide plane 2 normal to projection plane a,bor ¢
‘Diagonal’ glide plane —_———— 3 along line parallel to projection plane, n
combined with ; normal to projection
plane
‘Diamond’ glide plane —_——— 1 along line parallel to projection plane, d
(pair of planes; in centred i combined with 1 normal to projection
cells only) , plane (arrow indicates direction

parallel to the projection plane for
which the normal component is positive)




Space Groups—Pmm?2

Pmm?2 Cu | mm 2 Orthorhombic ~ short space group symbol
No. 25 Pmm?2 Patterson symmetry pmmm OCHOENTlIES SYMbOI

point group

crystal system

Pmm?2 Pm2m

i
|

number of space group
3 H . full space group symbol
| l—‘T Pzt'"m 1 projection of symmetry
elements

S 22 projection of general
; | position

+8 @+ +8 (8+

+ O+ + +

| | !

Origin on mm?2

Asymmetric unit 0<x<}; 0<y<4; 0<:z<1

Symmetry operations

1 2) 2 0,0,z B3) m x,0,z @ m 0,y,z



CONTINUED No. 25 Pmm?2

Generators selected (1); ¢(1,0,0); t(0,1,0); (0,0,1); (2); (3)

Positions
Multiplicity, Coordinates Reflection conditions
Wyckoff letter,
Site symmetry
General:
4 i 1 (1)x,y,z (2) £,¥,z2 (3) x.¥,z 4) x,y,z2 no conditions
Special: no extra conditions
2 h m.. Ly, 413,z
2 g m.. O0,y,z 0,5,z
2 f m . Ip*pz x!i'!z
2 e .m. x,0,z £,0,z

1 d mm?2 1.4,z
l ¢ mm2 4,0,z
1 &b mm2 0,4,z

Il a mm2 0,0,z



Space Groups—Pmm?2
— origin

(1) all centrosymmetric space groups are described
with an inversion centers as origin.
a second description 1s given if a space group
contains points of high site symmetry that do not
coincide with a center of symmetry
(i1) for non—centrosymmetric space groups, the origin
1s at a point of highest site symmetry.
1f no site symmetry i1s higher than 1, the origin is
placed on a screw axis or a glide plane, or at
the intersection of several such symmetry elements



Tetragonal

Patterson symmetry I4/mmm

4/mmm

I4Ja2im2)d

19
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No. 141
ORIGIN CHOICE 1

Tetragonal

Patterson symmetry I4/mmm
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Origin at centre (2/m) at b(2/m,2,/n)d, at 0,-},% from 4m?2



Hexagonal

Patterson symmetry P6/mmm

/T\T/f\'/

Origin at 6m 2

Asymmetric unit 0<x<%; 0<y<%;, 0<z<4;, x<L2y; y<min(l-x,2x)

Vertices 0,00 %10 1,40
0,0, %44 4,44




Pca2: Csy mm?2 Orthorhombid

No. 29 Pca 21 Patterson symmetry Pmmm

Pbla

Phel,
A — i — —— il
o i
r—— —— —— ——
Pab
|
|

P2ca

—_— \
e
e

+O 0

O+ O+

& @ @+
NO) 0)
+0 +O

l O+ O+

Origin on la2,
Asymmetric unit 0<x<}; 0€y<1; 0<£:z<1

Symmetry operations

(1 (2) 2(0,0,1) 0.0,z 3 a x0,z @) ¢ 1y.2



Space Groups—Pmm?2

- Pmm2- for a point x,y,z  (general point)
symmetry element generates x,v,z; X, ¥,z; X, ¥,z
X,V,Z; X,V,2Z; X, V,2Z;, X,,z are equivalent (multiplicity of 4)

— The number of equivalent points in the unit cell is
called 1ts multiplicity.

— A general position 1s a set of equivalent points with
point symmetry (site symmetry) 1.

x7zb dzyz b d
- '
XY,z P 741’942 xl-4zp | Q

¢ —+ {
b ‘dl—x,y,z * I—x,l-);zb d

—
P, 9 P 9

a) d

b




Space Groups—Pmm?2

. . 1
— move a point x,y,z on to mirror plane at 5,),z

x,y,z and 1-x, y, z coalesce to %,y,z
x,1—y,zand 1-x,1—y,z coalesce to %,l—y,z

multiplicity of 2

as long as the point remains on the mirror plane,

1ts multiplicity 1s unchanged— degree of freedom 2
— A special position 1s a set of equivalent points with

point symmetry (site symmetry) higher than 1.

] Ly
Lizb 2= b d

b) )

T
AL




Space Groups—-Pmm?2

Positon | of b | Muli- | S of equivalont
plicity symmetry .
freedom | points
| X,Y,Z; X,¥,2;
general 3 4 1 5.2 X.y.2Z
2 m %’ y’z; %’y’z
2 e m 0,y,z; 0,¥,z
2 -
2 m X, 525 Xy3Z
- 2 m x;O,z, X,0,z
specia
1 mm2 14z
1 | mm2 3,0,z
1 1 mm?2 0,1,z
1 mm2 - 0,0,z




Space Groups—multiplicity

— screw axis and glide plane do not alter the multiplicity
of a point

—PnaZ2;: orthorhombic n—-glide normal to a—axis

a—glide normal to b—axis
2, screw axis along c-axis

S 6..7 ......
| @

| S T | R
N Q | no special position
|

T S—
i @ @j

iy

@D xyz, @ t+xi-yz, ® t-xi+yi+z @ 1-x1-yi+z

a @ xt.z, @ 1+xi.z @) i-x3i+z @ 1-x33+z



Space Groups—asymmetric unit

—The asymmetric unit of a space group is the smallest
part of the unit cell from which the whole cell may be
filled by the operation of all the symmetry operations.
[t volume 1s given by:

%

V _ unit cell
asymm.unit . qe e ..
multiplicity of general position

ex) Pmm2- multiplicity of 4, vol. of asymm=1/4 unit cell

0<x<;, 0<y<;, 0<z<I

—An asymmetric unit contains all the information necessary
for the complete descript of a crystal structure.



Space Groups—P6,




P 6; C i | 6 Hexagonal

No. 169 P 61 Patterson symmetry P6/m

NS
AV

[] 4

Origin on 6,
Asymmetric unit 0<x<1; 0<y<l; 0<z<}

Vertices 0,0,0 1,00 1,1,0 0,1,0

0,0, 1,08 1,1,+ 0,1,%
Symmetry operations
(1) 1 | (2) 3+(0,0,) 0,0,z (3) 3-(0,0,3) 0,0,z
4 20,0, 0,0,z (5) 67(0,0,%) 0,0,z (6) 6*(0,0,) 0,0,z
Generators selected (1); 1(1,0,0); ¢(0,1,0); ¢(0,0,1); (Q); 4
Positions
Multiplicity, Coordinates Reflection conditions
Wyckoff letter,
Site symmetry
General:

6 a 1 Y2 (2) 7,x-y,z+1 (3) £+y,%,z+3% 000! : I =6n

(1) x,y
@ xy,z++ (5 y.xty,z+t  (6) x-y,x,z+¢%



“oas

432 Cubic

Patterson symmetry Pm3m




Fm3m O: m3m Cubic
No. 225 F4/m 3 2/m Patterson symmetry Fm3m

orthographic
representation

G o 0



Upper left quadrant only



(e) Symmetry axes parallel to the plane of projection

Symmetry axis

Graphical symbol

Screw vector of a right-handed
screw rotation in units of the

shortest lattice translation vector

parallel to the axis

Printed
symbol

Twofold rotation axis
Twofold screw axis: 2 sub I’
Fourfold rotation axis
Fourfold screw axis: ‘4 sub I’
Fourfold screw axis: ‘4 sub 2’
Fourfold screw axis: ‘4 sub 3

Inversion axis: ‘4 bar’

'

%**YTPT
- W

None

0=

None

N

(3]

3
4

None

() Symmetry axes inclined to the plane of projection (in cubic space groups only)

Symmetry axis

Graphical symbol

Screw vector of a right-handed
screw rotation in units of the

shortest lattice translation vector

parallel to the axis

Printed symb:

Twofold rotation axis

Twofold screw axis: ‘2 sub I’

Threefold rotation axis

Threefold screw axis: ‘3 sub I’

Threefold screw axis: ‘3 sub 2’

Inversion axis: ‘3 bar’

" K K kb

None

N =

None

W =

Wity

None




48-fold general positiorbl

projection on x,y,0

b)

xxxxx

ez Ty Z,¥ Ta¥sZ U : c)
i ii E mirror plane at x,x,z
e

4—-fold rotation at 0,0,z

d)




Rutile, Ti0,

A B
Lattice Basis Space group Positions of the atoms
tetragonal P Ti: 0,0,0 P 4,/mnm aj Ti:0,0,0
%’ %’ % %’ %, %
a=4.59 A 0: 0.3,0.3,0 ag=4.59 A f| ©O: x,x,0
= 1 = 1 1 _y 1
co=2.96 A 0.8, 0.2,% co=2.96 A %+x,% .x,% (=03
0.2, 0-8,5 5-—x,5+x,2
0.7,0.7,0 X %0
@- , b
Q’
1
@
b 1
2




Rutile, Ti0O,




B NSNS MG AN ENESSBeNEsE N Esa s



P 42/ mnm i‘;‘, 4/mmm Tetragonal

No. 136 P 42/m 21/” 2/m Patterson symmetry P4/mmm

Nl o
_(D+ -(M+
G Toia

0w
"2 1
& &

Origin at centre (mmm) at 2/m12/m
Asymmetric unit 0<x<}; 0<y<4; 0<5z<4; x<y

Symmetry operations

(1) 1 (2) 2 0,0,z (3) 4*(0,0,1) 0,3,z (4) 4-(0,0,3) 4,0,z
(5) 2(0,4,0) +,y,i 6) 2(3,0,0) x,i.4 (7 2 x,x0 8) 2 x,%0
1 0,00 (10) m x,y,0 (11) 4* 4,0,z; 4,02 (12) 4 0,4,z;0,4,4

(13) n(4,0,}) =x,1,z (14) n(0,1,3) t,y.2 (15) m x,%,z (16) m x,x,z



Generators selected (1); (1,0,0); ¢(0,1,0); ¢(0,0,1); (2); 3); (5; (9
Positions
Multiplicity, Coordinates Reflection conditions
Wyckoff lerter,
Site symmetry
General:
16 k 1 ()xy,z (2) %,¥,2 (3) i x+d,z+4  (4) y+i,x+4,2+3 Okl: k+1=2n
(5) X+4,y+4,2+4%  (6) x+4,5+4,2+%  (7) y,x,2 (8) ¥,%,2 00l: ! =2n
9) %,5,2 (10) x,y,7 (11) y+4,5+4,2+4 (12) J+4,x+4,2++  h0O: h=2n
(13) x+4,5+4,z+44 (14) x+4,y+4,z+4 (15) 7,%.2 (16) y,x,z
Special: as above, plus
8 J ..m X,X,2 X,X,2 I+i,x+iz+%+  x+4 x+4.z+4  no extra conditions
I+ix+i,7+F x+i,5+4,7+%4 0 x,x,Z X%,z
8 I m x,y,0 x,7,0 F+i,x+44  y+i,E+id no extra conditions
T+i,y+4,4  x+i,5+44 y,x,0 7,%,0
8 h 2 0,4,z 0,4,z+% 4,0,7+4 4,0, hkl . h+k,1 =2n
0,4,z 0,4,7+% 14,0,z+% 1,0,z
4 ¢ m.2m x %0 x,x0 x+ix+id  F+d E+i.4 no extra conditions
4 f m.2m xx,0 xx0 x+ix+44  x+i,5+4.4 no extra conditions
4 e 2.mm 0,0,z 44,2+ 1,4,7+4 00,7 hkl : h+k+1=2n
4 d 4 0.4F 041 104 103 nkl : h+k,l =2n
4 ¢ 2/m 0,4,0 0,3,4 40,4 4,00 hkl : h+k,l =2n
2 b m.mm 00,4 440 hkl : h+k+1=2n
2 a m.mm 00,0 4,44 hkl : h+k+1=2n



Perovskite, CaTiO,

— Ca—-corner
O- face centered
T1— body centered

— high temperature— cubic
Pm3m (No.221)

Ca: la, mgm, 0,0,0

. ~ 1 1
Ti: 1b, m3m, -,-,

[E—

, 11
O: 3¢, 4/mmm, 0,5,5 5,0,5 5,550

- T1—- 60
O- 4Ca+ 271
Ca—- 120



Perovskite
CaTiOs

Ca045 cuboctahedra



Cubic

Patterson symmetry Pm3m

P4/m32/m

No. 221

Origin at centre (m3m)

0<x<; 0<y<t; 0<z<54; y<x; z<5y

Asymmetric unit

£0,0 410 443

0,0,0

Vertices

Symmetry operations
(given on page 664)



CONTINUED

Generators selected (1); 1(1,0,0);

No. 221

t(0,1,0); 1(0,0,1y; (2; 3); (5 (13); (25)

Positions
Multiplicity, Coordinates
Wyckoff letter,
Site symmetry
48 n 1 (Dxyz 2) %.5.2 3) £,y,Z
(5 z,x,y ©) z,%,7 () 2,15,y
®) y.z,x (10) y,z,% (1) y,z,%
(13) y,x,z (14) 3,57 (15) y,%.z
7 x,z,y (18) %,z,y (19) ,z,5
@ zyx (2 z,5x (23 I1y.x
(25) £,3.2 (26) x,y,27 27) x,7,2
29255 (B0 zx,y @Dzxy
(33) y5,2,% (34) y.Z,x (35) 5,z,x
Gnyxz (B8 yxz (39 F.xz
@nxzy () xzy 43 xzy
(45) 2,7.x (46) 7,y,% @47) z,5.%
24 m ..m x,x,z %%z Xx,Z x,%Z
xx  Ix,X  x,z,x %7,%
x,x,7 X%I x5z Xxz
xZ7,x x,Zx z,x,% z,%,x
24 1 m.. Ly 4y byZ 437
by Ly yzd g3
.42 547 yihoo F4z
L,y LIy 2yt z.9.4
24 k m.. 0,y,z 0,5,z 0,92 0,5,7
£0,y 20,5 y,z,0 3,20
0.2 35,0,z y0,z §.0.
0,z 0,72,y 2z,50 2,50
12 j m.m2 Lyy L3y dyy L3g
by 5b3 0 oyt gyt
12 i m.m2 0,y,y 0,3,y 0,5 0,37
5.0y 505 .50 550
12 h mm2.. x,4,0 %40 0,x,4 0,8}
£x,0 420 x04 £04
8 g .3m x,x,x Xxx Xx, X x,5X
x,x,x XXX x,%x X,x,x
6 f 4m.m it £t bxd 454
6 e 4m.m x00 %00 0,x,0 0,70
3 d 4mm.m 1,00 0,40 00,3
3 ¢ 4mm.m 04,3 104 4,40
1 b m3m 1,44
1 a m3m 0,0,0

Symmetry of special projections
Along [001] p4mm

a'=a b'=b

Origin at 0,0,z

Along [111] p6mm
a'=1(Qa-b-c)
Origin at x,x,x

b'=1(-a+2b-c)

Reflection conditions

h,k,] permutable
General:
no conditions

DM N N 2R et
AR R I A R TR RN
B A I R A )

Special: no extra conditions

2,X,X ,X,X%
X2, EI.x
x,2,X  %,2,x
Z,x,x ,%,%
by 4,5
.2t §,7,4
12,7 tzy
Zy,t 7,74
2,0,,(V) z,O,g
2, y.2,
bre ok 3 d 4/mm.m
2,y,0 7,50
33 4
y. 9, .7,
oy ros 3 ¢ 4/mm.m
y,5§.0 550
+,0,x  4,0,%
0,4,  0,4,x -
I b m3m
Hix  44% -
005 00 1 a m3m

Along [110] p2mm
a'=i(-a+b) b'=c
Origin at x,x,0

1,0,0
09*’*

1,1,4
0,0,0

0,4,0
§’O$i

0,0,4
1,1,0



Dielectric constant

Perovskite, BaTiO,

4.';"'1‘3[_|!L|jII|1]iTT|J‘E1|I[—[:il|1luI:lTi:
T 4.030 |— -g
oz 4.0201— _;:"
@ -
m —_—
E 4010 ] E
@ el E
34.090 -
? 3.990 bl Tetragonal Cubic —
= Rhombo- 3
= 3,980 |= hedral =
3970E0 v vt bt v b b b gy
=150 -100 =50 0 50 150 200
Terhperature, °C —>»
RBm Amfmﬁ— Féﬂmm ijm
A Rhombohedral | Orthorhombic | Tetragonal i Cubic
I
i i = :
| | < i ;
10,000 -~ i | ?;' ) :
| i
5,000 —
0 ] jl . I __W

-150

~100

Temperature, °C




Diamond, C  F 52 (No.227)

Active

=




Fd§m 07. m3m Cubic

No. 227 F 41/ d 3 2/ m Patterson symmetry Fm3m

ORIGIN CHOICE 1

Origin at 43m, at —§ ,—%,-4 from centre (3m)

Asymmetric unit  0<x<4; 0<y<{}; -4<z<+t; y<min(3-x,x); -y<z<y
Vertices 0,00 40,0 44 4464 Lt L

Symmetry operations
(given on page 689)



Origin at 0,0,z

Origin at x,x,x

CONTINUED No. 227 Fd3m
Generators selected (1); 1(1,0,0); ¢(0,1,0); ¢(0,0,1); ¢(0,4,1); t(4,0,1); (@; 3 (9); (13); (25
Positions
Multiplicity, Coordinates Reflection conditions
Wyckoif letter,
Site symmetry 0,00+ ©04,H+ o+ G104+ h,k,1 permutable
General:
192 i 1 (Daxy,z (2) 2,5+4,z+4 (3) x+4,y+4,z (4) x+4,9,2+4 hkl : h+k=2n and
) z,x,y (6) z+4,%,5+4 (7) 2,5+4,y+1 8) z+4,x+4,7 h+1,k+1=2n
) y,z,x (10) y+3,z+4,% (11) y+34,7,8+4 (12) §7,2+4,x+4 Okl : k+1=4n and
(13) y+i,x+3,2+1 (14) y+i,2+4,2+1 (15) y+i,8+4,2+% (16) y+i,x+1,2+4 k,0=2n
(17) x+1%, zH g+1 (18) X+i,z+%,y+4 (19) 2+1,7+4,9+% (20) x+4,7+3,y+% hhl: h+l=2n
(21) z+i,y+},f+% (22) z+4,5+4,x+1 (23) Z+3,y+i,x+% (24) 7+i,5+4,5+%  h00: h=4n
(25) 2+4,5+4,2+% (26) x+i,y+3,2+F (27) x+1,9+3,z+4 (28) ®+i,y+i,z+3
(29) z+4,%+4,5+1 (30) 2+, x+1,y+1 (31) z+4,x+1,9+1 (32) z+1,X+1,y+4
(33) g+i,7+4,x+1 (34) y+1,2+3,x+1 (35) §+i,z+4i,x+1 (36) y+i,z+3,%+1
(37 §+i,%,2+3  (38) y,x,z (39) y.x+4,2+44  (40) y+i,x2+4,7
(41) x+4,7,y+4  (42) x+4,2+4,5  (43) x,z,y (44) %,2+4,5+1%
(45) z+4,7,x+% (46) Z,y+i,x+3  (47) z+4,5+4,8 (48) z,y.x
Special: as above, plus
9% h ..2 by, g+ Ly+iy+d ty+iy+i §.5,y+4 no extra conditions
F+ity  yriiy+d y+iiy+d y+biy
y.y+ib gL y+E y+by+it o gyt
,9+dy  ty+iy+d §,.9+4,9+4% ty+iy
y. 4,5+ y+thty+i gHEE . g.i,y+
F+iy,b yriy+hit FHLIHLE y+iLyd
9% g ..m X,X,Z XE+h,z+4 F+ix+4,7 x+4,%,7+% no extra conditions
Z,X,X 7+4,%,5+1 7,5+4,x+1} I+t x+4,%
X,2,X X+iz+4% x+4,2,8+4 £I+dxtd
PR TS RATINE SY N 2V SRR TI I 08 AT B SR WIS WA P
x+iz+d, 041 fHizthxtl SHLzHLEHD xthrtiard
i x+d e+ zHbx+da+t ZHixtriaxtl ZHLEHEAH
48 f 2.mm x,0,0 x,4,4 0,x,0 3,54 0,0,x 1,4,% hkl : h=2n+1
Lx+i,d Lx+id x+i4i o x+d i Lig+i Liaxt+d or h+k+l=4n
.32 e .3m X,X,X X, 5+4,x+4 no extra conditions
X+ix+i,x x+4,%,%+1
x+i,x+4,8+43  F+LE+L R+
x+i,%+3,x+3  F+ix+ix+i
16 d .3m i L LT B hkl : h=2n+1
or h,k,l =4n+2
16 ¢ .3m Lt Lid Lid 4t or h,k,l=4n
8 b 43m  4ii *’“} Rkl : h=2n+1
8 a 43m 000 1,11 or htk+l=4n
Symmetry of special projections
Along [001] pd4mm Along {1111 p6mm Along [110] c2mm
a'={(a-b) b'=1(a+b) a'=1(a-b-c) b'=4i(-a+2b-c) a'=i(-a+b) b'=c

Origin at x,x,¢



Zinc Blende, ZnS







Zinc Blende, ZnS

—diamond derivative structure
—/n and S replace the C atoms
—/n cubic close packing
S % tetrahedral site
—/n and S cubic close packing displaced by
—Space group

F43m (No.216)
7n: 4a, 43m, 0,0,0
/n: 4c, Z3m, L

4°4° 4

111
4’4’ 4



Zinc Blende, ZnS

2 -
Ta A3 m

Upper left quadrant only

Patterson symmetry

Cubic

Fm3m



Zinc Blende, ZnS

Generators selected (1); 1(1,0,0); ¢(0,1,0); ¢(0,0,1); ¢(0,4,4); ¢(4,0,%);

Positions
Multiplicity, Coordinates
Wyckoff letter,
Site symmetry 00,00+  (O.4,H+  G,0.H+  (4,1,0+
9% i 1 (1)x,y,z (2) .7,z (3) %.y.2 (4) x,¥7,Z
(S) z,x,y (6) z,%,7 OFSNY 8) 7,x,§
O y,z,x (10) y,z,x (a1 y,z,x (12) ,Z,x
(13) y,x,z (14) y,%,z (15) y,%,2 (16) v,x,7
(17) x,z,y (18) x,z,3 (19) x,z,y (20) x,7,7
(21) z,y,x 22) z,5,% (23) z,y,% 24) 7.7,x
48 h ..m x,x,2 X xz Xx,7 x,XxI z,x,x 7,Xx
xx ZI,x,x x,z,x Xz,X x,Z,¥% XZI.x
24 g 2.mm x4,4 %34 Lxt 4%5% Lix 4,47
24 f 2.mm x00 %00 0,x,0 0x0 00,x 00,%
16 e .3m x,x,x xXf%x xXx X xxI
4 d 43m 1,1,1
4 ¢ 43m 4.4
4 b 43m $,4,4
4 a 43m 0,0,0

2, 3); 6y a3

Reflection conditions

h,k,l permutable
General:

hkl : h+k ,h+1 ,k+1=2n
Okl : k,l =2n

hhl: h+1=2n

h00: h=2n

Special: no extra conditions



