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Space Group - 1

Read

Ott Chapter 10 (exclude 10.1)
Hammond Chapter 4.6

Krawitz Chapter 1.6~1.8

Sherwood & Cooper Chapter 3.7~3.8
Hammond Chapter 2.1 ~ 2.5

Krawitz Chapter 1.1~1.5
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Space group
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» 32 point groups - symmetry groups of many molecules and of all

crystals so long as morphology is considered

> space group - symmetry of crystal lattices and crystal structures

v' 14 Bravais lattice
v  centered lattices - new symmetry operations
v reflection + translation

v  rotation + translation
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Space group
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> If translation operations are included with rotation and inversion >

We have 230 three-dim. space groups

» Translation operations

v Unit cell translations

v' Centering operations (Lattices) (4, B C I, £ R

v Glide planes (reflection + translation) (g b, ¢ n d)

v Screw axes (rotation + translation) (21, 31, 3»)

» Hermann-Mauguin symbols (4 positions)

v First position is Lattice type (P, A, B, C, |, F or R)

v' Second, third and fourth positions as with point groups

4.7 L
Cmm?2 (35) PESE (225) F43m (No0.216)
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Lattice types— P | F CR ,
P, primitive A, B, and C ; end (base)-centered
P A JB Ol [lC |
b ’ b : b : ’
| ; body-centered
v Point @ ¥, ¥, ¥ ,
v Multiplicity = 2 |

F : face-centered

Vs, s, 0 A /

v, 0, V2
v0, Y, V2
Multiplicty =2 /¢ L/
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R ; rhombohedral
v'2/3,1/3, 1/3
v'1/3,2/3, 2/3
v’ Multiplicity = 3

v'Trigonal system




Space lattice

> 14 Bravais lattice
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P C I F |

Triclinic Pi

Monoclinic ~-P2/m C2/m

Orthorhombic | P2/m2/m2/m | C2/m2/m2/m | 12/m2/m2/m | F2/m2/m2/m

Tetragonal P4/m 2/m2/m I4/m2/m2/m

Trigonal ' R32/m
P6/m2/m2/m :

Hexagonal

Cubic P4/m32/m 14/m32/m F4/m32/m

The 14 Bravais lattice represent the 14 and only way in which it is
possible to fill space by a 3D periodic array of points.
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5 plane lattices
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» 5 plane lattices + 10 plane point groups + glide line > 17 plane groups

N
]@
-
i -
-
‘ -
‘ -

Oblique lattice
a#b,y#90°

. ¢ ™

o-fold roiation axis

A Three-fold rotation axis

& Four-fold rotation axis

@ Six-fold rotation axis
——— Miirror line

b
m 4

~§

Rectangular lattice

i

Centred Rectangular

a#b,y=90° | cos ¥|= bl2a
b
v
i a
| Square lattice Hexagonal lattice
| a=b,y=90° a=b,y=120°
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Hammond page 63 6




17 plane groups
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10 plane point groups 5 plane 10 plane 17 plane
™, e I lattices point groups groups
1 = Point
R ® y? [ ] qﬂ groups Space
2 « 2mm compatible groups
J é, with compatible
RN J crystal Lattices in with lattice
o . Crystal system  system system
Er er‘"a\ Oblique 1,2 p (primitive)  pl, p2
3 3m a+ b, y#90°
j tj Rectangular Im, 2mm p (primitive) pm,
Re 3 o o~ a#b,y=90° p2mm, pg,
‘| W« p2mg
p2gg
4 f 4mm f? ¢ (centred) cm, c2mm
:5 J ,‘éé; Square 4, 4mm p (primitive) p4, pdmm,
a=b,y=90" pdgm
™ A .
K N e Hexagonal 3,3m, 6, p (primitive)  p3, p31m,
y o Gr f?g’l, a=b,y=120° 6mm p3ml
6 6mm p6, pbmm
Intro to Crystallography, 2021 Hammond Chap 2 7
Space group notation
» Pna2q: orthorhombic n-glide normal to a-axis
a-glide normal to b-axis
2, screw axis along c-axis
abc
Symmetry directions
of orthorhombic
Intro to Crystallography, 2021 Ott Chap 10 8




17 plane groups (1/5)
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How to recognize motifs, symmetry elements, and lattice types

Qs ratl 2l 2l el Qe & rad Fad rad
A AP AP AP AP
o~ o~ o~ o~ o o~ o~ o o~
AP A A AP A
lad rad 'l el rad o~ ad ad rad lad
AP A A AP AP
el et ol & Fad o o~ o~ o~ o~
1 A A AP AP AP
P p2
al a2l -l 'l o g W e . N . g . NP . g .}
L7y WK K K AP KA KW K
Ve o o~ o~ B AT, AP A,
WK LTy WK L' AP KA K P
lad ral 't ae O A, AT AT
WK K W Sk G AP WK AP K AP P
o~ o~ o o~ O O, A M
p W g LS AP KA K AP & AP
pm p2mm

For 17 plane groups, see Hammond 2.1 ~ 2.5, figure 2.6, 2.7, 2.8
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17 plane groups (1/5)
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How to recognize motifs, symmetry elements, and lattice types

a ral ad o~ ol 2l
AP A AP
o~ o~ o~ o o~ o
A AP A
ad ad ae el ral Fad o~ ad rad 2l
AP AP Bty A AP
el el rad 'ad Fad o o~ o o~ o~
pl A A AP AF A
foa ot foa o~ a P N s a2
WK WK WK WK KA KA
N ane ol rad Fadit e ST o S o
@ Gk L' S @K WK W AP A
lad ral 't ae O A, AT AT
WK WK L. 'S G AP WK AP K AP e P
o~ o~ o~ o~ O O B, M
p W« L S AP KA K AP & AP
pm p2mm

For 17 plane groups, see Hammond 2.1 ~ 2.5, figure 2.6, 2.7, 2.8
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Symmetry direction

(position in Hermann—Mauguin symbol)

Hexagonal

Lattice
Primary Secondary Tertiary
Two dimensions
Jblique
Rectangular Rotation [10] [01]
Square ﬁ:)m[ {[IU]} [11] }
plane [01] (1]

Three dimensions
richinic

None

Monoclinic*

[010] (‘uniq

ue axis b')

(rhombohedral axes)

[001] (‘unique axis ¢')
Orthorhombic [100] [010] [001]
Tetragonal [001] J[1007] J[110]]
L0101 [rolf
Hexagonal [001] [100] [170]
[010] [120]
[TT0] [270]
Rhombohedral {001] [100]
(hexagonal axes) [010]
110]
Rhombohedral [t1t] T

l }
[170]
LOITJ}
(T(]l]

Symmetry directions
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> Letters for the centering types of cells

v Lower-case for 2-D (plane groups)

v Capital letters for 3-D (space group)

> Lattice symmetry directions that carry

no symmetry elements for the space

group are represented by the symbol

II1 "

International Tables for Crystallography Volume A, 2005.

Page 18

Libie H)?g% b]]}% H);(H International Tables for Crystallography Brief Teaching
[001] i1 (1017 [101] Edition of Volume A, 1993. Page 13
[111] 11
A% Y Patih . ot Foad st UL NATIDNAL UNIVERSITY
AP AP
et Ee )
WK P WK AP K W
&, oo, o~ o~ o~
AP AP
., w,
W« P K AP . K
p2mg p2gg
= - - 17 plane groups
K A
o o o~
K W«
Pg
Cad ot Lad & ] &,
s W« « o AP P
&~ &~ P Pt N
W« . W AP . AP
el ol ad ot e L alia &
« « « « “w o
lad Lol A Eatina
. K W« AP w«. AP
cm c2mm
Intro to Crystallography, 2021 12




T e Iw* P N o~ _ (
--1-4—- -¢--|-- .
p2mg p2gg
= - - 17 plane groups
- =i (2/5)
Pg
cm c2mm
Intro to Crystallography, 2021 13
17 plane groups (3/5)
o B b [0 3 a3 WS
£2 £ £ § §
3%533“33“3 - J 5%,,) 5%
€2 €2 T f § §
R P e
. €2 €2 £ § § §
§ §
Af' «~
2
- ;‘v\ - J
K
£ §
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17 plane groups (3/5)
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17 plane groups (4/5)
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17 plane groups (4/5)
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17 plane groups (5/5)
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Béx €y

s BTy

LT L
B 3
Béx €y
CONI &

p3lm

by

B

o
by
e
B

by
&

3¢ 3¢

Intro to Crystallogr

raphy, 2021
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17 plane groups (5/5)
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Symmetry directi . e
(position in ji,?::]l?]}gﬁll?]]' lil\ﬁ(z:iltllog:in symbol) Sym met ry d ire Cthn S
Lattice SEDUL NATIDNAL UNIVERSITY
Primary Secondary Tertiary
Two dimensions .
— > Letters for the centering types of cells
Rectangular Rotation [10] [o1] v L f >-D |
B point {[m]} {m]} ower-case for 2-D (plane groups)
Sl [o1] (1] .
pline _ — v’ Capital letters for 3-D (space group)
Hexagonal [10] J [11]
[01] [12]
[11] ? [31]
' ———— —
Three dimensions . 0 4
T None > Lattice symmetry directions that carry
Monoclinic* 010] (‘uni axis b’
aagsinle %no&f-ﬁﬁﬁﬁi st no symmetry elements for the space
Orthorhombic [100] [010] [001] group are represented by the symbol
Tetragonal [001] J[1007] [170]]
L0101 [rolf 9%
Hexagonal [001] [100] [170]
[010] [120]
[TT0] [210]
Rhombohedral {001] [100]
(hexagonal axes) [010]
(110]
Ritiviikio sl [111] [170] International Tables for Crystallography Volume A, 2005.
(rhombohedral axes) [o11] Page 18
(1013
Libis H)?g% H;—H b]]m H);(H International Tables for Crystallography Brief Teaching
[111] 20




p31Tm vs. p3m1 (plane group)
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Symmetry direction
(position in Hermann—Mauguin symbol)

Lattice
Primary Secondary Tertiary
Two dimensions
Oblique
Rectangular Rotation [10] [ot]
Square ﬁ]"‘“t {[10] [11"]}
plane (o1 (]

[17]
0 2 »[01]
[10]
a
a4
> 11]
[21]

Chan Park, MSE-SNU

Intro to Crystallography, 2021

[ Hexagonal

[1o]
[o1]
[11]

[11]
[12]
(211

International Tables for Crystallography Volume A, 2005.

Page 18

International Tables for Crystallography Brief Teaching
Edition of Volume A, 1993. Page 13

SEDUL NATIDNAL UNIVERSITY

Chan Park, MSE-SNU

Which is p3m1?

Intro to Crystallography, 2021




International Tables for X-ray Crystallography > plane group

Skip
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@
Rectangular 2mm J4 2mm
©Patterson symmetry p2mm ®p 2mm @NO ¢
788 T
Za S
ole Q10 | l ‘
00 o)fe) . ' '
Origin at 2mm
Asymmetric unit  0<x<# 0<y<i - @ short Hermann-Mauguin symbol of the plane group
Symmetry operations
01 @2 00 G m oy @ m xo @ short Hermann-Mauguin symbol of the point group

Generators selected (1);

@ sequential

(Lo O @i @ 3) crystal system

number of plane group

® full international (Hermann-Mauguin) symbol for the plane group
® patterson symmetry
@ diagram for the symmetry elements and the general position
Intro to Crystallography, 2021 23
Skip

International Tables for X-ray Crystallography > plane group

Generators selected (1); £(1,0); 1(0,1); (2); (3)

Positions

Multiplicity,
Wyckoff letter,
Site symmetry

Coordinates

4 i 1 (Daxy

@xy OGxy @Dxj

h .m. Ly Ly

,f ..m x,%

e ..m x,0

2
2 g .m. 0,y 0,5
2
2

1 d 2mm 4.4

SEDUL NATIDNAL UNIVERSITY

Reflection conditions

General:

no conditions

. oo oo
© O (o) (@)
x4
%0
o0 OO
© 0O [OJX®)

I ¢ 2mm 4,0
1 b 2mm 0,3}
1 a 2mm 0,0

Intro to Crystallography, 2021
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International Tables for X-ray Crystallography > plane group
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Oblique 2 p2
1 Oblique
p 1 q Patterson symmetry p2 P 2 No. 2
No. 1 )4 1 Patterson symmetry p2
o o
/0 L] {]
o o) (o) /
[ [ ]
5 o /
. L] L]
o ° o o
pm m Rectangular| | Rectangular m ) ¥4
No. 3 plml Patterson symmetry p2mm| | Patterson symmewy p2mm plgl No. 4
o) o) ©
o) o o) o
®
3 3 S A S

Short point group symbol Short plane group symbol
\ \

s

cm m Rectangula Rectangular \ < é 2mm
No. 5 clml Patterson symmetry c2 Patterson symmetry p2mm w No. 6

910
[e]o]
-

0]
S o [ _____] 818 T ‘l
o . !
o] o L [eJ[©] [e][o} l 1
O e} [oxe} [ole}
Intro to Crystallography, 2021 full plane group symbol 25

International Tables for X-ray Crystallography > planessgrouplw

UL NA UNIVERSITY
p 2m g 2mm Rectangular | | Rectangular 2mm p 2 g8
No. 7 p 2m I4 Patterson symmetry p2mm | | Patterson symmetry p2mm 14 2 g8 No. 8
o o . . . o o .
"— :
—_ © °© }.__:___.-4__{
I |
© " ' . 0] o 1 : [
i | | © }_ : | _{
—_ e
o . . ! o o —l L
o) o [ 4 1] 5 o . .
Square 4 p 4
Patterson symmetry p4 14 4 No. 1
c2mm . 2mm Rectangular
o © o ©
No. 9 c2mm Patterson symmetry c2mm IKe) o *
o o
[e}O] O ®
o0 ©]0 | I
-~ 0= — —0— — | L
ole | |
°le : : o o
Y SR Y S
ole olo : : e L o . .
®0 © 0 o o °
)4 4mm dmm Square| | Square 4mm p 4gm
No. 11 b 4mm Patterson symmetry p4mm Patterson symmetry p4mm 14 4 gm No. 12
% £ % o © o © . °
|e° %|° RS o| © ol © . /
,I N N /,/
, NN 9| o Ny
7 [9) N
N I © SN
N 2 y; 3
P % P% N ol° o° AN
BP o) o0 O 5 ©

Intro to Crystallography, 2021 26




International Tables for X-ray Crystallography > plane group
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p 3 3 Hexagonal Hexagonal 3m p 3m 1
No. 13 p 3 Patterson symmetry p 6 Patterson symmetry p6mm p 3ml No. 14
o o
(] A A
A
A
© o A X
o) o
p 31m 3m Hexagonal | | Hexagonal 6 p 6
No. 15 )4 31m Patterson symmetry p6mm Patterson symmetry p6 )4 6 No. 16
o@
8 A
[0) \
. A ‘\
o® @
o
% o
p 6mm 6mm Hexagonal
No. 17 p 6mm Patterson symmetry p6mm
27

Flow diagram for identifying plane groups
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What is the highest order of rotation ?

l

l

3-fold

4-fold 6-fold

None 2-fold
l Is reflection present ? [Is reflection present ? Is reflection present ? J ‘ Is reflection present ? ‘ ‘ Is reflection present ﬂ
yt|35 T yes no yes no yes no yes no
Is there Is glide- Do Is glide- Are all Do
glide- reflection reflections reflection centres of reﬂectfons
reflection | | present ? occur in present ? rotation oceur in
in an axis two on axes which
which is directions ? reflection intersect
not a axes at 45° ?
reflection
axis ?
T T T T T T
yes no yes no yes no yes  no yes  no
reflection
axes ?
yes no
v Y Y ¥ y y Y Y
em| | pm | pg || P ||p2mm 1(:2mm Ipng] l pQQQI P2 Fmi pGlm\ p3 \p‘lmml pdgm | p4 lpﬁmm pB
5 3 4 1 6 9 7 8 2 15 14 13 11 12 10 17 16

Intro to Crystallography, 2021
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Examples of 17 plane groups
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Chan Park, MSE-SNU Intro to Crystallography, 2021 29

Examples of 17 plane groups
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pd /\/ pdmm pdgm

ﬂ pﬁmw

Chan Park, MSE-SNU Intro to Crystallography, 2021 30




Example 1
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is the highest order of rotatic

l

3-fold
l Is reflection present ?J

yes no

Are all
centres of
rotation
on
reflection
axes

yes no

Intro to Crystallography, 2021 31

Example 2

SEDUL NATIDNAL UNIVERSITY

] & Y & i (]
@ * @& ) ) ]
e o o @ e @

©
.
!
[
|
]
1
I
_——=L
|
I
o—— o

O
O
T
|
1
[
|
|
[
|
!
1
O
(N
Q
Q
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Example 3

’ {2‘,"‘
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Example 4
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Axisal
reHecton

Axisof glide

reflection
@ Center of halltum

Center of 12 tum

B Coenter of 90w

N @ Centerof 60 wm

Intro to Crystallography, 2021 34




Example 5
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Example 6
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Example 7
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Example 8
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todos

> Read
v Ott Chapter 10
v Hammond Chapter 4.6
v Krawitz Chapter 1.6~1.8
v Sherwood & Cooper Chapter 3.7~3.8
v Hammond Chapter 2.1 ~ 2.5
v Krawitz Chapter 1.1~1.5

» Space Group-1 HW (due in 1 week)
v Ott chapter 10 --- 1, 3
v Hammond chapter 2 --- 2, 3, 4
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