INTRODUCAO A CRISTALOGRAFIA
APLICADA A DIFRACAO DE ELETRONS
PARA MATERIAIS SOLIDOS

Aula 6 — “The International Tables”



Space groups

- Conjunto dos elementos de simetria (e seus respectivas operacoes), que
descrevem por completo o arranjo espacial periédico em 3 dimensoes.

- Nomenclatura

‘Generators’
A

( . . . . .
symmetry elements with respect to 3 given viewing directions

(—)H

P ca 2, (orthorhombic)

J 2,screw axis || c

v glide planea L b

glide planec 1 a

Y

Bravais type



Space groups

“Crystallographic viewing directions”

crystal system viewing directions

triclinic —_—
monoclinic b (c)
orthorhombic a b c
a=b tetragonal c a [110]
a=b trigonal c a 210]
a=b hexagonal c a [210]
cubic a [111] 110]




Space Groups

- Vamos estudar um pouco como algumas informacdes sao mostradas nessa
tabela.
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Space Groups

- Lista de forma sistematica os 17 plane groups e os 230 space groups.
- Contém os simbolos completos e simplificados dos space groups.

- Contem o0 nome do sistema cristalino bem como seu crystal class (grupo
pontual).

- Contem diagramas das posi¢coes dos seus elementos de simetria.

- Contem diagramas das general positions.

- Lista as operacOes de simetria como transformacao de coordenadas.
- Entre muitas outras informacoes.



Space Groups

- Vamos comecar com um exemplo do grupo espacial Pmm?2.



Space Groups

- Pmm?2.

International Tables for Crystallography (2006). Vol. A, Space group 25, pp. 218-219.

CONTINUED

No. 25

Pmm?2

1
Pmm?2 Cg\, mm?2 Orthorhombic
No. 25 Pmm?2 Patterson symmetry Pmmm Generators selected (1); #{1,0,0); £(0, 1,00; #{0,0,1); (2): (3)
Paositions
Pmm3 Pmlm Multiplicity, Coordinates Reflection conditions
Wyckoff letter,
| -— — Site symmetry General:
| 4 0 1 (yxyz (2yxy.z (3yxyz @ ryz no conditions
E ; - i . Special: no extra conditions
E i
= 2 h m. vz 1%z
| | T g om 0wz 0.9,z
¢ -— I—,—J —
2 f .m. T2 iz
2 e .m. 0.z 0z
FReom
T I d mm2 [N 3
| ' T I ¢ mm2 5.0z
0 O 0 O
W@ [0 Eoliel I b mm2 0,52
:: Il a mm2 0,0, z7
E
T e E— Symmetry of special projections
- Along [001] p2Zmm Along [100] plm] Along [010) p11m
@=a b a=h b=t &= b =a
Nelko! B O | D+ Orrigin at 0.0,z Origin at x, 0,0 Origin at 0,y,0
@ O @ 0 Maximal non-isomorphic subgroups
l l 1 1 [21Piml(Pm, 6y 13
[2]1Pmll(Pm,6) 1.4
[ZIF112(P2.3) 1: 2
Origin on mm?2 Ia none
. : : el Doyl (7 b [2]1Pmalia = 2a) (28); [2] PEm2(b = 2B} (Pmal, 28); [2] Poe2ic = 2e)(2T% [2] Pmc2, (¢ = 2e) (26);
Asymmetricunit  O<x<y O<ysy 0D=z<l [21Pem2, (€ — 260 (Pac2,, 261 [2] Aem2 (b — 2b.¢ — 2¢) (30): [2] Amm2 (b — 2b,& — 2¢) (38);
- [21Bme2ia =2a¢ = 2c){Aem2, 30 [2] Bmm2 {2 = 2a,¢ = 2e) (Amm2, 38y [2] Cmm2 (2’ = 2a. b = Zb) (35}
Symmetry operations [21Fmm2 (@ = 2a.lv =2b.¢ = 2c) (42)
(11 2)2 00z 3 m x0.z 4y m 0¥z

Maximal isomorphic subgroups of lowest index

e [2]Pmm2(x =2aorb = 2b)(25) [2] Pmm2 (¢ = 2c) (25)

Minimal non-isomorphic supergroups
1 [2] Pmmmi47), [2] Pmara(51); [2] Prvmn (59); [2] P4mom (99); [2] P4, me (105); [2]P3m2(115)
I [21Cmm2(35); [2]Amm2 (38); [2] Bmm2 (Amm?2, 38 [2] Imm2(44)



Space Groups

No. 25 Pmm?2

International Tables for Crystallography (2006). Vol. A, Space group 25, pp. 218-219. CONTINUED
1
Pmm?2 Cg\, mm?2 Orthorhombic
No. 25 Pmm?2 Patterson symmetry Pmmm Generators selected (1); #{1,0,0); £(0, 1,00; #{0,0,1); (2): (3)
Paositions
Pmm3 Pmlm Multiplicity, Coordinates Reflection conditions
Wyckoff letter,
| -— — Site symmetry General:
| 4 0 1 (yxyz (2yxy.z (3yxyz @ ryz no conditions
E ; - i . Special: no extra conditions
E i
o = 2 h m. vz .52
| | 2 g om 0,32 0,7,z
[ — I—,—J —_
2 f .m. T2 iz
2 e .m. 0.z 0z
FReom
T I d mm2 [N 3
| ' T I ¢ mm2 5.0z
0 O 0 O
W@ [0 Eoliel I b mm2 0,52
:: Il a mm2 0,0, z7
&
T e E— Symmetry of special projections
- Along [001] p2Zmm Along [100] plm] Along [010) p11m
@=a b a=h b=t &= b =a
Nelko! B O | D+ Orrigin at 0.0,z Origin at x, 0,0 Origin at 0,y,0
@ O @ 0 Maximal non-isomorphic subgroups
l l 1 1 [21Piml(Pm, 6y 13
[2]1Pmll(Pm,6) 1.4
[ZIF112(P2.3) 1: 2
Origin on mm?2 Ia none
. : : el Doyl (7 b [2]1Pmalia = 2a) (28); [2] PEm2(b = 2B} (Pmal, 28); [2] Poe2ic = 2e)(2T% [2] Pmc2, (¢ = 2e) (26);
Asymmetricunit  O<x<y O<ysy 0D=z<l [21Pem2, (€ — 260 (Pac2,, 261 [2] Aem2 (b — 2b.¢ — 2¢) (30): [2] Amm2 (b — 2b,& — 2¢) (38);
- [21Bme2ia =2a¢ = 2c){Aem2, 30 [2] Bmm2 {2 = 2a,¢ = 2e) (Amm2, 38y [2] Cmm2 (2’ = 2a. b = Zb) (35}
Symmetry operations [21Fmm2 (@ = 2a.lv =2b.¢ = 2c) (42)
(11 )2 00z (3) m x,0,z 4y m 0,32 . . . .
Maximal isomorphic subgroups of lowest index
e [2]Pmm2(x =2aor b = 2b)(25); [2] Pmm2 (e = 2c)(25)
Minimal non-isomorphic supergroups
1 [2] Pmmmi47), [2] Pmara(51); [2] Prvmn (59); [2] P4mom (99); [2] P4, me (105); [2]P3m2(115)

1|

[21Cmm2(35); [2]Amm2 (38); [2] Bmm2 (Amm?2, 38 [2] Imm2(44)



Space Groups

1
Pmm?2 sz mm?2 Orthorhombic

No. 25 Pmm?2 Patterson symmetry Pmmm

Schoenflies H.-M.

. :
Short symbol Pmm?2  Crystal class (,, mm2  Crystal system Orthorhombic

Number No, 25 FU” Symbol Pmm2 [ Patterson Symmetry Pmmm ]



Space Groups

International Tables for Crystallography (2006). Vol. A, Space group 25, pp. 218-219.

- Pmm

1
Pmm?2 Cgv mm?2 Orthorhombic
No. 25 Pmm?2 Patterson symmetry Pmmm
Pmml Pmlm
= S
| .|
P i -
4 -— I—..—J —
L
Plom

[

-0 @ 0 @
@ [ O @ | O
5 ‘ '
o ;
o,
+0) ‘ lof rellol
@ ©- o O
Origin on mm2
Asymmetricunit 0<r=<% O<y=y 0<z<|
Symmetry operations
(1 2)2 0,0,z @3y m x,0,2 (4} m 0,52

CONTINUED

Generators selected  (1); ¢(1,0,0); (0, 1.0} £(0,0,1): (2); (3)

Paositions

Multiplicity, Coordinates
Wyckoff letter,

Site symmetry

4 i 1 (N xyz ez (3yx7.z vz
2 h m. vz 1.5z

2 g om 0wz 0.9,z

2 f .m. T2 iz

2 e .m. 0.z 0z

I d mm2 L 4

I ¢ mm2 5.0z

I B mm2 0,72

I @ mm2 0,0,z

Symmetry of special projections

Along [001] p2Zmm Along [100] plm]
a b a=h b =¢

No. 25

Pmm?2

Reflection conditions
General:
no conditions

Special: no extra conditions

Along [010) p11m
@ b =a

a c
Orrigin at 0.0,z Origin at x, 0,0 Orrigin at 0.v,0
Maximal non-isomorphic subgroups
1 21PImliPm. 6}y 1.3
[2]1Pmll(Pm,6) 1.4
[ZIF112(P2.3) 1: 2
Ia none
b [2]1Pmalia = 2a) (28); [2] PEm2(b = 2B} (Pmal, 28); [2] Poe2ic = 2e)(2T% [2] Pmc2, (¢ = 2e) (26);
[21Pem2 (€ =2e)(Parc2 26) 2] Aem2 (W =2b.¢ = 2e) (39 [2] Amm 2 (b = 2h,¢ = 2e) (38):
[21Bme2ia =2a¢ = 2c){Aem2, 30 [2] Bmm2 {2 = 2a,¢ = 2e) (Amm2, 38y [2] Cmm2 (2’ = 2a. b = Zb) (35}
[21Fmm2 (& = 2a.b = 2h.¢ = 2c) (42)
Maximal isomorphic subgroups of lowest index
e [2]Pmm2(x =2aor b = 2b)(25); [2] Pmm2 (e = 2c)(25)
Minimal non-isomorphic supergroups
1 [2] Pmmmi47), [2] Pmara(51); [2] Prvmn (59); [2] P4mom (99); [2] P4, me (105); [2]P3m2(115)

I [21Cmm2(35); [2]Amm2 (38); [2] Bmm2 (Amm?2, 38 [2] Imm2(44)



Space Groups

- Diagrama dos elementos de simetria




Space Groups

- Diagrama dos elementos de simetria

horizontal mirror planes

Y/

|
s




Space Groups

- Diagrama dos elementos de simetria

0 0 0
(\&Q vertical mirror planes
T a0 T 0
y 0 0
b



Space Groups

- Diagrama dos elementos de simetria

0 0 0
(\ \
\
j:; 2-fold axes of rotation
a0 — 7




- Pmmr

International Tables for Crystallography (2006). Vol. A, Space group 25, pp. 218-219.

1
Pmm?2 Cgv mm?2 Orthorhombic
No. 25 Pmm?2 Patterson symmetry Pmmm
Pmml
= S
| .|
Py P -
4 -— I—..—J —
L
Plom

[

Im

<0 O+

Qo [ @0

(O @O

ol

rellol

B O+

+(3) O+

Origin on mm2

Asymmetric unit 0<r<x

Symmetry operations
(11 232 0.0,z

3y m x,0,z2

4y m 0%z

Space Groups

CONTINUED

Generators selected  (1); ¢(1,0,0); (0, 1.0} £(0,0,1): (2); (3)
Paositions

Multiplicity, Coordinates

Wyckoff letter,

Site symmetry

4 01 (N xyz ez (3yx7.z vz
T h m. vz 1.5z

2 g om 0wz 0.9,z

2 f .m. T2 iz

2 e .m. Tz 0z

I d mm2 L 4

I ¢ mm2 2,0,z

I B mm2 0,72

I @ mm2 0,0,z

Symmetry of special projections

Along [001] p2Zmm Along [100] plm]
a b a=h b =¢

a
Origin at 0,0,z Origin at x, 0,0
Maximal non-isomorphic subgroups
1 21PImliPm. 6}y 1.3
[2]1Pmll(Pm,6) 1.4
[ZIF112(P2.3) 1: 2
Ia none

b [2]Pma2(a = 2a) (28); [2] Phm2(b = 2b)(Pmal, 28); [2] Pec2(c

[21Fmm2 (& = 2a,bv = 2h. = 2¢) (42)

Maximal isomorphic subgroups of lowest index
e [2]Pmm2(x =2aorb = 2b)(25) [2] Pmm2 (¢ = 2c) (25)

Minimal non-isomorphic supergroups

No. 25

Pmm?2

Reflection conditions
General:
no conditions

Special: no extra conditions

Along [010) p11m
@ b =a

c

Orrigin at 0.v,0

2 (2T), 2] Pmcl, (¢ = 2e) (26)
[21Pem2 (€ =2e)(Pac 26) 2] Aem2 (W =2b.¢ = 2e) (39); [2]Amm 2 (b = 2h.¢
[21Bme2ia =2a¢ = 2c){Aem2, 30 [2] Bmm2 {2 = 2a,¢ = 2e) (Amm2, 38y [2] Cmm2 (2’ = 2a. b = Zb) (35}

2c) (38):

1 [2] Pmmmi47), [2] Pmara(51); [2] Prvmn (59); [2] P4mom (99); [2] P4, me (105); [2]P3m2(115)

I [21Cmm2(35); [2]Amm2 (38); [2] Bmm2 (Amm?2, 38 [2] Imm2(44)



Space Groups

- Diagrama dos “general positions”




Space Groups

- Diagrama dos “general positions”




Space Groups

- Diagrama dos “general positions”

O

\

an atom on a general position
(does not sit on a SE)




Space Groups

- Diagrama dos “general positions”




Space Groups

- Diagrama dos “general positions”




Space Groups

- Diagrama dos “general positions”

Oy
® O




Space Groups

- Diagrama dos “general positions”

O O




Space Groups

- Diagrama dos “general positions”

O O
ts—+——=+

o ¢ ©Of




Space Groups

- Diagrama dos “general positions”

O O
ts—4+——=+




Space Groups

- Diagrama dos “general positions”




Space Groups

- Diagrama dos “general positions”




Space Groups

- Diagrama dos “general positions”

0,0 O
ofo —+V—of

OO

OO0
o>
O[O
L
O|O
OO



Space Groups

- Diagrama dos “general positions”

on 0, @
ot 10+

+

. . . position along the c-direction
above the projection plane

@ O image and mirror image

of chiral objects



Space Groups

- Diagrama dos “general positions”

+

' . . position along the c-direction
above the projection plane

+O 10+ +Ol0O+
Qi -8

@ O image and mirror image



Space Groups

- Diagrama dos “general positions”

+

. . . position along the c-direction
above the projection plane

oY Yok geJfor
y 430

@ O image and mirror image



- Pmmr

Space Groups

International Tables for Crystallography (2006). Vol. A, Space group 25, pp. 218-219.

1
Pmm?2 Cgv mm?2 Orthorhombic
No. 25 Pmm?2 Patterson symmetry Pmmm
Pmml Pmlm

Fmml

Plom

vt

W.

1.
=

-0 @ 0 @
@ [ O @ | O
5 ‘ '
o ;
o,
+0) ‘ lof rellol
@ ©- o O
Origin on mm2
Asymmetricunit 0<r=<% O<y=y 0<z<|
Symmetry operations
(1 2)2 0,0,z @3y m x,0,2 (4} m 0,52

CONTINUED

Generators selected  (1); ¢(1,0,0); (0, 1.0} £(0,0,1): (2); (3)

Paositions

Multiplicity, Coordinates
Wyckoff letter,

Site symmetry

4 i 1 (N xyz ez (3yx7.z vz
2 h m. vz 1.5z

2 g om 0wz 0.9,z

2 f .m. T2 iz

2 e .m. 0.z 0z

I d mm2 L 4

I ¢ mm2 5.0z

I B mm2 0,72

I @ mm2 0,0,z

Symmetry of special projections

Along [001] p2Zmm Along [100] plm]
a b a=h b =¢

No. 25

Pmm?2

Reflection conditions
General:
no conditions

Special: no extra conditions

Along [010) p11m
@ b =a

a c
Orrigin at 0.0,z Origin at x, 0,0 Orrigin at 0.v,0
Maximal non-isomorphic subgroups
1 21PImliPm. 6}y 1.3
[2]1Pmll(Pm,6) 1.4
[ZIF112(P2.3) 1: 2
Ia none
b [2]1Pmalia = 2a) (28); [2] PEm2(b = 2B} (Pmal, 28); [2] Poe2ic = 2e)(2T% [2] Pmc2, (¢ = 2e) (26);
[21Pem2 (€ =2e)(Parc2 26) 2] Aem2 (W =2b.¢ = 2e) (39 [2] Amm 2 (b = 2h,¢ = 2e) (38):
[21Bme2ia =2a¢ = 2c){Aem2, 30 [2] Bmm2 {2 = 2a,¢ = 2e) (Amm2, 38y [2] Cmm2 (2’ = 2a. b = Zb) (35}
[21Fmm2 (& = 2a.b = 2h.¢ = 2c) (42)
Maximal isomorphic subgroups of lowest index
e [2]Pmm2(x =2aor b = 2b)(25); [2] Pmm2 (e = 2c)(25)
Minimal non-isomorphic supergroups
1 [2] Pmmmi47), [2] Pmara(51); [2] Prvmn (59); [2] P4mom (99); [2] P4, me (105); [2]P3m2(115)

I [21Cmm2(35); [2]Amm2 (38); [2] Bmm2 (Amm?2, 38 [2] Imm2(44)



Space Groups

— Origin on mm?2

[ A
| =
=
A
A

Asymmetric unit 0<x<1i: 0<y

Symmetry operations

(1) 1 (2) 2 0.0,z (3) m x,0,z (4)y m 0,v,z

-Origem é tomada em um ponto onde hé interseccao de 2 espelhos e um 2-fold
axis (para esse grupo espacial).

-Unidade assimétrica: Menor parte do espaco onde a aplicacao de todos os
elementos de simetria vai preencher todo o restante do espaco vazio.

-Operac0Oes de simetria: Incluem as operacdes de simetria e sua localizac&o na
célula unitaria.



- Pmmr

Space Groups

International Tables for Crystallography (2006). Vol. A, Space group 25, pp. 218-219.

1
Pmm?2 Cgv mm?2 Orthorhombic
No. 25 Pmm?2 Patterson symmetry Pmmm
Pmml Pmlm

W.

Fmml

1.
=

Plom

vt

Im

Origin on mm2
Asymmetric unit
Symmetry operations
(11 232 0.0,z

D<x<y O<y<k

3y m x,0,z2

<0 O+

Qo [ @0

(O @O

ol

rellol

B O+

4y m 0%z

+(3) O+

CONTINUED No. 25 Pmm?2
Generators selected  (1); ¢(1,0,0); (0, 1.0} £(0,0,1): (2); (3)
Multiplicity, Coordinates Reflection conditions
Wyckoff letter,
Site symmetry General:
4 0 1 (yxyz (2yxy.z (3yxyz @ ryz no conditions
Special: no extra conditions
T h m. vz 1.5z
2 g om 0wz 0.9,z
2 f .m. T2 iz
2 e .m. Tz 0z
I d mm2 L 4
I ¢ mm2 2,0,z
I B mm2 0,72
I @ mm2 0,0,z

Symmetry of special projections

Along [001] p2Zmm Along [100] plm]
a b a=h b =¢

a
Origin at 0,0,z Origin at x, 0,0
Maximal non-isomorphic subgroups
1 21PImliPm. 6}y 1.3
[2]1Pmll(Pm,6) 1.4
[ZIF112(P2.3) 1: 2
Ia none

b [2]Pma2(a = 2a) (28); [2] Phm2(b = 2b)(Pmal, 28); [2] Pec2(c

Along [010) p11m
@ b =a

c

Orrigin at 0.v,0

2 (2T), 2] Pmcl, (¢ = 2e) (26)

[21Pem2 (€ =2e)(Pac 26) 2] Aem2 (W =2b.¢ = 2e) (39); [2]Amm 2 (b = 2h.¢
[21Bme2ia =2a¢ = 2c){Aem2, 30 [2] Bmm2 {2 = 2a,¢ = 2e) (Amm2, 38y [2] Cmm2 (2’ = 2a. b = Zb) (35}

[21Fmm2 (& = 2a,bv = 2h. = 2¢) (42)

Maximal isomorphic subgroups of lowest index
e [2]Pmm2(x =2aorb = 2b)(25) [2] Pmm2 (¢ = 2c) (25)

Minimal non-isomorphic supergroups

2c) (38):

1 [2] Pmmmi47), [2] Pmara(51); [2] Prvmn (59); [2] P4mom (99); [2] P4, me (105); [2]P3m2(115)

I [21Cmm2(35); [2]Amm2 (38); [2] Bmm2 (Amm?2, 38 [2] Imm2(44)



Space Groups

Generators selected (1); #(1.0,0); £(0,1,0): £(0,0,1); (2): (3)

-Os geradores séo os elementos de simetria a partir dos quais todos 0s outros
podem ser gerados por combinacdes entre elementos de simetria.
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Space Groups

International Tables for Crystallography (2006). Vol. A, Space group 25, pp. 218-219.

1
Pmm?2 Cgv mm?2 Orthorhombic
No. 25 Pmm?2 Patterson symmetry Pmmm
Pmml Pmlm

W.

Fmml

1.
=

Plom

vt

O G+ 0 @
Q[0 | 0|0
: o
% :
'o‘@- Felfol
‘@ O~ @ O

Origin on mm2
Asymmetricunit 0<r=<% O<y=y 0<z<|
Symmetry operations
(11 232 0.0,z

3y m x,0.z 4 m 0vz

CONTINUED No. 25 Pmm?2
Generators selected (10 (1L 000 (0 100 (0011 (21 (3]
Positions
Multiplicity, Coordinates Reflection conditions
Wickoff letter,
Site symmetry General:
4 0 1 (yxyz (2yxy.z (3yxyz @ ryz no conditions
Special: no extra conditions
T h o m. vz 1.5z
2 oz om 0wz 0.9,z
2 f .m. T2 iz
e .m. Tz 0z
I d mm2 L 4
I ¢ mm2 2,0,z
I B mm2 0,72
I @ mm2 0,0,z

Symmetry of special projections

Along [001] p2Zmm Along [100] plm] Along [010) p11m
@ b a=h b=t @ b =a

a e
Orrigin at 0.0,z Origin at x, 0,0 Orrigin at 0.v,0
Maximal non-isomorphic subgroups
1 21PImliPm. 6}y 1.3
[2]1Pmll(Pm,6) 1.4
[ZIF112(P2.3) 1: 2
Ia none

b [2]1Pmalia = 2a) (28); [2] PEm2(b = 2B} (Pmal, 28); [2] Poe2ic = 2e)(2T% [2] Pmc2, (¢ = 2e) (26);
[21Pem2 (€ =2e)(Parc2 26) 2] Aem2 (W =2b.¢ = 2e) (39 [2] Amm 2 (b = 2h,¢ = 2e) (38):
[21Bme2ia =2a¢ = 2c){Aem2, 30 [2] Bmm2 {2 = 2a,¢ = 2e) (Amm2, 38y [2] Cmm2 (2’ = 2a. b = Zb) (35}
[21Fmm2 (@ = 2a,b =2h.¢ = 2c) (42)

Maximal isomorphic subgroups of lowest index
e [2]Pmm2(x =2aorb = 2b)(25) [2] Pmm2 (¢ = 2c) (25)

Minimal non-isomorphic supergroups
1 [2] Pmmmi47), [2] Pmara(51); [2] Prvmn (59); [2] P4mom (99); [2] P4, me (105); [2]P3m2(115)
I [21Cmm2(35); [2]Amm2 (38); [2] Bmm2 (Amm?2, 38 [2] Imm2(44)



Space Groups

Positions

Multiplicity, Coordinates
Wyckoff letter,

Site symmetry

41 |1 (1) x,v.2 (2) &7,z (3) x.¥,2 (4) T.v.2
T general positions
20 h Im.. 3,2 3. V.2
2 g |m.. 0.v.z 0.v.2
21 fF |.m. X 1.7 X,1,2
21e J.m. x.0.2 %.0.z

| d fmm?2

1| ¢ fmm?2 3.0.2

1| b fmm?2 0,52 . .
————————— special positions (at SEs!)

1 la fmm2 0,0,z

— Site symmetry (on which SE(s) does this point sit?)
— Wyckoff letter (alphabetically)

— Multiplicity (= number of equivalent sites/points within the unit cell)



Space Groups

Positions
Multiplicity, Coordinates
Wyckoff letter,
Site symmetry .
— general positions
@ i @ (1) x.v.2 (2) x.v.2 (3) x.V.2 (4) x,v.2
ldentity 2-fold axis of rotation || ¢ mirror plane (a,c) mirror plane (b,c)

X, y,Z—)' X,y,Z X, y,Z—P ‘X;‘V,»Z X, yiz_” X,-y,Z X, y,Z—)' -X, y,Z



Space Groups

Positions
Multiplicity, Coordinates
Wyckoff letter,
Site symmetry .
— general positions
i @ (1) x.v.2 (2) x.v.2 (3) x.V.2 (4) x,v.2
2-fold axis of rotation || ¢ mirror plane (a,c) mirror plane (b,c)

X,Y,Z— X, X,V,Z— -X,7Y,2 X,Y,Z— XY, 12 X, Y,Z— X, Y,12

4 posicOes equivalentes
dentro da célula unitaria




Space Groups

Positions

Multiplicity, Coordinates
Wyckoft letter,
Site symmetry

4 i 1 (1) x.vz (2) ©.¥.z2 (3) x.v.z (4) t.v.2
\ g
general positions
2 h m.. 502 5.¥.2
2 ¢ m.. 0,v.z 0,7,z
2 f .m. X5z X1z
2 e .m. x.0.z x.0.z
1 d mm?2 313:2
1 ¢ mm?2 3.0,z
I b mm?2 0,%.2 ) .
———————— special positions (at SEs!)
I a mm?2 0.0,z

—— Site symmetry (on which SE(s) does this point sit?)

—— alphabetic

Multiplicity (= number of equivalent sites/points within the unit cell)



Space Groups

Wyckoﬁ letter h.
=0.3 Atomo na posicao
.\ ! O ‘ . (1/2,y,2)
Escolhi
Ta (1/2, 0.3, 2)
0 0 0
b



Space Groups

y=0.3
IS4
0 0

_b

AN

Wyckoff letter h.
Atomo na posic&o
(1/2,y,2)

Escolhi
(1/2, 0.3, 2)

Vai gerar uma posicao
equivalente em
(1/2, -y, 2)



Space Groups

o
0 0 Y
y=-0.3 y=0.3
O ¢ ©S4 y
0 0 {0




Space Groups

Pela simetria
. . . de translacgéo
POSSo andar
1 comprimento
de célula em b.




Space Groups

Pela simetria

. . . de translacéo

POSSo andar

1 comprimento
de célula em b.
y=—0.3 \\\{=a .
.|.

\y= 0.7
() . ) . Veja que podemos
(O \ .
A aplicar os outros

elementos de

Ta s simetria mas
nenhum outra
. . posicao sera gerada.
b Temos 2 posicdes
e

equivalentes



Space Groups

Positions

Multiplicity., Coordinates
Wyckoff letter,

Site symmetry

4 0 1 (1) xvz (2) ©.7.2 (3) x.¥.2 (4) T.v.z2
T general positions
2 h o om.. 12 3.¥.2
2 g m.. 0,v,z 0,v.z
2 F .m. X 1.z Xz
2 e .m. x.0.z x0.z

=
2]

1 d mm?2

1 ¢ mm?2 1,0,2

Il b mm?2 0,4,z . .
——————— special positions (at SEs!)

I a mm?2 0.0.z

L Site symmetry (on which SE(s) does this point sit?)

—— alphabetic

— Multiplicity (= number of equivalent sites/points within the unit cell)



Space Groups

2 ¢ m 0.v, 0.3

y 0 (
Wyckoff letter g.
Atomo na posigéo
(0.y,2)

0 0 J
Escolhi

Ta (0, 0.8, 2)
y=0.8
0 —o+
b



Space Groups

Wyckoff letter g.
Atomo na posicéo
(0,y.2)

Escolhi
(0, 0.8, 2)

Vai gerar uma posicao
equivalente em:
(0,-0.8,2)



Space Groups

; 0 0
) 0 )
"“o" 5 — o4



Space Groups

2 ¢ om 0.y. 0.3 Pela simetria
de translacéao
posso andar

. . . 1 comprimento
de célula em b.
0 0 4
I
y=—08 y:02 y=08
O o —o
.?«

+1 —



Space Groups

(D m. 0wz osa O espelho localizado
em (1/2,y,z) vai gerar

. M\ . ~ . outrgs duas posicoes
~ ~ equivalentes.




Space Groups

O espelho localizado
em (1/2,y,z) vai gerar
outras duas posicdes
equivalentes.

Veja que cada atomo
colocado estd com
metade de seu
volume dentro da
célula, totalizando

2 posicoes
equivalentes.



Space Groups

Positions

Multiplicity, Coordinates
Wyckolf letter.

Site symmetry

4 i 1 () x.vz (2) ©.7.z (3) x.¥.2 (4) T, v.z
\\_\- g
general positions
2 h om.. 3:V,2 1.V.2
2 g m.. 0,v,z 0,v.z
2 f .m. x.iz 5.z
2 ¢ L. x.0.z 1.0,z
1 d mm?2 3.3.2
1 ¢ mm?2 3.0,z
I b mm?2 0,42 ) .
—————— special positions (at SEs!)
I a mm?2 0,0,z

—— Site symmetry (on which SE(s) does this point sit?)

—— alphabetic

—— Multiplicity (= number of equivalent sites/points within the unit cell)



Space Groups

Veja que apenas uma
posicao equivalente é
obtida quando se coloca
um atomo nessa posicao
especial “d”.



- Pmmr

Space

International Tables for Crystallography (2006). Vol. A, Space group 25, pp. 218-219.

Pmm?2

No. 25

G,
Pmm?2

Pmml

8
v
- 1 B
8
L
|_ P2mem
&
13
o,
Origin on mm2
Asymmetricunit 0<r=<% O<y=y 0<z<|
Symmetry operations
(11 22 0.0,z 3y m x,0,z2 4 m 0z

mm?2

Orthorhombic

Patterson symmetry Pmimm

Pmlm

Reflection conditions

Groups

No. 25

CONTINUED

Generators selected (10 (1L 000 (0100 (0011 (21 (3]

Pmm?2

Reflection conditions

General:
no conditions

Special: no extra conditions

General:

no conditions

Along [010) p11m
' =a

o Special: no extra conditions et s

Taot| = Zd) L8], [2 gy et Ly 28] 12 s ZCMZTL 2] Pmcl, (¢ = 2e) (26)
[2]Pem2, (¢ =2ePmc2 26): [2] Aem2 (W =2b.¢ = 2¢) (39); [2] Amm 2 (b = 2h,e = 2¢) (38):
[21Bme2ia =2a,¢ = 2eh(Aem2, 30) [2] Bmm2 (g = 2a,¢ = 2cl{Amm2, 38); [2]Cmm2 (a' = 2a.bv
[2]Fmm2 (x = 2a.bv =2b.¢ = 2c)(42)

by (35)

Maximal isomorphic subgroups of lowest index

e [2]Pmm2(x =2aor b = 2b)(25) [2] Pmm2ie = 2c)(25)

Minimal non-isomorphic supergroups
I [21 Prmom (47, [2]1 P mma (51); [2] Prvsin (59); [2] P4mom (99); [2] P4,me (105); [2]1 PAm2 (115)
11 [Z21Cmm235y; [2]Amm2 (38 [2] Bmm2{Amm2, 38), [2] Imm2(44)



Space Groups

- Outro exemplo: Imm2



_ 20 _

Imm?2 sz mm? Orthorhombic
No. 44 Imm?2

Patterson symmetry I mmm

fmm2 Im2m

' T ' T ' -
] |
) F_!_.{_ _?_._i e —— -
e 40— . ' E— —
- [}
R i — :
———— -— —
12mm
D
I | QO O O @
! | +@|O+ | +® O+
I !
: ! ! 10 | o
g | ‘l ook
I I
i 1 O | O Q| O+
| | 0 O- © O
N

Origin onmm?2

Asymmetric unit D<x<i, O0<y<}l 0<z<}

Symmetry operations

For (0,0,0)+ set

(11 (2y 2 0,0,z (3 m x,0,z 4y m Ovz

For (1,4, 1)+ set

(1) #(z,2,1) (2 2(0,0,3) 1,3,z (3) n(1,0,7) x,3,2 4 n(0,3,7) .32



Imm?2
No. 44

(:;v

Imm?2

fmm2

e« i e = e o e o+

Imm?
--—|—¢Ir—'|—-’

S

ﬂ

12mm

im2m

Origin onmm?2

Asymmetric unit D<x<i

e —— —— ] —— —
.

0<y<l, 0=z<!

Patterson symmetry I mmm

mm?2
fm2m
|]i:
_ T _________________
5: -—
T —————————————————
Kl
+O ®+ +O
+@ | O+ | +®
10 | o
@ | Of+
v | (D +()
+G) O-— +()

Symmetry operations
For (0,0,0)+ set
(1

For (5,1, 1)+ set
(1) £(1,4,3)

(2) 2 0,0,z

(2) 2(0,0,1)

(3 m x,0,z

11,
:1:8

(3) n(3.0.4) xh

4y m Ovz

('” H{D‘- gft ‘.-’} ?If::\"'z

_ 20 —

Orthorhombic

b~

b

D+
O+

O+
O+



Space Groups

[mm?2

e ¢ — e e — — —

Imm?2
L 4
G — - -
4
G - — >
-

Symmetry operations

For (0,0,0)+ set

(1) 1 (2) 2 0,0.z (3) m x,0.z (4) m 0,y,z

For (3,3,3)+ set

(D) 1(3,7,3) (2) 2(0,0,5) 1,%.2 (3) n(5,0,3) x,§,2 (4) n(0,3,5) 0.2



Imm?2
No. 44

Imm2

Im2m

Origin onmm?2

Asymmetricunit 0=x<; O0=y=<; 0=<z<y

Symmetry operations
For (0,0,0)+ set

m1 (2)2 0,0,z

For (4, 4,4)+ se

(M #(1,4.3) (2) 2(0,0,

20
C2v
Imm?2

Imm2

———
-
toE ot Rt

! —

! |

! !

! i

i i

! !

i i

i |

| |
Vol

Space Groups

Patterson symmetry [ nmm

Orthorhombic

CONTINUED

No. 44

mm?2
Im2m
+O O+
Q- +Q
L0 | o
o | Ok
@+ O
CONNOR

HeNon

+@ O+

Generators selected

Positions

Multiplicity,
Wyckoff letter,
Site symmetry

8 ¢ 1
4 d m
4 ¢ m

(1): £(1,0,0); £(0,1,0); £(0,0,1); £(

Coordinates

0,00+ (Lh4)+

@ xy:z 3) x5z

e
=
=

=
e
a

3 m x0.z

1) iz (3) n(1.0.7) xtz

) m 0.yz

@ n(0,5,5) 3.3z

Imm?2

Reflection conditions

General:

hki : h+k+1=2n
Okl : k+1=2n
hOl : h+1=2n
hkO: h+k=2n
h00: h=2n

0kO: k=2n

00l : I=2n

Special: no extra conditions



Space Groups

Positions

Multiplicity, Coordinates
Wyckoff letter.

+O @"' +O @"‘ Site symmctry- (0,0,0)+ (3,3.5)+

+ )+ + +
@ O @ O 8 e 1 (1) x,yz (2) x,¥.z (3) x, V.2 (4) %.v.z
O | O+
+O | Oz
+O ®+ +O ®+ 4 d m 0,v,z 0.v.z
© O © O |
4 ¢ m x,0,z %0,z
2 b mm?2 0,1z

3
o
s
=
3
(=
=
]



Space Groups

- Outro exemplo: Fm3m




Space Groups

International Tables for Crystallography (2006). Vol. A, Space group 225, pp. 6868501,

CONTINUED No. 225 Fm3m
ifrom page GBE)

Fm3m O, m3m Cubic

o Outro e ND. 225 F 4/‘?” 32/.’” Patterson symmetry Fm3m

Symmetry operations
For (0,0,0)+ set

i1 1) 2 00z (432 x00
(5) 3" xxx 6 3 Lxx (8) 3 gr1x
9 3 xxx (3 rrx (12) 3 xxr
(13) 2 xx0 (4 2 xro (16) 4* 0,0z
(17 4 x00 (18) 2 0xy (200 4 x 00
(21) 4 00 27} 2 x0.x (243 2 x0.x
(25) 1 0,00 (26) m xy0 (28) m Oz
(29) 3 xx.x 000 (30 3 tx e 000 (3 3 00,0
(33) 3 xxa; 0,00 i34 3 ram 000 (360 3 0,00
(3T} m 38) m xrxz 40 4 0,0,z 0,00
i41) 3 42) m xyy (44 3 x00; 0,00
(45) 3 (46) m Lyx (48) m xyx
For (04 )+ set
(1) 10, 42
{5 3 : { P EEN
9 3¢ Lx (11} 3° 143, 1+, (12) 3
(13) 2 (15) 4 (0.0,4) 13 {16) 4+
(17 4 {120 3 (200 4
20 4 {23) 4 : (24 2
(25 I 2N c k4 (28) n(
(20) 3° xxtba 040 (31) 3 o440 040 (32) 3
(33 3 x-3 Lo 004 (35 3 r-deslx —LED (363 3
(371 gl—7 T 39 3 T 4m 3
(41) 4 x04; 004 43) gi04%) Ty 49 3
(45) 3 —fxd -rbd CUESEREE R (48) g(
For (40474 sat
(1) 14,04 (312 4xd (4) 204.0.0) x0.4%
(5) 304440 xoba—bx (7) 3° x4+4,2-4 % (8) 3* 4 T4+40
I (9 3 (h b4 x—bxbx (1) 3 144, 2x }
| (13) 2(3.0.00 rx—33 (15) 4 (00,3) -5
(17) 4 (200) x3i (19) 2(0,—4.4) Ly+iF
Upper left guadrant only (21} 4 Lx0 (23) 4 0yl
(25) 1 2.0.4
(29) 3 x—q.x—50 D0z
(33) 3,
(37) gis,

46) m T4+yx

Origin at centre (m3m)

Asymmetric unit D=x=<i:
Vertices 0,00

3
3
2
4
4
I
3z
i
m
i
31

Symmetry operations
(given on page 691)




CONTINUED

Generators selected
Positions
Multiplicity,
Wyckoff letter,
Site symmetry (0,0,
w11 RIERT:
(3) Zx.¥
I ¥zx
(13) v, x.2
(7T} 5,z7
(21 z,%, 1
(25) £.7,2
(29) 7,57
3o
[EX) DS &
EINE A"
(45) 2,7,
% kK ..m XX,T
Irx
Irz
Lor
% j om 0.¥.2
0y
¥z
0.z¥
48 i m.ml [N
AR
48 B m.m2 0,%¥
7.0,y
4 g 2.mm 43
hxd
iz f im LIX
E
M ¢ 4m.m x0.0
¥ d m.mm 0,44
&8 ¢ 43im g
4 b mim P
4 a mim 0,0,0

Coordinates
0884+ (10,14 (H.0M
(2 x,7,2 (3) x.¥wz2
(6) z,X.F (7
(1 ¥.z,7
(14 vrz
(18) x,2.¥ (19 x,z.7
(Z2) z,7.x (23) Zy.x
(26) x,%,2 (27) x,¥.z
(30) z,x, (31) z,x.¥
(34 yox (35) f,z,x
(38) yx,z (39 9,x.2
(33 xzy
47 7%
xz x 17
XX xzr
k&
Lix
0.%1
¥L0
¥z
S
LRF
YRI
0vy
v.¥,0
Lot bl
xR XX |
o E ¢
rix £Ix
0,1.0 0,10
025 2.0, =0z
754

Symmetry of special projections

Along 001 pdmm
a =ta b =4b
Crrigin at 0,0,z

Along [111] p6mm

a =2(la

b—c)

Origin at x,x,x

(4 x, %1

(B) Zx¥
(12)7,rx
(16) 7,1,z
(200 x,Z,¥
(24 7.1
(28) 1,%,2
(32) z.xy
{36) vz, 1
{400 v,1,2
).y
(48) z.vx

W =4}(—a+2b—¢c)

No. 225

7,55
£,5x
1,,X%
LI

0¥
%70
0.3
70

%47
AR

¥0.7
75,0

P
s

Fm3m

(1) #{1,0,00; #{0, 1,0} #{0,0,1); #{0, &, 4% 004,040 (23; (3): (S)k (13); (25)

Reflection conditions

R k! permutable
General:

Akl - h+kh+1Lk+1
0l -k =2n
Akl : h+1=2n
hOD: h=12n

Special: as above, plus

o extrn conditions

no extra conditions

o extra conditions

no extra conditions

no extra conditions

no extra conditions
kil : h=1In
kil : h=1In
no extra conditions

no extra conditions

Along 11T c2mm

r
a

{(—a+hb) b=c

Orrigin at x, 1,0

In



Construindo arquivos CIF

- Vamos usar o software Vesta.

- Ex: Aluminio

Sistema: Cubico

Grupo espacial: Fm3m

Parametro de rede a=4,05A

Posicao dos atomo: Wyckoff position= “a”



	Slide 1: Introdução a Cristalografia Aplicada à Difração de Elétrons para Materiais Sólidos
	Slide 2: Space groups
	Slide 3: Space groups
	Slide 4: Space Groups 
	Slide 5: Space Groups 
	Slide 6: Space Groups 
	Slide 7: Space Groups 
	Slide 8: Space Groups 
	Slide 9: Space Groups 
	Slide 10: Space Groups 
	Slide 11: Space Groups 
	Slide 12: Space Groups 
	Slide 13: Space Groups 
	Slide 14: Space Groups 
	Slide 15: Space Groups 
	Slide 16: Space Groups 
	Slide 17: Space Groups 
	Slide 18: Space Groups 
	Slide 19: Space Groups 
	Slide 20: Space Groups 
	Slide 21: Space Groups 
	Slide 22: Space Groups 
	Slide 23: Space Groups 
	Slide 24: Space Groups 
	Slide 25: Space Groups 
	Slide 26: Space Groups 
	Slide 27: Space Groups 
	Slide 28: Space Groups 
	Slide 29: Space Groups 
	Slide 30: Space Groups 
	Slide 31: Space Groups 
	Slide 32: Space Groups 
	Slide 33: Space Groups 
	Slide 34: Space Groups 
	Slide 35: Space Groups 
	Slide 36: Space Groups 
	Slide 37: Space Groups 
	Slide 38: Space Groups 
	Slide 39: Space Groups 
	Slide 40: Space Groups 
	Slide 41: Space Groups 
	Slide 42: Space Groups 
	Slide 43: Space Groups 
	Slide 44: Space Groups 
	Slide 45: Space Groups 
	Slide 46: Space Groups 
	Slide 47: Space Groups 
	Slide 48: Space Groups 
	Slide 49: Space Groups 
	Slide 50: Space Groups 
	Slide 51: Space Groups 
	Slide 52: Space Groups 
	Slide 53: Space Groups 
	Slide 54: Space Groups 
	Slide 55: Space Groups 
	Slide 56: Space Groups 
	Slide 57: Space Groups 
	Slide 58: Space Groups 
	Slide 59: Space Groups 
	Slide 60: Space Groups 
	Slide 61: Space Groups 
	Slide 62: Space Groups 
	Slide 63: Space Groups 
	Slide 64: Construindo arquivos CIF

