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Symmetry

Read
Ott Chapter 6; 10.1
Sherwood & Cooper Chapter 3.1 ~ 3.7
Hammond Chapter 2.1 ~ 2.3; 12.5.1; 12.5.2
Krawitz Chapter 1.1 ~ 1.3

Use
http://materials.cmu.edu/degraef/pg/pg_gif.html
http://neon.mems.cmu.edu/degraef/pg/pg.htmi#AGM
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Unit cell
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> the smallest unit of volume that contains all of the structural and symmetry

information and that can reproduce a pattern in all of space by translation.
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Asymmetric unit

SEOUL NATIONAL UNIVERSITY

> the smallest part of the unit cell from which the whole cell can be filled

exactly by the operation of all the symmetry operations

» the smallest unit of volume that contains all the structural information
and that can reproduce the unit cell by application of the symmetry

operations.

Intro to Crystallography, 2021 Pecharsky Chap 2 / 3

Symmetry

SEOUL NATIONAL UNIVERSITY

> Repetition operation = symmetry operation
v" Translation
= Three non-coplanar lattice translation - space lattice
v’ Rotation (2|7)
v’ Reflection (2tAh

v Inversion ()

Intro to Crystallography, 2021 Ott Chap 6 / 4




Unit cell & symmetry

SEOUL NATIONAL UNIVERSITY
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Symmetry

SEOUL NATIONAL UNIVERSITY

> All repetition operations are called symmetry operations

v'Symmetry consists of the repetition of a pattern by the application of specific rules

» When a symmetry operation has a locus (a point, a line, or a plane) that is left
unchanged by the operation, this locus is referred to as the symmetry element

Symmetry operation | Geometrical representation | Symmetry element

Rotation Axis (line) /———Rotation axis

Inversion Point (center) / Inversion center (center of symmetry)\
Reflection Plane / Mirror plane

Translation vector / Translation /ector /

g
b

rotation reflection inversion

Intro to Crystallography, 2021 OttChap 6 / @

rotation




Symmetry operation

(1) Rotation;, 1 2 3 4 6 (2) Reflection; m (= 2)

(3) Inversion (center of symmetry ) (= 1)

(5) Screw axis; rotation + translation 24, 34, 3,, 44, 45, 43, 64,---, 65

)
)
(4) Rotation-inversion; 1 (=center of symmetry), 2 (= mirror), 3, 4, 6
)
(6) Glide plane; reflection + translation, a, b, ¢, n, d

Rotation Screw Glide
axis axis

J \ _ A .\ SN

L5 ‘ \
e ; ' ' ¢§:T‘—=‘Q . c‘?ﬁd__“:—.i o {
rotation Inversion ! ¢\ ; (stide plane) , )
| N S gt
[ i

]
|
|
|
I
I
1
!
|
I
|
|
|

|
I
do «d [ I
t L
reflection  translation A 3 A 3
Ott Chap 10
Intro to Crystallography, 2021 Pecharsky Chap 2,3 / 7

Symmetry

SEOUL NATIONAL UNIVERSITY

360°
Rotation axis

360°

360°
Rotation
axis

360°

180°
Rotation axis

\{;1300

Mirror
plane

Molecule AB,

Intro to Crystallography, 2021




Point symmetry operation (without translation)

International notation (Hermann-Mauguin notation)
1,2,3,4,6,1,2(m), 3,4, 6

Schoenflies notation

C1:1,CZ:2,C3:3,C4:4,C6:6

Ci(SZ) = I, CS = Z(m), C3i(55)= §, S4 = Zl‘, C3h = 6

Intro to Crystallography, 2021

Rotation axis

3600 _ 271 o . ‘
» n-fold axis n=—— @: minimum angle required to reach a
@

position indistinguishable from the starting point

2A
3-fold +0 ! | S irfales,
*
I
( 13A
‘ - rotation :
of : &
90°, 180°, 270°
4-fold B4 6-fold +O
o 5
+ - s 5
S o &

Intro to Crystallography, 2021
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Rotation axis

SEOUL NATIONAL UNIVERSITY

> general plane lattice
» 180° rotation about the central lattice point A = coincidence
» A symbol for 2-fold rotation axis: digit 2

v . if it is L to the plane of the paper
v > if it is // to the plane of the paper

360 _ 27

Order (multiplicity) of the rotation axis, N=—— =

S
S

Intro to Crystallography, 2021 Ott Chap 6 / 11

Equivalent vs. Identical
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» Two objects are EQUIVALENT

v When they can be brought into coincidence by application of a

symmetry operation.

» Two objects are IDENTICAL

v" When no symmetry operation except lattice translation is involved.

v' equivalent by translation

hAS A
Y

Ve
> All A’s are equivalent to one another. A /A
> All B's are equivalent to one another. N U 7
s b b
> A is not equivalent to B. b ’; Ua

Intro to Crystallography, 2021 Ott Chap 6 / 12




Rotation axis

SEOUL NATIONAL UNIVERSITY

360 _ 27

> n-fold axis n=—— @ minimum angle required to reach a
¢ pOSilgIOOH indistinguishable from the starting point
» Axis with n > 2 will have at least two other points lying in a plane
normal to it.

v 3 non-colinear points define a plane - must be a lattice plane

(translational periodicity)

3-fold axis: @ = 120°, n = 3 A 4-fold axis: @ = 90°, n = 4

o —

- ~

Intro to Crystallography, 2021 Ott Chap 6 / 13

To be a lattice plane

» The points generated by rotation axis must fulfil the conditions for being a

lattice plane --- parallel lattice lines should have the same translation period

(all the lattice points should have identical surroundings)

3-fold
rotation axis > Lattice translation moves | = IV

» 4 points produce a unit mesh of a lattice plane

- 3 fold axes are compatible with space lattice

No 5-fold rotation axis in space lattice
> 11-V and llI-1V parallel but not equal or integral ratio

P=Rl2°MNES - no 5-fold axes in space lattice

3 » This structure does not have translational symmetry in 3-dimensions

g I - do not have finite unit cell > guasicrystal
) v'Quasi — because there is no translational symmetry

v Crystal — because they produce discrete, crystal-like diffraction patterns
ol

5]

> It is impossible to completely fill the area in 2-dimensions with

pentagons without creating gaps
fntro to Crystaifograpny, 2021 Ott Chap 6 1




quasi
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> a. almost, near, partially, partly, somewhat, ersatz, imitation,

pseudo, synthetic, apparent, seeming, supposed

> "SAFCEERL, SIAMERLL), =) 52| S quasi-cholera (S AF 2|2}

), a quasiwar (=)

> | Ab(#E{L) - false; suspected; para-.

Intro to Crystallography, 2021
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Rotation axis > why 1, 2, 3, 4 and 6 only ?

> limitation of @ set by translation periodicity

Bl

SEOUL NATIONAL UNIVERSITY

6 6 = mé where m is an integer
ma =a—2acosy
m=1-2cowp

A = A m |cos@| @ n
a a1 | em |
0 | ¥ | w3 : 6 :
1 0 | w2 |'al
oMk EZes o : 3 :
3 = 4 m i_z_:

Intro to Crystallography, 2021

See Sherwood & Cooper page 78/ 16




Rotation axis

SEOUL NATIONAL UNIVERSITY

6-fold axis: ¢=60°, n=6 ‘

> In space lattices and consequently in crystals, only 1-, 2-, 3-, 4-,

and 6-fold rotation axes can occur.

Intro to Crystallography, 2021 Ott Chap 6 / 17

Rotation axis

SEOUL NATIONAL UNIVERSITY

Intro to Crystallography, 2021 18




Symmetry operation vs Symmetry element, Proper vs Improper

SEOUL NAT NAL UNIVERSITY

> Rotation by 60° around an axis > symmetry operation

> 6-fold rotation axis is a symmetry element which contains six
rotational symmetry operations

> Proper symmetry elements

v'Rotation axes, screw axes, translation vectors

> Improper symmetry elements

vInverts an object in a way that may be imaged by comparing right & left
hands

vInverted object is called an enantiomorph of the direct object (right vs
left hand)

v'Center of inversion, roto-inversion axes, mirror plane, glide plane

Intro to Crystallography, 2021 19

Reflection

SEOUL NATIONAL UNIVERSITY

> a plane of symmetry or a mirror plane, m, | (bold line)

o-n
o-x

e o ==
==} o
-0

?
H ¢2C 0-Cso
. P
(@
N7 @ @
A B

(b)

Ott Chap 6
Intro to Crystallography, 2021 Hammond Chap 4 / 20




Reflection
[} [ ]
| 1 1
| 1 /N
. . I
o ' " ! / \ Lattice line tilted
Lattice line // m JEe | N wrt. m
g / \\
A A Al \ A
a) m b) m
rectangular centered rectangular
e down
O
O up
Black & Red; enantiomorphs
O ® ® down, left-hand
m,, (m,) M,y (M,) QO up, right-hand

Intro to Crystallography, 2021 Ott Chap 6 / 21

Inversion
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> center of symmetry or inversion center, o 1]

» centrosymmetric

Y
7

Va
\

Q

Inversion centre

No inversion centre

All lattices are
centrosymmteric

http://www.gh.wits.ac.za/craig/diagrams/

Ott Chap 6

Intro to Crystallography, 2021 Hammond Chap 4/ 22




Compound symmetry operation

> link of translation, rotation, reflection, and inversion operation

» compound symmetry operation

v two symmetry operation in sequence as a single event

» combination of symmetry operations

v two or more individual symmetry operations are combined, which are

themselves symmetry operations

o 4 e
4+1 &L Q 2 e ]
\\ f Ve / \\,\g.f_//
\1\\ j/ - V(T
4 & 1 are A 4 ¥ i 4 & 1 are
not present 211 AN present
/ f_ 2 YA NN
£ {Yfﬁn
\“L) 5~ _~ 7
a) 4 b) 6
compound combination
Ott Chap 6

Intro to Crystallography, 2021

SEOUL NATIONAL UNIVERSITY
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Compound symmetry operation

SEOUL NATIONAL UNIVERSITY

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

Rotation Reflection Inversion Translation
Rotation X Roto- Roto- Screw
reflection inversion rotation
. Roto- 2-fold Glide
Reflection ( . . X . .
reflection axis) rotation reflection
. Roto- (2-fold .
Inversi ( . . . .
version inversion axis) rotation axis) X Inversion
Translation (Screw axis) (Glide plane) et X
centre)
Intro to Crystallography, 2021 Ott Chap 6 / 24




Rotoinversion

SEOUL NATIONAL UNIVERSITY

» compound symmetry operation of rotation and inversion

> rotoinversion axis N

> 1,2, 3,4, 6 > 1 (=center of symmetry), 2 (= mirror), 3, 4, 6

,@ E(E m)

1 = inversion centre

O e j Rare case of
“compound symmetry
operation = combination

e down, left of symmetry operation”

O up, right
Intro to Crystallography, 2021 A 3=3+1 Ott Chap 6/ 25

Rotoinversion
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4 S s :
\
\|/,/ _

o ) G L 0\3
4 implies the presence /N 5
of a parallel 2 /f;? 1 \

£, _f %,}\

S \ °

Intro to Crystallography, 2021 Ott Chap 6/ 26




Rotoinversion & Rotoreflection
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Rotoinversion

>1 =inversioncenter, 2=m,3=3+1,46=3 1L m

> only rotoinversion axes of odd order (1, 3) have an inversion center

S=m

Rotoreflection

1%
2

SEIMEC =1 ASIEEY'S.— 4\ Si=3

> The axes 11 and M, including 1 and m, are called point-symmetry

elements, since their operations always leave at least one point unmoved.

Ott page 71; 4 implies the presence of a parallel 2.

Intro to Crystallography, 2021 Ott Chap 6/ 27

Symmetry elements, Proper vs Improper
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> 1,2, 3, 4,6 --- proper rotation axes

> 1 (=center of symmetry), 2 (= mirror), 3, 4, 6 --- improper rotation axes;

right & left hands = enantiomorph
> Screw axes (rotation + translation) 2, 3, 3, 4, 4, 4; 6, 6, 65 6, 6

» Glide planes (reflection + translation) ab cnd

Translation symmetry is not included in 1, 2, 3,4, 6, 1, 2, 3, 4, and 6.

- Fel
> Proper symmetry elements JEE U

Mirror plane 2™

v'Rotation axes, screw axes, translation vectors Glide plane g %I™

Screw axes LIAISS

» Improper symmetry elements

v'Inverts an object in a way that may be imaged by comparing right & left hands

v'Inverted object is called an enantiomorph of the direct object (right vs left hand)

v'Center of inversion, roto-inversion axes, mirror plane, glide plane

Intro to Crystallography, 2021 28




Rotation axes

SEQUL NATJONAL'IVERSITV

Enantiomorphous lz |Z

objects

1-fold rotation axis Center of inversion
A ‘o
. p—

s 'Ry
V2 \ V‘ >

3-fold rotation axis

Intro to Crystallography, 2021 Pecharsky Chap 2/ 29

Rotation axes
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N4 L«
V& VL

%WA 14
i 7

6-fold rotation axis 6

Intro to Crystallography, 2021 Pecharsky Chap 2 £ 30




Interaction of symmetry elements

SEOUL NATIONAL UNIVERSITY

Start with 2and 1 (on 2) 2> m

D

New symmetry element "m” emerged as

the result of the sequential application of

two symmetry elements (2" then “1") to

the original object.

-
T

2X1n2=10n2)X2=m(L 2thrul)
2Xm(L2=m(L2X2=1(@mdL 2)
mXIlnm)=1@nm)Xm=2(L mthrul)

When two symmetry elements interact, they result in additional
symmetry element(s).

Intro to Crystallography, 2021 Pecharsky Chap 2/ 31

Interaction of symmetry elements
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Start with 2 and m @45 degree angle > m, 2, 4

2 m

Intro to Crystallography, 2021 Pecharsky Chap 2 / 32




Symmetry group

SEOUL NATIONAL UNIVERSITY

» Complete set of symmetry elements > symmetry group

> Limited # of symmetry elements (ten) & all valid combination among them

- 32 crystallographic symmetry groups - 32 point groups

> Limited # of symmetry elements (ten) + the way in which they interact

with each other = limited # of completed sets of symmetry elements (32

symmetry groups = 32 point groups)

» Point group € symmetry elements in these groups have at least one

common point and, as a result, they leave at least one point of an object

unmoved.

When a symmetry operation has a locus (that is a point, a line, or a plane) that is

left unchanged by the operation, this locus is referred to as the symmetry element.

Intro to Crystallography, 2021 33

7 crystal systems

SEOUL NATIONAL UNIVERSITY

» Combination of symmetry elements & their orientations w.r.t. one another

defines the crystallographic axes.

» Axes can be chosen arbitrarily, but are usually chosen w.r.t. specific symmetry

elements present in a group.

v' // rotation axes or L m

» All possible 3-D crystallographic point groups can be divided into a total of

7 crystal systems based on the presence of a specific symmetry elements or

specific combination of them present in the point group symmetry.

> (7 crystal systems) X 5 (types of lattices) > 14 different types of unit cells are

required to describe all lattices (14 Bravais lattices).

Intro to Crystallography, 2021 34




Screw axes

(rotation + translation)
NS

Glide planes

(reflection + translation)
il

Intro to Crystallography, 2021

SEOUL NATIONAL UNIVERSITY

:332'
3} ﬁg|
|
N
2
|
RPN
L] -
<] S | Ott Chap 10

£

7
\

nnygd 1
(glide plane) i g

7,

35

New symmetry operations in centered Lattices

» orthorhombic C-lattice

——

Nojord

be

a, O

1
> reflectionat 7,Y,Z

+ translation

N oo

0,0,0 -~ 5 . ,(

> glide reflection
> glide plane (b-glide)

Intro to Crystallography, 2021

SEOUL NATIONAL UNIVERSITY

» orthorhombic I-lattice

f

q, €

> rotation about * 1! y4
WL
+ translation ©
2
1% 1N
0,00 - 55 5

» screw rotation

> screw axis (21-screw)

Ott Chap 10 / 36




Compound symmetry operation

Table5.1. Compound symmetry operations of simple operations.
symmetry elements are given in round brackets

SEOUL NATIONAL UNIVERSITY

The corresponding

Rotation Reflection Inversion Translation
Rotation % Roto- - .Roto-. Screvy
reflection inversion rotation
. Roto- 2-fold < Glide
Refl (Roto- C .
ctlection reflection axis) X rotation reflection
. (Roto- (2-fold .
Inversion inversion axis) rotation axis) X Inversion
7~ ]
Translation @ (Glide plane) (Inversion
centre) :

v N

rotation + translation reflection + translation

2-fold rotation + reflection

Intro to Crystallography, 2021

Ott Chap 6 / 37

Glide plane

i) reflection

SEOUL NATIONAL UNIVERSITY

i) translation by the vector G parallel to the plane of reflection

where |g| is called glide component

B T
\ )\

g™
(glide plane) {( [
7 "N

t

rofm

6 is one half of a lattice translation

it B
parallel to the glide plane 9 =3 t

Intro to Crystallography, 2021
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u_n

Mirror plane "m” vs. Glide plane “c

|C

Of
Mol

a a
> Glide plane can only occur in an orientation that is possible
for a mirror plane.

Intro to Crystallography, 2021 Ott Chap 10/ 39

Glide plane

SEOUL NATIONAL UNIVERSITY

Orthorhombic P2/m2/m2/m Mirror planes along (100), (010), (001)

b Glide plane // (100)
D g g
/| \

' b-glide c-glide n-glide d-glide

Bia

a Plane lattice with rectangular unit mesh show-  d Space group

ing its symmetry, Stacking of such plancs directly
above one another with interplanar spacing ¢, P 2/m 2/m 2/m (Pmmm)
lcads to the orthorhombic P-lattice (cf. b) s
Projection of the symmetry elements of the or- //(007)
thorhombic P-lattice on x,y,0. This is one of the
space groups of highest symmetry in the ortho~
rhombic system
c
C
< I
—— 'Y
o I
e (o <
< -~
& ? /
- %/
by = x|
Qo2 — r b
e =i R N a
ad £
a c
b Orthorhombic P-lattice, lattice parameters in ¢ Orthorhombic axial system n
the unit cell are: b d
asbec
dorboscs a=p=r=90° 11(010)
a=p=y=90° ( )

n

Ott Chap 7

Fig. 6.9a-f. The orthorhombic crystal system

Intro to Crystallography, 2021 Ott Chap 10 /£ 40




Glide plane

SEOUL NATIONAL UNIVERSITY

Reflection plus %2 cell translation

> a - glide: a/2 translation

> b - glide: /2 translation

» ¢ - glide: ¢/2 translation

» n— glide (normal to a): 6/2+¢/2 translation
» n— glide (normal to b): a/2+¢/2 translation
» n— glide (normal to ¢): a/2+ b/2 translation
> d-glide:(a+ H/4, (b+ 9/4, (c+ a)/b

> g - glide line (two dimensions)

Intro to Crystallography, 2021 41
Glide plane
b —
| i il
Orthorhombic cell )|< I
projected on x,y,0 e I Ty
X,}J’;Z|
o 3 |
2 :
f I U%-‘-xl%_ylz
1 1 : : |
c‘.t a|a-glide at x,{z
b
2] ==t -
‘ 2 I
L5 :
XY,z X3 s px,xz L xlylez
b |b-glide at x,y,0 c|c-glide at x,3,2

Intro to Crystallography, 2021 Ott Chap 10 £ 42




Glide plane

Orthorhombic cell
projected on x,y,0

SEOUL NATIONAL UNIVERSITY

w1 I
Zz- ) O Xztyz+Z
QX2 O
\ X vz
*-1‘-3 11 !
QT\2 +X",2 +Y 3—2
d ﬂ'glide at x}y}]; Wlth glidc C_Dmponent e n‘_g]id_.ﬁ at U,y,?. with gl]de Component
1@ + B 310+l
Intro to Crystallography, 2021 Ott Chap 10 / 43
Screw axis

) rotation ¢=27” (X=1,2,3,4,6

SEOUL NATIONAL UNIVERSITY

i) translation by a vector S parallel to the axis

where H is called the screw component

1= 31 oo

Y

e O

'xX—l

Intro to Crystallography, 2021
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Fiie=

I

Ay
I —

Ott Chap 10 / 44




Screw axis

21 1s a 180° rotation
plus %2 cell translation

|
|
|
|
o—1 4
' B

Intro to Crystallography, 2021

e

SEOUL NATIONAL UNIVERSITY

3, is a 120° rotation plus
(2/3) cell translation

*

3, is a 120° rotation plus
(1/3) cell translation

m

/r-_ T - -‘"’IPT\\
L =
i i |
| | 1
I d{\ ! |
o 1 |
[ I |
[ [ |
Ny |
b . I
L i I
| | H I
T N

3[ 32

Right-hand Left-hand

Ott Chap 10 / 45

Screw tetrads

4, is 4-fold rotation axis

%
{Q=HT=0 2
X
44 is a 90° rotation plus ¥4 cell
translation (right-handed)
ey

4, is a 90° rotation plus %2 cell
translation (no handedness)

ks
4“¢ ! ? o2
i
|
45 is a 90° rotation plus ¥ cell i
translation (right-handed) = a I 3
90° rotation pglus Yy cell toe ’:-&rb 2
translation (left-handed)

Sets of points generated by 4, and
4, are a pair of enantiomorphs
(mirror images of one another)

Intro to Crystallography, 2021

SEOUL NATIONAL UNIVERSITY

——

S W

T

\
T
L)
l\;b-
(4
Vo

VAT N

Ott Chap 10 / 46




Screw hexads

@
6

> 6,
> 6,
> 65
> 6,
> 65

60°

60°

60°

SEOUL NATIONAL UNIVERSITY

m . m
e I By . N J,
o N 2 - e _T . — ] ,'_____-__-_.{)
ehe iy | o s | ot
i P i i ! i
ERET O] Q| R
| c&i 3 el gl
oS "Ml ol | ol |
| | [ i H | il gy
Rt ] o 1| T
SRRy O ina BA e Hod
9. L 2" ®x L 9.
6, 6. 6, 6, 6,
rotation + 1/6 cell translation (right-handed)
rotation + 1/3 cell translation (right-handed)
rotation + Y% cell translation (ho handedness)
rotation + 2/3 cell translation (right-handed ) = (1/3 left-handed)
rotation + 5/6 cell translation (right-handed ) = (1/6 left-handed)
Intro to Crystallography, 2021 Ott Chap 10 / 47

Screw hexads

page 188, "Structure of Materials”, MD Graef & ME McHenry, (2007)

SEOUL NATIONAL UNIVERSITY

Intro to Crystallography, 2021
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Symbols of symmetry elements

SEOUL NATIONAL UNIVERSITY

Type of symmetry element ‘Written symbol Graphical symbol
Center of Symmetry T s
Perpendicuaiar In plane of
10 paper paper
Mirror plane m B | \
Glide plane b | —— '—| l
SI':‘?I:E"T'&“ arrow shows

alide direction

glide out of
plane of paper

;S (5 rte ]
Rotation 2 ’ ———
3 A
4 L
i -]

Screw Axis 2, # e
5 3 ‘_ A
“ o ‘o0
6, 6z B; B4 6 “"".‘
Inversion Axis = A
7 @
B a
Intro to Crystallography, 2021 Ott Chap 15.2 / 49

Symmetry elements of a Cube

SEOUL NATIONAL UNIVERSITY

» center of symmetry

» nine mirror planes

> six diad axes (2-fold rotation axes) / C/O
> four triad axes (3-fold rotation axes) >
> three tetrad axis (4-fold rotation axes) A

Orthogonal : 3 Diagonal : 6

X=2

Intro to Crystallography, 2021 50




Symmetry elements of Tetrahedron & Octahedron

SEOUL NATIONAL UNIVER S Iy Y

» Octahedron ; the same symmetry elements as a cube - check this out!

> Tetahedron ; 6 mirror planes, 3 inverse tetrad (4) axes, 4 triad axes -

check this out!

Intro to Crystallography, 2021 51
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Coordinate Transformation

Algebraic description of
symmetry operations

Ott Chap 11
Pecharsky Chap 4.2

Intro to Crystallography, 2021 52




Transformation of coordinates of a point

SEOUL NATIONAL UNIVERSITY

~
Y
, NASHON 5S SNHOR
L3
| 53 ZEHE BITAIZ HHEE
\.
\-
\.
\ ]
| o
\ ,__ﬁ.._ﬂ_\,\ 7
\ 1 /// i .1\.\\\ 3
\ Y g,,,” E._\ / ‘
\ /./" | / | / .l..(p .‘.‘
\ s /-/ P ‘: ‘\‘(p
. z :
St - o A a
\ ‘I..h.-.’/' ......................... y :I
A g

Intro to Crystallography, 2021 Pecharsky chap 4 Pecharsky 2" ed. Fig 4.2 / 53

Transformation of coordinates of a point - Rotation

SEOUL NATIONAL UNIVERSITY

> ni; i times of n-fold rotation operation
\/n1.n1=n2, ni.nﬂ-i:nﬂ:']
» Matrix representation of rotation in Cartesian coordinate

ARBA0M 252 SHHOR Bn f24g

i=3
Y P'(x’, ¥, 2) - =
= WA 2 =E
X = rcos a, y = rsin o
’ X' = rcos (a + @

P . .
(x.J'. 2) = rcos a cos @ - rsin a sin @

¢ /Ty X' = XCOS @ - ysin @
a
X

x B y' =rsin (a + @)
= rsin o COS @ + rcos a sin @
p y' = Xsin @+ ycos @

X cos @ -sin @ 0|[x B
sin@ cos@ Ol|y
' 0 Ofe 1712

Intro to Crystallography, 2021 54

Linear transformation of coordinates on

- the plane




Rotation matrix - R

_E _ﬁ OOUL NATION_A& uwﬁias@-rv
T Dt 7
o V3 1 . R,
Ccos@ sing P R(312)-? 5 0| R3)= T T 0
R(n,)=| sing cosp 0O Rgey= 10 o o0 1 T ]
0 0 1 0 0 1
0O -1 0 -1 0 O 0O 1 0
R@AY=[1 0 0 R(4)=R(Z)=| 0 -1 0 R(4)=-1 0 0
0 0 1 0 0 1 0 0 1
0 -1 0(-1 O 0 1
R(412)-R(4§): 1 0 O 0 -1 =i — L A (§4
0O 0 19){l 0 0 1 0O O
Tl ey )
T A RE;)=RE) i
4y — \/é 1 3
RE o R(6})=R(2,) rE)=| -2 L
0 0 1
4N\ _ 0 0 1
R(6)=R(3)
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Inversion
Wi S
) /‘\
¥ I""
/x O
e > X
Yox o7
| Fac |
;: ¥ I
Ao' !
: : " o
i R(1) =-1
vZ'
Yo W ey s I, 1 0f==0
e y' QNS <0 y R(1)=| 0 -1 O
7= 7' DR «0) stit]. ) |67 O 0 -1
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Rotoinversion

X' = XCos @ - ysin @ '

SEOUL NATIONAL UNIVERSITY

X cos @ -sing@ O][x
rotation  y' = xsin @+ ycos ¢ y' sing cos@ Ofly
zZ =z 4 0 0 iRz
X = x| (-1 0 0)(x
inversion y' =y y' 0 —1.D0ER"
n ‘z’ 0 ' O
X' = -xcos @+ ysin @ [y “cos @ sin@ O][x .
rotoinversion Y =-Xsin@-ycose |y | =-sin@ -cos @ O ||y
Z =-Z \ZI 0 0 '1, Z
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Reflection
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X, = X

1
/"\ I
z,=-2
10 0
\J RMmM)=|0 1 0
00 -1
m,, (M)
|R(rnz)| =-1 X
/% Yo=Y,
L, =4
W%
O Rm)=|{0 1 0
o i
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Transformation of coordinate system

a, b,lc |
new axis unit vector a,b,C
a=p.a+ph+pg
b = pya+p,b+p,g
C = pya+ P p+ psg
a = Pa
a=qa+qp +q,¢
b=0,@ +0,0 +0,£
C=0@ +030 + 0,0
a=0Qa
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old axis unit vector

a| (py
b |= P21
c Pay
a O
b|=|0a,
¢ Os1

PQ = |

SEOUL NATIONAL UNIVERSITY

P12
P2,
Ps2

012
d..
Us2

Pz @
Pas|l b
Pas/\ C
Gis)( @
U3 b
Oas/| €
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Transformation of coordinate system

bcc to rhombohedral

N A I
% 2R N,
1 1 1
=—a -—-——b +—c¢
B, za‘ 2" 2
C =1 +—1b ——lc
R 2al 2I 2I

b =1a, +0b, + I,

c, =la, +1b, + Cc,
2111

2 2 2

} } _} I )
2 2

Intro to Crystallography, 2021

SEOUL NATIONAL UNIVERSITY

60




Transformation of coordinate system

fcc to rnombohedral

a=b #c, a, =b =c,
a=[£=90 y=120 a=F=y
trigonal R - rhombohedral P
|
e ,
O QO
o %
3
®@Z=0
0 o 1/3
o 2/3
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todos

Read
v Ott Chapter 6; 10.1
v Sherwood & Cooper Chapter 3.6
v Hammond Chapter 2.1 ~ 2.3; 12.5.1; 12.5.2
v’ Krawitz Chapter 1.1 ~ 1.3
Use
v http://materials.cmu.edu/degraef/pg/pg_gif.html
v http://neon.mems.cmu.edu/degraef/pg/pg.htmI#AGM

» Symmetry HW (due in 1 week)
v Ott chapter 6 --- 1, 3, 4,5, 6,9
v Ott chapter 7 --- 1,2, 3,4, 5,9
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