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Exam (after winter term)

:> Registration: via TUM-Online between 16.11.2015 - 15.1.2015
C>Emai|: sebastian.muehlbauer@frm?2.tum.de for date arrangement

C> 30min oral exam
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3.3 Reminder: Coherent and incoherent scattering
4 )
Assume a large sample with statistically variations of bj
) No correlations among b:  bb; = (b)%,5' +# j
bj’bj . (?) 3 =3
Double differential crosssection spilts up into two terms:
E )
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3.3 Reminder: Coherent and incoherent scattering

Coherent Incoherent

Spatial and temporal correlations  Spatial and temporal correlations

between different atoms between the same atom

@Interference effects: :> Constant in Q

[D)Given by average of b ) Given by variations
Bragg scattering in b due to spin,

disorder, random
atomic motion....
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Reminder: 4.1 Elastic scattering from a single crystal
\

-

E> Final result for elastic coherent scattering on crystals

do (2.-'!.
il 4\; _—.EH (E)
d€2ecoh.el i Z | )

/7/ \

Normalization Debye-Waller Structure factor Bragg positions
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4.2 Appetizer Crystallography

~ )
Nomenclature rotation axes Examples: Screw axes
Table 1.1. Graphical symbols for symmetry elements: (a) axes normal to the plane of
projection; (b) axes 2 and 2, parallel to the plane of projection; (c) axes parallel or
inclined to the plane of projection; (d) symmetry planes normal to the plane of
projection; (e} symmetry planes parallel to the plane of projection i a 33 5
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4.2 Appetizer Crystallography
( - - - \
Euler rules: Combination of roations
— 3
] 0%%0
242}2 322
\_ y,
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4.2 Appetizer Crystallography: 32 Point groups

4 )
Crystal Point groups Laue Lattice
systems classes point

Non-centro- Centro- groups
symmetric symmetric
Triclinic 1 1 1 1
Monoclinic 2 m 2/m 2/m 2/m
Orthorhombic 222 mm2 mmm mmm mmm
"4 4 4/m 4/m 1
- 4 m
Tetragonal 1422  4mm, 42m 4/mmm 4/mmm ] fam
Trigonal & ¢ 3 qfim
R 32 3m 3m 3m _
6 6 6/m 6/m ]
- 6/mm
Hexagonal [622 6mm,62m  6/mmm 6/mmm JPrimiin
; 23 m3 m3 1 =
Ciihlg [432 43m m3m m3m _m3m
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4.2 Appetizer Crystallography

r : = )
. s, T
Point groups: examples % o .
62m 3m
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4.2 Appetizer Crystallography: Point groups & Laue classes
é )
Crystal Point groups Laue Lattice
systems classes point
Non-centro- Centro- groups
symmetric symmetric
Triclinic 1 1 1 1
Monoclinic 2 m 2/m 2/m 2/m
Orthorhombic 222 mm2 mmm mmm mmm
"4 4 4/m 4/m 1
- 4 m
Tetragonal 1422  4mm, 42m 4/mmm 4/mmm ] fam
Trigonal & ¢ 3 qfim
R 32 3m 3m 3m _
6 6 6/m 6/m ]
H - 6/mm
exagonal [622 6mm,62m  6/mmm 6/mmm JrUASHR
; 23 m3 m3 1 =
Cihie [432 43m m3m m3m _m3m
g
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4.2 Appetizer Crystallography: Laue classes, Friedels law
( N
Laue forward scattering
Silicon single crystal, cubic, fcc,
9 [111], three fold y
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4.2 Appetizer Crystallography: 7 crystal classes

( )
Table 1.8. The conventional types of unit cell
Symbol Type Positions of Mumber
additional of lattice
lattice points points
per cell
P primitive — 1
| body centred (1/2,1/2,1, 2) 2
A A-face centred (0,1/2,1/2) 2
B B-face centred (1/2,0,1/2) 2
C C-face centred (1/2,1/2,0) 2
F All faces centred  (1/2,1/2,0),{1/2,0,1/2) 2
(0,1/2,1/2) 4
R Rhombohedrally  (1/3,2/3,2/3), (2/3,1/3,1/3) 3
centred (de
scription with
'hexagonal axes')
\_ J
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4.2 Appetizer Crystallography: 14 Bravais Lattices

p I |
a%c awc
|Thue.l T lattice systems“ The 14 Bravais lattices
[ tetragonal
a, ﬁ Yy ®90°
triclinic - a
i 14
=
c a=fl=y * 90°
a = 90° rhombohedral ‘
f;. r’ ~ goe !
monoclinic . i
v}
p
p c ] I F hexagonal 3
axbec awsbec awher arbhec
N>\
i
orthorhembic ‘
1 P (pcc) ” l{bce) ‘l F (fcc)
[ C C ( c = =
b b b b cubic
a a
i a
[f] ] [F]

Physics with Neutrons I, WS 2015/2016, Lecture 7, 30.11.2015



FRM I
Forschungs-Neutronenquelle
" Heinz Maier-Leibnitz

3. Basic Neutron Scattering Theory

ML Z

Heinz Maier-Leibnitz Zentrum

4.2 Appetizer Crystallography:

320 space groups

Table 1.9. The 230 three-dimensional space groups arranged by crystal systems apg
point groups. Space groups {and enanliomorphous pairs) that are uniquely dege
minable from the symmetry of the diffraction patiern and from systematic absences (sa
. 153) are shown in bold-type. Point groups without inversion centres or mirror plang,
are emphasized by boxes

Crystal Point Space
system group aroups
Triclinic |_I| P1
i P1
Monoclinie [2] P2, P2, C2
m Pm, Pc. Cm, Ce
2m P2/m, P2,/m, C2fm, P2Je, P2, Je C2fe
Orthorhombic 222 95

P22z, P22, P2,2.2, P2.2,2, G222, C222 F222, 122
12,2,2, :
mmz2 PrnrnZ. Pmc2,, Pec2, Pma2,, Peaz,, Pnc2,, Pmn2,, Phay
Fra2,, Pan?, Cmm2, Cme2y, Cec2, Amm2, Abm2, Amas
AbaZ, Fmm2, FddZ, imm2, 1652, Ima2 1
rm Pmimm, Pman, Peem, Pban, Pmma, Pana, Pmna, Pecy
Pbam, Peen, Pbem, Prnm, Pmma, Pben, Pbea, Prmg)
Cmoem, Cmeca, Cmmm, Coem, Cmma, Ceeca, Fmmy
Fddd, Immm, |bam, lbea, Imma ]

Tetragonal [a] P4, P4,, P4, P4, 14, 14,
4 Pa, 14
4/m Pa4fm, Pdy/m, PA4Sn, Pa/n, 14/m, 14,/a
422 P422, P42,2, P4, 22, P4,2,2, PA,22, P4,2,2, P4,22, PA,2 2
1422, 14,22
dmm Fdmm, Pabm, Pdem, Pdynm, Pdes, Panc, Pdume, PA, b
“ ldrormn, ldem, 14,md, 4, [:d
4am Pd2m, Pdzc, P42,m, P42 ¢, PAm2, Pdc2, Pab2, Pin

[dma2, 14.c2, HZrn |42 L
Afmmm  Pdfmmm, Nfrncc Pdfnbm, P4/ nnc, P4/mbm, Pdfmm‘:
Pdfpmm, Pd/nee, P4/mme, Pdyfmem, P,/ nbel
Pd,/onm, P4 /mbe, Pdmom, Pdyinme P4,/ nem,
lafmmm, l4/mem, I4,.|fam-:.l, 14,/ acd :

Trigonal-
hexagonal [3] F3, P3,, P3,, A3
3 F3, R3 3
P312, P321, P3,12, P3,21, P3,12, P3,21, A32 ]
Im F3m1, P31m, P3c1, P31e, F!.im R3c 3
3m P31m. P31c. P3m1, P3c1, Ram, Ric i
@ PG, P6,, P6y, P65, PG, PG, i
PG -

&fm P&/m, P&,fm
622 P622, P6,22, P6,22, P6,22, P6,22, P6,22
Bmm PGmm, Pece, PEyem, PEyme
&m P6m?2, PBc2, PBIm, PE2e
6/mmm  PGfmmm, P6/mee, PEyfmem, PE,fmme

Cubic P23, F23, 123, P2,3, 12,3

m3 Pm3, Pn3, Fm3, F.ﬂ Im3, Pa3, 1a3

P432, F43z2, F4,32, 1432, P4,32, P4,32, 14,32

A3m Pa3m, F43m, 143m, Pdan, Fd3c, 133d

mm Pm3m, Prdn, Pman, Prdm, Fmam, Fmic, Fdim, Fdie
Im3m, la3d
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4.2 Appetizer Crystallography:

International tables of crystallography
pamm 4mm dmm pdgm
No. 11 p4mm Pattersc Patterson symmetry pdmm p4gm
O®O® O@O " ® O
Q Q
Y o ® [©O o] .0 e o
| Ny 0|® ol® O O
/z ‘\\ O]
b: ) | @
\\ /’ @
\ ’ | ©
B 4 olle} Q0
4 Yl . o [©® 0] @ o e o s
i 10} O © O &, O
o@ o0 O O
Origin at 4mm Originat41g
Asymmetricunit  O<x<i. O<y<ié x<y Asymmetrie unit D<x<l 0<ys< —x
SO SRRSO Symmetiry operations
(1) x,y (2) X7 (3) ¥,x 4) v.% oo & z
G)Fy  Oxry  (Dyx (8) . Ly @) £y {2 .k
- * : : (Sy&+3y+1 (6) x+ 3,5 +1 (N y+1x+3 (8) ¥+ 3,X+3
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4.3 Diffraction: Monochromatic vs. TOF vs. Laue

é )
Monochromatic Time-of-flight Laue (polychromatic
beam (TOF) beam)

N b

001 101 201

100 | 000 [f100 | 200 |3 KT
i. | |

‘.\ -
00-1 /

e e

filter

Collimator| | BsC Image plate  Beam stop
s shielding | detector

Secondo e
beam shuﬂ?; R

Adjustable
diaphrogm

Sample

Ewald construction Ewald construction for §> Essentially white beam
Less intensity :> each wavelength in the :> More Bragg peaks (not

:> Rocking curve gives beam stronger)
intensity of Bragg peak ) Rocking curve distributed Hard to get intensities

§> Clean data in time and detector Large background

L E>Waste less neutrons y
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4.3 Diffraction: Ewald construction for single crystal diffraction
( )

Ewald construction:

E> Sphere around center of crystal
(in real space)

Origin of reciprocal space on
transmitted beam at the edge
of Ewald sphere

Rotation of crystal (real space)
ﬁ> corresponds to a rotation of
reciprocal space
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4.3 Diffraction: Ewald construction including resolution effects

(" )
ﬁ> Mosaic spread of the sample (no perfect crystal)

ﬁ> Finite spread of incoming beam (wavelength spread)
@ Finite collimation of the incoming beam

&> Ewald construction for real samples: Fuzzy sphere

|
s -

of bearn

55 k=2n/A

Incident
neutrons

q | Y
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4.3 Diffraction: Crystal rotation method

(" )
E> Solution: Measurement of integrated intensity and
not peak intensity .
__1.0¢
. . )
) Fuzziness integrated out 2 0
_ < 0.6}
&> Rocking scan =
.*é 04¢}
‘ ‘ £ 0.2}
"~ 0.0 - - -
| -4 -2 0 2 4
\ Rocking angle [deg]
d . . :
\ — — 1.0[ FWHM 0.45°
W k=2n/A =
00 b_ ' c 0.8}
’ __Q_‘ _Z
T, 06}
>
.*é 0.4}
S £o02
0.0
‘ | 4 -2 0 2 4
Rocking angle [deq]
. J
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