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Visit FRM II : 21.12.2015

10:15 - 13:00 (after the lecture)

Valid ID necessary!!!

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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4. Crystallography
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4.2 Reminder: 32 Point groups
( )

:> Combinations of proper and improper rotations that
leave one point fixed (intersection point of the axes)
E> Classification of point symmetries: 32 Point groups
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
Tetragonal (422  4mm,42m  4/mmm 4/mmm ] fmmm
Tri I 3 3 3 1ém
Jgond 32 3m 3m 3m _
(6 6 6/m 6/m i
Hexagonal 622 6mm,62m  6/mmm 6/mmm |6/mmm
: [ 23 m3 m3 1 -
Cubic | 432 43m m3m m3m -m3m
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4.2 Reminder: Laue classes, Friedels law & Neumann Principle
N

-
Neumann Principle:

All physical properties reflect the symmetry of the point group

BUT:
Measurements do not always reflect the actual point group symmetry

Q>Diffraction always measures inensities, not the phase!

E> Friedel "s law: Diffraction shows the symmetry as if there would
be an additional center of inversion at the center I, =I__

Q>Classification in 11 Laue classes

Laue forward scattering

Silicon single crystal, cubic,
fcc, [111], three fold
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4.2 Reminder: 14 Bravais lattices and 7 crystal classes

Allow for non-primitive unit cells: Classification according to unit cell
symmetry
E> 14 Bravais lattices and 7 crystal classes
P |
The 7 lattice systems The 14 Bravais lattices \ — e
# tetragonal
a,fp,y 290 L I
triclinic ". 4 4
l L
p | C | a=fl=y # 90°
a + 90° a = 90° rhoembohedral ‘
B.y=90° | g,y=90° !
moneaclinic ‘ a _
=3
r: : T ]
P c ] [ F hexagenal c
agbhec arbhec asbec aehec
orthorhombic .
e L . L . P (pcc) _ | (bee) F (fce)
u b i b ; b i b cubic @
k il ] a )
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H . Table 1.9, The 230 three-dimensional space groups arranged crystal systems gz
4 . 2 Re m I n d e r . 3 20 S pa Ce g ro u pS point groups. Space groups {and enaniiomorphous pair'-’ii |h|::|b"tr ar‘; uniqvuely delay
minable from the symmeiry of the diffraction paitern and from systematic absences (s
p. 159) are shown in bold-type, Point groups without inversion centres or mirror plang,
ara emphasized by boxes

Crystal Point Space
Systam Qroup gQroups
Triclinic |I| P1
i P1
Monoclinie [Z] P2, P2, C2
m Pm, Pe, Cm, Co
2fm P2fm, P2,fm, C2fm, P2fc, P2,jc, C2/c
Orthorhombic 222 P22z, PZ22, P2,2.2, P2.2,.2, G222, C222 F2_2;22 ;e
12,2,2, 3
mm2 Pmm32, Pmc2,, Pee2, Pma2,, Peal,, Pre2,, Pmn2,, Phay

Fra2,, Pnn2, Cmm2, Cme?,, Cec2, Amm2, Abm2, Amgg
Abaz, Fmm2, Fdd2, Imm2, 1ba2, Ima2 ]
Mmm Pmmm, Pman, Poom, Pban, Pmma, Prna, Pmna, Peg
Pbkam, Peon, Phem, Pram, Pmma, Pben, Phea, Pamg
Cmem, Cmea, Cmmm, Coem, Cmma, Ceea, Frmm
Fddd, Immm, |bam, lbea, Imma 1

Teiragonal @ Pa, P4, P4, P4, 14, 4,
P4, 14
4fm P4fm, Pagfm, P4 n, Pd/n, l4fm, 14,/ a
422 FA22, P42,2, P4,22, P4,2,2, PA,22, P4,2,2, P4,22, Pa,23
1422, 14,22

4mm Pdmm, Pdbm, Pdem, Pdynm, Pdee, PAnc, Pd,me, P4,k
ldmm, ldem, Iy, M ed
4m Pd2m, Pazc, P42,m, P421|: Pdmz, Pdc2, Pdb2, Pdn,
|4I‘|‘12 {4(:2 |-ﬂZrn 1424
dfmmm  Pdfmmm, Pdfmcc, P4fnbm, P4/nne, Pd/mbm, Pd,fmnn,
FPadfnmm, P4/nee, Pdyfmme,  Pdyfmem, Pdy/nbe
Pd fnnm, P4 /mbe, Pd,mpm, Pdy/nme, Nz,.fncm,!
lafmmm, [Mfmem, 14,/ amd, 14,/ acd

Pa3m, Fd3m, 193m, Pd3n, Fddc, 1a3d
m Pm3m, Pn3n, Pm3n, Prdm, Fm3m, Fmic, Fddm, Fdig
Im3m, la2d

Trigonal-
hexagonal @ P3. P3,. P3,, A3
3 F3, Ra
[32] F312, P321, P3,12, P3,21, P3,12, P3,21, A32
3m Pam1, P31m, P3cl, F31e R3m, Ric :
3m P31m, P31c. P3m1, Pict, Rim, Rdc
LE] PG, P§,, PG, PE,, P6,, PG,
3

B/m PG/m, P6,/m
622 P622, P6,22, P6s22, P6,22, P6,22, P6,22
Bmm PGmm, PGee, PEyom, Phyme
fm PGm2, Pc2, PE2Zm, PE2c
6/mmm  P&fmmm, P6/mace, PEyfmem, PG /mme

Cubic P23, F23, 123, P2,3, 12,3
m3 Pm3, Pn3, Fm3, F.ﬂ |m3 Pa3, 123
|432[ P432, P4,32, F432, F4,32, 1432, P4;32, P4,32, 14,32

am

m3
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4.3 Diffraction: Monochromatic vs. TOF vs. Laue

-
Monochromatic Time-of-flight
beam (TOF)
001| 101/ 201 | m%ﬁ?ﬁm

-100 | 000 [/100 | 200

00-1

o

Ewald construction for
[>each wavelength in the

beam

Rocking curve distributed

in time and detector

L [>Waste less neutrons

Ewald construction
Less intensity

[> Rocking curve gives
intensity of Bragg peak
Clean data

~
Laue (polychromatic

beam)

BiC [Image plate  Beam stop

Multilayer
w shielding | defector

wavelength
filter

Collimator|

] 1
Secondo K R
beam shutt?:r GERED

Lijuﬁuﬂe
diophragm

[> Essentially white beam
:>More Bragg peaks (not
stronger)
Hard to get intensities

Large background
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4.3 Diffraction: Ewald construction for single crystal diffraction
(" )

Ewald construction:

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

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

~100 | 000 |

Rotation of crystal (real space)
00-1 E> corresponds to a rotation of
reciprocal space

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Ewald construction including resolution effects

4 )
:> Mosaic spread of the sample (no perfect crystal)

C> Finite spread of incoming beam (wavelength spread)

:> Finite collimation of the incoming beam

E> Ewald construction for real samples: Fuzzy sphere

i ’
7 %
Angular spread ' ‘.
of beam ) |

Incident

o )

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Crystal rotation method
4 )
:> Solution: Measurement of integrated intensity and
not peak intensity .
_ 1.0}
N n UJ
=) Fuzziness integrated out 2 0]
o
_ = 0.6}
(L Rocking scan ~
.*é 04rF
‘ ‘ £ 0.2}
"~ 0.0 - - -
. -4 -2 0 2 4
\ Rocking angle [deg]
d . . :
\ - _ 1.0f FWHM 0.45°
00 N\ k=2 2
0
S,
204l _
20,
%T j E 2T b
=
‘ | 42 0 2 4

Rocking angle [deq]
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4.3 Diffraction: Example I — Powder Diffraction on Ferroelectrica
‘ Ferroelectricity: Standard system PbZr, Ti O, A
m_?»m(Pc)
&;Ef; - ? T‘ ‘ Centrosymmetric
_ Zrt T
202- ’J‘Iﬁ‘ space group
©6:¢6
No polar axis! No ferrolelectricity! Center for
positive and negative charge coincide
P4mm (F-)
H‘ :>Non—centrosymmetr|c
| T | space group
66 ° @6
polar axis [111] polar axis [001]
Displacement of Zr/Ti atom by 5% 1 -~
Dipole in the unit cell, finite polarization P = ?2 4.7
. i W,

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Example I — Powder Diffraction on Ferroelectrica

( o )
Ferroelectricity
g .
% 0.05 - : ’
2 0.00 .=' :5.
-0.10 \J
10 -8 -6 -4 Ez[k\/()/mr;] 4 B 8
strain hysteresis of 94%
Bi,,Na,,TiO, - 5% BaTiO,- 1%
: . K.,,Na,,NbO
Piezoelectrics v
stress =2 el. polarisation .
E-field = strain < /-""‘" wa
& §

. (‘3 20 .gt
Pyroelectrics ] i
change in polarization with temperature g /

S 4 e
Ferroelectrics “
polarization can be switched in electric field E [KV/mm]
Strain and polarisation hysteresis polarisation hysteresis of 94%
Bi,,Na,,TiO, - 5% BaTiO,- 1%
\ Ki.Na,,;NbO, )

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Example I — Powder Diffraction on Ferroelectrica

. . . . )
[ Applications of Piezo- , Pyro and Ferroelectrics
Actuators, sensors, transducers:
Fuel injectors, ultrasound transducers, speakers, strain gauges, ink jet printers,
piezo motors...
Electronic applications:
Capacitors, ferroelectric RAM... :> Research: Lead-free
B alternative to standard
system PbZr, Ti O,
:> Crystallographic structure
and symmetry matters!
\_ J

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Example I — Powder Diffraction on Ferroelectrica

( )
Lead free piezoelectric ceramic Bi, ,Na, ,TiO,

Powder difffraction + structural refinement at SPODI @ MLZ

(1 Meulran guide

(@ Monochromstor

3 Ciptimal collimation
(@ Samphe table

& Collimabaor array

i Detector array

2350mm

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Example I — Powder Diffraction on Ferroelectrica

-

Lead free piezoelectric ceramic Bi, ,Na, ,TiO,

=)

:> In situ diffraction under E-field

Strong recoverable strain of 0.45%
comparable to lead compounds

vacuum pump

—

boron nitride

T, 4 |

/| sample

!

m/ﬁﬁr;;;l; T

plane R

~ e
rad

.d'::" ,'/.
7 primary
beam

acceptance

vertical detector

contacts

-
\ e

\ -

5 ,.-""'

e

HV

~\
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4.3 Diffraction: Example I — Powder Diffraction on Ferroelectrica

\_

-

Lead free piezoelectric ceramic Bi, ,Na, ,TiO,

~\

X-ray neutron
200000 I | L] Ll L] L LR ] 64000 L L] i LI L] L] ] 4
e . : | 92:06-02 0kV/mm ]
— obs o g 1.,...d#&hd'\-l'am--.-nrﬂ'"\n------ "
@ {110} = Ib 12 - 0 lobs ]
5 150000 [ - Lol = as000 | (330} 12{532) : :Whl :
g 3 | Bragg posiion Paom ] 8 :' O Wl [ P
& | Bragg position silver | 2 i {300}, ]
2 2 o 3
@ 12 5 e P ]
8 i 18 i _ l :
E 100000 [ 4 E 32000 F B
50000 | 4 16000 | l E
: l ‘ l ] i ; 'l Al l'__-l l A .I. i A l l A ]
o 2 i .l A | 0 L \ 1 | 111 | J
E N R T I ! LEE T ERE iy i ivivy o
- n I " ! _ﬁ " i N ‘
sooo0 Lo DMl o 0 o0 0 0 0 -16000 = 1 P | Rl el e
5 10 15 20 25 30 35 40 45 10 50 70 80 110 130 150
28 () 26 (%)
- (a) (b)
Figure 2

Combined Rietveld refinement with (a) X-ray diffraction and (b) neutron diffraction data. The insets show the (a) {110}, reflection and (b) broadened

superstructure reflections.

Combination of X-ray and neutron data, Rietveld refinement

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Example I — Powder Diffraction on Ferroelectrica

4 Lead free piezoelectric ceramic Bi, ,Na, ,TiO, h
L e e B .0 F i o i o o e S e R B
) x 92-06-02 6 kV/mm 1
2 |SRY
S 42000 [ . T 0 lobs |
‘E. E [ {531} : :cslc: i) ':'
% RO E SR {530}, I é?;ggcagl:fositinn R3¢
@ E —— I I | Bragg position P4bm
£ 30000 - | . ,i' - 3
24unaf 10, —
130095 -
120005 ~
6000 —
0 F oo |‘||||||||| NIIER NN
. 6 8 N o M L
6000 [
ey n W L S L J:'r s R N R
10 30 50 7 80 110 130 150
Weak superstructure reflections (oxygen) can be resolved only by
|
L neutrons! y

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Example I — Powder Diffraction on Ferroelectrica

~ : : - : ~
Lead free piezoelectric ceramic Bi, ,Na, ,TiO,
tilting angle o = 6°
O ]
NaBiBaK
TiNb
@
NaBiBak]
TiNb
[001]. direction [100]. direction
Weak superstructure reflections (oxygen) can be resolved only by
. heutrons! y

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Example I — Powder Diffraction on Ferroelectrica

-

Lead free piezoelectric ceramic Bi, ,
P4abm

(a) 0kV/mm:

Viewing direction: [001]

[ Te)
& Bi, Na, Ba, K
@Ti, Nb

(b) 6 kV/mm: P4abm

Figure 3

[ustration of the unit cell with ADPs for the O atoms of (a) P4bm in the

unpoled state and (b) P4bm and R3¢ at 6 kV mm™ .

Nal/ZTiO3

Table 3
Structural parameters.

~N

0k mm ", Pdbm

d [A}

Fud [.EL}

v IA#}

Vc [-&!}

Tetragonal distortion (%)
@)

P, (pCem™)

Ry (NDVXRIDY)

¥ (NIVXRD)

6 kY mm 1 P4bm
a (A)

c [A}

v [.5&3}

A (A%)
Tetragonal distortion (%)
P (pC cm™3)
Phase fraction (%)
oy (%)

Ry (ND)

X (ND)

6KV mm™", R3c
a (&)

é [.-:L'r

v (A%)

¥, (A%)

a, (%)
Rhombohedral distortion (%)
P (pCem™3)
Phase fraction (%)
i

[

d

e

@, (%)

£ 107

Ry (ND)

¥ (ND)

5.52166 (3)
3.90541 (4)
1190712 (16)
50.54

0.0258 (16)
2.25(11)
1)
7.92/7.48
351114

5.51020 (10)
3.0186 (4)
118977 (12)
50.49

0.572 (12)
{9

29.13 (16)
239 (12)
7.58

2.58

5.50818 (9)
13.5286 (10)
35547 (3)
59.24

89.90

0.260 (9)

11 (6)
T0.87 (16)
0.007 (2)
0.004 (3)
0.0009 (5)
0.0154 (8)
6.106 (6)
~075 ()
5.53

2.58

Reversible structural phase transition under electrical

kfield is the cause for lage ferroelectric strain!

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Example I — Powder Diffraction on Ferroelectrica
4 Lead free piezoelectric ceramic Bi, ,Na, ,TiO, h
0 k\V/mm 3 kV/mm
ourely tetragonal P4bm 66 % tetragonal phase P4bm
. o =2.53°, a’a’c’ * oy =2.77, a%a’ct
- P, =4 uClcm? « P.=5uC/cm?
. a=55249(1) A ¢ = 3.9068(2) A :’> . a=55186(1)A, ¢ = 3.9009(2) A
. a/c =1.000 V2 * a/c =1.0004 V2
34 % dral phase R3c
< e 0, =8.7°, aaa
R3c = ferroelectric acitive phase =40 puC/cme
observed at 2 compositions: 94-5-1, 92-6-2 | * a = 5.5025(1), ¢ = 13.5929(1)
M. Hinterstein et al., J. Appl. Cryst. 43, 1314-1321 (2010)
L. A. Schmitt et al., J Mater Sci 46:4368-4376 (2011)
Reversible structural phase transition under electrical
\ field is the cause for lage ferroelectric strain! y

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Example II - Protein Crystallography

Protein Structure:
Building blocks 20 a-L amino acids

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Example II - Protein Crystallography

: N [ . )
4 Protein Structure: Interactions:
Building blocks: Backbone:
20 a-L amino acids
|:> Covalent bonds
Secondary structure: Secondary structure:
a-helix 8
o |:> H-bonds
Qo s %’“
s o~
l "-.\J‘Q
. S ‘\»_
ﬁ“ f,l'; &-‘%
OG? ..... : %—c
Tertiary structure: v Tertiary structure:
Hydrophobic interaction
Electrostatic interaction
|::> Van-der-Waals interaction
H-bonds
Covalent bonds (S-S)
\_ J U J

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Example II - Protein Crystallography
4 N\ )

Protein function: Molecular biophysics:

:> Enzymes: catalysis of nearly all
chemical reactions in the cell Structure » Dynamics

Coordinated motion: muscle
proteins

:> Immune system: antibodies

E> Receptors, generation and
transmission of nerve impulses

:> Transport and storage Function
ﬁ> Mechanical support

\4

\ 4
Crystallography Spin Echo

\_ y \_ Wy,

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Example II - Protein Crystallography

(- EEIPT™ | Rt e L )
— j’r’l T ~

Instrument Biodiff@MLZ

@ Neutron guide NL1

@ Monochromator

@ Selector
@ Variable slits A

® Sample chamber 7od
Cylindrical image plate detector =

@ CCD detector
Beam stop

20,,,= 42° > 112°

Samples: Challenges:

,—> Protein crvstals Small sample volume vs. big unit cell
20.000 atoms per unit cell Crystals sensitive to drying (5s!!)
Sample volume ~ 1Tmm3 Some proteins don’t crystallize (NMR)
Deuterated samples
Produced by genetically
engineered E-coli / yeast

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Example II - Protein Crystallography

4 )
Some samples:

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Example II - Protein Crystallography
-

N
Typical data: Rocking scan gives integrated intensity for refinement

Symmetry of crystal

k

Width of rocking
necessary to capture all
inequivalent reflections

Compute the

expected position of
the peaks:

ik

Integrating a box around that
position saves computing time
. J

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Example II - Protein Crystallography

4 )
Structural analysis ,Intermediate state I" of the Cytochrome-c-Peroxidase at 100K

X-ray — complicated due to the reduction of the Fe! (Photolysis of H20 yields e-)

:> The oxygen bound to the Fe is not protonated!
:> Surprising: Amino acid HIS 52 is doubly protonated

E>Reaction mechanism has to be reconsidered

\_ Casadei et al. Science 345, 193 (2014) )

Physics with Neutrons I, WS 2015/2016, Lecture 8, 7.12.2015
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4.3 Diffraction: Example II - Protein Crystallography

4 )
Structural analysis ,Intermediate state I" of the Cytochrome-c-Peroxidase at 100K

X-ray — complicated due to the reduction of the Fe! (Photolysis of H20 yields e-)

:> The oxygen bound to the Fe is not protonated!
:> Surprising: Amino acid HIS 52 is doubly protonated

E>Reaction mechanism has to be reconsidered

\_ Casadei et al. Science 345, 193 (2014)
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