Electron diffraction data: new

perspectives
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Outline

« Electron diffraction
— why and why not, when and when not?

« QOriented diffraction patterns
— the beauty and the betrayal of symmetry
— precession to the rescue!?

 Electron diffraction tomography
— A weapon of mass structure production, finally! But...

« Dynamical refinement from (P)EDT
— What God has joined together let not man separate (Mk 10:9)

» Outlook
— Quo vadis, electron crystallography?



Electron vs. X-ray diffraction

X-rays electrons
v" weak interaction with crystal x strong interaction with crystal

v simple description of diffraction x complicated description of

by kinematical theory diffraction by dynamical theory
v little radiation damage x radiation damage
v possibility of diffraction in X experiment in vacuum

;:;i::;; environments (hp, v" small crystals down to X nm

v analysis of mixtures and

x large crystals (>> 1 um) or impurities

powder diffraction -> problems
with mixtures and impurities



Electron vs. X-ray diffraction

X-rays electrons
Diffraction mostly kinematical Diffraction strongly dynamical
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Dynamical diffraction — the Bloch-wave method

S = exp(2mitA)

aj; = Qﬁrsga- . 1= 13 Arbea,ms

a5 = Ugg——gj: 'i:j — ]-3 Arbeams; l 7& j




Dynamical diffraction — the Bloch-wave method

S = exp(2mitA)

2
Aj; = QBrSg%- R 1= 13 Arbea,ms
Ajj = Ug%——gj, i,j=1, Arbeams; l 7& J

g1

9>

g3

\\-94

2KS

g2—91

g3—91

gda—91

g1—92

2KS

g3—9>2

gda—g»2

g1—93

g2—93

2KS

ga—9gs3

gd1—94

g2—94

g3—94

2KS




Dynamical diffraction

‘ Incident electron wave

Diffracted beams
Slices of crystal Propagation

potential projected >
Diffracted beams

on planes
Propagation

‘m‘ Diffracted beams

Propagation

Image: http://www.microscopy.ethz.ch/simulation.htm

- multislice

Scattering:

V' (x,y) = P(x,y)exp(idp(x,y))

Propagation:

V' (x,y) =9 (x,y) ® exp (

mi(x? + y?)
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Dynamical diffraction
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Dynamical diffraction

T T T T T .. —_— g .' _— ;r
Qi = 2K ng- =1, A beams
7000 7
aij; = Ugi—gjs L,] = 1: j\if)eam.s: L 7& J
6000
S <27TitA>
5000 = exp
2K,
4000
3000 Ihz T ‘ Si]—‘
2000
1000
-0.004 -0.003 -0.002 -0.001 0 0.001 0.002 0.003 0.004

Each intensity is a function of:

- Crystal thickness

- Crystal orientation

- Structure factors of all sufficiently excited beams
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Oriented diffraction patterns

v very useful for determination of
lattice parameters and
symmetry

Al-Cu-Fe quasicrystal;

v' beautiful spot patterns and
Sr,sFe;,047;http://www.microsc . !
CBED patterns opy calus450.him Aitesearch Hghighilresearoh hig

hlight_07.html

v' computationally (more) easily
tractable

x the strongest dynamical effects

x structure solution possible, but
very cumbersome

Silicon [110] GaAs [1-10];
http://arxiv.org/ftp/arxiv/papers/1
211/1211.6571.pdf



Precession electron diffraction

optic axis

pre-specimen

: ; Ewald sphere
deflection coils :

specimen plane

post-specimen
deflection coils

diffraction plane

diffracted direct
beam beam

Vincent & Midgley, Ultramicrosocopy 53 (1994)



Precession electron diffraction




Precession electron diffraction

PED = integrating the diffracted
intensities over many orientations of
the incident beam around a circle

For symmetry determination: more
reflections in one diffraction pattern,
more obvious systematic absences,
easier access to HOLZ lines, better
symmetry

For structure solution: intensities are
,more kinematical® — more generally, the
ordering of intensities is much closer to
kinematical than non-precessed data.

For structure refinement: less sensitive to
crystal thickness and orientation, more
sensitive to structural parameters

orthopyroxene [001]

Nno precession

precession - 2.4°




Precession electron diffraction

PED = integrating the diffracted
intensities over many orientations of
the incident beam around a circle

For symmetry determination: more
reflections in one diffraction pattern,
more obvious systematic absences,
easier access to HOLZ lines, better
symmetry

For structure solution: intensities are
,more kinematical® — more generally, the
ordering of intensities is much closer to
kinematical than non-precessed data.

For structure refinement: less sensitive to
crystal thickness and orientation, more
sensitive to structural parameters

CaTiO3 non-oriented
Nno precession

precession 2.0°




Precession electron diffraction

0 —

0 100 200 300 400 500 600
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Structure solution from oriented patterns
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Problems: low coverage, tedious data collection, strong dynamical effects even with precession



Electron diffraction tomography




Electron diffraction tomography
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Electron diffraction tomography

Available online at www.sciencedirect.com
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SRR
ELSEVIER Ultramicroscopy 107 (2007) 507513

www.clsevier.com/locate/ultramic

94 Z. Kristallogr. 225 (2010) 94-102 / DOI 10.1524/zkri.2010.1202
(© by Oldenbourg Wissenschaftsverlag, Miinchen

Towards automated diffraction tomography: Part —Data acquisition

U. Kolb®*, T. Gorelik?, C. Kiibel®, M.T. Otten®, D. Hubert®
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“Ab initio” structure so Electron diffrq] ta collection / 3D diffracti thick. Because the Ewald sphere is almost flat, many re-
combination of automa flections are simultaneously in diffracting conditions. This
Abstract. A fhod for collecting complete is especially true for diffraction patterns taken near zone
E. Mugnaioli, T. Gorelik, U. Kol mensional elg raction data is described. Di axis directions or major diagonals, such as (100), (110),
data is colleg ombining electron beam tilt (111) and so on.

Institute of Physical Chemistry, johannes Gutenberg-|
The presence of multiple diffraction can often be seen

directly in a diffraction pattern in two ways. Systemati-
cally absent reflections (forbidden by symmetry) are pre-
sent and the intensity variation of reflections in the diffrac-

fh rotation of the crystal in a
ber of practical considerations
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EDT — examples

P. Boullay, N. Barrier and L. Palatinus, Inorg. Chem. 52 (2013) 6127-6135
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EDT — examples
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Electron diffraction tomography

v complete or almost complete diffraction data

v' conceptually simple, fast and potentially fully automatic
experiment

v easy solution of structures by ab initio methods

x Poor figures of merit, unreliable atomic positions, unreliable e.s.d.s

barite 27 0.1 0.3

Li, TigNizO,, 35 0.23 0.4

Zn;Cl,(BTDD)4 32 ? 0.2 (rigid bodies and soft constr.)
natrolite 20 0.1 0.183

charoite 17

Na,TigO;4 29 0.152 0.454

Examples from Kolb et al., Cryst. Res. Technol. 46



Electron diffraction tomography

Why is the refinement so poor?
Because of the dynamical difraction




Dynamical refinement

S = exp(2mitA/2K,)
Igi X |Sl1|2

aAi; = ZKSgl.,i = 1, Nbeams

A

— Ug —g; 20U J =1, Npeams

Dynamical refinement = least-
squares refinement with |,
calculated with the dynamical
diffraction theory



Dynamical refinement - specifics

data selection — a key to success:

Imax. the maximum resolution of the
experimetal data (typically 1.4 A1)

ngax: maximum excitation error of the

experimental data

R, " The ratio between S; and the
amplitude of the precesion motion at g




Dynamical refinement - specifics

- Each experimental frame is treated
separately. Reflections are not merged
accross frames

- Symmetry-equivalent reflections are not
merged

- Each frame has a separate scale factor

- Crystal thickness is refined

- Exact orientation of the crystal w.r.t.
incident beam for each frame is
important and must be known

- Data selection procedure is important!




Dynamical refinement and PED — why bother?
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Own et al. (2006), Acta Cryst. A62 Palatinus et al. (2013), Acta Cryst. A69

Price to pay: much longer computing times!



Dynamical refinement and PED — why bother?

Paracetamol form Il — two data sets

Data set | Data set Il
precession 1.5° 0.0°
angle
tilt step 1.5° 1.5°
tilt range 85° 74.5°
R 9% 35%

obs

90
80
70
60
50
40
30
20
10

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55

——with PED ———without PED




Dynamical refinement — practical procedure

Data reduction file from:

| Erowse

Analyze data and

extract intensities ce
1 Siemens P4
1 Bruker-CCD

i Oxford Diffraction-CCD

(1 Oxford Diffraction-PD
() Rigaku-CCD

(1 1PDS Stoe

) bl

1 ILL-yivaldi

) ISIS SXD

1 Koala at ANSTO

) SCOLANL

(1 HasylabF1

) Hasylab HUBER

) Hasylab XDS

O er2188

(# Pets electron diffractometer
) SENJITOF

71 SHELX an I - abs. cerrection needed

Import the data to Jana. All
information is stored in CIF
format and imported

R factors : [2376=1841+535/254],
GOFfobs)= 439 GOF(all)= 3.83

Damping factor: 0.2000

automatically

starting thickness

Set up the parameters of refinement,
calculate thickness plots to indentify

for elech ion dat.
Orientation matrbc U1t | 008738 | uiz| 00331 | uis|-0.00027 |
uzi|0.07048 | w22 004253 | uasf-oooee |
usi[0.00317 | us2[ 000181 | uss[oaseer |
Maximal diffraction vector g(max): | 2 Number integration steps: | 125
Maximal excitation error (Matrix): [ 0.02 | Use dynamic approach:
Maximal excitation error (Refine): [ 0.015 | Select zones for refinement | Define zones of equal thicknesses |
ED4Jana commands: thr 5 |

Run optimalizations except of scale optimize af

|| orientation

H| -0.13262 K| -0.11676
P N —

e ] Emea[orim (]
Esc Ok

Rfobs)= 11.53 wR{obs)= 1189 Ral)= 1250 wR(ED= 12.09

Parameters for electron diffraction data

i) Orientation matrie: U11[ 0.08738 | U12| 0.03321 | uis| -0.o0027 |
Maximum change/s.u. @ 7.9420 for Uiso[03]
uz1| 007048 | U22|004253 | w23 -0.008e2 |
ust| 00037 | ws2[ooo1s1 | w3 o0aseel |

Maxina diftacion vector ofnax):
Maximal excitation error (Matrid: | 0.02
Maximal excitation error (Refine): | 0.015

b ntegration steps:

Use dynamic approach:

Select zones for refinement | Define zones of equal thidknesses |

‘Zoneg: ! ill R(@l)= ———

O e e o Co—

ED4Jana commands: trs

e |
N E—

« . Run optmaiizations | except of scale optinize also: | | Thickness
K

et |

‘wR(all)

Ecscie[ssass || eomalsesss |1 ewem[o ] owem[o |
EDPhi| -69.96562 [ EDTheta| 0.111128 [ ]

Refining procedure - cycle 1/100

End | Parameters |

Palatinus et al. (2015), Acta Cryst. A69

Cancel |

Fine-tune the orientation of
individual patterns

thickness

- o [




Dynamical refinement — test results

kinematical dynamical computing
time per
materia| ADRA/ MDRA R1 ADRA/ MDRA R1 Cyc|e Remark
(desktop
PC)
kaolinite | 0.0946/0.2660 | 19.15 | 0.0216/0.0504 | 577 | 2m24s nverted suucture
Ni,Si 0.0206 / 0.0240 11.07 0.0076/0.0110 7.28 54 s 15 nm nanowire
Ni;Si, 0.0163/0.0482 17.95 | 0.0065/0.0139 8.45 5m 27s 35 nm nanowire
Prvo, 0.1549/0.2395 21.52 0.0174/0.0298 9.11 I1mb52s
partially occupied O
mayenite | 0.0270/0.0392 | 17.56 | 0.0121/0.0334 | 8.63 | 16m20s visible in the difference
Fourier
partial occupancies of
Orthopyro | 5 5492/ 0.0814 | 24.98 | 0.0104/0.0236 | 7.06 38'm Fe/Mg refined to accuracy
MR better than 2%

Palatinus et al., Acta Cryst. B 2015a,b; Correa et al., J. Alloys Comp. 2016




Current challenges

v Can we still improve the fit to get to the typical x-ray
levels of accuracy and figures of merit?

v'Can we find data collection protocols that do not
require PED and still can be well refined?

v Can we port the dynamical refinement strategy to
macromolecules and is it necessary?

v'Develop random diffraction tomography for the
solution of really unstable crystals

v'"We need an appropriate instrument!



Future of electron crystallography

v Presentation of the method, more widespread use

v Use of special cameras with improved signal-to-noise
ratio

v"Random diffraction tomography, combination of
diffraction from many crystals




