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I 0. Structural and microstructural analyses : why using electrons?
I 1. Precession Electron Diffraction Tomography : from structure solution to structure refinement

I 2. Electron Powder Diffraction : Rietveld analyses using MAUD
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I 0. Structural and microstructural analyses : why using electrons?
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Structural Analysis of Nanomaterials
using Electron Diffraction

Yobs
Ycalc
§ Yobs - Ycalc
"’ | Bragg Position

4
|
2o I 10: M Ii jQ
933 nogae@ & !
" }@w W’Q i AL

XRD | single-crystal | < tens of micrometer » | powder
3000 -
cell, symmetry |
and structure £ s T
;é): 1000 - i‘,
g |
ol =
1IO

T
20

: .
30 40

phase S/M, structure and microstructure

(size, shape, texture)

Intensity [Count] =X

Precession Electron Diffraction Tomography (PEDT)

Electron Powder Diffraction (EDP) patterns



Structural Analysis of Nanomateri :
using Electron Diffraction -

Amplitude scattered by a crystalline lattice
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using Electron Diffraction

Amplitude scattered by a crystal (finite size effects) crystal form factor
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Structural Analysis of Nanomateric

using Electron Diffraction

Laue zones (ZOLZ and HOLZ) V=200kV E /=2508 162m
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Structural Analysis of Nanomateri :
using Electron Diffraction -

Electron beam / matter interactions charged particules
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Structural Analysis of Nanomateri;
using Electron Diffraction |

Electron beam / matter interactions

- interact with the electrostatic potential of the crystal (electrons + nucleus)

- strong Coulombinteractions .
coherent incident electron beam

incoherent elastic
backscattered

Auger electrons

SEM

k 4 electrons
] _ . photons X -. Sef‘“:da”f
kinematical approximation e N BV S
is generally not valid in 1/~ v usblelan
. . samplepreparation ! AN AN
electron diffraction N e L
- thin specimen (<100nm) ‘ , ‘ ',/} induced current
E multiple scattering events e
kinematical approximation <
. . coherent elastic ,
interactions of very weak scatterad slectrons
mag nitude il incoherent inelastic
incident wave: hardly modified Y scattered electrons
direct beam

Scattered wave: small perturbation
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Multiple scattering

A diffracted beam acts as a secondary incident beam :

visible effect E translation of the whole diffraction patterns
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Structural Analysis of Nanomaterials i 1
using Electron Diffraction ' ;

Crystallography : determine the arrangement of atoms in a crystalline solid

Crystal structure : structure solution and structure refinement

mostly rely on the analysis of diffraction patterns (X-ray, neutrons and electrons)

‘ e / matter : stronginteractions ‘ » dynamical scattering

dynamic kinematic |




Structural Analysis of Nanomateria A
using Electron Diffraction '

Crystallography : determine the arrangement of atoms in a crystalline solid

Crystal structure : structure solution and structure refinement

mostly rely on the analysis of diffraction patterns (X-ray, neutrons and electrons)

e / matter : stronginteractions ‘ » dynamical scattering
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Structural Analysis of Nanomateri; :
using Electron Diffraction | -

Crystallography : determine the arrangement of atoms in a crystalline solid

Crystal structure : structure solution and structure refinement

mostly rely on the analysis of diffraction patterns (X-ray, neutrons and electrons)

‘ e”/ matter : stronginteractions ‘ Cs corrected HREM imaging
atomic positions, strain analysis

| | Cs corrected STEM imaging
small diffracting volume dynamical scattering Z-contrast (HAADF and BF)

v ! EDX
thin films, nanosized particle / area CBED chemical mapping

STEM-EELS
TODAY ! chemical and valence mapping
You can do a lot more than just diffraction Imaging and spectroscopy

experiments in a modern TEM or STEM ! at atomic resolution




Structural Analysis of Nanomat
'Y using Electron Diffraction

Crystallography : determine the arrangement of atoms in a crystalline solid
Crystal structure : structure solution and structure refinement

mostly rely on the analysis of diffraction patterns (X-ray, neutrons and electrons)

e / matter : stronginteractions ‘ » dynamical scattering

Hectron Diffraction forstructure and microstructureanalysis?
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I 1. Precession Electron Diffraction Tomography : from structure solution to structure refinement

a. Electron Diffraction Tomography (EDT)
b. Precession Electron Diffraction Tomography (PEDT)

c. PEDT and structure solution (kinematical approximation)

d. PEDT and structure refinement (dynamical approach)



Structural Analysis of Nanomaterials '
using Electron Diffraction _

Electron Diffraction Tomography (EDT) = gain 3D info + high data completeness

“phi-scan” data collection
U. Kolb et al., Ultramicroscopy 107 (2007) 507

collection of a series of randomly oriented
EDpatterns at a fixed angular interval
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Structural Analysis of Nanomaterials
using Electron Diffraction r

Electron Diffraction Tomography (EDT) = gain 3D info + high data completeness

“phi-scan” data collection PETS (L. Palatinus)
1 > peaksearch

U. Kolb et al., Ultramicroscopy 107 (2007) 507

transmittedbeamposition,
collection of a series of randomly oriented goniometertilt, calibration,
EDpatterns at a fixed angular interval reflectionsa A 1 S X

n frames » peaks list “2D” + center position

2 > peaksanalysis
l samereflectionin severalframes

peaks list “3D” (x,y,z) *+ clusters analysis

3> l JANA2006 (V. Petricek)

indexing * orientation matrix + RS sections

4 > data extraction

1

hkim I s (1) file




Structural Analysis of Nanomateri - '
using Electron Diffraction

Electron Diffraction Tomography (EDT) = gain 3D info + high data completeness

» EDT datasets : go further and use intensities for structure solution ?

4 > data extraction

} ‘ structure ?

hkim I s (1) file

» Electron crystallography : more complicated than XRD due to dynamical conditions

limit the dynamicaleffects PED

thin samples, light atoms, oblique texture ED, ... L

sample

- limit the interactions between the diffracted beams e
Tilt ’A; K

- less sensitive to thickness variation

- increase the resolution limit

" mtegrated intensities strongly misoriented diffraction patterns oriented PED patterns by summation on 0

R. Vincent and P.A. Midgley, Ultramicroscopy 53 (1994) 271
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using Electron Diffraction |

Precession Electron Diffraction Tomography (PED + EDT)

“phi-scan” data collection

U. Kolb et al., Ultramicroscopy 107 (2007) 507 sT>Q
collection of a series of randomly oriented _ 59
: : Ewald sphere in PED
EDpatterns at a fixed angular interval v
relrods intensity integration ‘—g—“
PED angle1.2°
Saudl ' BEEERERK ;
4 - ; ¢ )
, ‘ ‘ y . 0 g B
* & P — '_ ‘
. | 7 . 0
4 LI A .
] Vo D T I B B B BN ]

data collection time ~ 1h




Structural Analysis of Nanomateri - '
using Electron Diffraction

Precession Electron Diffraction Tomography (PED + EDT)

N\

‘ limit the dynamical effects ‘ NdG?Q anaILJKH B I

Data Analysis » 1 hkl | s(l) file

- limit the interactions between the diffracted beams
- less sensitive to thickness variation
- increase the resolution limit

- integrated intensities

‘ increase the data completenes‘

Precession Electron Diffraction Tomography

¥ ¥

structure solution structure refinement

kinematical approximation
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using Electron Diffraction ' ;

PrVO,: a representative example of tilted perovskite

PNMA(SG f162) 1> "peak search" PETS (L. Palatinus)
a= 5.44 transmitted beam position,
b=7.76 A goniometer tilt, calibration,
c=5.408 reflections size, ...

n frames » peaks list “2D” + center position

data collectiorusingtilt x ., -
2> "peaks analysis

l same reflection in several frames

peaks list “3D” (x,y,z) + clusters analysis

A l JANA2006 (V. Petricek) [
indexation + orientation matrix

4> "data extraction"

1

95° to -55° step 1°/ precession angle 2° hkim I s(l) file + RS sections




. Structural Analysis of Nanomaterials
" using Electron Diffraction

Data Analysis > like single crystal XRD Phi scan

-55° to +55°, step 1°

PED angle: 2.0°

X 111 unoriented patterns

nb. Of reflections : ~ 1030 [I> 30(l)]

_Acquisition time = 20 min
coverage 1A shell ~98%

Parameters: a= 5,471 A: b =7,698 A: ¢ = 5,356 A:
a=p=y=90°
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y © using Electron Diffraction

Check symmetry using reciprocal space sections
(Okl) c* (k) . ae (hol) . s |
0. " c e 8 - — i
(hk0) o T (hkT) g » n_La (Okl: k+l=2n)
! ] »m_lb
. S - » a_L ¢ (hk0: h=2n)

Orthorhombic Pnma
a=547A:b=769A:c=536A

.....
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P using Electron Diffraction

PrVO,: a representative example of tilted perovskite

J

structure solution
\ 4
SUPERFLIP

\ 4
densitymap

+ >
interpretation

refinement

check

consistency

with X-ray
powder

diffraction

solution refinement
®@v O pr @0 kinematical approximation

Pnma (SG n°62) a= 544 A, b=7.76 Aand c=540 A4  independent Ref. obs/all = 197/369
R(obs)= 25 %



Structural Analysis of Nanomateric

using Electron Diffraction

PrVO,: a representative example of tilted perovskite

Pnma (SG n°62) a= 5.44 A, b=7.76 A and c=5.40 A

Prl
Vi
01
02

ai
0,5
0,5

1
0,5

x/a
0.4552(5)
0.5
0.7070(3)
0.5191(3)

y/b
0.25
0
0.0429(2)
0.25

z/c
0.9928(7)
0.5
0.7938(3)
0.4182(4)

PrvO,

ADRA= Average Distance
of Reference Atoms

(comparison with the

*M.J. Martinez-Lope et al., Inorg. Chem. 47 (2008) 2634-2640

NPD reference®)

Residual dynamic effects !

reliability factors calculated based on

kinematical approximation are biased

|dPr-Prygyrronl (A)
|d01'01NEUTR0N| (A)
|d0,-Oaneurronl (A)
ADRA (A)
R1(obs)
wR1(all)
N(obs)/N(all)

Nparameters

without  Kinematical | Kinematical
refinement refinement | dist. restric.
0.023 0.079 0,0537
0.055 0.239 0,0440
0.042 0.1408 0,0669
0.043 0.175 0,0549
24,04 23,90 confidence ?
26,43 26,59
197/369 197/369
12 12




Structural Analysis of Nanomateri :
using Electron Diffraction -

: Use dynamical scattering theory R[]
Structure refinement »
(MSLS J. Jansen, ASTRAAP, Dudka et al., ...) AL

=) |ntensity calculation: Bloch waves formalism (Bethe (1928) & Humphreys (1979)).

limits on SJ

............................

L -
limits on RS0 ........ S R e R ) AL S )

JANA/PETS workshop
http://iana.fzu.cz/wOZ?.htmI R L R U YT OO SO GO RIS

#2015 International Union of Crystallography

Experimental parameters &  Selection/Computation parameters

U Crystal thickness,
condition.

by a precession motion

U Orientation of the surfacg normal with > g resolution max for ED data.
respect of the crystal lattice.

K / Q Computing parameters.....

\ /r Sg’lax : max deviation from Bragg \

U Orientation of the incident beam > Rs how well the reflection is covered

)

see L. Palatinus et al., Acta Cryst. A 71 (2015p2B8Bher informations on DynGo implementation in JANA2006


http://jana.fzu.cz/w027.html
http://jana.fzu.cz/w027.html

Structural Analysis of Nanomaterials
using Electron Diffraction |

» Dedicated integration procedure of intensities PETS
for each frame : list of reflections, hkl , intensity,

scale and estimated standard deviation " (I) » n hkl | s(l) files !

» Parameters optimization JANA2006

Paramety Select zones for refinement

* limit
d imi Orientation matrbc U1l | 0.04606 | U1z 0.08g|| Zon=#1-[1,0.082,0.268] | zone#15-[1,0.21,0.087] | Zone29 - [-1,0.345,-0.108]
Zone#2 - [-1,-0.091,0.256] Zone#16 - [-1,-0.22,0.074] Zone#30 - [-1,-0.359,-0.124]
U21| 0.12057 | U22| -0.04
Zone#3 - [-1,-0.1,0.243] Zorne#17 - [-1,-0.229,0.061] Zone#31 - [-1,-0.37,-0.139]
usi| -0.11125 | 32| -0.08 Zone#4 - [-1,-0.11,0.23] Zone#18 - [-1,-0.239,0,048] | Zone#32 - [-1,-0.381,-0.155]

Th = k t' . t' Maximal diffraction vector g(max): | 2 Zone#5 - [-1,-0.119,0.217] Zone#19 - [-1,-0.248,0.034] | Zone#33 - [-1,-0.393,-0.171]
IC neSS Op “ | Ilza |On . o ) Zone#6 - [-1,-0.128,0.205] | Zone#20 - [-1,-0.258,0.02] | Zone#34 - [-1,-0.404,-0.187]
Maximal excitation error (Matrix): 0.02

= Zone#7 - [1,-0.137,0.191] | Zome#21 - [-1,-0.267,0.007] | Zone#35 - [-1,-0.416,-0.203]

Rt icess oz 722 Maximal exdtation error (Refine): | 0.015 Zone#s - [-1,-0.146,0.179] Zone#22 - [-1,-0.277,-0.007] | Zone#36 - [-1,-0.428,-0.22]

R facter a“ ooﬂ eo, Limit on R5q: 0.5 Zone#9 - [-1,-0,155,0, 166] Zorne#23 - [-1,-0.287,-0.021] | Zone#37 - [-1,-0.44,-0.237]

Spnn o % E
,: @ o L o 207 Zone#10 - [-1,-0.164,0.153] | Zone#24 - [-1,-0.297,-0.035] | Zone#38 - [-1,-0.452,-0.255]
R'faC.tor o o 2 B 00°° %0000 [ PN ED4Jana commands:

o . %, o 0%°,,0 = Zone#11-[-1,-0.173,0.14] | Zone#25 - [-1,-0.307,-0.049] | Zone#39 - [-1,-0.465,-0.273]

° ¢ °° Zone#12 - [-1,-0,183,0,127] | Zone#26 - [-1,-0.317,-0.064] | Zone#40 - [-1,-0.478,-0.291]

Run optimalizations | except of scale op| | Zone#13 - [-1,-0.192,0.114] | Zone#27 - [-1,-0.328,-0.078] | Zone#41 - [-1,-0.491,-0.31]

Zone#14 - [-1,-0.201,0,101] | Zone#28 - [-1,-0.338,-0.093] | Zone#42 - [-1,-0.504,-0.329]
2 | >

Zonez:| 1 |l R(al)= 15.6506% | Select al [ Refresh |

| EN K[ -0.0q s | ok |
alpha bemlD

i

El

o e e I Co— T Ca—
coon[ v | ]| comea[c oo [ ]

=

~280 nm

= orientation optimization
thickness




Structural Analysis of Nanomateri; :
using Electron Diffraction | -

» Dynamical refinement results (no distance constraints and no data selection: 111 PED patterns)

Kinematical | Dynamical Dynamical ref.
ref-restrict | ref. + ADP  + aniso. ADP PI’VQ
. dynamical refinement
|dPr-Pryeutronl (A) 0,0537 0.0057 0,0055
1d0;-Osneutron| (A) 0,0440 0.0298 0,0282 better
1d0,-Opneureonl () 0,0669 0.0166 0,0132 v
ADRA (A) 0,0549 0.0172 0,0152 e | accuracy
R1(obs) 23,90 9,11 9,08 confidence
wR1(all) 26,59 12,21 12,15
N(obs)/N(all) 197/369 1403/4599 1403/4599
» 111 frames
Nparameters 12 123 139

# Towards accurate structure refinement with an accuracy
comparable to XRD and NPD

L. Palatinuset al. ActaCryst B71 (2015) 7461 Structure refinement using precession electron diffraction tomography and dynamical diffraction



Structural Analysis of Nanoma :
y © using Electron Diffraction
b alft oo I

‘ limit the dynamicaleffects ‘ ‘ usedynamicalscatteringtheory LA ‘

Data Analysis » 1 hkl | s(I) file Frame by frame fit » n hkl | s(l) files
- limit the interactions between the diffracted beams - Bloch-wave formalism
- less sensitive to thickness variation - models for thickness variation
- increase the resolution limit - orientation optimization for each frame
- integrated intensities - max. deviation from exact Bragg condition (Sg)
- PED: Srginand Srgax where Srgin/max = Sg Nligl|o

Increasethe datacompleteness ‘

- ... seelL.Palatinuset al., ActaCryst A 71 (2015) 235

Precession Electron Diffraction Tomography

¥ ¥

structure solution structure refinement
kinematical approximation dynamical approach
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. . @ . .
single crystal

1 2X 4X o]
More crystals E more reflections, resulting in concentric rings with a central beam in the middle

PEDT <« tens of nanometer »

Nanoparticles (NP)

x10?
200} k
&

fa
\N\j

e

single crystal Electron Powder Diffraction (EDP) patterns
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I 2. Electron Powder Diffraction : Rietveld analyses using MAUD

F a. phase search and indexing
F b. sizes, shapes and textures
B ¢. structure refinements

P. Boullay, L. Lutterotti, D. chateigner and L. Sicard, Acta Cryst. A 70 (2014) 448-456

Fast Microstructure and Phase Analyses of Nanopowders using Combined Analysis of TEM scattering patterns



Structural Analysis of Nanomateria : !
using Electron Diffraction '
- ,

Quantitative and statistically representative analysis of crystallite

sizes and shapes, structure and crystallographic texture of

nanoparticles in the form of powders and thin films?

Extraction of 1 ntensities f rforguadtifateves
orsem-guantitative anal ysis &

uVainshtein (1964), é

U PCED 2.0 : X.Z. Li, Ultramicroscopy 110 (2010) 297-304
U ProcessDiffraction : J.L. Labar, Microsc. Microanal. 15 (2009) 20-29
U TextPat : P. Oleynikov, S. Hovmoller and X.D. Zou in Electron Crystallography

U The MAUD program : L. Lutterotti Nuclear Inst. and Methods in Physics Res. B268 (2010) 334-340.
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using Electron Diffraction 4 ‘

MAUD
Rietveld pattern fitting

Delft size-strain (PV)
Popa anisotropic
Evolutionary Size/Strain distributions
Simulated Annealing Planar faulting (Warren)
Marquardt (Least squares) Turbostratic (Ufer)
Metadynamics optimization : :
Indexing Simplex (Nelder-Mead) Size-Strain
(COD phase search procedure) Genetic
Peak location X1 arch-Dollase
y Harmonic
Neutron Texture gy
Electron Standard Functions
Peak fitting
Residual stresses
_ Geometric
Structure refinement Voigt, Reuss, Hill

Triaxial Stress



Structural Analysis of Nanomateria : !
using Electron Diffraction | ‘

Incident ebeam

«———Ewald sphere

direction of the diffracted beam
«—  for (hkl) planes
direct beam

camera length calibration
driRoi =1 L= K(A.mm)

camera length

L
i O

-

screen or detector

P

4_thl —_—

The relation with the diffraction angle ig(2q,,,) =R,/L (for small anglesy ~ sing ~tgq)

inter-planardistancesé . NJ 3 3 Q& R{, & bL(=cste
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using Electron Diffraction

Intensity extraction along the rings by segments using an ImageJ plugin

Ll 20001 r — t
@ DataFileSet x = & ¢ Arealmage = RS
File Edit Tools File Edit Image Process Analyze Plugins Window Help
3 General | Datafiles |Exduded regions | Background function E Ov| = | Q< A—| _+'.| N | A| % | CST.jl| ,| | ﬁ | J | & | B | | | |» |
Spectra list Selected spectrum options ST
E Browse.. Chi: |0.0 [¥] Enabled
Phi: 0.0

é From images.. [ Fitting file output
Omega: |90.0 .
R Remaove etz 0.0 [ As background
e ] counts * (1.0 d —
h View L . - S
Monitor Counts: 1.0
@ Additional par Bank ID: none Channels (c): |1
o~ ] Measurement date: 1984-01-01 i :
Q Bound Spectra Slices (z): |1
Measurement time: 00:00:00 Frames (i) ,_1—

Datafile weight: 1.0

Mote: c*z*t must equal 1

Command shortcuts

3 [ a Importing script.. “ + Add bkg par “ R Remove bkg par “ + Add shift par

Unit o Length: 1™ plxel S|Ze
Pixel Width: |0.0074000

l R Remove shift par “ R Remove disabled “ h View summed “ Sum spectra ‘

Pixel Height: |0.0074000
l Sum spectra by rules “ Modify Angles “ Plat Int. hystogram “ Sort by angles ‘
[ Sort by name “ Sort by bank number ‘ l Disable/group by rules ‘ l Set angles by time ‘

4
L
:@ & ok

# _riet_par_spec_displac_y

Origin (pixels). |00

[ Global

oK Cancel

#® _riet_par_spec_displac_z
# _pd_spec_size_axial
#® _pd_spec_size_equat

# _pd_spec_size_thick

o o o o o O

#® _pd_spec_size_radius

only dependent of the specification of your CCD camera3 pixel to mm
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Intensity extraction along the rings by segments using an ImageJ plugin

¢B|7] w| O

) Plot ] [Ty Prot zol ® residuals ZDI

Weaq U003

options

=101 x|

i
File Edit Image Process AnalyzeWindow Help

B olz|o~|=z~4]4[x
Magnifying glass

chi=phi=0° / omega=90° / eta: 0° to 360°

Shortcuts

Utilities

Record...

New...

Edit...

Compile and Run...

Spectrum hy linear integration
Multi-Spectra fram curved image
Pattern from curved image

Multi-Spectra from normal transmissionireflection image

Multi-Spectra from flatteflection image
Open EDF image

Open SIS image

Open KappaCCD image

Open Nonius .syn image

Open Bruker image

Open Digital Micrograph DM3 image

=10l

=0l x]

Qutput |

false
false
false
false
false
false
false

Transmission geometry for TEM scattering experiments with the nomenclature used in MAUD
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Intensity extraction along the rings by segments using an ImageJ plugin

L t =10l x|
Fil nalysis Graphic Special Interface Help
7 =)
Ij |@ (o4 I l @ l @ ® 5 @ x Q ? %Y { AreaImage A =101 xj
Datasets | phases | Sample ! By plot | Iy Plot 2[)] @ Residuals 2D| s Edit }Image‘ PrPCES‘S Ana!yze Hndos el
) ‘ 8 olc|o~|z~ 44|~ shorouts »
— Magnifying glass Utilities 3
=10l x| Record...
New..
Edit...
Selected spectrum options | Corpile and Run...
Center X (mm) 0.000000 nanc ap! 3 Spectrum by linear integration
16 mm (2048x2048); 16-bit grayscale; SMB
Multi-Spectra from curved image
Center’Y [:mm} 0.000000 Pattern from curved image

Multi-Spectra from normal transmissionfreflection image
lE ra d | us [:d = g ETh EtEI } Multi-Spectra from flatteflection image
Open EDF image
7 2 Open SIS image
patte rnS Open KappaCCD image
Open Nonius .syn image
Open Bruker image
Open Digital Micrograph DM3 image

052
Starting angle (in deg) |(0.00
2

Final angle {in deg)
Mumber of spectra |7

Omega anagle (in deg)

estimation of
the center
position using a
reference circle

[~ 2-Theta angles calibrated on the screen
Image filting Sx |0.000000
Image tilting Sy |0.000000

[ Reflection image

2|

Chi angle (in deg)

R

number

Phi angle (in deqg)

//
atus Qutput |
AKING .
false j
false
false
false

chi=phi=0° / omega=90° / eta: 0° to 360° fee

false

Update| Canu::el| OK |
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using Electron Diffraction :

Corrections for center position and elliptical distortion ?

12
80
: | B
(] I i day
0 I I i 1 I I | T T T T
1.5 2.5 3.5 4.5 55 6.5 15 25 35 45 55

Spectrum # (data | fit)
8

Q (AngstromA-1) - | " Q(AngstromA-1)
T e T Pawley fitting refining centre and tilting
0 40 80 120 160 200
Intensity(M/2) * Q x-center error = -0.00755(4) mm
y-center error = -0.01093(4) mm
Pawley fitting without refining center or tilting tilting error x (sin(error)) = -0.0048(3)
Centre defined graphically on the image tilting error y (sin(error)) = 0.1211(3)

Rwp =2.83 % Rwp =1.56 %

Enels 1 TR
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Intensity extraction along the rings by segments using an ImageJ plugin

01' sl ~=10f x|
File Edit Analysis Graphic Special Interface Help
|j|@ "l‘@‘ @ ® @ @ x Q ? % @ ékrealmage i _-_u}J
. Datasets | phases | Sample = ’ m Plot | ﬂi Plot ZDI & Residuals 2D| %QOEgng‘zois‘;rﬁL\ ‘WlndUW e »
| - e = : -l ‘ |2 | | ortcuts
= L "I : Magnifying glass Utilities b
T —— ] =L1x aton.
’) . New...
L Sample-Detector distance (mm)  [RESpElEED L nctiomot |mp0rtant hel’e B T Edit..
" Selected spectrum options Compile and Run...
Center X (mm) 0.000000 L5108 n ! Spectrum by linear integration
16 mm (2048x2048); 16-hit grayscale; SMB e AT
Center ¥ (mm) 0.000000 Pattern from curved image

Multi-Spectra from normal transmissionfreflection image
TFECHET CirC'E rEIdiLlS [:dEg EThEtEI} 052 Multi-Spectra from flatteflection image
Open EDF image
72 Open SIS image

patte rnS Open KappaCCD image
Open Nonius .syn image
Open Bruker image

Starting angle (in deg) |(0.00
Final angle (in deg) |260.00

Mumber of spectra |72 i
Omega angle (in deg) |20.00 I disabled

Chi angle {in deg) |0.00

Open Digital Micrograph DM3 image

estimation of
the center
position using a
reference circle

[~ 2-Theta angles calibrated on the screen
Image filting Sx |0.000000

2|

o

number

Phi angle (in deg) |0.00

atus QOutput
Image tilting Sy  |0.000000 — lj
[ Reflection image ;::z:
false
Update| Canu::el| Ok | : : false
chi=phi=0° / omega=90° / eta: 0° to 360° i

we have to calibrate the distance specimen/detector 3 mm to 2q
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using Electron Diffraction

Intensity extraction along the rings by segments using an ImageJ plugin

calibrate the distance specimen/detector using a « reference material »

3 an assembly of nanoparticles with known SG and lattice parameters
30540 AF YAONRAUGNHzZOGdzNF € FSFGdz2NBa o0aaAl
. 222260 0 0 1099 00|

1000 180.6
1200 229.4

n image

MName Value

----- # _riet_par_background_pol4 -375.86115

en SIS image

[=- | Diffraction Instrument en KappaCCD image

- 4 _pd_proc_intensity_incident 5.4587734E-2

en Digital Micrograph DM3 image

=+ | Flat Image Transmission

- _pd_instr_dist_spec/detc 1019, 750588

# _inst_ang_calibration_center_x -0.0044315335

# _inst_ang_calibration_center_y -0.008519741

# _inst_ang_calibration_beam_sx 0.08770438
----- # _inst_ang_calibration_beam_sy 0.024343335
. # _inst_ang_calibration_ratio_pixels 1




Structural Analysis of Nanomaterials
using Electron Diffraction '

Intensity extraction along the rings by segments using an ImageJ plugin

™ oud-test ==
File Edit Analysis Graphic Special Interface Help
7 =]
Ij | @ (4 I l @ l @ ® 5 @ x Q ? h { AreaImage A =101 x|
Datasets | Phases | Sample | m Plot | ﬂi Plot ZDI Q Residuals 2D| s Edit }Image‘ Prpces‘s Ana!yze Hiindomtielo
‘ I8 o|z|of~|=[~]a]4 X shorcuts ,
@ Magnifying glass Utilities »
| “DataFilese =101 x| Record...
File Edit Tools
New...
General Datafiles | Excluded regions | Background function | Edit...
Spectra list Selected spectrum options | Corpile and Run...

Spectrum by linear integration
Multi-Spectra from curved image

& Browse..
L é From images..,
[ x Remove
By view
(@) addtional par 1 2 O p atte r n S Open SIS image

i Bmm (2048x2048); 16-hit grayscale; 8MB

Pattern from curved image

Multi-Spectra from normal transmissionfreflection image
Multi-Spectra from flatteflection image
Open EDF image

Open KappaCCD image

Q Bound Spectra
2 D I t Command shortcuts
p O | & Add bkg par | b1
= i
I

Open Nonius .syn image
Open Bruker image
Open Digital Micrograph DM3 image

@ Script import..,

estimation of
the center
position using a
reference circle
on the screen

-

100
% i

S

80

4 B
>
atus Qutput |
false j

Spectrum # (experimental)
60

A o b il R

) chi=phi=0° / omega=90° / eta: 0° to 360° -

0.30 0.50 0.70 0.90 1.10
2-Theta (degrees)
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w107 1D XRPD-like pattern (360° summed intensity)

peak location and intensities

400

Intensity [Count]

200

b(x): background => pic at 0° + polynomial function

© 29()=>Q(AY v

measured profile h(x) = f(x) A g(x) + b(x)



Structural Analysis of Nanomaterials

using Electron Diffraction

Thewhole patternrepresenting the summed intensity along the rings can be us
for an automatic phase search procedure in the Crystallography Open Databa:
using the program S_FPM (L. Lutterotti).

® S FPM File Edit Format View Analysis Window Help D8 G WM = 9 = 4 (= (Charged
Periodic Table co e

D

: PERIODIC TABLE OF THE ELEMENTS 16
m 2 o — Standag ‘Tablbe . m ] E
ey e it ‘ f31 T b SorceCioup
i [—] ” g o e ﬁ ﬁ i g ﬁ ‘B Potassium trialuminium dihydro... AI3 H2 K 012 Si3 -C 2yc
fral [M_g] o fA]Fs el i F&l FA - | catcium difivoride CaF2 F423
Calci id CaO -F423
fafe) ﬁfﬂf ﬁﬁﬁﬁﬁﬁﬁ (cal feel fas] foa el it - éi!ﬁﬂﬁ:&f ide Cah2 02 32

(715l ] ) o) ) e - | oo e 007 S
ﬁ[ﬂ mmmmmmmmm@ (i (0] (511 fisd el fal I;ﬁaf bm 4G = Af&ims )
—- Symmetry

i ‘ﬁﬁﬁﬁﬁﬁﬁﬁn-ﬁﬁﬁ ! Rletveld T —
)y ampnaaaEaEEmEE e o

strom): | 17.643801

\

250.0

200.0

Invert Standard Table | [ Show Highlight on Selected Element

4| Fing Element: || ) @ @ [cancel | ok [

E; z upancy
. 150.0 0.154

Z -0.01814

c 0.5153

2

=

t - 1D XRPike experimental profile
| - list of elementsdynthesis condition, EDX, EELS, ...)

- instrumental parameterspixels to scattering angle, peak shape function, ...

*s. Grazulis, D. Chateigner, R.T. Downs, A.F.T. Yokochi, M. Quirés, L. Lutterotti, E. Manakova, J. Butkus, P. Moeck and A. Le Bail, J. Appl. Crystallogr. 4226-729, 2009.
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using Electron Diffraction

The pattern representing the summed intensity along the rings can be used fo
automatic phase search procedure in the Crystallographic Open Database usi
program S _FPM (L. Lutterotti).

8 SFPM File Edit Format View Analysis Window Help DB G M D F A (= (Charged
Window COD.sqlite
=Y 0 ) F\_) & =?'J'_‘L-°=
| i — v_ne
M OS . rf d d . t d t th L] k mpor dd v Plot  Start fitting Print New from selected
ac-0s interface dedicated to this task ...
Structure name Formula Space Group ]
9010852 Srilankite 02 Ti0.6 Zr0.4 -P 2n 2ab
9010853 Srilankite 02 Ti0.65 Zr0.35 -P 2n 2ab
200.0 9010854 Srilankite 02 Ti0.666 Zr0.334 -P2n 2ab
9008307 Srilankite 02 Ti0.67 Zr0.33 -P 2n 2ab
9001681 Rutile 02 Ti0.992 -P 4n 2n
& 9009049 Uraninite o2u -F423
g 9009089 voz2 o2v -P 2ybc
; 150.0 9000071 Paramontroseite ozv -P 2ac 2n (z,x,y)
£ ca1nica Teimmban Aineida A PAPIRETS
£ Vil
800 Window
CLIGTES  Symmetry |
Unit cell: Other properties
il a (Angstrom): 4.5922 alpha: 90 Density (K 3):
250.0 A M Rutile, vol: 100.0 2 2 ensity (Kg/cm3)
b (Angstrom): 4.5922 beta: 90 Temperature (K): 298
c (Angstrom): 2.9574 gamma: 90 Pressure (GPa): 0
200.0 Sites: Label Atom X ¥y z occupancy
o Ti Ti 0 0 ] 0.992
T o] o] 0.30496 0.30496 0 1
)
>
&
g 150.0
H .
£
100.0 ( Add )
(_ Insert |
( Remove |
0.4 0.8 0.8 1.0
2Theta (deg)
# structures: 0

TIONHzGAf S yIy2LI NIOAOdzZ Sa X &S 38 (2000) 1209 RORPrdedails | £ > 9f SOGNR/ KS
Electronatomic scatteringfactorsfrom the tables of L.M. Peng et al
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U automatic phase search procedure is possible (COD database, multi-phases)

a web site dedicated to this task is available

Diffraction
W Test onnanopowders(TiO, rutile, Mn,0, hausmannite, CoFe,O, spinel) and textured

Upload diffraction

ity thin films (MgO on Pt)

Atomic elements i

Riiaias (0low texture : one single ERPis sufficient

Radiation: woof [ | \
() X-ray tube: | cu :
() Other : | x-ray + | Wavelength (A): 1540598

Intensity {sqrt)
P

Instrument geometry: E 180.0 ! /
(=) Bragg-Brentano (theta-2theta) \_/
() Bragg-Brentano (2theta only), omega: |10

(1 Debye-Scherrer

sl 100.0
() Transmission

Instrument broadening function: | High

Search and quantify

04

0.6

0.8
2Theta (deg)

1.0

http://nanoair.dii.unitn.it:8080/sfpm and http://cod.iutcaen.unicaen.fr
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w107 1D XRPD-like pattern (360° summed intensity)

peak location and intensities

peak broadening vs. dp
400

Intensity [Count]

200

b(x): background => pic at 0° + polynomial function

2.0

2q () => Q (A7)
measured profile h(x) = f(x) A g(x) + b(x)

4.0
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using Electron Diffraction _

Line broadening causes  h(X) = f(x) A g(x) + b(x)

sample contribution  instrumental broadening

Ainstrumental broadening
Afinite size of the crystals (acts like a Fourier truncation: size broadening)
Aimperfection of the periodicity (due to d,, variations inside crystals: microstrain effect)

 generally: 0D, 1D, 2D, 3D defects

All quantities are average values over the probed volume

3 electrons, x-rays, neutrons: complementary
3distributions: mean values dep

Extraction of f(x) can be obtained by a whole-pattern (Rietveld) analysis

Need to know g(x) the instrumental broadening !

The instrumental Peak Shape Function is obtained by analysing

nanoparticules of known sizes and shapes as obtained from X-ray analyses
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Mn;O, hausmanite(L. Sicard - ITODYS - UMR 7086 CNRS / Univ. Paris 7)

KL

ool SR TOPCON 2B / CCD ORIUS
| ‘ P | =0.0254
| NV
£ 200F \
= :
.'E] H
=
100
Transmission mode
acg time: few seconds!
very smallamount of powder
I ! I !
30 40

0 [Angstrum'l ]
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Le . .
; Mn,;O, hausmannite
g(x) » f(x) structure
_—_— Bruker D8 / Lynx Eye 1D
S 000l . F | =1.54056 A (Cu Ka,)
SG:14/amd
- T R % a=5.764(2)A and c=9.448(4)A
| m ||"r'wrm!|'l'|1rm|mnm|| ] n"r"'r| I L L R
u.u.unLWiWIﬂnmlmimi.m|..,|.|.||.L MMTP n il e 64 POPA
' Q [Angstrom™] ' o ‘ . .
s - anisotropic
. ke shape
f(x) > g(x) pattern matching

background substracted TOPCON 2B/ CCD ORIUS

| =0.0251A

10.0

Intensity [Count]

a=5.7757(2)A and c=9.4425(4)A

Cagliotti function

2.0 ' 3?0 ' 4?0 ' U:332 10-4
S V=-2.5 1072

W=3.2

TEM : poor resolution ! » not for particles larger than 20 nm



Mn,;O, hausmannite

64 A

POPA
anisotropic

o<C
(o]
Lo shape

TOPCON 2B/ CCD ORIUS
| =0.0251A

a=5.7757(2)A and c=9.4425(4)A

10.0

Intensity [Count]

|
20 30 4.0
L&) [Angstrom’ll




Structural Analysis of Nanomaterials
using Electron Diffraction

Microstructure of nanocrystalline materials: TiO, rutile (1)

from phase search: TiO, rutile P4,/mnm a= 4.592A a=2.957A (COD database ID n°9001681)

/2 patterns

(1) M. Reddy et al., ElectroChem. Com. 8 (2006) 1299-1303



x10°

:
=
£
:
A

X103

Intensity [Count]

200

100

Structural Analysis of Nanoma
using Electron Diffraction

ailt

4-circles diffract. / INEL CPS structure T [001] XRPD
400 | = CuKa ES)
S [110]
8 —
200 oL
O
N~
L Mg . bt 46 A
WWMWWWMMWWWWW average anisotropic crystallite size
o Q [Angstrom™] e POPA (Up tO R4)
B pattern matching = EPD
]
L <L
o
(e 0]

38 A

6.0 8.0
Q [Angstrom'l]
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» Electron crystallography: more complicated than XRD due to dynamical conditions

20}~

x100 [
pattern matching 1| V

80 A (estimated)

20

x10
structure factors 10

kinematical approx.

104 A (estimated)

42 A

/ﬁ\‘/\/_r\/\/\\ //—‘ﬁ_/‘\/ N\\‘/l——\/\——u—/\/ i

3 microstructural features can be obtained in the pattern-matching mode

3 not convincing using structure factors from kinematical approximation é

Take into account dynamical conditions ?
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using Electron Diffraction o :

» Electron crystallography: more complicated than XRD due to dynamical conditions

2-beams or Blackman correction

pan g m/4 A/cos B, ratio between the dynamical and
hkl . . . _
— = 7 f f Jo(2x)dx d6, kinematical intensity of a hkl reflection
hkl b
FpaurH 2me F
A=-"5"" inMAUD H can be: K = (E T 000)
V.K w2 7

- arefineable thickness parameter
- the anisotropic crystallite size used for
line broadening

Jy is the zero order Bessel function, Fhkl is the kinematical structure factor™, H is the thickness in Angstrom of
the crystallite, Vc the cell volume, m and e are respectively the mass and charge of the electron, h the Planck

constant and E the acceleration voltage of the microscope in Volts

(*) electron atomic scattering factors from the tables of L.M. Peng et al., Acta Cryst. A52 (1996) 257.
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il 28

» Electron crystallography: more complicated than XRD due to dynamical conditions

x10 |
pattern matching 1 V

80 A (estimated)

38A

20
x10°

structure factors ol
kinematical approx.

104 A (estimated)

20

x10°

) 10
Blackman correction

(2-beams interactions) |

85 A (estimated)

40 A

0.5 1?0 1?5
2 theta (degrees)
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| a=4.5875(2)A ¢=2.9475(2)A RPD f oo
- < a=4.584(1)A c=2.949(1)A e_“:°1
f - X(01)y(0,)=0.3062(5) S

i pattelrn matchingl | | . . POPA
RO + R1
a=4.5853(3)A c=2.9448(3)A
R p x(04)=y(0,)=0.3006(2) Z2beams
= more reliable
£ Blackman 2-beams correction results
200} x(0,)=y(0,)=0.3064(2) for §tructure
[ structurerefinement refinement
W 1 1

O [Angstrom a 1
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decreasing the
selected area

»
r
> . ”

intensity variation along the rings

fit
no texture

local texture
analysis
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QTA analysis of Pt thin film deposited on Si (11 EPD patterns from +25° to -25° step 5°)

Spectrum # (data | fit)
4

Spectrum # (data | fit)
20 30 40

Spectrum # (data | fit)
0 2 30 40

0 1.20
2-Theta (dearees)

Tested using both Pawley structure factors extraction or Blackman structure factors calculation

considering E-WIMV ODF refinement and one fiber texture component {111} pole figure from ODF refinement

The features available in MAUD allow a full quantitative texture analysis for general cases

(not only fiber textures) from EPD patterns with the obtention of accurate pole figures
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PDF analyses on EPD ?  G() = = | 0IS(Q) - 1]sin (¢r) 40
0

L} see A.M.M. Abeykoon, C.D. Malliakas, P. Juhés, E.S. BoZin, M.G. Kanatzidis, S.J.L. Billinge, Z. Kristallogr. 227 (2012) 248
T.E. Gorelik, M.U. Schmidt; U. Kolb, S.J.L. Billinge, Microscopy and Microanalysis 21 (2015) 459

2000 q CUKa (1500 2q)
g L f :
i I U ‘Wﬁz‘ A\ :
/\\/\l/ \f\‘: -
NP TiO, rutile :

40.0

What can we do
in MAUD ?
\ 4

Intensity”Z *Q

N
o
o

work in progress




