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Software support only for 
EBSD/SEM, not much interests in 
dealing with nanocrystals



V6O13



V12O26



V7O16

What is 
going on ?

Let’s use smaller wavelengths, let’s go to a 
synchrotron !



F. Krumeich et al., 
Morphology and 
Topochemical 
Reactions of Novel 
Vanadium Oxide 
Nanotubes, J. Am. 

Chem. Soc. 1999, 
121, 8324-8331



J. M. López Pérez et al., J. Physic. Chem. B 101 (1997) 8045-8047. 

maghemite 

micrometer sized crystals



Courtesy: M. Wojdyr and B. 
Pałosz, in Eighth Nanoforum 
Report: Nanometrology, July 
2006, Editors: Witold 
Lojkowski, Rasit Turan, Ana 
Proykova, Agnieszka 
Daniszewska, available 
for download from 
www.nanoforum.org
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from 0.7 – 1.5

Projection into 2D by TEM’s small angle approximation “circumvents” this problem, 
because the 80 diperiodic space groups (E. A. Wood, Bell System Techn. Journ. 43 
(1964) 541-559) project into the same plane groups as their 230 triperiodic 
counterparts. There can be (and frequently is), however, changes in the lattice 
parameters due to the nanometer size of crystals, possibly also in structure factors. 



So what to do to fingerprint 
nanocrystals structurally?

There is also structural fingerprinting in the Transmission Electron 
Microscope, recent review: P. Moeck and P. Fraundorf, Zeits. Kristallogr. 222 (2007) 
634-645, special issue on "Nanocrystallography", expanded version in open access 
arXiv:0706.2021

either electron diffraction patterns or high resolution “structure images”
can be employed combined with either spectroscopic or prior information 
on the elements present and/or absent within the unknown, but does one  
really want to focus the electron beam to get an EDX spectrum from a 
nanocrystal? e.g. H. V. Hart, J. Appl. Cryst. 35 (2002) 552-555.   

Our research program: utilize established electron 
crystallography procedures and combine them with 
new developments in open-access crystallographic 
databases – we only want to recognize a nanocrystal 
structure after it has been solved and became part of a 
database



B. K. Vainshtein, Z. G. Pinsker,  Application of Harmonic Analysis in 
Electron Diffraction, Doklady Akademii Nauk SSSR 64 (1949) 49-52

“Electron diffraction at crystalline 
lattices may also be use for the creation 
of Fourier syntheses.”

BaCl2 ·
H2O, now 
precession 
electron 
diffraction !

_cell_length_a                     4.51(1)
_cell_length_b                     9.02(2)
_cell_length_c                     11.28(3)
_cell_angle_alpha                 90
_cell_angle_beta                   90
_cell_angle_gamma              90
_cell_formula_units_Z             4
_symmetry_space_group_name_H-M  'P m c n‘
loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_symmetry_multiplicity
_atom_site_Wyckoff_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
Ba1   Ba2+  4 c  0.25 0.115(5) 0.18(1)
O1    O2- 4 c  0.25 0.61(1) 0.18(1) 
Cl1   Cl1- 4 c  0.25 0.11(1) -0.12(1)  
Cl2   Cl1- 4 c  0.25 0.645(10) -0.11(1)
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≈ 60 kV, polycrystalline 
material, averaging over mm 
sized beam and many 
orientations, spotty ring and 
oblique texture patterns, 105 
reflections l = 0 – 4, R = 20 %



“The approach is similar to conventional X-ray crystallography, 
except that the phases of the X-ray diffraction pattern cannot 
be measured directly, whereas here they can be computed 
from a digitised image … In order to produce a “true” image, 
the electron image must be processed to correct for the 
phase contrast transfer of the microscope so that all spatial 
frequencies contribute with the same sign of contrast.“
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Zone axis of image [uvw] or [001] contains reflection (hkl) or (HK0), obtainable by 
Fourier transform, so that u·h+v·k+l·w = 0 or u·H +v·K + 1·0 = 0, Weiss zone law 

“for his development of 
crystallographic electron 

microscopy and …”



Aberration corrected TEM

To know an 
object 
(reasonably well) 
is to know all (or 
most) of its 
Fourier 
coefficients,

to recognize an 
unknown crystal 
at the atomic 
level is to extract 
and compare 
structure factor 
information with 
that of 
candidates from 
a database

Recording of diffraction 
patterns results in loss 

of structure factor 
phases, well known 
phase problem of 
diffraction based 
crystallography φi

hklhkl eFF =

Electron crystallography 
from images used to be

restricted by resolution 
of the microscopes



magnetite maghemite

Fe3O4, F d 3 m (origin at 43m for display)

Cell parameter: a ≈ 8.2 Å
gamma-Fe2O3, P 41 3 2
Cell parameter: a ≈ 8.3 Å

essential differences only in occupation of tetrahedral and 
octahedral intersites within cubic densest packing of 
oxygen, but significantly different physical properties !
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maghemite, out to 
{400}, note kinematic 
absent {100} due to 41

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
10

20

30

40

50

60

70

80

90

 

 

In
te

rf
rin

ge
 a

ng
le

 (
de

gr
ee

s)

g (nm-1)

magnetite, out to {400},
note absent reflections due 
to lattice F-centering

kinematic limit plots, contain space 
group information for cubic crystals

mFd3

3241P

Fe3O4

γ-Fe2O3

Assuming point resolution 0.19 nm of HRTEMOur new method: 
Lattice-fringe 

Fingerprinting with 
Projected 

Symmetry and 

Structure Factor 

Phase (and 

Amplitude) 

Extraction from 

HRTEM data

Au-nanocrystals in aberration-corrected HRTEM, courtesy U. 
Kaiser, Univ. Ulm/Germany

Almost indistinguishable by powder XRD !



Image of unknown iron-
oxide nanocrystal

HRTEM image plus Hanning window and their FFT 
(contrast inverted for clearness, spatial frequencies up to 0.14 
nm due to double diffraction, non-linear imaging, not explored further

FFP of Particle D <211> 
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same crystal in 5 images, which were recorded with ± 2º maximal tilt around eucentric 

axis, foreshortening effects negligible for projected reciprocal-lattice geometry plots

0.19 nm 
point 
resolution, 
kinematic 
diffraction, 
5.26 nm-1

62.3°

5.33 
nm -1

4.13 nm-1

4.13 
nm -1

{400}  {331}

{311}  {222}

{111}             {220}

7.05 nm -1

nano-powder 
mixture: 
magnetite & 
maghemite

0.19 nm point resolution, 

Philips EM 430 ST (300 

kV)  at U of Missouri at 

St Louis, no objective 

aperture

R. Bjoerge, MSc 
thesis, 2007

Not in this 
projection



e.g. [211] zone axis of 
magnetite, Fourier 
transform of our HRTEM 
image is indexed for a 
right-handed coordinate 
system, the 
microscope’s point 
resolution, 0.526 nm-1 is 
marked by the dotted 
large circle

111
222

202

311

131
220

4.13 nm -1

7.05 nm -1

… get the indices of the observed zone axis by the cross products, then it is checked that all 
reflections that belong to this zone axis (up to the limit that is set by the objective aperture) are 
really present, that all the reciprocal spacings and angles match and give combined a high figure 
of merit, that there are no other reflections (due to moiré effects or Fresnel fringes), 

333

351

111

333
222

311

131

000

utilizing crystallographic image processing, there is, in addition, plane 
symmetry group and structure factor phase (and amplitude) fingerprinting!

when two-fold 

astigmatism visible 

in FT of image,  
correction by
Crystallographic 
Image Processing

no 
“systematic 
absences” for 
H + K = odd 
(both H and K 
≠ 0) in FT of 
HRTEM 
image, plane 
group cannot 
be centered, 
also (H,0) or 
(0K) for H or 
K odd not 
very weak, 
plane group 
cannot have 
glide planes 
along these 
directions e. g.: H + K = odd are present, no centered plane group reasonable

153

(1,0)

(0,1)

(1,-2)

kinematical 
forbidden



Determination of plane group for a magnetite crystal in [211] orientation (pmm), all 
2D projections have to be centro-symmetric, i.e. have to contain at least a two-fold axis, 
all structure factor phases must be either 0º or 180º, average deviation of phase 
angles from theoretical values about ± 30º (< 20 % of total phase angle range)

all phases 
correctly 
determined within 
first band pass 
(assuming 
Scherzer defocus 
since CTF has not 
been taken off)

022

111

131
222

113

P: phase between symmetry related reflections differs by more than 45º; U: phase relation between reflection and its symmetry 
restricted value differs by more than 45º; A: amplitude of one member of a symmetry related set is zero while the other member is 
observed. Deviation from 0º or 180º know as “centric phase error”, for random data: ± 45º (V. M. Unger, Acta Cryst. D56 (2000) 1259-1269).  

astigmatism 
ignored

Projected origin 
identified

utilizing ideas from 

robotic/computer vision 

communities for fully 

objective/quantitative 

decisions: geometric 
Akaike Information 
Criteria (AIC),
e.g. I. Triono,  N. Ohta, and K. 
Kanatani, “Automatic Recognition 
of Regular Figures by Geometric 
AIC”, IEICE Trans. Inf. & Syst. vol. 
E81-D (1998) 224-226                       



> 25 , e.g. [001], [011], [111], [012], [112], [013], [122], [113], [114], 

[123], [015], [133], [125], [233], [116], [134], [035], ...

≥ 18, i.e. {111}, {200}, {220}, {311}, {331}, {420}, {422}, {511}, {531}, {442}, 
{620}, {622}, {551}, {711}, {640}, {642}, {731}, {820} 

≤ 0.05

23 , i.e. [001], [011], [111], [112], [013], [114], [125], [233]22, i.e. {111}, {200}, {220}, {311}0.1

22 ,  i.e. [001], [011], [111], [112]3, i.e. {111}, {200}, {220}0.15

21, i.e. [001], [011]2, i.e. {111}, {200}0.2

Number and type of visible zone axes (lattice fringe 

crossings) 

Number and type of visible net-plane families (lattice 

fringe types)

Resolution 

[nm]

Relationship between point-to-point resolution of a TEM and the principle visibility of net-plane families and zone axes within one 
stereographic triangle [001]-[011]-[111] for a hypothetical cubic AB-compound with 0.425 nm lattice constant and space group 
Fm3m, i.e. halite structural prototype. 

objective 
lens Cs
corrected 
TEM FEI 
Titan 80-300 
at University 
of Oregon

Au [110], a = 
0.408 nm, 
Fm3m, 
plane group 
c2mm



More than 30 systems installed in Europe?,  2 in Asia?,  4 in USA? 
first USA demo site at Portland State University

[001] zone axis diffraction pattern of KNb7O18
(space group P4/mbm, a = 2.75 nm, c = 0.39 nm) 



precession electron diffraction 

systems

0
10
20
30
40

1990 1995 2000 2005 2010

year

n
u

m
b

e
r

TEM:JEOL JEM 2000FX
Precession angle: 2°
Correction: ON
Magnification: 8,000
Beam diameter: 226 nm

TEM:JEOL JEM 2000FX
Precession angle: 2°
Correction: OFF
Magnification: 8,000
Beam diameter: 1,212 nm

All settings can be 
saved, can be moved 
easily between 
microscopes, no 
major realignment 
required

?



Precession scan

De-scan

Conventional 
Diffraction Pattern

Precession…
Precession 

Diffraction Pattern

(Ga,In)2SnO5

41.2 nm crystal thickness
Non-precessed

Precessed

Courtesy: C.S. Own and L. Marks

“few beam” conditions 

while precessing 
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Two–beam dynamic

Kinematic

Mayenite [111] 
Ca12Al14O33

I43d

courtesy: Yves Maniette, NanoMEGAS

Alternative I: multi-
slice calculations for 
some 360 individual 

beam orientations for 
the same precession 
angle (out to very high 
resolution) and 
incoherent addition

of all “off zone axis”
diffraction patterns; 
known problem: 
overestimation of 
effect of excitation 

errors

Alternative II: phase 
grating calculations 
for some 360 

individual beam 
orientation for the 
same precession 
angle (out to very high 
resolution) and 
incoherent addition
of all “off zone axis”
diffraction patterns 
(assumes a flat Ewald 
sphere)

Alternative III: Bloch 

wave calculations 
JEMS  …



Si [110], 10 nm thick, 200 kV, 1.5 degrees precession angle, no Laue zone “overlap”

Si [110], 10 nm thick, left: intensity 200 kV, 3 degrees precession angle, red ring 
signifies 0.035 nm, i.e. extend of zero order Laue zone without overlap from 2nd order 
Laue zone, e.g. reflection (7-5 13) at 0.0348 nm, all reflections in 1st order Laue zone are 
kinematically forbidden (due to F-centered Bravais lattice), software eMap of AnaliTeX

kinematic intensities I ~ lFl2 two-beam dynamic intensities in asymptotic 

limit, I ~ lFl
1≤

Ω
λhklFt

Vainshtein’s 
“critical 
range” for 
kinematic 
treatments

HOLZ 
reflections 
particularly 
valuable for 
structural 
fingerprinting 
from structure 

factor moduli !



one can extract structure factor amplitudes reliably from precession 
electron diffraction spots, use them for structural fingerprinting, 

A and B tabulated in International Tables

all depends on combination of structure factor modulus (small), unit cell volume (large), 
wavelength (small) and crystal thickness (small, but possibly up to about 50 nm (only if really 
necessary, correction of primary extinction effects according to the the two-beam (Blackman) or three-beam 

(Bethe potentials) models)

further benefits: it’s experimentally not demanding, crystallite does not need to 
be in exact zone axis orientation

48.3 % 36.1 % 30.8 % 21 %
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point symmetry in ZOLZ is 6mm (due to Friedel’s law) 
while it is only 3m in HOLZ – this demonstrates that 

there is no two-fold axis in this direction, so hexagonal 
space groups are ruled out, the possibility of a cubic I-

lattice centering is correctly inferred from the 
systematic absences 

Example: Analysis of mayenite [111], Ca12Al14O33, 

I43d, plane group p3m1, using precession electron 
diffraction and employing crystallographic software

Space Group Determinator / ELD / 
CRISP

2D Laue class - point group combinations can be determined 
from ZOLZ – HOLZ reflections

utilizing ideas from robotics/computer vision 

communities for probability based decisions: e.g. 
H. Zabrodsky, S. Peleg, and D. Avnir, “Symmetry of Fuzzy Data”, Proc. 12th 
IAPR Intern. Conf. on Pattern Recognition, Conference A: Computer Vision & 
Image Processing, vol. 1 (1994) 499-504; possibly in combination with 

geometric AIC 



one gets more electron diffraction spots, one also does not need to align very 
carefully (both the incident beam and the crystal), intensities are “quasi-
kinematic”, with higher precession angles: double and multiple 
scattering is suppressed effectively so that intensity of 
kinematically forbidden reflections is significantly reduced



Effect of Precession Angle on Intensity of (002) forbidden 

reflections of Si crystal - [110] zone axis 

y = 0.93e
-2.21x

0.001

0.010

0.100

1.000

10.000

0 0.5 1 1.5 2 2.5 3

Precession Angle (
o
)

N
o

rm
a

li
z
e
d

 (
0
0

2
) 

In
te

n
s
it

y
22 nm

40 nm

50 nm

Effect of increasing precession angle on intensity of kinematically forbidden 
(002) reflections of silicon crystals with thicknesses between about  22 and 
50 nm.



zero precession 2°

Powder SAED (left) and PED 
(right) patterns of Zeolite Socony 
Mobil #5 (ZSM-5), 100 kV

zero precession

1.4° 2.8°

Powder SAED 
(top) and PED 
(bottom)

patterns of Au, 
50 nm size, 200 
kV

Advantages of precession 

electron diffraction beneficial 
to powder diffraction as well



open access

109,000

entries



http://cod.ibt.lt

mirrors worldwide
www.crystallography.net
cod.ensicaen.fr 
nanocrystallography.org
jcod.nanocrystallography.net
cod.nanocrystallography.net/cod

web portal
http://nanocrystallography.net

Advisory Board
Daniel Chateigner, Xiaolong Chen, Marco Ciriotti, Robert T. Downs, 

Saulius Gražulis, Armel Le Bail, Luca Lutterotti, Yoshitaka 

Matsushita, Peter Moeck, Miguel Quirós Olozábal, Hareesh Rajan, 

Alexandre F.T. Yokochi 

Crystallography Open Database
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09,0
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data_1009000
_chemical_name_systematic          'Gallium arsenate (V)'
_chemical_formula_structural       'Ga (As O4)'
_chemical_formula_sum              'As Ga O4'
_publ_section_title
;
Neutron and x-ray structure refinements between 15 and 1083 K of
piezoelectric gallium arsenate, Ga As O4: temperature and pressure
behavior compared with other $-alpha-quartz materials
;
loop_
_publ_author_name
'Philippot, E'
'Armand, P'
'Yot, P'
'Cambon, O'
'Goiffon, A'
'McIntyre, G J'
'Bordet, P'

_journal_name_full                 'Journal of Solid State Chemistry'
_journal_coden_ASTM                JSSCBI
_journal_volume                    146
_journal_year                      1999
_journal_page_first                114
_journal_page_last                 123
_cell_length_a                     4.9940(1)
_cell_length_b                     4.9940(1)
_cell_length_c                     11.3871(4)
_cell_angle_alpha                  90
_cell_angle_beta                   90
_cell_angle_gamma                  120
_cell_volume                       245.9
_cell_formula_units_Z              3
_symmetry_space_group_name_H-M     'P 31 2 1'
_symmetry_Int_Tables_number        152
_symmetry_cell_setting             trigonal
loop_
_symmetry_equiv_pos_as_xyz
'x,y,z'



http://nanocrystallography.research.pdx.edu/CIF-searchable

more than 
130,000
hits since 
January 1st, 
2008





all 109,000+ entries of COD can be displayed at http://jcod.nanocrystallography.net



0.24 nm point resolution     pseudo-brookite brookite

kinematic
contains space 
group 
information in 
case of cubic 
crystals

dynamic
taking account 
of double and 
multiple 
diffraction within 
one nanocrystal

downloadable from our web site as *.png or Bitmap after search and calculations

modern 
analytical TEM



projected reciprocal lattice geometry, projected symmetry, and 
structure factor fingerprinting result in highly characteristic data for 
crystallographic identification of individual unknown nanocrystals
from HRTEM images and/or PED patterns

for ensembles of nanocrystals, better statistics with powder PED

Structural distinction between magnetite and maghemite from HRTEM images 
demonstrated, R. Bjoerge, MS thesis, 2007, 
http://www.scientificjournals.org/journals2007/j_of_dissertation.htm. Most recent 
paper: P. Moeck and S. Rouvimov, Zeits. Kristallogr. 225 (2010) 110-124, special 
issue on “Precession electron diffraction"

(On-line) support from comprehensive open-access databases, 
≈ 109,000 entry COD, http://cod.ibt.lt, with 4 mirrors and 1 web 
portal; our mainly inorganic subset of COD, 
http://nanocrystallography.research.pdx.edu/CIF-searchable
≈ 20,000 entries for lattice fringe fingerprint plots

also Wiki-Crystallography Database, educational subset of COD, Nano-Crystallography Database, Crystal 

Morphology Database, …





removal of microscope’s Contrast Transfer Function 
and compensating for two-fold astigmatism

sinχ
Sinχ < 0

Sinχ > 0

iπexp1 =−



Example: Iron oxide nano-crystals may have 
maghemite γ-Fe2O3, P4132, p4gm, a = 0.83 nm or 
magnetite Fe3O4, Fd3m, p4mm, a  ≈ 0.83(1) nm

structures, projected symmetries are different 
for [001] zone axes, software CRISP

Similar structures may in future be distinguished on the 
basis of the projected symmetry

utilizing ideas from robotic/computer 

science communities for fully 

objective/quantitative decisions:

geometric Akaike Information Criteria, e.g. 
I. Triono,  N. Ohta, and K. Kanatani, “Automatic 
Recognition of Regular Figures by Geometric AIC”, 
IEICE Trans. Inf. & Syst. vol. E81-D (1998) 224-226 



p4mm, [001] magnetite
p4gm, [001] maghemite


