
Vol. 128 (2015) ACTA PHYSICA POLONICA A No. 4

Proceedings of the International Symposium on Physics of Materials (ISPMA13)

Electron Di�raction Tomography and Dynamical Re�nement

for Crystal-Structure Characterization

of Nanocrystalline Materials

C.A. Corrêaa,b,*, M. Klementováb and L. Palatinusb
aDepartment of Physics of Materials, Charles University, Prague, Czech Republic

bInstitute of Physics of the Academy of Sciences of the Czech Republic, Prague, Czech Republic

Three-dimensional electron di�raction tomography allows one to obtain structure information from nanocrys-
tals. However, in order to get accurate results the dynamical theory must be used due to the strong dynamical
interaction between electrons and matter. Full structure re�nement using dynamical theory has been in use for
some time, in spite of being hampered by the fact that the intensities are very sensitive to variations of thick-
ness and of the orientation of the sample. A remedy to this problem is the technique called precession electron
di�raction. The use of precession electron di�raction in combination with electron di�raction tomography results
in more accurate structure parameters and lower �gures of merit in the structure re�nement. The principles of
electron di�raction tomography, precession electron di�raction and dynamical re�nement will be demonstrated on
the structural analysis of a nanowire of Ni3Si2.
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1. Introduction

The interest in developing nanodevices and nanotech-
nology demands accurate structure determination of
nanocrystals, because of the dependence of the proper-
ties of the material on its structure. The technique com-
monly used for structure determination is single crys-
tal X-ray di�raction, which needs crystals larger than
≈10 µm. Nevertheless, it is also possible to analyze
structure of nanocrystals using electron di�raction (ED),
because the interaction between electrons and matter is
much stronger compared to X-rays.
Detailed three-dimensional structural information

from nanocrystals can be obtained with electron di�rac-
tion tomography (EDT), where the sample is tilted in
small steps along a �xed rotation axis and, at each step,
a di�raction pattern is recorded. Since the positional
angle of each di�raction pattern is known, the 3D infor-
mation about the reciprocal space of the nanocrystal can
be reconstructed [1, 2].
However, the strong interaction between electrons and

matter causes multiple scattering within the sample.
The kinematical approximation, which assumes that the
electron is scattered only once when going through the
material and which can be used for X-rays, is not valid
for electron di�raction. If kinematical approximation is
used, it results in distorted structures with unreliable
structure parameters. For more accurate and more re-
liable results, the dynamical theory of di�raction must
be used. The dynamical theory takes into account multi-
ple scattering of the electron beam when passing through
the crystal.
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During the structure re�nement using dynamical the-
ory, the dependence of the intensities on thickness and
orientation is diminished by the use of the precession elec-
tron di�raction (PED), developed by Vincent and Midg-
ley [3]. In the PED the incident electron beam is de�ected
from the optical axis of the transmission electron micro-
scope (TEM) by a few degrees, is precessed around the
optical axis of the TEM and is re-de�ected by the coils
under the specimen (Fig. 1). The di�racted intensities
are integrated over all orientations of the beam during the
precession. As a consequence, the intensities are less sen-
sitive to imperfections of the crystal and more sensitive
to the structural parameters like atomic positions [4, 5].

Fig. 1. Scheme of the PED, showing the incident beam
precessed, forming a cone around the optical axis of the
TEM. The coils under the sample re-de�ect the beam
to the optical axis, resulting in di�racted spots.

The use of PED in combination with EDT results
in reliable structure parameters. The accuracy of the
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structure model is signi�cantly improved when the dy-
namical theory is used for structure re�nement of such
data sets. To our knowledge, the only software using
the dynamical approach for data sets collected combining
PED and EDT is the crystallographic computing system
JANA2006 [6, 7], developed in our laboratory.
In order to compare the kinematical approximation

and the dynamical theory in the re�nement of a data
set collected using PED and EDT, the structure of a
nanowire of Ni3Si2 was analyzed. Transition metal sili-
cides are of great interest for use in micro- and nanode-
vices due to their properties, such as low electrical resis-
tance and high-temperature stability [8].

2. Experimental

The nanowires were obtained by chemical vapor de-
position (CVD) at the Institute of Chemical Processes
Fundamentals of the AS CR, v.v.i. Nanocrystals were de-
posited on a copper grid with holey carbon �lm. The se-
lected crystal had a diameter of 25 nm.
The di�raction patterns were collected on the TEM

PHILIPS CM120 with a LaB6 cathode at 120 kV,
equipped with a precession device Nanomegas Digistar.
The patterns were recorded with a CCD camera Olym-
pus Veleta. The patterns were collected using selected
area electron di�raction (SAED) with aperture of 40 µm
in order to have re�ections from a smaller part of the
crystal, which is represented by the circle in Fig. 2.

Fig. 2. Nanowire with the diameter of 25 nm used for
the data collection. A smaller part of the crystal (circled
in the picture) was used for the measurement with the
use of selected area aperture.

EDT data were collected with tilt angle varying in
steps of 1◦ around the main axis of the sample holder,
from −52◦ to 50◦. The precession semi-angle was set

to ϕ = 1◦. The data were processed using the data
analysis software PETS [9] and the unit cell was identi-
�ed in the graphical interface of JANA2006. The struc-
ture solution was performed with Super�ip [10], inter-
faced from JANA2006. The structure re�nement was
also performed in JANA2006. The kinematical and dy-
namical re�nements were compared through the �gures
of merit R (Eq. (1)), wR (Eq. (2)) and GOF (Eq. (3)),
and through the atomic coordinates. The �gures of merit
are de�ned as:
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where I◦g and Icg are the observed and calculated inten-

sities of the beam g, respectively, wg = σ−2(I◦g ) is the
weight of the observed intensity, NR and NP are the
number of independent re�ections and re�ned parame-
ters, respectively.

3. Previous results and discussion

The structure of Ni3Si2 was obtained by Pilström in
1961 [11] by single crystal X-ray di�raction. The space
group was determined to be Cmc21. The crystallo-
graphic parameters obtained by electron di�raction are
shown in Table I together with the parameters from [11].
The space group was identi�ed through the di�raction
pattern in special directions 0kl and hk0 to be either
Cmcm or Cmc21. The model was initially solved in
the centrosymmetric space group, and then it was trans-
formed to the noncentrosymmetric Cmc21 in order to
compare with the published structure.

TABLE I

Unit cell parameters from electron di�raction (this work)
and from X-ray single crystal data [11].

Parameter EDT + PED Literature [11]
λ [Å] 0.0335 0.71069

crystal system orthorhombic orthorhombic
a [Å] 12.5207 12.229
b [Å] 11.0491 10.805
c [Å] 7.0209 6.924

VUC [Å3] 971.2886 914.8982
Z 16 16

density [g cm−3] 6.3527 6.7421

The �gures of merit for the structure re�nements from
the model in the centrosymmetric space group (Table II)
are essentially the same as in the noncentrosymmetric
(Table III), without signi�cant decrease for the latter.
This factor indicates that the structure is most likely
centrosymmetric.
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TABLE II

Re�nement �gures of merit for the model
in the space group Cmcm.

Parameter
EDT + PED
Dyn Kin

observed re�ections 1650 515
re�ned parameters 131 28

R(obs) [%] 6.80 21.73
R(all) [%] 10.10 23.13
wR(obs) [%] 6.46 24.78
wR(all) [%] 6.70 24.80

GOF(obs) [%] 2.55 14.47
GOF(all) [%] 2.13 14.00

TABLE III

Crystallographic parameters for the model in the
space group Cmc21 for kinematical and dynamical
re�nements, and for the published structure [11].

Parameter EDT + PED
Literature [11]

Re�nement Dyn Kin
observed re�ections 1650 1016 367
re�ned parameters 147 44

R(obs) [%] 6.80 19.23
R(all) [%] 10.10 21.31 11.8
wR(obs) [%] 6.44 20.68
wR(all) [%] 6.68 20.76

GOF(obs) [%] 2.55 10.72
GOF(all) [%] 2.13 10.26

The atomic coordinates were also analyzed in order to
verify the symmetry of the model. When the model is
transformed to lower symmetry space group Cmc21, 3
atoms split positions (Fig. 3). All the three atoms have
small deviation from the symmetric position. As an ex-
ample, atom Ni5, which is in the center of symmetry in
the centrosymmetric space group, is shifted to atomic co-
ordinates (0.5,0.4981(6),0.4983(9)) in the noncentrosym-
metric space group. These small displacements suggest
that the correct space group is in fact Cmcm.

Fig. 3. Unit cell along [100] from the model in the non-
centrosymmetric space group.

As expected, the dynamical re�nement results in sig-
ni�cantly lower �gures of merit (Tables II, III), which
con�rm its superiority to the kinematical re�nement.

4. Conclusion

It has been shown that reliable structure solution of
nanocrystals can be obtained with the combination of
electron di�raction tomography and precession electron
di�raction. This combination gives three-dimensional
di�raction information of the nanocrystal and suppresses
the e�ects of dynamical interactions. However, the use of
the dynamical theory of di�raction gives accurate struc-
ture re�nement and lower �gures of merit. The known
structure of a nanowire of Ni3Si2 was analyzed using
EDT and PED data. The kinematical and dynamical
re�nements were performed, showing the improvement
in the accuracy when the dynamical theory was consid-
ered. The space group of the structure was determined
as centrosymmetric, in disagreement with the published
structure.
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