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Abstract. In this work the structure solution of a nanocrystal of the transition
metal silicide NigSia, with the diameter of 22nm, is obtained by combining the
electron diffraction tomography with precession electron diffraction. The dynamical
and the kinematical refinements are compared, showing that the dynamical
refinement is superior to the kinematical refinement, giving more accurate structure
model.

Introduction

The development of nanotechnology demands the understanding of the properties and
characteristics, among them the crystal structure, of nano-sized materials. However, sometimes
it is difficult or impossible to obtain crystals large enough for single crystal X-ray diffraction
experiment, and the properties of nanostructures might be different from the bulk. In this
sense the electron diffraction (ED) technique is of great importance because it can be used in
the structure analysis of nanocrystals as small as a few tens of nanometers.

Electron diffraction, has been used in structural analysis of nanocrystals since 1949 [ Vain-
shtein, 1956]. However, two major problems have prevented the straightforward use of the
technique. First, the difficulty to obtain a complete data set with enough reflections to be used
as an input to a software for structure solution. Second, the strong dynamical interactions
between electrons and matter. These problems can be partially solved by three-dimensional
electron diffraction tomography (EDT) and precession electron diffraction (PED), respectively.

In the three-dimensional electron diffraction tomography the crystal is rotated around an
arbitrary axis in small steps and diffraction patterns are collected at each step for the same
crystal. Since the angles between the diffraction patterns are known, the reciprocal space can
be reconstructed giving additional information about the electron diffraction [Kolb et al., 2007,
2008; Gemmi et al., 2013]. As electrons interact with matter about a 1000 times stronger
than X-rays and multiple scattering plays an important role in the diffracted intensities, it is
necessary to use the dynamical diffraction theory.

The dynamical diffraction theory considers the influence of the interaction between wave
and matter on the diffracted intensities [Dederichs, 1971; Spence and Zuo, 1992]. The dynamical
character of the diffraction can be suppressed by using precession electron diffraction [ Vincent
and Midgley, 1994].

The PED technique consists in the deflection of the incident beam from the optical axis,
with a precession angle of a few degrees, making a cone surface with vertex on the sample. The
coils after the specimen deflect the beam back to the optical axis, so that the reflections are
spots, as can be seen in Figure 1 (left). The result is a diffraction pattern, which has intensities
integrated from diffraction conditions over a range of angles a: Ig™ f02” I;(a)da [Vincent
and Midgley, 1994; Gjonnes, 1997]. This integration gives intensities closer to kinematical
approximation than a standard diffraction pattern, where the PED is not used and only a cross
section of each reflection with the Ewald sphere is considered. In the right side of Figure 1 it is
shown the range of angles («) used for the integration of the reflection, and the Ewald sphere
cutting the reflection, when the PED is not used.

Although EDT and PED allow solving structures ab initio, the lack of a general routine
to analyze the structures considering the dynamical theory still prevents the wide use of the
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Figure 1. Scheme of PED showing the deflected beam forming a cone surface with vertex at the sample (left)
and the range where the Ewald sphere sweeps the rods of reflections (right).

technique [Gonnes et al., 1998; Gemmi and Nicolopoulos, 2007; Palatinus et al., 2013]. To
our knowledge, the only routine using dynamical refinement for EDT data sets with PED is
implemented in the crystallographic software JANA2006 [Petricek et al., 2006, 2014], developed
in our laboratory, at the Institute of Physics of the Academy of Sciences of the Czech Republic.

The method of calculation of the dynamical interaction used in JANA2006 is the Bloch-
wave method. In this method the intensities are given by the square of the elements of the
scattering matrix I; = ’Si1’27 where S:ezmtA, t is the thickness of the sample and A is the
structure matrix given by:

P Ugi—gjy i)j:LNbeams;i#j
K 2KSg“ izlbeeams;i:j

Here Ug is the dynamical structure factor for a given reciprocal lattice vector g, K is the
incident electron wavevector corrected for mean inner potential and Sg is the excitation error
[Spence and Zuo, 1992].

In the present paper, the structure of a single nanocrystal was elucidated using a data set
collected with PED and 3D tomography. The kinematical and the dynamical refinements were
compared. The sample analyzed is the known phase of the transition metal silicide NigSis. The
transition metal silicides have been used in micro and nano-sized electronic devices [Reader et
al., 1992], and photovoltaics [Klochko et al., 2013] due to their properties such as low electrical
resistance, high-temperature stability and high resistance to oxidation.

Experimental

Samples of nickel silicide nanowires were prepared by chemical vapor deposition (CVD)
and were provided by the Institute of Chemical Processes Fundamentals of the AS CR, v.v.i.
The diffraction patterns were collected on a transmission electron microscope (TEM) Philips
CM120 with a LaBg cathode at acceleration voltage 120 kV. The microscope is equipped with a
precession device Nanomegas DigiStar. The images were recorded with a CCD camera Olympus
Veleta in 2048 x2048 pixels and dynamic range of 14 bits.
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Figure 2. Crystal selected for data acquisition. The circle shows the part of the crystal selected for data
collection by SAED.

Data collection was performed for a nanowire with the diameter of 22 nm (Figure 2), com-
bining EDT and PED. The precession angle was set to 1°. The nanocrystal was tilted in steps
of 1° around the main axis of the sample holder, from —52° to 50°, and the diffraction patterns
collected with 1s of exposure. Selected area electron diffraction (SAED) was used to collect the
data from a smaller part of the nanowire, shown in the square in Figure 2 (left, bottom).

The software PETS [Palatinus, 2011] was used for locating peaks in the images with 70%
of completeness for d=0.70 A of resolution. PETS was also used to refine the angle between
the rotation axis and the horizontal axis, using a methodology similar to the one developed
by Kolb et al. [Kolb et al., 2009; Palatinus et al., 2011]. The unit cell was identified in the
graphical interface of JANA2006 and the orientation matrix was refined and used for predicting
the positions of the peaks, which were integrated by PETS. The integrated intensities result
in a list of reflections suitable for structure solution, which was done by charge flipping with
SUPERFLIP [Palatinus and Chapuis, 2007], interfaced from JANA2006. The refinement was
performed considering the kinematical and the dynamical theories. For the dynamical refine-
ment, each frame has to be fitted individually and the reflections are not averaged by symmetry.
Hence, the number of observed intensities is higher for the dynamical refinement than for the
kinematical refinement, as can be seen in Table 2. Also, since the dynamical refinement is very
sensitive to thickness and orientation of the incident beam in relation to the crystal lattice, both
parameters were optimized prior to the structure refinement.

Previous results and discussion

The structure of NigSiy was published in 1961 [Pilstrém, 1961], with unit cell identification
from powder diffraction data (Table 1) and solution from single crystal data in the space group
Cmce2;.

The unit cell of the nanowire reported here was identified as orthorhombic (Table 1),
Laue class mmm with R;,;(obs/all)=28.22/28.35%. The differences in the unit cell parameters,
compared to the published parameters, are within the accuracy of the method. From the
extinction conditions present in the zones 0kl and hk0O, the possible space groups were Cmcem,
Cmc21 and C2cm. The structure could be solved and refined in the centrosymmetric space
group C'mem with good convergence (Table 2). The structure presented here is consistent with
the published structure, except for the space group.

Since Pilstrém [1961] describes the structure in space group C'mc2;, we transformed our
solution to this space group and refined it to verify the space group assignment.

First, the residue values were compared for the kinematical and for the dynamical refine-
ments, as can be seen in Table 2. For the kinematical refinement, the noncentrosymmetric
model has lower values. However, when the dynamical refinement is performed, both models
have basically the same residue values (Table 2).

69



CORREA ET AL.: 3D ELECTRON DIFFRACTION TOMOGRAPHY

C
90 0% 90 o0
30 000030 0000

@ 0 io o
1
%0 0% ¢

Ni7 Si3 Ni2

‘_59..’_..‘2

Figure 3. Model Cmc2; from the dynamical refinement, view along a.

Second, the atomic displacements from the symmetric position of atoms in model C'mc21,
which were equivalent by the center of symmetry in model C'mem, where compared. From 10 in-
dependent atoms in the model C'mem, 3 atoms split positions when the structure is transformed
to Cmc21. The 3 pairs of atoms have small shift from the symmetric position. For example,
for models from the dynamical refinement, the atom Nib, which was positioned in the center of
symmetry with atomic coordinates (0.5,0.5,0.5), was shifted to position (0.5,0.4981(6),0.4983(9))
(Figure 3). For models from the kinematical refinement this shift was from position (0.5,0.5,0.5)
to (0.5,0.4914(10),0.5041(18)).

The small displacement from the symmetric position indicates the possibility of the model
to be centrosymmetric, which is supported by the residue values from the dynamical refinement.
In this case the space group was decided to be centrosymmetric, Cmcm.

Table 1. Unit cell parameters obtained by ED and from the published structure [Pilstrom, 1961].

Parameter Electron diffraction | Published structure
a (A) 12.5207 12.229
b (A) 11.0491 10.805
c (A) 7.0209 6.924
Crystal system Orthorhombic Orthorhombic
Vue (A3) 971.2886 914.8982
7 16 16
Density (gcm™3) 6.3527 6.7421
Table 2. Residue values for space groups Cmc2; and Cmem.
Parameter Cme2q Cmem
Refinement Kinematical | Dynamical | Kinematical | Dynamical
Robs (%) /Raur (%) 19.23/21.32 | 6.80/10.10 | 21.73/23.13 | 6.80/10.10
WRops (%) /WRay (%) | 20.68/20.76 | 6.44/6.68 | 24.78/24.80 | 6.46/6.70
GOF ps(%)/GOF 4y (%) | 10.72/10.26 | 2.55/2.13 | 14.44/13.98 | 2.55/2.13
Observed reflections 926 1650 515 1657
Parameters refined 44 147 28 131
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In Table 2 it is also possible to compare the kinematical and the dynamical refinements.
For example, when the dynamical refinement is used for the model C'mcm, the residue value
R decreased from 21.73% to 6.80%, and the weighted residue value wR decreased from 24.78%
to 6.46%. These decreases show the considerable improvement and therefore, the superiority of
the dynamical refinement.

Conclusion

The use of tree-dimensional electron diffraction tomography and precession electron diffrac-
tion have been used for structure analysis of a single nanocrystal of NigSiy with a diameter of
22nm, giving reliable structure solution. The kinematical and the dynamical refinements were
compared for the structure of the single nanocrystal. The use of the dynamical refinement
results in more accurate model, showing that it is superior to the kinematical refinement. The
structure of NizSis was decided to have centrosymmetric space group Cmem, in disagreement
to the published structure, which was only possible because the dynamical refinement was used.
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