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ABSTRACT

TEM imaging relies on specific orientations of the incident electron beam relative to the sample in
both conventional TEM and high-resolution TEM/STEM. In conventional TEM, contrast arises from
diffraction, where elastically scattered electrons form diffracted beams at angles defined by the
Bragg law. In high-resolution TEM/STEM, contrast results from phase interference between the
transmitted and diffracted waves, each acquiring a distinct phase at the exit surface due to different
path lengths. This interference can be constructive, destructive, or intermediate. The visibility of
these contrasts depends critically on sample orientation. Traditionally, achieving optimal alignment
has relied on empirical trial-and-error, requiring user expertise and considerable time. To overcome
this limitation, we worked out a new method supported by a dedicatedly developed module in
ATEX-software. This method leverages the determined crystal orientation, expressed by Euler
angles with respect to the sample holder. It establishes the geometric relations between the
incident beam, the desired diffraction vector g (for two-beam conditions) or a zone-axis (for on-
axis imaging) and the tilt/rotation axes of the holder. Using this information, the software provides
precise tilt and rotation instructions to reach the desired beam condition efficiently. Unlike
conventional methods, this approach significantly reduces the alignment effort, typically requiring

https://doi.org/1 0.1107/S1600576725010118 N0 more than two tilts of the sample holder.

1. Introduction

Transmission Electron Microscopy (TEM) is a powerful technique
for characterizing microstructures across scales ranging from the
mesoscale to the atomic scale. It plays a crucial role in revealing the
fundamental mechanisms underlying physical, chemical, and
metallurgical processes in metallic alloys, ceramics, intermetallics, and
semiconductors. In this context, TEM utilizes either diffraction contrast
(conventional TEM) or phase contrast (high-resolution TEM or STEM)
to visualize key features such as crystal defects (dislocations, stacking
faults, grain boundaries), crystal structures, phase precipitates, their
orientation relationships (ORs), and atomic arrangements. Two
fundamental diffraction conditions are widely used in TEM operation.
The first is the two-beam condition (including the weak-beam
condition) primarily employed for defect analysis [1, 2]. The second is
the zone-axis on-edge condition, used for phase transformations |3,
4], OR analysis [5, 6], and atomic-scale imaging [7, 8]. For the two-
beam condition, the crystal is oriented so that only one diffracted
beam is strongly excited alongside the transmitted beam [9]. This
condition produces specific contrast, ideal for imaging defected or
strained crystal regions. It is extensively used to determine dislocation
Burgers vectors [10, 11], visualize strain fields [12], and map defect
configurations [13, 14]. In contrast, the zone-axis condition aligns the
crystal such that a low-indexed lattice direction (zone-axis) is parallel
to the incident electron beam, generating characteristic zone-axis
diffraction patterns. This orientation is critical for crystal structure
determination, OR analysis and precipitate identification. It is widely
applied in high-resolution TEM (HRTEM) and STEM [15, 16],

particularly in high-angle annular dark-field STEM (HAADF STEM)
imaging [17, 18].

Despite the powerful analytical capabilities of TEM, its exploratory
potential is often challenged by the complex crystallographic nature
of samples, diffraction dynamics and the constraints associated with
sample mounting. Finding the appropriate beam orimaging condition
becomes a routine yet critical aspect of TEM work, occupying a
substantial portion of the experimental effort. Traditionally, achieving
the desired beam conditions involves a trial-and-error approach,
requiring iterative adjustments and the expertise of a skilled operator
to manually control specimen tilt and rotation. This process is highly
time-consuming and prone to misalignment, especially when dealing
with materials exhibiting complex crystal structures.

To address these challenges, software- and computer-assisted
protocols have been developed over the years to streamline specific
aspects of TEM analysis. One notable advancement has been the
implementation of computer-aided image matching techniques for
dislocation Burgers vector determination. These methods rely on
comparing experimental dislocation contrast with that of the
simulated images [19-22], significantly facilitating the analysis.
However, the actual acquisition of suitable TEM images still remains a
matter of chance, depending heavily on operator intuition and manual
exploration. More recently, the emergence of crystal orientation
determination techniques [23-26] has enabled simulation-based
guidance for tilting the sample to achieve specific beam conditions
such as g-b =0, crucial for Burgers vector identification. These
software-supported strategies have meaningfully simplified the
experimental workflow. Yet, despite these advances, there remains a
strong need for a general, systematic, and practical experimental
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approach that ensures reliable access to a wide range of beam
orientation conditions essential for routine TEM analysis.

In this work, we elaborate a general and innovative software-
assisted approach to directly achieve the required beam orientation
conditions in TEM for various analytical purposes, including defect
characterization, crystal structure determination, precipitate
identification and orientation relationship (OR) analysis, based on
crystallographic orientation data. The developed method is
implemented as a dedicated module within the freeware — Analysis
Tools for Electron and X-ray diffraction, ATEX-software [28]. By using
systematic crystallographic calculations and orientation mapping (via
pole figures), this approach enables precise and efficient control of
sample rotation and tilt to reach the desired imaging conditions. This
strategy not only streamlines the experimental workflow, reducing the
need for time-consuming trial-and-error adjustments, but also
significantly improves the accuracy and reproducibility of TEM-based
analyses. Furthermore, it holds potential not only for routine users of
TEM but also for instrument developers, offering a robust framework
for integrating automated sample alignment and orientation control.

2. Methodology

2.1. Setting of coordinate systems and their orientation
relationships

Considering the characteristics of TEM for sample loading and
imaging, two Cartesian (orthonormal) coordinate systems are
introduced in addition to the Cartesian crystal coordinate system (i-j-
k) to the studied crystal (grain). One is set to the sample holder (Xsh-
Ysn-Zsn) that has the Zs axis parallel to the incident beam and the Xsh
axis parallel to the tilt axis of the sample holder and the other (Xs-Ys-
Z;) to the TEM screen with its Zs axis parallel to the incident beam. The
relation between each pair of coordinate systems is defined by a triplet
of rotations (Euler angles in Bunge notation [29]) that allows
coordinate transformation from one to another [30], as shown in Fig.
1. The relation between the sample holder and the crystal coordinate
system (represented by (@1, @, ¢2)) can be directly determined by
indexing the obtained Kikuchi or the spot pattern, using the dedicated
software packages [27, 28]. As for that between the sample holder and
the screen coordinate system, a rotation around Zss, denoted y™ exists
composed of a magnetic rotation induced by the electromagnetic lens
(magnification dependent) and a rotation related to the specific
sample loading axis. For the TEMs, y™ has been corrected by the
imaging system (for most modern TEMs), the screen and the sample
holder coordinate system coincide when no tilt is applied (Fig. 1).
However, when y" is not corrected, the orientation relation can be
described by (y™, 0, 0) (Fig. 1).
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X Sample holder coordinate system Crystal coordinate system
Figure 1. Schematic diagram of orientation relations between three
coordinate systems. yM is non-corrected magnetic rotation angle.

For any crystal system, the structure can be represented by the
Bravais lattice and the lattice cell is defined by its lattice constants (a,
b, ¢, o, B and y) (denoted Bravais lattice basis (a-b-c) in the present
work). As the crystalline directions and planes are expressed with the
Miller Indices, equivalent to the coordinates expressed in the Bravais
lattice basis for the former and in its reciprocal space for the latter, the
geometrical relation between the orthonormal crystal coordinate
system (i-j-k) and the Bravais lattice basis should be resolved. There

are two ways to set the orthonormal crystal coordinate system with
respect to the Bravais lattice basis, one being with i//a and k//axb
and the other j//b and k//axb. Thus, the coordinate transformation
matrix from (i-j-k) to (a-b-c) can be resolved. A detailed deduction is
given in Appendix 1.

2.2. Stereographic projection in sample holder coordinate
system

Stereographic projection is commonly used to visualize the
orientation of any crystalline vectors and their angular relations. Fig.
2a illustrates the stereographic projection of a vector g (could be a
reflection vector) on the equatorial plane Xs»-O-Ysn. P (x,y,2) is the
intersection of g (unit vector) on the surface of the unit projection
sphere O- XsnYsuZsn. P' (x',y"), the intersection of the line connecting
P and the south pole S with the Xs»-O-Ysn plane, is the stereographic
projection or the pole of g. The detailed formulation for the
calculations is well documented and can be found, for example, in [31].

To project a crystalline vector or a plane normal vector in the
sample holder coordinate system, the vector is needed to be
expressed in the sample holder coordinate system. This can be done
through coordinate transformation from the Bravais lattice basis (a-b-
¢) (for a vector with Miller indices [u v w]) or from the reciprocal space
of the Bravais lattice basis (a*-b*-c*) (for plane normal vector with
plane indices (h k I)) to the sample holder coordinate system via the
orthonormal crystal coordinate system (i-j-k). Using the determined
crystal orientation (g1, @, ¢2) and considering crystal symmetry, the
transformation of all the equivalent vectors by symmetry can be
described:

Vpogn = Mg+ S; - Mc_p g, (€Y

where Mg (Eq. A19 in Appendix 2) is the coordinate
transformation matrix between the sample coordinate system and the
orthonormal crystal coordinate system linked with the Euler angles
(1, @, @2), S; (i = 1 - n, n depending on crystal symmetry) the
rotational symmetry matrices, M._ the coordinate transformation
matrix from the orthonormal crystal coordinate system to the Bravais
lattice basis (Appendix 1), and v and vg_, are vectors expressed in
the Bravais lattice basis and the sample holder coordinate system,
respectively. For the normal vector to (hkl) plane, v = G;; m (G
the reciprocal metric tensor: Eq. A2 and ny,,, the normal vector to the
plane: Appendix 1). Thus, the geometrical relations between the
projection pole (P'), the screen coordinate system (Xs-Ys-Zs), the
sample holder coordinate system (Xsn-Ysn-Zsn) and the electron beam
(EB) are defined, as illustrated in Fig. 2b and c.

2.3. To achieve two-beam/weak beam condition

With the resolved geometrical relation between the electron
beam, vector g representing the reflection plane and the sample
holder rotation/tilt axes, to reach the two-beam condition of g can be
guided by rotating or tilting the sample holder. To this end, first, the
screen coordinate system that is fixed is chosen as the reference for
the stereographic projection during sample holder tilt operations. For
clarity, we denote it X-Y-Z, and for simplicity, we consider that the
magnetic rotation yM is corrected. Under this condition, the sample
holder coordinate system (Xsa-Ysn-Zsn) coincides with the screen
coordinate system (X-¥-Z) when no tilt is applied.

There are two commonly used double tilt systems: a tilt (around
the X axis of the holder) + y rotation (around the Z axis) and the a tilt
+ B tilt (around the Y axis). According to the mechanical systems of
the two kinds of sample holders, the a tilt articulates the Y and Z axes,
whereas the y rotation or B tilt is independent and will not affect the
other two holder axes. Based on such a characteristic, we propose to
apply the y rotation or B tilt first and the a tilt second to facilitate the
operation process, if tilt or rotation along two holder axes are
required. Here all the rotation or tilt operations follow the right
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Z, IIEB

Figure 2. Illustration of stereographic projection in sample holder coordinate system. (a) 3D illustration; (b) and (c) pole figure presentation showing
geometrical relation between projection pole (P'), screen coordinate system (Xs-Ys-Zs), sample holder coordinate system (Xsa-Ysn-Zsn) and electron beam

(EB) with and without rotation correction.

handedness. Also, to facilitate the rotation angle calculations, we
suggest to use different projection planes for the operations with the
two different holder systems, as detailed in the next part. It should also
be noted that in practical TEM operations the sample holder
rotations/tilts are constrained by angular limits for image quality or
availability.

For the «a tilt + y rotation sample holder, the X-O-Y plane is
selected as the projection plane, as shown in Fig. 3 where the angular
limits for y rotation (unlimited) and « tilt (+40° for example) are
shaded in gray (Fig. 3az) and blue (Fig. 3b>), respectively. In the figures,
g is the unit vector representing the reflection plane expressed in the
sample holder coordinate system, and P is the projection pole of g.
The two-beam condition for this reflection corresponds to moving its
projection pole to the grand cycle of the X-O-Y projection plane
where the reflection plane of g is parallel to the transmitted beam i.e.,
the transmitted beam and the reflected beam g are on-edge (two-
beam condition). To this end, the general operation process could be

a1 Z/EB b 1 Z/EB

= (S

&’Z’li i n\\\\}?‘;
,'lm |\\‘\‘ ‘$‘>

M 5

N

realized by two steps, a y rotation plus an « tilt. Firstly, y rotation: the
y rotation around the Z axis moves g to g’ (Fig. 3a1), correspondingly
its pole P to P’ (Fig. 3a: and a). After that, g is on the Y-0-Z plane
and its projection is on the Y axis. Secondly, a tilt: the et tilt around the
X axis moves g’ to g"' (Fig. 3a1) and, correspondingly, its pole P’ to P"
(Fig. 3a1 and az). After the two steps, vector g is parallel to the Y axis
and the corresponding reflection plane is parallel to the transmitted
beam, reaching the two-beam condition. In this operation, y is defined
by the angle between OP and the Y axis and o is defined by the angle
between g’ and the Y axis, equivalent to that between OP and g, as
illustrated in Fig. 3a:. Alternatively, a single a tilt to reach the two-
beam condition is also possible, as shown in Fig. 3b. In this case, the
projection pole of g should be located within the a limit (the blue zone
in Fig. 3b>). Then, atis defined by the angle between g and g'. It should
be noted that, as the tilt is around the X axis, the angles of g and g’
with the X axis are equal. Thus, the coordinates of g’ can be calculated
using the angle between g and the X axis. The detailed information

A

1X  [Single atilt / y rotation + a tilt
[y rotation + a tilt

[ INo solution
X-Y-Z: Screen coordinate system that
coincides  with the sample holder

coordinate system at zero-tilt position
where YM is corrected

Figure 3. 3D schematic diagrams and pole figure representations illustrating (a) two step sample rotations and (b) single « tilt to achieve two-beam
condition using a a tilt + y rotation TEM sample holder system with shaded zones indicating sample holder rotation and tilt limits and pole figure

representation (c) highlighting orientation zones for different operations.
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Z/EB

[ single atilt

Z EB ZiEB

1 single B tilt
[] Brotation + a tilt
1 No solution

X-Y-Z: Screen coordinate system that
coincides with the sample holder coordinate
system at zero-tilt position where y” is
corrected

Figure 4. 3D schematic diagrams and pole figure representations illustrating (a) single B, (b) single e and (c) two step sample tilts (B + a) to reach two
beam condition using B tilt + a tilt TEM sample holder system with shaded zones indicating sample holder tilt limits and (d) pole figure representation
highlighting orientation zones for different operations. In figures, +30° for both a tilt and B tilt is assumed.

for the vector coordinates and the rotation and tilt angle calculation
formulae are given in Table 1. As a summary, Fig. 3c highlights the
orientation zones for the corresponding operations to achieve the
two-beam condition, using the a tilt + y rotation sample holder.

For the a tilt + B tilt sample holder, the X-0-Z plane is selected
as the projection plane, as shown in Fig. 4. The operation to the two-
beam condition is to move the projection pole of g to the thick black
horizontal line that represents the grand cycle of the X-O-Y plane.
Similarly, the a tilt + B tilt sample holder also has rotation angle
limitations. Unlike the a tilt + y rotation holder that has rotation
limitation only along X, the at tilt + B tilt holder has tilt limit along both
the X and the Y axis.

Considering the tilt-limit of the « tilt + B tilt sample holder, the
operation to obtain the two-beam position can be specified into three
cases, single B tilt, single et tilt and B + actilt. In the first case, when the
angle between g and the X-O-Y plane is smaller than the tilt limit
along the Y axis (B tilt), as shown in Fig. 4a: where the pole Q is in the
green region, the two-beam position can be reached by a single B tilt

(Fig. 4 a1 and a2). In this case, B is defined by the angle between OQ
and OX. In the second case where the angle between g and the X-O-
Y plane is smaller than the tilt limit along the X axis (a tilt), as shown
in Fig. 4b1, and the pole of g falls in the purple region in Fig. 4b>, the
two-beam condition can be realized by a single a tilt. This case is the
same as the single a tilt using the a tilt + y rotation sample holder, as
described above. In the last case, the projection pole of g falls in the
yellow region in Fig. 4ciand c.. To reach the two-beam condition, two
steps of rotations are required, B tilt + « tilt. Firstly, B tilt: the B tilt
moves vector g to g’ (on the Y-0-Z plane) (Fig. 4c1), correspondingly
its pole Q to Q' (Fig. 4c2). Secondly, a tilt, the a tilt further moves g’ to
g" (Fig. 4ci), consequently Q' to Q" (Fig. 4c), to the two-beam
condition (Fig. 4cz). Here, B corresponds to the angle between OQ and
0Z, whereas a to the angle between g and OY. The angle calculations
are in Table 1. Fig. 4d shows the summary of all possible orientation
regions of g that can reach the two-beam conditions.

Table 1. Calculation of tilt and rotation angles for operations to reach two-beam conditions using different sample holder systems

Holder Rotation Vector (with g (x,y, z) for all cases) Equation Result
OPunit 1 -1 21 v2
Y = cosT (0P - OY g) y =cosT (y/yx* +y?)
v+a x y 0 OY:n (0,1,0) i
atilt+y \/T—W\/T—yz @ = cos™ (0Punic 9) a = cosT!(x* +y?)
rotation
a g (xV1-x2,0) a=cos"'(g-g") a=cos™ (x? +yy1—x?2)
B 00 OXsh (1,0,0) B = cos™ (0Q i - 0X,p,) B =cos™! (X/JXZ + ZZ)
unit
X VA
: 0= — cos~! . — cos~! 24 42
a ttl-t P g a ( N m) 0Zy, (0,01) B =cos 1 (0Qunic- 0Zs) B =cos™ (z/\/x? +22)
tilt 0Y, (0,1,0) a=cos (0¥ g) a = cos™'(y)
- g (xV1-x2,0) a=cos™'(g-g") a =cos™ (x2 +yy1—x2)
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2.4. To achieve zone-axis on-edge condition

Different from the two-beam operation, the zone-axis on-edge
condition is to tilt/rotate the sample so that a desired zone-axis is
parallel to the beam. Similar to the two-beam operation, different
projection planes are used for different sample holder systems.

For the «a tilt + y rotation sample holder, the X-O-Y plane is
selected as the projection plane, as shown in Fig. 5. The operation to
reach the zone-axis on-edge condition is to move the projection pole
of the zone-axis vector v to the center of the X-O-Y plane (Fig. 5b)
that represents the incident electron beam. This can be achieved by a
two-step sample operation: y rotation + a tilt. The y rotation around
the Z axis moves v in Fig. 5a to v' (to the Y-O-Z plane),
correspondingly, its pole p in Fig. 5a and b to p'. Then, the a tilt around
the X axis takes v' to v"' (Fig. 5a) that is parallel to the incident beam
EB, (the on-edge condition), correspondingly the pole p' to p” (Fig.
5b) (the center of the X-0-Y plane). The angle y is defined by op and
OY and a by v and OZ. The angle calculations are given in Table 2.

N

X-Y-Z: Screen coordinate system that coincides with the sample holder coordinate system at
zero-tilt position where }'M is corrected

Figure 5. 3D schematic diagram (a) and pole figure representation (b)
illustrating two step sample tilts (y + a) to reach zone-axis on-edge
condition using y rotation + a tilt TEM sample holder system with
shaded zones (b) indicating sample holder tilt limit.

For the a tilt + B tilt sample holder, the X-O-Z plane is selected
as the projection plane, as shown in Fig. 6. The operation is to move
the zone-axis v to the OZ axis that represents the beam direction.
Thus, the first step is the B tilt around the OY axis, which moves v to
v’ (Fig. 6a) to the Y-0-Z plane. Correspondingly, the pole g moves to
G'(Fig. 6a and b). The second step is the a tilt around the OX axis,
which rotates v’ to v (to be parallel to the incident beam direction)
(Fig. 6a), correspondingly the pole p’ to p" (Fig. 6b). The angle B is
defined by oq and OZ and a by oq and v. The angle calculations are
given in Table 2.

ZI'EB

X-Y-Z: Screen coordinate system that coincides with the sample holder coordinate system at
zero-tilt position where }/M is corrected

Figure 6. 3D schematic diagram (a) and pole figure representation (b)
illustrating two step sample tilts (B + e) to reach zone-axis on-edge
condition using B tilt + a tilt TEM sample holder system with shaded
zones (b) indicating sample holder tilt limit.

A software module “TEM-Aligner” is developed for all the crystal
systems and integrated in the open-source software package -
Analysis Tools for Electron and X-ray diffraction, ATEX-software [28].
The workflow of the Atex Software® module "TEM-Aligner” is
presented in Appendix 3 (Fig. A3).

3. Application

Two examples are presented to illustrate the application of the
developed approach. The material used is the Coes6sCriss7Vies?
medium entropy alloy [32] and composed of a single FCC phase. The
sample was annealed to defect-free state (1200 °C for 3 minutes) and
then deformed to 2 % elongation by uniaxial tensile experiment. The
TEM samples were mechanically thinned to ~100 pm in thickness and
then electrolytically polished in a solution of 10 % HCIO4 and 90 %
C2HsOH at a voltage of 12 V and at a temperature between 268 and
273 K. The TEM used is Philips CM200 (without magnetic rotation
correction) equipped with an a tilt + y rotation sample holder and the
home-made orientation determination software Euclid Phantasies (EP)
[26]. In Example 1, the two-beam condition was used to determine the
Burgers vector of the partial dislocations bordering the stacking faults,
and, in Example 2, the [112] zone-axis on-edge condition was
obtained to visualize the chemically ordered-domains reported in the
literature [33-35].

Table 2. Calculation of tilt and rotation angles for operations to reach zone-axis on-edge condition using different sample holder

systems. Vector v, the zone-axis, is a unit vector.

Holder Rotation

Vector (with v (x,y, z) for all cases)

Equation Result

Opunit

atilt+7y OYsh (0,1,0)
0Z (0,0,1)

Y+ao

X y
rotation ——,0
( /XZ +y2 IX2+yZ

Y= Cos_l(opunit *0Ygp)

Y =cosTH(y/x2 +y?)

a=cos'(v-0Zgy) a = cos™(z)

a tilt +p oqunit
it B+a ( x 02 ) 0Z (0,0,1)
I — ', 0,—
1/XZ + ZZ ‘/XZ + ZZ

B = cos™(z/y/x% + z2)
a = cos~1(yx2 + z2)

B= COS_I(Oqunit "0Zgy,)

a = cos™ (0qypit " V)
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Example 1: Two-beam condition

Fig. 7a1 shows the bright field image of the deformed sample at
zero-tilt position. The deformation produced a large number of
stacking faults each bordered by a pair of partial dislocations piling up
before the twin interfaces, as highlighted by the red ellipsoid. A
Kikuchi pattern is acquired from the location of the green marker in
Fig. 7a1 and shown in Fig. 7az. The orientation (in Euler angles in Bunge
notation [29]) of the crystal (Fig. 7a1) was determined by indexing the
Kikuchi pattern with the EP software [28] and shown in Fig. 7a..

Based on the orientation of the crystal, the {111} and {220} pole
figures are plotted and shown in Fig. 7as and as, as these planes are
useful reflection planes to determine the Burgers vector of the partial
dislocations. By trace analysis using the stacking fault fringes, we
found that the slip plane of the partial dislocations are the (111) plane,
as evidenced by the parallelism of the fringe orientation (marked by
the black line in Fig. 7a1) and the (111) plane trace (the black solid line

in Fig. 7as), which indicates that 3 partial dislocations (tb%[m],

ib%[ﬁﬂ and ibé ﬁﬁ]) could be those in Fig. 7a:. To unambiguously

determine the Burgers vectors, the two beam conditions of g,,7 and
9230 Were considered and the produced characteristic contrasts of the
partial dislocations are given in Table 3. As the poles of (111) and
(220) are located within the single o tilt zones (Fig. 7as and as
indicated in blue), the single atilt was applied for either case. The two-
beam conditions with the respective g,,7 and g,3, on edge were
achieved after the respective a tilt. The bright-field images, the Kikuchi
patterns and the pole figures corresponding to the two different tilted
sample positions are updated in Fig. 7b and c. The contrast features
(highlighted in bold in Table 3) generated by g,,7 and g,3, on-edge

rules out the bu,,,, partial dislocation, and those produced by g7
6

clearly differentiate the bg[i 1] partial (weak; closer to the twin
6
boundary) from the blﬁlﬂ partial (strong, farther). This example
6
validates the workability of the method and the software module. The

corresponding snap-shorts of the software interfaces are shown in Fig.
Ada and b in Appendix 3.

Zero-tilt position

(105.13, 25.08, 62.04)

(142.33, 38.04, 18.16)

(118.15, 28.63, 46.7)

Figure 7. (al) Bright field image of stacking faults bordered with pairs of partial dislocations cycled in red in front of twin boundary, (a2) Kikuchi pattern
obtained from point highlighted in green in (aT) and corresponding Euler angles (in Bunge notation (Bunge et al, 1981)) and (a3) & (a4) {1 1 1} and {2
2 0} pole figures of sample in zero-tilt position illustrating a tilt operations to reach two-beam conditions of reflections highlighted in blue in pole
figures. (b7) & (c1) Bright field images of stacking faults with characteristic contrasts in two-beam conditions with g,,1 and g,3, on-edge, (b2) & (b3)
and (c2) & (c3) updated Kikuchi patterns in tilt positions and corresponding {1 1 1} & {2 2 0} pole figures. Magnetic rotations in both imaging and

diffraction states were corrected manually by rotating the respective images.
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Example 2: Zone-axis on-edge

In this example, we used the <211> zone-axis for characterizing
the presence of the chemically short-range ordered (CSRO) domains
in the studied alloy. As reported in numerous previous investigations
[35-37], the appearance of diffused diffraction spots at the 1/2{113}
reflection positions are indicative for the existence of the CSRO
domains. The {113} planes belong to the <211> axis-zone. Thus, the
existence of the CSRO domains can be verified with the <211> zone-
axis being on-edge, i.e, the beam is parallel to one of the <211>
directions.

Fig. 8ar shows the bright field image of the sample obtained at
zero-tilt position. A Kikuchi pattern corresponding to the green
marker in Fig. 8a1 is shown in Fig. 8a.. The orientation (represented in
the Euler angles in Bunge notation [29]) of the sample was obtained
by indexing the Kikuchi pattern shown in Fig. 8 a.. Based on the
obtained Euler angles, the <211> pole figure was plotted, as shown in

Fig. 8as. The [112] direction possesses the smallest angular inclination
from the incident beam direction (the center of the pole figure). The
necessary rotation and tilt angles to bring the [112] direction on edge
were then calculated and listed in Table 5. After the corresponding y
rotation and o tilt operations, the [112] on edge condition was
reached, as shown by the new Kikuchi pattern, the Selected Area
Election Diffraction (SAED) pattern and the pole figure in Figs. 8bs to
bs. In Fig. 8bs, the diffraction spots of the CSRO are clearly visible at
the 2 {131} positions despite the diffusivity, indicating the existence
of the CSRO domains in the studied alloy. A large number of white
domains in the dark field image in Fig. 8b1 and magnified in Fig. 8b>
produced using the diffracted beam at /2 (131) further manifest their
size, morphology and the distribution. This example well illustrates the
operation process to reach the zone-axis on-edge condition. The
corresponding snap shot of the software interface is shown in Fig. Adc
in Appendix 3.

Zero-tilt position

(354.32, 32, 171.9)

b,

zone ays [112]

Figure 8. (al) Bright field image acquired at zero-tilt sample holder position, (a2) Kikuchi pattern obtained from point highlighted in green in (a1) and
its corresponding Euler angles (in Bunge notation [29]) and (a3) corresponding <1 1~ 2> direction pole figure, illustrating rotation-tilt operations to
reach zone-axis on edge. (b1) and (b2) Dark field images of CSRO domains at [1 1~ 2] on-edge produced by V2 (131) diffracted beam in selected area
electron diffraction (SAED) pattern (b4), (b3) Kikuchi pattern corresponding to tilt position, illustrating the beam condition of zone-axis on edge and (b5)

<1 172> direction pole figure showing [1 1~ 2] on-edge.
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Summary

A novel method based on the determined crystallographic
orientation of the crystals to directly achieve the desired beam
orientation forimaging in TEM for a variety of analyses was elaborated
and A dedicated software module (TEM-Aligner’) was developed and
integrated in the home-made open-source software package -
Analysis Tools for Electron and X-ray diffraction, ATEX-software. The
method leverages the crystallographic orientation determination of
the subject crystal and progresses with a maximum two-step sample
rotation guided by the determined orientation to reach the two-beam
condition for defect imaging and the zone-axis on-edge condition for
a large span of analyses from precipitation of secondary phases,
crystallographic  orientation  relationship,  crystal  structure
determination to atomic arrangements, using both the conventional
TEM and the state-of-the-art high resolution TEM/STEM. The method
has two great impacts. First, it replaces the conventional search
through trial-and-error by a precisely defined process, thus greatly
saving the man-machine effort and time that are extremely expensive.
Second, it can be of interest also for TEM producers by programing
automatic sample holder rotation/tilt to further facilitated the beam
orientation optimization that represents as one of the toughest TEM
tasks.
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Appendix 1

With the constants (a, b, ¢, &, B and y) of the Bravais lattice, the
direct space of the lattice cell and its reciprocal space can be explicitly
defined with the basis vectors a, b and c¢ for the former and the basis
vectors a*, b* and ¢* for the latter. The two spaces are related with

bxc cxa, ﬂb

each other with the geometrical relations a* = b= =

with V = a- (b X ¢). Thus, the metric tensors of the respective direct
space (Gy;) and its reciprocal space (Gj;) can be resolved, as shown in
Egs. A1 and A2. It should be noted that the two spaces are dual and

reciprocal to each other.
2

911 912 Y13 a abcosy accospf
Gij = (921 Y22 Y23 =|abcosy b? bccosa Al
931 Y32 Y33 accosf bccosa c?

911 912 Yis
Gi*jz 921 932 93| =

" ¥ *
931 Y932 933

[ b%c?sina abc?(cosacosf —cosy) ab?c(cosacosy — cosﬁ)]

| V2 V2 V2 |

| abc?(cosa cos/)’ — cosy) a’c?sin?p a?bc(cos ff cosy — cosa) (42
| V2 V2

ab?c(cos a cos y —cosf) a?bc(cosf cosy — cosa) a’b?sin’y

l V2 V2 J

Following the fundamental laws of the dual space, the vector n*
normal to the plane Miller indexed (h k 1) in the direct space is the
vector in the reciprocal space with the same indices as the coordinates,
i.e, n* =ha* + kb* +Ic*. The coordinate transformation of a vector
between the two spaces are operated following the equations below:

v= G;v A3
and

v = Gy, A4
where v and v* are the same vector expressed in the respective

direct and reciprocal space. The scalar product of two vectors p(p,,

P2, p3)/P"(P1, P2 p3) and q(qu, 92, 93)/9°(q1, g3, q3) in both direct
and reciprocal spaces is:

P q=pG;q; (i,j = 1,2,3),(Indirect space) ASa
P - q =p;Gq; (i,j = 1,2,3),(Inreciprocal space) ASb
and the angle 6 between p/p* and q/q" is:

VPiGipj 4Gy
6= cos‘1< PiGid;

N INEHTH
The cross product of two vectors p(py, p2, p3) and q(q., 92, q3)

brings the resultant vector to its reciprocal space and vice versa:
P X q//(P203 - P392)a” + (p3q1 - P1G3)b” + (P14, - P2q1)c”  (direct space) A7a

e

) (In direct space) 6a

) (In reciprocal space) A6b

p" % q"//(p3q3 - p3gz)a + (piqi - piq3)b + (piqs - p3qi)c (reciprocal space)A7b

With these fundamental relations, the transformation matrix
between the orthonormal crystal coordinate system and the Bravais
lattice basis M_g (Fig. A1) expressed in Eq. A8 and 9 can be deduced.
In the following deduction, the two different settings of the two
coordinate systems are considered separately.

Cartesian system Bravais lattice basis
Figure A1. Schema illustrating relation between orthonormal crystal
coordinate system and Bravais lattice basis

My Myz Myz
A8

MC_B=[m21 My Mpy3
M3y Mgz Mgz

and
a=my i+ myj+myk
b = my,i +my,j + my,k A9
¢ = my3i + my3j + mask.

For the setting of i//a and k//a x b (Fig. A2a), the geometrical
relations of a and b with respect to the basis vectors of the
orthonormal crystal coordinate system are straightforward and can be
easily deduced:

a = ai +0j + Ok
b =bcosyi+bsinyj+ 0k A10

The relations of ¢ with the basis vectors i, j and k are less direct
and requires exploration. First, we need to resolve the angle between
c and k, g, in Fig. A2b that is also the angle between ¢ and ngyg4, as
Ngoq IS the vector normal to the (001) plane, i.e., the a — b plane. This
can be done using the scalar product of ¢ and nge, (Eq. A6). It should
be noted that c is in the direct space and ngy, is in the reciprocal space,
thus, it is convenient to first transform ngq, to the direct space, using
Eq. A3. Then,

Mgy = Mooy Gy, A1l
and
n;G;;c;
o=cos™! (—l i ) A12
JniGijn Gy
Thus,

M3z = C* COSO A13

To resolve m,; and m,3, we need two auxiliary vectors, r and t, as
shown in Fig. A2c. r is orthogonal to ¢ and k or ngy,, and t is the
projection of c¢ in the a — b plane with its modulus t = ¢ - sino. r is also
perpendicular to t. Obviously, r is parallel to the vector cross product
of ¢ and ngy, and in the a — b plane. According to Eq. A7b, it is
convenient to transform ¢ to the reciprocal space and conduct the
vectoral product to obtain r in the direct space, as below:

T = Ngo1 X (Gy5€) Al4

Thus, the angle between r and a, y, in Fig. A2¢, can be calculated

using Eq. Aba:
_ a;Gy;7; )
x = cos™! <7 A15
V@iGija;\[1:Gij7y
Then, the angle between a and t, ¢, in Fig. A2c is:

s
E=y1-5 A16

With this angle, the coordinates of ¢ on i and j can be resolved
as:

my; =t-cose=t-siny

my3; = t-sine =t-cosy Al17
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Figure A2. Geometrical relations between basis vectors of Bravais
lattice basis (in black) and those of orthonormal crystal coordinate
system (in red). Vectors in green and blue are auxiliary for establish
certain specific angular relations between basis vectors of two
coordinate systems.

Following the same deduction logics, the geometrical relations
between the basis vectors of the Bravais lattice basis and the
orthonormal coordinate system for the setting of j//b and k//axb (Fig.
A2d) can be obtained as follows:

a=asinyi+acosyj+ 0k
b = 0i+ bj + 0k A18

c=tcosyi+tsinyj+ccosok

Appendix 3

Fig. A3 illustrates the workflow of the ATEX-software module
"TEM-Aligner,” which is developed to guide the tilt/rotation
operations of the TEM sample holder. As shown in Fig. A3, the
interactive user interface for the two-beam condition contains several
key components:

1. Selection of the desired diffraction condition (e.g., two-beam or
zone-axis on-edge condition);

Specification of the crystallographic structure of the sample;

3. Selection of the target reflection (e.g., the (111) reflection used in
Fig. A3a);

4.  Visualization of the Kikuchi pattern;

5. Input of the crystal orientation in the form of Euler angles;

6. Selection of the sample holder type;

7. Pole figure display of the selected reflection plane(s);

8. Configuration of basic parameters for both the TEM and the

sample holder;

9. Output of the required holder tilt angles to achieve the
designated diffraction condition;

10. Pole figure plotting and graphical interface for orientation
manipulation.

/" ATEX - TEM Aligner Module c

T O Two-Beams Condition Pole Figure
° Crystal Orientation:

Material - Lattice Parametres

Load Phase alt Chromium Vanadium

Lat. Param.: 0.3578 - 0.3578 - 0.3578 - 90 - 90 - 90

Reflectors

M (113)-Struct Fact : 0.09
Aol

Diffraction Pattern

== Two-beams condition orientations

Put the mouse on a plan in the po eto eam Conditions

= Microscope Configuration
o
5 .
ANy xT, &

Two-Beam Conditions (mouse location)
Bragg: 0.2°
Plan: (-220)

Alpha only: -8.7°

Plotting Options

Figure A3. Developed software module "TEM-Aligner” in ATEX-software for guidance of TEM operation to achieve specific beam conditions.

Appendix 2
€OS @4 €OS ¢, —sin ¢, sinp, cos® — cos @, sin @, — sin ¢, cos ¢, cos P
Mg = (Sin @1 COS P, + cos @, sing, cos® —sing, sin @, + cos ¢, cos ¢, cos P
sing, sin® cos ¢, sin@

sin ¢, sin®
— cos ¢, sin <1>>A19

cos @
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Fig. Ad(ai-a2) and (bi-b2) demonstrate how the TEM-Aligner
module is used to guide the sample holder to reach the g,1) and
9230) two-beam conditions, as previously shown in Fig. 7 for Example
1. Similarly, Fig. A3(ci—c2) illustrate the alignment procedure to bring
the sample to the [T12] zone-axis on-edge condition presented in Fig.
8 for Example 2.

£ ATEX - TEM Algoer Modile

£ ATEX - TEM Alsgoer Module

These examples clearly demonstrate that, once the crystallographic
orientation of the sample is known, the developed software enables
rapid and efficient sample manipulation to achieve the desired
diffraction conditions. This significantly reduces the time and effort
required for experimental alignment, thereby enhancing the
practicality and productivity of advanced TEM operations.

Bragg: o..
Plan: (11-1)

Alpha only: -21.58

Bragg: 0.2°
Plan: (-220)

Alpha only: -8.7

Direction: <1-12>

and Alpha: -20.43'

Figure A4. (a:-az) and (bi-bz) To achieve g,,7 and g,z, two-beam conditions with respect to Fig. 7. (di-d:) in Example 1. (ci-c2) To achieve [1 1 2]

zZone-axis on-edge condition with respect to Fig. 8 in Example 2.

www.atex-software.eu

Permanent link  http://www.atex-software.eu/papers/ATEX_TEM_Aligner_Paper.pdf

D Ol https://doi.org/10.1107/5S1600576725010118



