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Abstract

Unit cells lack of symmetry are difficult to determine accurately, compared to
high-symmetry unit cells with many constraints. The electron backscatter diffraction
(EBSD) technique in scanning electron microscopy (SEM) was considered inadequate
for this task because of the highly defective band detections. We develop a new method
for the Kikuchi-band detections, which can improve the accuracy of the EBSD
technique in determining the lattice constants of totally unknown Bravais unit cells with
low symmetry. The results show that, under ideal conditions (i.e., low-noise EBSD
patterns and known projection center), the relative error of the unit-cell constants (a, b,
c) is less than 0.3%, and that of the axial ratios (a/b, b/c, c/a) is less than 0.5%. The
absolute errors of the inter-axial angles (¢, £, ) and crystal orientations are about 0.1°.
Our method is perhaps not as accurate as the classical techniques such as X-ray

diffraction, but is demonstrated as a practical tool for crystallographic characterization
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especially on low-fraction phases, and could be easily incorporated into an SEM to
make the most of the SEM in the area of microanalysis.
Keywords: triclinic; low symmetry; unit cell; lattice constants; EBSD; Kikuchi pattern
1. Introduction

Crystals are built up by an orientational stacking of very small regular ‘brick-like’

unit cells. Edges of the unit cells are considered to be parallel to the three axial vectors

—

(@, b, &) ofthe seven crystal systems which are subdivided into 14 Bravais-lattice

types according to different symmetries. In general, lattice constants are sensitive to a
variety of external and internal conditions, such as temperature, stress, chemical
composition, etc. Accurate determination of the Bravais unit cells (including their
symmetries and lattice constants) is prerequisite to phase identification, calculating the
atomic distance and bond energy, and analyzing the relations between lattice constants
and various physical/chemical properties.

However, accurate determination of the Bravais unit cells is not trivial even for the
cubic system with many symmetry constraints, and it becomes more difficult for the
low-symmetry crystal systems, especially the triclinic one [1=3]. For the crystalline
materials with low symmetries, their crystal structures are generally complex and often
accompanied by relatively poor crystalline perfection with residual stress and fine grain
size. These characteristics make their diffraction patterns complicated and any tiny
error or mishandling in the data processing will severely impact the accuracy and
reliability of the final determination results [4, S]. Take the X-ray diffraction (XRD)

technique as an example, the best accuracy of measuring the lattice constants for cubic



system is about 0.0005%, which is close to the accuracy of measuring the X-ray
wavelength and thus is possibly so far the limit of measuring lattice constants [6, 7]. In
ordinary cases, the measurement accuracy for cubic system is about 0.002% [8, 9]. For
triclinic system, however, the best accuracy, under the condition of no systematic errors
(e.g., instrumental misalignment, incident beam divergence, off-center specimen,
specimen absorption, etc.), is 0.01% [10], one order of magnitude lower than that for
cubic system. In practical measurement, it is, of course, not free from sources of the
systematic errors. As a result, the measurement accuracy for triclinic system
deteriorates even further to about 0.3% [10], two orders of magnitude lower than the
ordinary cases for cubic system.

Given the above accuracies of the XRD technique, it is still challenging to
characterize the phases with a low fraction because of their insufficient X-ray
diffraction signals. In this case, the popular alternative technique is the transmission
electron microscopy (TEM). But it requires time-consuming sample thinning and
sometimes may not be readily available.

Nowadays, electron backscatter diffraction (EBSD) technique in scanning electron
microscope (SEM) is comparatively widespread for microanalysis. It is a locally
resolving technique that enables a combination of the microstructural and orientational
characterizations, such as morphology and texture based on orientational analysis of
known crystals. It nonetheless has an unfavorable reputation of being too inaccurate to
measure the lattice constants reliably. For lattice-constant determination, EBSD’s best

accuracy is considered to be 5%, and the error of the data extracted from EBSD patterns



may be up to 20%, because of the normally vague diffraction patterns and the highly

defective band detections -

The corresponding determination error was confined mainly by
building the overdetermined system of equations. Although the obtained accuracy
(about 1% for lattice constants [17]) is reasonably high, the adopted band-detection
method remains inherently unsatisfying and the accuracy was derived only from cubic
and tetragonal unit cells. In this work, we propose an improved method for the Kikuchi-
band detections, which utilizes the crystallographic information extracted from an
EBSD pattern to further confine the determination error. Then we apply this new
method to determine low-symmetry unit cells. The obtained accuracies for materials
with triclinic unit cells are better than 0.3% for both the unit-cell constants (a, b, ¢) and
the axial ratios (a/b, b/c, c/a), better than 0.3° for the inter-axial angles (a, f, ), and 0.1°
for crystal orientations. This is significantly better than the previous accuracy we
achieved on high-symmetry cubic or tetragonal materials, demonstrating the great
potential of our method for structure determination on SEM.
2. Geometric crystallography of EBSD

EBSD signals emitted from an effective point source inside a crystal sample are

gnomonically projected onto a flat screen of the EBSD detector, recording a two-



dimensional Kikuchi diffraction pattern. In this three-dimensional configuration of
gnomonic projection, the ratio between the specimen-to-screen distance and the height
of the Kikuchi pattern is defined as the detector distance, which affects the pattern’s
angular coverage ¢ (Fig. 1a). Typically, a Kikuchi pattern covers an angle ¢ in the range
of 70-100°. A point in the two-dimensional pattern with the shortest distance to the
emitting source (i.e., projection center) is usually called the pattern center.

From the crystallographic point of view, a single Kikuchi diffraction pattern
provides abundant information about the crystalline phase (including its real and

reciprocal unit cells). To be specific, in a Kikuchi pattern tens of bands represent the

electron diffraction signals of lattice planes (4k7) . The widths of bands decide the

absolute values of the unit-cell constants (a, b, c¢) according to Bragg’s equation

2d,y,, in 0, = nA , where 6; is approximately proportional to the width of a Kikuchi

band (Fig. 1b). These Kikuchi bands intersect each other, forming hundreds of Kikuchi
poles, namely, zone axes [uvw] : (hkl) x(hkl )j =[wvw] , with hu+kv+Iw=0. Here,
the indices of 4, k, [, and u, v, w, are all integers, which means that all bands and poles
showing visible Bragg diffraction contrast within the angular coverage of a Kikuchi
pattern have integer Miller indices. The positions of the diffracting-plane traces and
zone axes depend on inter-axial angles («, £, ), axial ratios (a/b, b/c, c/a), and crystal
orientations (e.g., the three Euler angles, Z, X, Z). The widths of the Kikuchi bands are
associated with the magnitude of lattice constants. The success (including high

accuracy and high reliability) of determining the Bravais unit cells based on the EBSD

technique is therefore strongly dependent on the accuracy and precision of the adopted



band-detection method. In particular, correctly locating the traces and describing the
band widths of diffracting lattice planes are of critical importance.

Unfortunately, it is difficult to accurately determine the traces and widths in a
Kikuchi pattern. Owing to the gnomonic projection (Fig. 1), the two edges of each band
have a hyperbolic shape, and its width is approximately proportional to twice the Bragg
angle (20, ) of a diffracting lattice plane (/kl )i . The trace of a diffracting lattice plane

(hkl)i, which is an invisible line of intersection between the (hkl)i plane and the

Kikuchi pattern, is not coincident with the center line of corresponding hyperbola-
shaped Kikuchi band, as illustrated in Fig. 1b. The maximum deviation between a
center line and corresponding trace appears to be only few image pixels (about 0.1°
within the angular coverage ¢ shown in Fig. 1a) and hence difficult to notice in a
Kikuchi pattern. Such inaccuracy in trace positions may not affect the directions of the
traces and the angles between them, but will cause considerable errors in the locations
of zone axes as well as the following unit-cell determination.

With respect to the widths of Kikuchi bands, it is also difficult to perform an
accurate measurement in a Kikuchi pattern because the intensity profiles of the

diffraction bands are complex [18]. Thus the lattice spacing d

_1 .
(ki) (dy, < 6,) obtained
from measurement of the band widths tends to be rather imprecise (with error up to

20%). In consequence, using the erroneously measured a poorly defined

(hkl) ®
reciprocal primitive cell will be reconstructed, which eventually leads to an inaccurate

and unreliable determination of the real unit cell.









Furthermore, although the traces of diffracting lattice planes are invisible, their

corresponding Kikuchi bands are visible and the traces must pass through zone axes.

Each visible zone axis [uvw] in a Kikuchi pattern has at least two plane traces passing

through it, and any connecting line between two zone axes must also be the trace of a

diffracting lattice plane: [uvw]m X[uvw]n = (hkl ) . Most importantly, the traces of all

i

diffracting lattice planes and their intersections (zone axes) are highly correlated. The



fundamental law of ‘assembly of zones’ discovered by C. S. Weiss |21, 22] points out
that any lattice plane can be derived by predefining only four planes (any three of which
are non-tautozonal). Similar to diffracting-plane traces, the widths of visible Kikuchi
bands are all highly correlated too: From the knowledge of the lattice-constant ratios,
only a single band width enables the description of all lattice constants absolutely.
Combined with the relatively accurate angular measurement between the traces (with a
typical error 0.5° depending on the image quality of recorded EBSD patterns [3]), the
close correlations between the numerous bands and zone axes can be applied to
improving the accuracy and reliability of the unit-cell constant extraction, as will be
demonstrated below in our method.
3. Principles and methodology

Given a certain Kikuchi diffraction pattern, its experimental conditions such as
accelerating voltage, detector distance and pattern center are often known. The first step
required for determining the unit cell corresponding to this specific Kikuchi pattern is
to measure the Kikuchi bands, including their traces (close to their center lines, Fig. 1b),
angles between them, and band widths. All the visible bands, regardless of their
diffraction intensity, should be considered. This process is the so-called band detection,
which can be performed either automatically through certain band detection algorithms
(e.g., Hough transform [23]) or manually through the naked eyes. However, there is a
problem in both cases. As the band detection goes on, more and more bands will be
detected. Their traces should exactly intersect at zone axes, each of which should be

one point theoretically. However, for those detected bands, if intersected inside the
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pattern’s angular coverage, their intersections are usually not one point but distribute
around the Kikuchi poles (zone axes), namely, the pole-dispersion problem (Fig. 3a).
The origin of this problem is that each band is individually detected, which inevitably
causes additional errors every time the position of new uncorrelated band is defined.

As described in Section 2, _ four non-tautozonal
planes can uniquely decide all other planes in a crystal lattice. We use this fundamental
property to solve the pole-dispersion problem caused by the individual band detection
process (Fig. 3a). Specifically, we can identify six zone axes as the intersection points
of four traces. Further connecting these six zone axes allows us to locate more traces
and subsequently more zone axes. As every intersection point is determined by two
trace lines only, the possibility of dispersed intersection points (zone axes) of multiple
tautozonal-plane traces can be completely eliminated. In Fig. 3b, the red lines are
predefined traces of four non-tautozonal planes, and all the traces belonging to any one
zone axis exactly intersect at one point.

Although our approach above can solve the pole-dispersion problem, it heavily
relies on an accurate definition of the initial four non-tautozonal plane traces. Any
errors in the positions of the initial four traces will be amplified and accumulated during

the following trace detection process, which can make an accurate unit-cell

determination impossible. _
_ For instance, a green

line shifts rightwards compared to the correct blue line, and the pink lines marked by
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two arrowheads deviate slightly from the contrast of the band edges, which makes this
unit-cell determination unreliable.

Fortunately, the above-mentioned considerable drawback of predefining four
traces, i.e., ever-increasing error, could be overturned and become a favorable
advantage, i.e., ever-decreasing error. Once again, we exploit the close crystallographic
correlation between the bands and zone axes. After the first four trace predefinition, the
initial error will be continuously amplified till the last visible band is defined. This last-
defined trace (usually far from the initial four traces) has an obvious deviation from its
correct position (compared with the visible band edges). Next, we manually decrease
this error by refining the definition of the last trace. Then the previous errors of all other
traces (including the first four ones) can be collectively decreased since all traces are
highly correlated. One benefit of this method is that the positions of all Kikuchi bands’
traces can be adjusted collectively and correctly by refining only one or few traces’
positions. For example, by refining four intersection points located respectively in the
four corners of Fig. 3c, the deviations of all traces and band edges are mitigated
obviously as demonstrated by the pink hyperbola segments.

The following procedure briefs our method for limiting the trace-detection errors:

Predefined Manual definition
——
st nd ~rd th Error T «th Error 1 th
17,2™,3% 4 tracesgc————=2-- I ---traces T————2N 'trace
Error 44 —_— Error 4
Auto-refinement Refined

From left to right, it is an error-increasing process, whereas from right to left it is an
error-decreasing process. It is important to note that the above procedure may not
necessarily be applied to the last defined trace, i.e., a readjustment of any single trace

or its intersection points can be used to refine all other traces.
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Given a certain EBSD pattern (simulated or experimental), our proposed

methodology for band detection is divided into several steps:

1.

ii.

1il.

1v.

Predefine the positions of four non-tautozonal traces, forming six intersection

points (i.e., the so-called Kikuchi poles or zone axes).

Connect the six intersection points to locate more traces and zone axes. This
step defines the traces of all visible bands based on the four predefined traces,
which is the first demonstration of the ‘law of assembly of zones’ in practice
[21, 24].

Refine the locations of one or more intersection points. The intersections in
the four corners of a pattern are recommended to refine first, because they

often incline towards obvious deviation.

If any trace
is still apparently deviated from its perceptibly proper position, repeat Steps iii
and iv for several zone axes until all traces, especially their intersections, are

located correctly.



Vi.
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Vii.

Viil.

Calculate the hyperbolas of all band edges (including their positions, shapes,

etc.) based on the determination result obtained in Step vi,

Repeat Steps iii and iv using the calculated hyperbolic edges_
_ Once the locations of all zone axes are as much refined

as one can, the axial ratios, the inter-axial angles and the crystal orientation,

are fixed. Since the locations of zone axes can be ascertained to a relatively




1X.

high accuracy, the final determination accuracy of aforementioned parameters
may reach about 0.5% (depending on pattern quality). After this step, all the
constants of a Bravais unit cell can be determined, except the absolute values
of the lattice constants (a, b, ¢) which are decided by the band widths and will
be further refined.

Refine any one band’s width (i.e., its Bragg angle) by matching its calculated

hyperbola with its visible hyperbolic edges.

- Besides, the trace of this diffracting lattice plane can be further
adjusted, if necessary (go to Step viii). It is highly recommended that the band
chosen to be further refined should have as wide band width and as sharp
contrast as possible.

The last step: a final refinement of all bands’ widths according to the further
refined four non-tautozonal traces as well as one band width can result in the
best match between the calculated bands (e.g., their positions, widths, slopes,
etc.) and the simulated/experimental bands. The band chosen to be further
refined as an auxiliary constraint may have a number of qualified candidates
(with wide widths and sharp edges) in a given EBSD pattern. Every candidate

band should be entitled to an independent refinement, i.e., repeat Steps ix and
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x for different bands, in order to obtain a statistical and convincing
determination result.

Overall, for obtaining accurate lattice constants of crystalline materials,
measurement of the band widths (diffraction angles) must be accurate first. This
requires in turn the same degree of accuracy in the definition of the diffracting plane
traces, and then in the locations of zone axes. In other words, locating the zone axes
accurately is prerequisite to a reliable Bravais unit-cell determination. Moreover, in
experimental patterns which usually have blurred Kikuchi bands, the advantage of our
proposed method will become more obvious, since only one relatively clear band is
needed, rather than a completely high-quality EBSD pattern, the obtainment of which
is quite challenging.

Hereinafter in order to evaluate the above proposed method, we first identify
simulated EBSD patterns since they are derived from known unit cells with definite
lattice constants and their corresponding crystal orientations and other diffraction
conditions are also known, which enables us to precisely evaluate the errors originated
mainly from our method. Then, as an important complement to the evaluation,
experimentally collected EBSD patterns are also analyzed using the proposed method.
4. Results and discussion

In this section, we arbitrarily choose four triclinic crystalline materials, then
determine their Bravais unit cells by using the method proposed above. The algorithm
of this method is programmed using C++ computer language, and embedded into a

software EBSDL [12, 15]. The crystallographic information files (CIFs) of the chosen
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crystals are from literatures [26-29] and all simulated EBSD patterns are acquired with
the software DynamicS [30]. Unless stated otherwise in the following, a same set of

experimental conditions, namely, accelerating voltage (15 kV), detector distance (0.5),

pattern center (0.5, 0.25), pattern resolution (1024x1024 pixels), _
_, is input into DynamicS for simulation of the four chosen crystals.
Another input for the simulation is three Euler angles Z-X-Z _

- which represent the crystal orientation and are set differently for the four
crystals. The simulated patterns are then independently analyzed as completely
unknown phases. The determination results (i.e., output of EBSDL) include all six
constants (a, b, ¢, a, f, y) and three Euler angles (Z, X, Z) of the (unknown) Bravais
unit cells. Comparing these independent determination results with the definite
reference information in corresponding materials’ CIFs, the accuracy of our proposed
method could be evaluated. In addition, experimental patterns are also analyzed, and
the results further serve as an auxiliary evidence for testing the reliability of our method,
though the exact unit-cell constants of the experimental samples may vary slightly
according to the material composition, internal stress, etc.

When applying the proposed method to practical pattern determination, there are
several sources of errors that need to be paid close attention to, as will be further

llustrated below.



Fig. 4 shows a series of determined patterns of the same semiconductor material
AAsSez (A = Li, Na), each of which exhibits different zone-axis discrepancies. The
accelerating voltage for simulating this pattern is 20 kV. The green lines mark the
manually defined traces of unknown diffracting planes. Red circles are the intersections
and represent unknown zone axes. The blue lines and their intersections indicate the
calculated locations of the traces and zone axes according to the determination results,
respectively. If we set a relatively large tolerance factor (80 pixels), the result shown in
Fig.3a is a primitive cubic unit cell, with the maximum discrepancy between the
manually defined (red circles) and the calculated (blue-line intersections) zone axes,
46.57 pixels. If exclude the result of the primitive cubic, the newly determined Bravais
unit cell becomes primitive tetragonal (Fig. 4b), with the maximum zone-axis

discrepancy of 46.67 pixels. If exclude the previous results, other different unit cells
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may appear. For instance, the resultant Bravais unit cell of Fig. 4c is rhombohedral with
the maximum zone-axis discrepancy of 19.68 pixels; that of Fig. 4d is base-centered
orthorhombic with 40.58 pixels, and Fig. 4e is base-centered monoclinic with 19.79
pixels. The zone-axis discrepancies in Figs. 4a-3e are not due to our proposed band
detection method as the same set of manually defined traces and zone axes are used.
They originate from the tolerance of the maximum zone-axis discrepancy: Larger
values for this tolerance lead to possible unit cells of higher symmetry, which can be
incorrect. For the pattern shown in Fig. 4, if we set the tolerance to be 5 pixels, the
determination result is a triclinic unit cell and the theoretically derived traces and zone
axes coincide with the manually defined ones (Fig. 4f). The maximum zone-axis
discrepancy in Fig. 4fis <0.005 pixel, rendering a well-determined pattern. Its detailed
lattice constants are given in Table 1. With respect to the average determination errors,
for a, b, c, it is (0.25+£0.03)%; for «, B, y, it is 0.08°+0.06°; for axial ratios (a/b, b/c,
c/a), it is (0.05£0.02)%; and for crystal orientation (Euler angles) Z, X, Z, it is

0.05°+0.02°. In the following, the default value for the tolerance of zone-axis

discrepancy s set o be S pixcls (4Bl 01508 O pAem WdIh). SRGe e reckon th
The second issue is related to definition of the narrowest band widths, which play
a key role in correctly determining the Bravais-lattice types. In particular for a given

crystal, its unique reciprocal primitive cell with the smallest volume must be

reconstructed. This essentially demands the three shortest reciprocal lattice vectors,



which then require the band detection process must define the three narrowest widths
for all visible bands. Unfortunately, defining the narrowest band widths is not a simple
work to complete, because Kikuchi bands may have higher interference orders. Fig. 5
shows a simulated pattern of CuVOs;. In this figure the lines and circles represent
manually defined traces and zone axes, respectively. The two white arrowheads mark
a high-order interference of a Kikuchi band, whereas the two black arrowheads mark
its first-order interference. If one defines the width of that band as the width of its high-
order interference, the determined Bravais lattice is triclinic and the volume of the
reconstructed three-dimensional reciprocal primitive cell is 20.20 nm>. If we use the
first-order interference of that band to define its width, the final determination result is
still a triclinic unit cell (Table 1) but the volume of the reconstructed three-dimensional
reciprocal primitive cell becomes 10.10 nm ™ (= 2 x 20.20 nm >). The improperness of

only one band definition can lead to distinct determination results. Ideally, the simplest

case is that the edges of aband (4k7) are not only clearly definable but also represent

its first-order interference, then defining the narrowest width of this band is easy. But
in fact, (hki )i with higher interference orders may have their most important first-
order interferences either obviously blurred or not detectable at all. Whether the
narrowest visible band width may or may not belong to the first-order interference is
difficult to judge and our solution is simply a series of educated guesses.

For example, an (hkl ) exhibits two interferences, with orders of 1 and 2, then
the band width of the 1 order interference approximately equals to 1/2 of the 2" order

interference ( H, =H, /2 ); similarly, if with orders of 3, 4 and n, then
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H =H,/3=H,/4=H, [n, where H, represents the length of the reciprocal vector
corresponding to the n™ order interference. Higher-order interferences of the same
(hkl) always show wider bands, and their dimensions and edges are often clearly
better definable than the narrower lower-order interferences, especially the first-order
one. After carefully measuring the width of the Kikuchi band in Fig. 5, the two white
arrowheads actually mark the 2" order interference of the band, while its narrowest 1°
order interference is marked by the two black arrowheads. Using the 1% order
interference, the determination result given in Table 1 is more reasonable than that
using the 2" order interference (not shown in this table).

The third issue concerns locating the trace of a diffracting lattice plane from
identified zone axes. Manually locating the traces of the first four diffracting planes can
have relatively large errors, but these errors can be significantly decreased after the
trace-position refinement steps (described in Section 3). On the other hand, the
subsequent definition of all other diffracting planes’ traces needs a clear identification
of proper zone axes. Specifically, the subsequent trace definition is actually a semi-
automatic operation which requires manually linking the intersections (zone axes)

already formed by previously defined traces. If a trace (representing a diffracting lattice

plane (4kl)) were wrongly linked to an intersection [uvw] where its tautozonal
planes should not include the plane (/4k7), the final determination result must be wrong
(or no result at all). This problem is caused by the choice of intersections which are
sometimes so crowded in local regions that the manual definition can hardly

differentiate them.
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Fig. 6 displays a simulated EBSD pattern of CuszFes(PO4)s. The green lines

represent the virtual traces of diffracting but unknown lattice planes (Akl )i . Red circles

are the intersections and represent unknown zone axes [uvw] . A blue line marks a
m

possible trace of a diffracting plane (/k/) whose real trace is ambiguous. Because of

the locally crowded intersections as shown in a white square (and its magnification
shown in the lower-right corner), it is apparent that there are several intersections

[uvw]m which locate so close to the trace of the Kikuchi band (marked by a blue line)

that it is nearly impossible to identify the right zone axes which can properly describe
the trace of (hkl). If the trace of (/kl) (marked by the blue line) were defined with
wrong zone axes, no correct result will be obtained. The above problem can exist for
all the plane traces defined from crowded zone axes; therefore we cannot ascertain
whether the final determination result is correct.

To solve this problem, our solution is simply to avert the ambiguous bands first:
When linking two intersections, one or both of which are too crowded in local regions
to be differentiated from their neighbor intersections, this specific trace should be
skipped first, leaving the corresponding Kikuchi band undefined. This is to make sure
that all the defined traces are reliable and correct. Then we perform the determination
based on the already defined bands. Once a determination result is obtained, the still
undefined trace and its band edges can be theoretically calculated by designating two
possible intersections on the trace. The calculated and the undefined band edges need
to coincide. Hence, by comparing the calculated traces and hyperbolic lines with the

actual Kikuchi bands in the pattern, the undefined bands as well as their ambiguous
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zone axes (intersections) can be clarified at last. It should be pointed out that using a
high screen resolution, i.e., magnifying the EBSD pattern shown in the screen, is
beneficial to differentiating the crowded intersections and mitigating this problem.

The last issue is that the reliability and accuracy of the unit-cell determination can
be affected by the number of Kikuchi bands that have been detected. Fig. 7a shows a
simulated pattern superimposed with only 20 Kikuchi bands detected. The
determination result is none. The reason (similar to the second issue above) is that the
number of Kikuchi bands that have been detected is so limited that the three narrowest
band widths for reconstructing the smallest three-dimensional reciprocal primitive cell
of the unknown phase cannot be found in the detected 20 Kikuchi bands. As a result,
no appropriate Bravais unit cells can be used to index all the 20 already detected bands.
To gain a high probability of finding the smallest primitive cell of a given crystal, the
detected Kikuchi bands should be as many as possible, in order to increase the reliability
of the determination results.

Fig. 7b displays the same pattern with 40 Kikuchi bands detected. The
determination result is a triclinic unit cell (¢ =5.449 A, b=6.559 A, c=7.744 A, a =
96.23°, f=190.05°, y=101.26°, Z =—-9.89°, X =20.07°, Z = —30.23°). With respect to
the average determination errors, for a, b, c, it is (1.97+0.19)%; for «, S, 7, it is
0.18°+0.11°; for axial ratios (a/b, b/c, c/a), it is (0.31£0.12)%; and for crystal
orientation (Euler angles) Z, X, Z, it is 0.14°+£0.07°, which looks reasonable but still
noticeably different from both the CIF data (@ =5.5703 A, b=6.6741 A, c =7.9032 A,

a=96.2° [ =90.3° y=101°) of FeVMo0O7 and the preset Euler angles (—10°, 20°,
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—30°) for pattern simulation (cf. Table 1). Fig. 7c shows a determined pattern with 80
detected bands forming 889 zone axes. The corresponding result becomes more
accurate and confirms that the simulated pattern originates from a triclinic phase (Table
1).

The results summarized in Table 1 can demonstrate the accuracy of determining
triclinic unit cells using the proposed method described in Section 3. Compared with
corresponding materials’ reference lattice parameters in their CIF files and the preset
crystal orientations used for simulating the EBSD patterns, the determination results for
high-quality patterns are surprisingly good. The average relative error of the unit-cell
axes (a, b, ¢) is (0.15+0.09)% and that of the axial ratios (a/b , b/c , c/a) is (0.12+0.12)%.
The average absolute error of the inter-axial angles (¢, S, ) is 0.10°£0.07° and that of
the Euler angles (Z, X, Z) is 0.07°£0.05°. Generally speaking, for lattice parameter
determination, quantitative determination requires the relative error better than 3%,
whereas for accurate determination the number is 0.3%. Therefore, it is evident from
Table 1 that the accuracy of determining unknown triclinic unit cells via our proposed
method is high, if the pattern quality is high as well.

As a summary of the aforementioned sources of errors when applying the proposed
method to determine the Bravais unit cell using an EBSD pattern, we make four
recommendations:

a) The tolerance values for the maximum discrepancy between manually defined and
theoretically derived zone axes should be appropriate, which depends on the

experimental conditions (e.g., pattern resolution and detector distance) as well as
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the accuracy of the band detection. For an ideal crystal without lattice distortion
and defects (which will cause zone-axis deviation [33]), five pixels (about 0.2° I
_) is a recommended value for a reliable unit-cell
determination. While too large tolerance values for the zone-axis discrepancy are
obviously not recommended, too small tolerance values are not favorable either,
because most crystals are not perfect and their zone axes in EBSD patterns will
deviate from their theoretical positions. In the case of imperfect crystals, a slightly
larger tolerance value (than the recommended 0.2°) is also acceptable for a
reasonable unit-cell determination.

The three narrowest widths of all visible Kikuchi bands must be defined (in order
to reconstruct the smallest reciprocal primitive cell), otherwise incorrect results
corresponding to non-primitive cells in the reciprocal space may appear.

The Kikuchi bands likely to be wrongly defined by two zone axes because of the
zone-axis over-crowdedness should be skipped first. These bands can be added
afterwards according to the determination result.

The detected Kikuchi bands should be as many as possible, so that the

determination results show a high degree of confidence.
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four Kikuchi poles indicated by red circles are used to refine the positions of all detected

traces, i.e., perform the Step iv in the methodology described in Section 3. As for the

pattern center and detector distance of this experimental pattern, _
_ [34] and need to be found out. To this end, and

also for determining the absolute dimensions of lattice constants, we vary the two
parameters according to the degree of match between the experimental pattern and the
calculated patterns (based on determined Bravais unit cells), i.e., finding the most
accurate description of all visible bands with the lowest discrepancy. The estimated
pattern center is marked by a yellow cross in Fig. 8, and the estimated detector distance
is 0.765. The red hyperbolas are calculated band edges based on a determined unit cell
(@=8252A,b=13.069 A, c=7.240 A, a=92.38°, B=115.66°, y=91.43°). It must
be pointed out that this result is not a direct output of our proposed method, but obtained
through a crystallographic transformation process, which is detailed in the following.
After determining the experimental pattern shown in Fig. 8, the direct output of a
three-dimensional reconstruction procedure (accomplished by EBSDL [15]), combined
with our proposed band-detection method, is: ap=7.240 A, bo=7.641 A, co=7.815 A,
oo = 115.47°, fo = 101.18°, w = 105.63°. This set of unit-cell constants for anorthite
appears quite distinct from those reported by literatures [35, 36], as summarized in
Table S1 (in the supplementary material). However, it should be emphasized that with
our proposed method only a primitive unit cell will be reconstructed for the triclinic

Bravais lattice. According to the determined unit-cell constants, the volume of the unit

cell in real space can be calculated to be 351.22 A3, _
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shown in Table S1 (which are in the range from 663.23 A% to 671.19 A%). Furthermore,
Table S2 gives the atomic coordinates in the unit cell of anorthite reported in reference
[36]; this crystal structure will show (100) and (010) extinction in the single-crystal
diffraction, which should not occur for the primitive triclinic Bravais unit cell. This
implies that the difference in the unit-cell constants might be caused by the choice of
different basis vectors of a triclinic unit cell. Fig. S1 shows a projection of the anorthite
unit cell along its reported c-axis. It can be found that the reported unit cell (yellow
background) is not a primitive cell (which actually is ‘base-centered triclinic’ and does
not belongs to the 14 Bravais-lattice types), whereas the basis vectors of a real primitive

unit cell for the triclinic lattice of anorthite can be defined as

d,=—¢ d=h,+¢,
by=d/2+b/2 or b=hb,—¢,
G,=dl2-b/2 ¢ =—a,

where d,, b

> Co are the basis vectors of a primitive triclinic unit cell (as indicated

—

by the green background in Fig. S1), and @, b, & are the basis vectors of the

reported unit cell (yellow background). Based on the above relationship between the
two sets of basis vectors, the atomic coordinates in a primitive triclinic unit cell can be
calculated, as listed in Table S3. It should be emphasized that within the reported unit
cell (containing 56 atoms, cf. Table S2), only half of all atoms (namely, 28) can form
the primitive triclinic unit cell (cf. Table S3); what is important is that the other half
atoms after coordinate transformation according to above basis-vector relation can
exactly coincide with the atoms (including their positions and types) in the primitive

triclinic unit cell. Therefore, Tables S1-S3 confirm that the previously reported triclinic
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unit cell for anorthite is indeed a non-primitive unit cell. The direct determination result
mentioned above is a primitive Bravais unit cell (d,, b,, C,» ¢y, By, Vo> @S
indicated in Fig. S1), with the transformed result (to the reported non-primitive unit cell)
shown in Table 1, which demonstrates that the triclinic Bravais unit cell can be
successfully determined by three-dimensional reconstruction combined with our
proposed band-detection method using a single EBSD pattern.

With respect to the determination accuracy, since the exact lattice constants of
anorthite for the experimental pattern (Fig. 8) are unavailable (which depends on
material composition, internal stress, etc.), we take the average published values (of
Table S1) as a source of reference lattice constants [35, 36]. Moreover, both the pattern
center and the detector distance are not exactly known, which have a significant impact

on the inter-axial ratios and angles (their accuracy can be significantly improved if both

were k. The uncenainty of the incomingidiffacting beam encrgy. makes
_ Consequently, the specific values of the calculated errors

(Table 1) can only serve as a rough estimate for determining the experimental pattern.
Additionally, we also determine another experimental pattern (Fig. 9) collected from
the mineral andesine [(Ca,Na)(ALSi)4Osg] [38]. This case is very similar to anorthite,
i.e., the reported triclinic unit cells in literatures (as summarized in Table S4, [35, 39-
43]) are actually not a primitive triclinic Bravais unit cell. The direct determination
result by our method is: ao = 7.143 A, bo=7.534 A, co=7.577 A, o= 114.68°, o =

101.94°, % = 105.08°, with a unit-cell volume 333.82 A3. The transformed result and
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5. Conclusions
A new method on the basis of recently developed three-dimensional reconstruction

using single EBSD pattern has been proposed for determining the unknown phases of

o syt i purely based on difacion seomety: either prio knowledge
ahout the sample’s henrcal compositon o  dtabase s rquie It bl s

automated decrease in the random errors involved during the band detection process,
and thus could considerably improve the EBSD technique for accurate lattice-constant
determination of unknown phases. Testing of the method on several triclinic crystals
proves it to be practical, with a reasonably high accuracy. By using simulated EBSD
patterns, the relative error of the unit-cell constants (a, b, ¢) is less than 0.3%, and that
of the axial ratios (a/b, b/c, c/a) is less than 0.5%. The absolute errors of the inter-axial
angles (a, B, y) and the Euler angles (Z, X, Z) are about 0.1°.

The requisites for applying the proposed method to experimental patterns are
flexible. The analyzed materials may belong to any crystal symmetry with random
orientations. High-quality EBSD patterns are beneficial to the final determination
accuracy, whereas a single low-quality (relatively vague) pattern does not exclude the
possibility of acquiring a reliable determination result, because only one relatively clear

band needs to be well defined (rather than a completely high-quality pattern), which
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makes the advantage of our proposed method more obvious when treating usually
blurred experimental patterns. Other instrumental and experimental requirements
follow those of conventional EBSD in SEM. Our method could be easily incorporated
into an SEM and may become an important development in the evolution of the
microanalysis techniques.
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Table 1

Fig. 1

Fig. 2

Fig. 3

Captions for Table and Figures

Comparison between published (or theoretical) and determined values of
six different triclinic materials’ lattice constants and/or crystal orientations.
The unit of lattice constants a, b, c is A; the inter-axial angles a, £, y and
the Euler angles Z, X, Z (arbitrarily set for different materials) are in
degree (°); the error (taking the published values as references) for a, b, c,

a/b, b/c, c¢/a 1s in percent (%), and the error for all the angles is in degree

).

Geometric crystallography of the EBSD: (a) Three-dimensional
configuration of the gnomonic projection; (b) Discrepancy between the

trace (green) of a diffracting lattice plane (%k/) and the center line (red)
of a hyperbola-shaped Kikuchi band. The plane (4kl) bisects the angle

26, . wi is the band width. O and O’ are the pattern center and the source,

respectively.

The band detection process: (a) pole-dispersion problem, (b) effects of
predefining the positions of four non-tautozonal bands, (c) mitigated
deviations of the traces and band edges. The green lines are manually

defined traces, and red circles are their intersections. The pink hyperbola
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Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

segments are derived positions of the band edges. A blue square is
magnified in the lower-right corner. The pattern center is marked by a red

CTross.

A determined pattern of a semiconductor material AAsSe; (A = Li, Na),
showing different discrepancies between manually defined and
theoretically derived locations of the intersection points (zone axes). (a)
The resultant unit cells are (a) primitive cubic with the maximum zone-
axis discrepancy 46.57 pixels, (b) primitive tetragonal with the maximum
zone-axis discrepancy of 46.67 pixels, (c) rhombohedral (19.68 pixels) (d)
base-centered orthorhombic (40.58 pixels), (e) base-centered monoclinic

(19.79 pixels), and (f) triclinic (< 0.005 pixel).

A simulated pattern of CuVOs3, showing a Kikuchi band’s two orders of

interferences.

A simulated pattern of CuzFe4(POs)s. The intersections are so crowded in

local regions that the naked eyes can hardly differentiate between them.

A simulated pattern of FeVMoO7 with different numbers of detected

Kikuchi bands: (a) 20 bands, (b) 40 bands, (c) 80 bands.

A determined experimental pattern of anorthite (CaAl2Si20g). The
accelerating voltage is 15 kV. The estimated detector distance is 0.765

and the pattern center marked by a yellow cross.

A determined experimental pattern of andesine [(Ca,Na)(AlLSi1)4Os]. The
accelerating voltage is 10kV. The estimated detector distance is 0.598 and

the pattern center marked by a yellow cross.
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