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1. Overview

ReciPro is a software package for various crystallographic
calculations, simulation of diffraction patterns and high-
resolution TEM images, etc., from crystal structure information.

Please send us your comments and suggestions via email
(seto@crystal.kobe-u.acjp) or via Issue on GitHub
(https://github.com/seto77/ReciPro/issues).

This software is distributed under the MIT license
(https://github.com/seto77/ReciPro/blob/master/LICENSE.m
d). Anyone is free to use this software, free of charge,
provided that they accept the following conditions.

* You are free to copy, distribute, modify, distribute
modified versions of this software, use it for commercial
purposes, sell it for a fee, and do whatever you want with
it.

* If you redistribute this software, you must put the
copyright of this software and the full text of this license
in the source code or in a separate license notice file
included with the source code.

* There is no warranty for this software. The author
assumes no responsibility for any problems that may
arise from the use of this software.

1.3. System requirements

To run ReciPro, you need to have
* Windows OS running .Net 5.0 (or higher) runtime.
* Graphics with support for OpenGL 1.3 or higher!
.Net 5.0 runtime can be installed from Microsoft homepage.
Also, some of ReciPro features may require large
computational resources. To improve the speed, we use
multi-threading and GPU usage as much as possible. We
recommend you to use a computer with the following specs
for better performance.
- Windows 10, 64 bit version
16GB or more memory
- CPU with 8 or more cores (especially when performing
electron diffraction kinetics calculations)
- External GPU with support for OpenGL 1.5 (especially
when using Structure Viewer)

1.3. Main features of ReciPro

Full GUI

All operations in ReciPro are done through a graphical
interface. Most of the input and output of files are drag &
drop.

Crystal list

ReciPro allows you to handle multiple crystals at once.
There is no need to create files and run many windows for
each crystal.

The software "CSManager"?, developed by the same
author, allows you to import a huge number of crystal
structures easily.

Space groups

ReciPro has a built-in database of space groups. The
database includes symmetry elements, Wycoff positions,
extinction rules, etc. for the 230 space groups contained in
International Tables for Crystallography Volume A
(henceforth referred to as ITA), plus a subset (530 symbols)
of space groups (Hall symbols3).

Atomic information

ReciPro contains information on valence, radius,
characteristic X-ray energies and isotope ratios for
elements from 1 (H) to 98 (Cf). Parameters necessary for
the approximation of the atomic scattering factors for X-
rays and electrons are incorporated in ReciPro. Parameters
of scattering lengths for neutrons are also incorporated in
ReciPro.

Flexible setting of crystal rotation

ReciPro allows the user to set the orientation of the
crystal to a crystal axis index, a crystal plane index, or to
rotate the crystal to any orientation with the mouse. The
crystal rotation state can also be used synchronously to
simulate crystal structure, stereonet or single crystal
diffraction.

" OpenGL is a library for graphics hardware. Most of the currently used PC supports OpenGL 1.3, but unfortunately, it seems that OpenGL 1.3 may

not be available in the following cases.
* Running Windows OS in the Parallel desktop environment from Mac OS

* Using Windows with Remote Desktop

You can use ReciPro even if OpenGL 1.3 is not available, but OpenGL drawing functions will be disabled.
2 CSManager can be downloaded fromhttps://github.com/seto77/CSManager/releases/latest

3 About Hall symbol notation, see “1.4. Symmetry in reciprocal space” in “International tables for crystallography, Volume B (ITB)".


https://github.com/seto77/CSManager/releases/latest
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When ReciPro is successfully launched*, the main window
appears. In the window, the user selects the crystal to be
calculated, rotates the crystal, and invokes various other
functions. This window can be divided into following types

File menu (top of page)
Rotation control (left part)
Crystal List (upper center)
Crystal Information (bottom center)
Functions (right part)
The details are described below.

2.1. File menu

File
File | Option Help

Read crystal list (as a new list)

Read crystal list (and add to the present data)
Read initial crystal list

Save crystal list
Export selected crystal to CIF format

Clear crystal list

Exit

Read crystal list (as new list)

Reads a new crystal list file (*xml). The already loaded
crystal list will be deleted.

Read crystal list (and add to the present data)
Reads a new crystal list file (*.xml). The loaded crystal
list is appended to the current list.

Read initial crystal list
Reads the list of crystals loaded at startup again.

Save crystal list
Saves the current crystal list.

Export the selected crystal to CIF format
Saves the currently selected crystals as a CIF format.

Clear crystal list
Clear all current crystal lists.

Exit
Exit the application.

Option

Help

Toal Tip

Reset reqistry (after restart of ReciPro)

ngen compile
Disable OpneGL (needs restart)

Tool tip
When checked, the tooltip will be displayed.

Reset registry (after restart of ReciPro)

Reset the registry on reboot. The registry contains
information such as window size, wavelength, and
camera length. Resetting the registry may be useful if
the software becomes unstable for some reason.

ngen compile
By pre-compiling your program, you can speed up the
startup time. However, the effect is not so great.

Disable OpenGL (needs restart)

Check to turn off the OpenGL feature. ReciPro uses
OpenGL 1.3 or later to draw in three dimensions.
However, if you are using an older PC, remote desktop
environment or Windows emulation on Mac, the
OpenGL version may be less than 1.3. In that case,
please check this item.

Help

Help

Program Updates

Hint

Version history

License

Github page

Report bugs, requests or comments

Help (PDF)

Program updates
Check if a new version has been released and if so,
update it.
Hint
Deprecated.
Version history
Shows the version history of ReciPro.

License
Shows the license of ReciPro.

Github page
Opens the Github top-page of ReciPro.

Report bugs, requests, or comments
Opens an issue page of the Github.

Help (PDF)
Shows this PDF file.

4 It takes some time to start up, as it loads information about space groups and atoms at startup.
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only English and Japanese are [F§ English 6 : X-axis rotation ¥ (160000 |2
supported. Need to reboot after |® Japanese ®: Z-axis rotation

switching. The rotation operation is performed in the order of ¥,
6,and ®. See 3. Rotation geometry and Appendix for a

2.2. Rotation control detailed explanation of the coordinate system.

Rotation Control

Current direction

S Arrows
When you press the arrow buttons, the — Amews

° selected crystal will rotate in the direction of : UTU :

the arrow by the angle Step. =T . 1

v B And if you check the "Animation" ., T

s checkbox, the crystal will rotate |:|An

= ' continuously at the specified rotation

e speed.

<|[O][o][=

“p‘ Project along...

S The crystal rotation is set along the ersjectalong ..
Ass e specified zone axis or crystal plane. L

@WED:D] When "Fix" is checked, the rotation i
= - ~ . . . . Plane Fix

(HE HEEN operatlonils pérformed with the axis or fEE)

This control allows you to view/set the rotation status of plane spatially fixed.”
the selected crystal. Axis

Sets the direction of the specified zone axis to the
vertical front of the screen. If the plane is perpendicular

to this axis, the direction of the plane is set to the
displayed. By mouse-dragging this area, you b><a upward direction of the screen.

Current direction
The current rotation state of the crystal is  curen arecion

can rotate the crystal.

The axis of the crystal is shown as leliS

. red: a-axis Sets the direction of the normal of the specified
. green: b-axis crystal plane to the vertical front of the screen. If the Axis
. blue: c-axis is set to 0, the axis of the crystal band will be set to face

upward on the screen.
Reset rotation

The crystal orientation is reset to the “initial state”, 2.3. Crystal List

which means that the c-axis is perpendicular to the Crystal list
. . I AllCl
screen and the b-axis faces upward when projected on = Donn
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displayed. For example, if you set u+v+w < 30, it will . s

display the closest indices, where the sum of u, v, and w

6
absolute values do not exceed 30°. The list should be about 80 crystals in the initial state after

installation.® When you select a crystal from the list, detailed
information is displayed on the bottom screen (“Crystal
Information) and the crystal is set for calculation.

Euler angles
Set the crystal orientation in terms of Euler angles. Euler
angles are expressed in three angles, and ReciPro defines

> The symbols and definitions for Eulerian angles are the same as those used in Oxford EBSD software (formerly HKL's CHANNELS). Therefore, users
of Oxford EBSD can input the angle output as it is.

6 For example, a slight rotation of the crystal from the [0 0 1] axis will result in a higher order index such as [ 1 0 100]. If you want to avoid the case,
set the sum of u + v + w to a smaller value.

’ This feature is useful when one of the diffraction spots in the picture has been clearly indexed.

Please note that the direction of the crystal axis/plane is only fixed when using the mouse drag or arrow buttons to rotate the crystal. If Euler angles
are entered directly, the specified axis/plane is not fixed.

8 The list of crystals is automatically saved when ReciPro is closed, and will be automatically loaded the next time you start ReciPro.



Up/Down
Moves the order of the selected crystals up/down.

Delete/All clear
Removes the selected crystal from the list. Alternatively,
removes all crystals from the list.

Add/Replace
The crystal is added to the end of the list. Alternatively,
it replaces the crystal with the selected crystal in the list.

2.4. Crystal Information

Crystal Information
Name|si02 (qtz) ‘ Formula | sio2 |m
Basic Info.  Atom Info. Atom Appearance Bonds ( & Polyhedra) Ref. I

Cell constants Symmetry

a|4,9|5 |t‘0 |A Crystal System | frigenal ~

€ 54034 0 A
| ! A poce sroup
90 0 :

2 T 8
AR
+

z Color of Profile M
Cell Volume 1131311543 Density | 2.6457 | g/om 3

Crystal lattice parameters, symmetry, and atomic position
can be set and displayed in this area. By dragging and
dropping CIF or AMC file to this area, you can load any crystal.

Whenever you make any changes to the crystal, you must
press the "Add" or "Replace” button. If you do not press this
button, the crystal will not be saved in the crystal list and your
changes will be lost.

This section is very long and will be explained in detail on
another page.

2.5. Functions

Symmetry information

Displays information about the A symmetry
symmetry of the selected crystals and <= information
provides a crystallographic calculation function. See here.

Scattering factor
Lists the crystal planes and calculate ¥ . scattering

the structure factors. See here. =24 Factor

Rotation geometry

Displays and analyzes the rotational . Rotation
state (matrix) in 3 dimensions. See 3. Geometrﬁ-’
Rotation geometry.

Structure viewer
Draws crystal structure, coordination —
polyhedral, unit cell, lattice planes, and Viewer

etc. using OpenGL. See 4. Structure viewer.,

Stereonet
Draws the direction of the crystal
. &;—g—)stereonet
pIane or axis on a stereonet. See 5.
stereonet.

Crystal diffraction

Simulates  electron and  X-ray
diffraction patterns. See 6. Crystal
diffraction.

HRTEM simulation

Simulates  HRTEM (High resolution
TEM) based on the Bethe method. See 7.
HRTEM simulation.

TEM ID
Indexes diffraction spots. See 8. TEM
ID.

Spot ID

Displays electron diffraction images,
and searches, indexes, and fits the
diffraction spots. See 9. Spot ID

Powder diffraction
Simulate and fit polycrystalline
diffraction patterns. See 10. Powder

diffraction

H Crystal
Diffraction

HRTEM
Simulation

TEM ID

&Spot D

Powder
 Diffraction


file:///D:/Users/seto/source/repos/ReciPro/ReciPro/doc/CrystalInformationManual(ja).pdf
file:///D:/Users/seto/source/repos/ReciPro/ReciPro/doc/CrystalInformationManual(ja).pdf

3. Rotation geometry The values of ®, 6, and W are synchronized with the

Euler angle set in the Main window.
"Rotation matrix" shows the 3x3 rotation matrix
ReciPro coordinate system (ZXZ) d h t t t t t
Rotation matrix corresponding to the current rotation state.
- ponding

-0.86149 ||-0.24994 (|-0.44200 | | Copy to Excel

] Rotation Geometry X

-0.34996 | -0.33845 (0.87348 [y —

- |-036791 |0.90718 |0.20410 Excel OpenGL windows

The OpenGL window is a three-
dimensional representation of the
current rotation situation, and the
window with three toruses (doughnuts)
shows the situation of the three
rotation axes. The arrow through the yellow torus
corresponds to the axis of rotation of the Euler angle @,
which is the upper (1st) axis of rotation in the goniometer.
The light blue arrow is the middle (2nd) axis of rotation

0O L'i“k View along beam | | View Isometric
1

Experimental coordinate system

e ©X OY Oz [EOIBE" O corresponding to 6, and the pink arrow is the lower (3rd)
Bdws Cx Oy @z [IH- O axis of rotation corresponding to W.
Buaws Ox @v 0z NS O g

The red, green and blue arrows in
this window represent the X, Y and Z
axes in real space Cartesian
coordinates. Note that the arrows
displayed in this window are not the
same as the arrows displayed in the
Rotation control of the Main window (crystal axis).

The gray sphere in the center of the goniometer

This provides a function to represent the rotational state of a represents the state of the object as it b

crystal as a 3x3 matrix and to convert it to a different Eulerian rotates. The red, green, and blue

coordinate system. spheres represent the direction of the ’
ReciPro provides three Eulerian angles, W, 6, and ®, in Z-X-Z object; when @, 6, and W are all zero,

order, to represent the rotational state of a crystal. However, this the red, green, and blue spheres are in

expression does not necessarily correspond to the rotation axis the same direction as the Cartesian

of the goniometer in the actual optical system. coordinates +X, +Y, and +Z in real space, respectively.
Converting the Eulerian angle in ReciPro to an arbitrarily Varying Eulerian angles cause the object to rotate in

defined Eulerian angle supports the adjustment of the various directions.

goniometer in the laboratory. The window drawn in OpenGL can be rotated by

dragging the left mouse button. Please note that this

3.1. ReciPro coordinate system (ZX2) operation does not rotate the crystal itself, but only

changes the projection direction of "Rotation geometry". If

ReciPro coordinate system (ZXZ) you want to rotate the crystal itself, you need to rotate it
Rotation matrix from the main window.
-0.86149 ||-0.24994 | -0.44200 | | Copy to Excel
~0:34396 | 0.33845 |0.87348 | | pagte from Copy to Excel
SISO | eIl DLl Excel Copy 3x3 rotation matrix to the clipboard in a tab-

separated format that can be pasted into Excel.

Paste from Excel
When Excel-formatted 3x3 tab-separated numbers are
copied to the clipboard, you can set it as a rotation matrix.

View along beam / isometric

The former is the same as the projection orientation of
the Main window. That is, the yellow axis of rotation (Z-axis
in Cartesian coordinate system) is perpendicular to the

screen®. The latter projects in an isometric orientation.

Note that the crystal is not rotating, but only in the
The upper half of the windows shows the rotation state of projection direction.

the crystal represented by the "ReciPro coordinate system".

° The term "View along beam" is used because the Z-axis of the real space coordinate corresponds to the beam direction of X-rays and electrons.



3.2. Experimental coordinate system

Experimental coordinate system

Istaxis @X OY OZ l:l: ® [ Fix
[ 2nd axis OY @Z : ® [JFix

- - Reset
3rd { 7 0 z i
dadis OX @y - [ Fix angles

The lower part of the "Rotation geometry" is where you
define the Euler angle on the arbitrary axis of rotation and
get/set the rotation state of the goniometer. This is called the
"Experimental coordinate system".

The description of the objects is the same as that of the
"ReciPro coordinate system".

15t, 2nd, 31 axes

Select the rotation axes of the goniometer from +X, +Y
and +Z for the upper (1st), middle (2nd) and lower (3rd)
levels.”® When you change the selection, the graphics will
also change accordingly.

The Euler angles for each axis of rotation are displayed
in yellow, light blue, and pink text boxes. Alternatively, you
can enter the value directly in the text box.

3.3. Link

This is a great feature of "Rotation I
geometry". If you check "Link", you will see L.i"k
"ReciPro coordinate system" and
"Experimental coordinate system " and adjust their Euler
angles to match each other so that the object's orientation is
consistent with each other. That is, it provides information on
the Euler angles for a goniometer represented by a differently
defined axis of rotation than ReciPro.

For example, suppose that the laboratory goniometer is
adjusted so that the a-axis of a crystal is aligned with the
direction of X-ray incidence and the b-axis with the horizontal
direction. Enter the Eulerian angle of the laboratory
goniometer in the experimental coordinate system.
Furthermore, rotate the crystal in the main window of ReciPro
and set the vertical direction of the screen to the a-axis and
the horizontal direction to the b-axis. If Link is checked in this
state, this means that when you point the crystal to a different
orientation in the Main window, the angle of the goniometer
that achieves the orientation will be displayed.

© The goniometer of ReciPro corresponds to 15t: +Z, 2" : +X, 39 : +Z.



4. Structure Viewer

A Structure Viewer - o
File  Tool ~ Shortcut hint

co @ 2050 «

Bounds  Atoms  Bonds and Polyhedra Unit Cell  Lattice Plane Coordinates Information Misc
® Bounds defined by unit cell O Bounds defined by crystal plane

Center Range Set center to Set range to
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oo [Elsfz |5 (% % %) (£%2 2% 2¥2)
clooo Bz |5 (% %2 %) (£% % %)

(#1 #1 21)

(£1.5 £1.5 £1.5)

[ Show bound planes Opacity[07_|% [ clip objects by bound planes  [] Hide all atoms.

293 bjectswere cested (458 ms)and ent 10 OpenGL 27 ms) _ Renderig ime: 25 ms

“Structure Viewer” draws the crystal selected in the main
window as a three-dimensional image. This function uses Open
GL and requires a video card to draw the crystal.

In the upper part of the main area, the crystal structure is
drawn. In the upper left, the direction of the light source is
shown. The direction of the crystal axis is shown in the lower
left. On the right, the legend of the atoms is shown.

Mouse operation
The following mouse operations are accepted.
* Left drag: rotation.
* Center drag: translation
* Right up/down or wheel: zoom
* Left double click: select/unselect the atom
* Right click:
* CTRL + Right double click: Change perspective <->
orthogonal projection.
* CTRL + Right up/down: Change degree of perspective.

4.2. File menu

File
File | Shortcut hint
Save Image »
Copy Main Image to Clipboard 3
Page Setup
Print Perview
Print
Save image

Saves the drawn image to a file.

Copy main image to clipboard
Copy the image to the clipboard, CTRL+SHIFT+c does

the same action.

Shortcut hint
Displays shortcut hint.

4.3. Tab menu

4.3.1. Bounds

In this tab, you can specify the drawing range of the
crystal. There are two ways to set the range: by the unit cell
or by the crystal face. You can switch between these two
ways using the radio buttons at the top.

Bounds defined by cell

® Bounds defined by unit cell O Bounds defined by crystal plane

Center Range Set center to Set range to
a ‘D‘DD +|0.50 f0o0) (£V2 £¥2 £12)
b: [0.00 +(0.50 (12 ¥a 1) (£34 £34 £3)
o |0.00 + (V2 2 1) (£1 £1 £1)

In this mode, the a, b, and c-axes of the unit cell are
the unit of the drawing range.

The "Center" is the central fractional coordinate and
the "Range” is the upper/lower limit for each axis.

For frequently used values, you can use the preset
buttons on the right side.

Bounds defined by crystal planes

In this mode, you can specify the area to be drawn
based on the crystal plane. If the input bounds is
incomplete and a spatially closed region cannot be
defined, ReciPro will automatically set the bound to one
unit cell and draw it.

Bound list

(O Bounds defined by unit cell @) Bounds defined by crystal plane

Equivalency  Multiples of d Distance (A) Color

0 O O O T R
[ oo ][ o] [ Dot

When you want to disable the boundary plane
temporarily, check the leftmost checkbox in the list.

When you want to add a new bound plane, click
the "Add" button, when you want to replace it, click
the "Replace” button, when you want to delete an
existing plane, click the "Delete" button.

If you want to permanently save the changes you
have made, you have to press the "Add" or "Replace"
button in the "Main Window" as well. Please do so.
Otherwise, when you change the selection of the
crystal list in the "Main Window", the changes you
have made will be lost.

H k | indices

Set the bound h k I
plane by the Miller ([ EFEE) Doy
index. The check box enables to include the
crystallographic equivalent of the plane you set'.

" For example, if {110} is checked for a cubic crystal, the bounds are set to the following 12 planes (1 1 0), (1-10), (-110), (-1-10), (10 1), (10 -1),

(101),(-10-1),(011),(01-1),(01-1),(0-11),and (0-1-1).



Distance from origin
The distance from the center  p..nce from origin

of the crystal to the bound face dx@i ‘3=‘\?
is set. The unit of distance is selectable between "d"
and "A". In the former case, the distance is the input
value multiplied by the d-value of the crystal face (in
the case of the figure, d x 1.5 = 9.949 A). If you choose
the latter, the input value will be the absolute distance
in A scale. If you change one of them, the other will
be changed automatically.

Show bound planes / Opacity

Shows the bound [Clshowboundplanes  gpaciy 07 |
planes or not. When
checked, you can set its transparency in Opacity (O is
transparent and 1 is opaque).

Clip objects by bounds planes

If checked, the inside area [Idip objects by bound planes
specified by bounds will be
drawn, and objects that intersect with the bounds will
be clipped.

Hide atoms
If checked, all atoms, bonds and [Hide il atoms
polyhedra will be hidden.'?,

4.3.2. Atoms

In this tab, you can set the coordinates and appearance

of the atoms.

Atom list

Label Element X Occ. Multi.  Wyck. Let  Site Sym 2

Y z
Mgt g 2z lve i s b oz |
1/4 3/8 1 32 g

Mgx2 [12Mg |5/8 1

Mg¥ 12: Mg 172 1/4 178 0.26 16 c -1 v

The list of atoms in the crystal is displayed. The list can
be manipulated by using "Add", “Replace”, and “Delete".
If you want to temporarily hide an atom, uncheck the
leftmost checkbox in the list.

If you want to permanently save your changes, be sure
to click on "Add" or "Replace" in the "Main Window" to
make the changes permanent. Please do so. Otherwise,
when you change the selection of the crystal list in the
"Main Window", the changes you have made will be lost.

Element & Position

Element & Position Origin shift Appearance

Label:  [mgx1 x:[112 | occlt | =
Element | 1o g ~ |y 102 O errn::
Label

Enter the label of the atom.

Element
Set the elements.

XY Z
Enter a real number from 0 to 1, or a fraction such
as 1/2 or 2/3.

Occ
Set the occupancy of an atom, which should be a
real number between 0 and 1.

Origin shift

Element & Position Origin shift  Appearance
Shift coordinates of all atoms by:

®- O |0 R ) [
[ o) [eem [ orow] 0vm 0w ]

Shifts atomic position. Press preset buttons, or enter
custom values and press the "Apply custom shift"
button.

Appearance

Element & Position Origin shift Appearance

Radius J"\ Colar r

Ambient  Diffusion  Specular Shininess  Ernission Alpha
0.1 0.8 0.7 20.0 0.2 1.0

Set the radius, color, and texture of an atom to be
drawn.

Radius
Set the atomic radius.

Atom color
Set the color of the atom.

Material
Set the textural properties of atoms in the drawing.

Apply to same elements

Appears only when the "Appearance” tab is
selected. The set properties (ionic radius and
foreground color) will be applied to all the atoms of
the same elemental species.

4.3.3. Bonds (& Polyhedra)

In this tab, you can enter information about the bond

and polyhedron.

Bond list

Center Vertex Max len. Min len, Bond color  Polyhedren

mlas ko 2 o | oo
&0 22 0 [ | [ |

13: Al

N e
The bond information is displayed. You can
manipulate the list by using “Add”, “"Replace” or "Delete”
buttons. If you want to temporarily disable a bond, you
can uncheck the leftmost checkbox in the list.

If you want to permanently save your changes, be sure
to click on the "Add" or "Replace" button in the "Main
Window" to make the changes permanent. Please do so.
Otherwise, when you change the selection of the crystal
list in the "Main Window", the changes you have made
will be lost.

2By checking both "Show bound planes" and "Hide atoms", an arbitrary crystal outline can be drawn. That is, you can represent the shape of the



Bond property

Bonds
(center) (wertex)

Bonding Atoms |14:8i v |- &0 ~

Length between 0.000 | -|2.200 A
Radius |0.100 [E|A ajpha[10 [&] cotor Il

Set bond properties.

Bonding Atom (center)
Sets the elemental species that make up the bond.
It will be center for the polyhedron.

Bonding Atom (vertex)
Sets the elemental species that make up the bond.
It will be vertices for the polyhedron.

Length between ...

Sets the lower and upper limits of the bond length.
If the bond length exceed/below this threshold, it is
not object to drawing.

Bond Radius
Sets the bond thickness (radius) to be drawn.

Alpha
Sets the transparency of the bond to be drawn.

Polyhedron property

7] 8how Polyhedron -~
Inner Bonds Caolor . Alpha|0.8 =

Center Atom Show Edges
[ Vertex Atoms Color . Width 0.1 |5

Show Polyhedron

When checked, the lower control becomes active
and displays the polyhedron made up of bonds (if the
polyhedron is valid).

Inner Bonds
When checked/unchecked, the bonds in the
polyhedron is visible/invisible.

Center Atom
When checked/unchecked, the center atom of the
polyhedron is visible/invisible.

Vertex Atoms
When checked/unchecked, the vertex atoms of the
polyhedron are visible/invisible.

Color

Set the transparency of the cell planes.
Alpha

Set the transparency of the cell planes.
Show Edge

Checking this box displays the polyhedron's edges
(lines connecting the vertices).

Color
Set the color of the polyhedron edges.

Width
Set the line width of the polyhedron edges.

4.3.4. Unit cell

Bounds UnitCell Lattice Plane
[] Show Unit Cell

[ Show Cell Plane  Alpha 0.2 % Color [

[ ShowEdge  Color . |

all & o)t = 1 = ‘

In this tab, you can set up the drawing of the unit cell. If
"Show unit cell" is checked, the unit cell will be drawn in
the unit cell.

Translation

Every space group has a default origin. If you want the
center of the unit lattice to move from the space group
origin, set the translation amount in the a, b, and c axis
directions.

Show cell plane

Specify whether to draw the six faces that make up
the unit lattice. If you want to draw them, you can set
the color and transparency of the faces.

Show edges
Specify whether or not to draw the edges of the unit
cell. You can also set the color.

4.3.5. Lattice plane

h k | Translation Color
1 1 0 0.000
‘& o o v Jooo | NN
oo |

Translation Color

h k |
(e Bl H[ B [0 [Exd ~
Opacity

In this tab, you can set up the settings for drawing the
lattice plane. A list of lattice planes is displayed at the top.
You can operate the list by using the "Add", "Replace” and
“Delete” buttons. To disable the lattice plane drawing, you
can uncheck the leftmost checkbox in the list.

If you want to permanently save the changes made in
this tab, you must also click on "Add" or "Replace” in the
"Main Window" to make the changes permanent. If you
have not done so, you will lose your changes when you
change the selection of the crystal list in the "Main
Window". Otherwise, when you change the selection of the
crystal list in the "Main Window", the changes you have
made will be lost.

H k I indices
Specify the lattice plane with the Miller index.

Translation
Use when you want to move the lattice plane in
translation.



4.3.6 Coordinate information

Information about the coordination of atoms.

Target Atom  [AIM ~ Barwdth [0.10 =] & Max distance |5.0 2 A
Atom Label Length (A) ~[BE T 1
20 Mg e
MOMRAT 2
15
Wght 0 MEM{PET(3) i
0 - |Mai BN AT ofe
0 18237985366 s ain o(6) | MongGT o3t
0 1.8237985366... | | | I |
0 1.0237985366... | v 1 2 3 2 5

Table (Left side)
The table on the left shows what kind of atoms are
around the specified target atom and at what distance.

Graph (right side)

This is a graphical representation of the information
in the table on the left. You can estimate the
coordination number of target atom by adjusting "Bar
width" to an appropriate thickness.

4.3.7. Information

is

Bounds  Atoms Bonds and Polyhedra Unit Cell  Lattice Plane Coordinates Information Misc

Calculate coordinates table: 19ms. Q
Generation of cell planes: 36ms.

Initialization of bounds: Oms.

Generation of lattice planes: Gms.

Generation of bound planes: 3ms.

Generation of legend cantral: 249ms,

Selection of enabled aoms: Oms.

Generation of aoms: 1ms.

Generation of bonds & polyhedra: 135ms.

Ganaratinn nf Ishal nhiarte 39m

Graphics card: Intel(R) UMD Graphics 630 NVIDIA GeForce GTX 1050 Ti with Max-Q Design
Graphics driver: 27201007988 2521141967

OpenGLversion: 450

The information of the selected atom is displayed. This
under construction.

4.3.8. Misc.

Bounds  Atoms Bonds and Polyhedra Unit Cell ~ Lattice Plane Coordinates Information Misc
Accessory control properties Label

tight ballsize 80 2] Legend size[50 |3 @Ishowlabel Fontsize 12 3] ® Use material color

2| O Group by element  (diklegendallows £ yhita edge O Use fixed color
= S‘ZE‘ A indivisual setting) M g u

Projection Rendering quality
Qarhographic ~ Middle ~
Depth fading out Transparency mode

Far |-150 |SA | ] Approximate (Z di ~
Near 50 [Z]A L

Accessory panel properties

Set the size of accessory panel. If you check the
"Group by element" checkbox, the legend will be
displayed for each element instead of the label.

Label
Configure settings related to the atomic label. You can
change the font size and color.

Projection

You can set the projection method. "Orthographic”
produces a perfectly parallel projection (infinity
projection). "Perspective" produces a perspective
projection from the viewpoint distance set in the track
bar.

Depth fading out

Fade out objects that are farther away in the depth
direction." Objects farther away than the "Far" value
will be completely transparent, and objects closer than
the "Near" value will be completely opaque. The
intermediate objects will be set to a transparency range
of 0-1.

Rendering quality

Select the drawing quality. The higher the quality, the
slower the rendering process will be, so choose the
appropriate quality for your GPU's performance.

Transparency mode
Select an algorithm for calculating the overlap of
translucent objects (atoms and polyhedra).
"Approximate" may result in inaccurate rendering
depending on the placement of the objects, but it is fast.
"Perfect" calculates the transparency accurately, but is
very slow, so an external GPU card is required.

4.4. Toolbar

The object to be drawn can be selected from the toolbar at
the bottom of the "Structure viewer".

Crystal Axes

A

Displays the orientation of the axes. The size of the axes
reflects the lattice constant. You can also rotate with the
mouse in this box.

Lightning ball

Specify the position (direction) of light. You can change
the position of the light by dragging left.

Legend

Si

o]

Displays the legend of the atom. You can choose to label
the letters displayed, or use the element name from the
Misc tab.

Like Vesta
Change the atomic color/size and bond settings to make
it look similar to the well-known Vesta software.



5. Stereonet Specified indices
In this mode, you can specify u ¥ w
1) FormStereonet - o X - - -
— particular axes of the crystalline = °5 |'E
Appearance  Great & Small Circle  YusaGonio Tilt v: 47.145° Tilt X: -29.4 Mode . .
oo ®s !olanes/.axes. After inputting pvr [l —
@ index, it can be added to the
Projection @Wu\ﬂ . . " "
; _ seheme o schmict drawing list by the "Add" button. 101
e TP O D Indices You can delete it by the
B 23 @ Range n "
gIRAT A £ e ® S it Remove button. When including
Sacauns R E "including equivalent indices" is equivalent indices
-2-10] . .
o et e 210 checked, all crystallographically equivalent planes/axes
. % .
R0 17_.n11 [-F 5 i W||| be draWn
> oR (2 Al Tl
[i}§
)
AL 5.5. Tab menu
[212]
.[212
. [112]
ol Appearance

" " . . . . Appearance i i
Stereonet” function displays the directions of the crystal P SETEesE om mel

. . . . Size
planes and crystal axis using stereo-net projection. String Size Point Size
] ]
5.1. Main area Color
In the main area, the stereonet projection of the crystal face ; R %3: b.c
. . Stri
and crystal axis of the selected crystal is displayed. — = General Axes
ine a* b*c
! gDﬂ | ! = b’: "
Mouse operation ! 10° line M General Planes
The followi . d I 1% line M Great Circles
e following mouse operations are accepted. [ small Gircles

* Left drag: rotation.
* Right click: zoom out
* Right up/down or wheel: zoom in.

Size
5.2. File menu Set the size of points and letters. “String Size" adjusts

m the size of index letters, and “Point Size” adjusts the size
of the points.

Outline
® Equator O pole [ Show 1° line

Save 4
Copy to clipboard  » Color
Page Setup Sets the colors of points, letters, stereonet outlines,
Print Preview
_ etc.
Print
Outline

Save or copy the displayed stereonet.

5.3. Mode

Projection object
Select "Axis” or “Plane”.

Specifies how the stereonet outline is displayed.

Great and Small Circle

Appearance  Great & Small Circle YusaGonio

0.808149, 0.808148, 2.896644002352E-17

Projection Scheme o
Wulff: This option is for calculating equal-angle e v W
projection. This method preserves the angle relation, but © zone Axisindex 1 [ 1 ] 0
does not preserve the area (solid angle). by W
Schmidt: This option is for calculating equal-area Oﬁi?&ﬁiﬁ.‘i}ﬂ“d : Cﬁg' h = ; =

=
i
=

[=]

1

projection. This method preserves the area (solid angle),

but does not preserve the angle relation. i ) ) )
Draws large circles and small circles. Specify by the index

5.4. Indices of the zone axis or the index of the two crystal planes.

Sets the crystal planes/axes to be drawn.

Range

In this mode, you can specify "
arange of [uv wlorfh kl} =23tz z2:
indices.



6. Crystal diffraction

BB Diffraction Simulator - o X

File Option Help

Monitor Detector Geometry. Spot property
Resolution Camera Length 2 Detailed

Size (WH) Incident beam
007057 [lmmpic [eoz | x: pix 1.000.000 |3 mm | geometry

@Parallel O Precession
O Convergence

Wave

General  Kikuchilines Debye rings Scale Misc [ Fix

Intensity calculation

O only excitation error

O Kinematical & excitation error
® Dynamical theory

Details of spot information

Appearance
@ solid sphere O Gaussian
Opacity v

N e

Brightness

Color scale|M

Spot color
[] Assigned color of each crystal
M Direct [ General spots.

[ Extinct spots (Screw or Glide)

Bloch wave property
No of Bloch waves 240 [+
Mouse position: d: 00830nm  1/d: 12.0453 /om  28: 30.21 mrad, 1.731° more details
Detector Coord, (origin: footl; 22:864 mm. -12.760 mm Thickness|50.00 +rm

Real Coord. (origin: sample): 22.864 mm, -19.760 mm, 1000.000 mm Precession proper
Reciprocal Coord, :9,112 /nm, 7.875 /nm, 0.182 /m e

Time for searching g-vectors: 25 ms.  Time for drawing objects: 7 ms. Step 36 |2
"Crystal diffraction” function simulates single-crystal X-ray
diffraction or electron diffraction.

A diffraction pattern is simulated in the area displayed in
the center of the screen.

Semi-angle 50 [ |mrad

Mouse operation

The following mouse actions are supported

. Left-drag: Rotate

. Center-drag: Translation

. Right-drag: Zoom in

. Right-click: Zoom out

. Left-double-click: Click on the left double click to
display the detailed information of the selected
spot

Mouse position

Mouse position: d: 0.1025 nm 1/d: 9.7598 /nm 26: 24.48 mrad, 1.402°
Detector Coord. (oriain: foot: 13.671 mm. 20.310 mm
Real Coord. (origin: sample): 13.671 mm, 20.310 mm, 1000.000 mm
Reciprocal Coord. :5.449 /nm, -8.096 /nm, 0.119 /nm

more details

The information corresponding to the mouse position
will be displayed. Checking "More details" shows more
detailed information.

6.2. File menu
File | Option Help

| Save 3 |

Save detector area »
Copy 3
Copy detector area »
Page Setup

Print Preview

Print

Save / Save detector area
Saves the displayed image.

Copy/ Copy detector area
Copies the displayed image.

6.3. Monitor / Detector geometry

Monitor
Monitor
Resolution Size (WxH):
Resolution

The size of a pixel (mm). This value is just a matter of
display scale and does not have to be the actual value.
This parameter is changed by scaling with the mouse
operation.

Size
The pixel numbers of width and height of the drawing

area. Depending on your display resolution, you may
not be able to set any values.

Detector geometry

Detector Geometry
Camera Length 2 Detailed

1 000 D0

000,000 7 |mm | geometry
Camera length 2
The distance from the sample to the detector.

Detailed geometry

Opens the optics setting window. In more detail, see
6.7. Detector geometry.

6.4. Tab menu

Wave

Wave General  Kikuchi lines D¢

() ¥-ray @ Electron () Neutron

Wave length |0.02507934 |A

Set the properties of the incident wave.

X-ray

Specify X-rays as the source.

To select characteristic X-rays, specify the element
type and transition condition (Siegbahn notation).

When you want to select the X-ray from synchrotron
radiation, specify "Element” as 0 and enter the energy or
wavelength.

Electron
Enter the energy or wavelength.

Neutron
Enter the energy or wavelength.

General
Wave General  Kikuchi lines Debye rings Scale Misc
Color String size
M eackground Foot of perpendicular (]
[ string from the sample

Set the color of spots, letters, chrysanthemum lines, etc.



Kikuchi lines

Wave General Kikuchi lines Debye rings Scale Misc

| Kikuchi line color (Ecxess)
B «ikuchi line color (Defect)

Threshold |p.4o0p = nm

Line Width L

It becomes active when “Kikuchi lines” is selected in the
Toolbar.

Threshold
The calculation is performed on Kikuchi lines with d-
values greater than this value.

Debye rings
Wave General  Kikuchi lines Debye rings Scale Misc

[ Debye ring color Cignore diffraction intensity

Line width ] [] Show index label

It becomes active when “Debye ring” is selected in the
Toolbar.

Ignore diffraction intensity
If checked, all Debye rings are drawn in the same color,
ignoring the crystal structure factor.

Show index label
If checked, the index appears near the ring.

Scale
Wave General  Kikuchi lines Debye rings Scale Misc
M 26 scale line Division

() Fine (® Medium () Coarse
Show scale labels

B 2zimuth scale line
Line Width L

It becomes active when “Scale” is selected in the Toolbar.
2 6 /Azimuth scale line
The former means direction of scattering angle, and

the latter means direction of azimuth. You can change
the color of the scale lines.

Line width

Set the thickness of the scale line.
Division

Set the scale line division.

Show scale labels

Select whether or not to display labels on the scale
line.

Misc
Wave General  Kikuchi lines Debye rings Scale Misc

Mouse sensitivity
|

Mouse sensitivity
Sets the sensitivity when you rotate the crystals by the
mouse.

6.5. Spot property

It becomes active when Spot is selected in the Toolbar.

Incident beam

Incident beam
@ Parallel () Precession

(O Convergence

Select the type of incident beam.

Parallel
Simulate a parallel incident beam.

Precession

Simulates precession incident beam. This mode is
only available when you select electrons as the wave
source (i.e., precession electron diffraction). When you
select this mode, the “Intensity calculation" is
automatically set to "Dynamical theory".

Convergence

Simulates a converging incident beam. This mode is
only available when you select electrons as the wave
source. When you select this mode, the "Intensity
calculation" is automatically set to "Dynamical theory”,
and the "CBED setting" window is launched.

Intensity calculation

Intensity calculation

(0 Only excitation error

(O Kinematical & excitation error
(®) Dynamical theory

Details of spot information

Select the method for calculating the intensity of the
diffraction spot.

Only excitation error

The intensity is calculated based on the excitation
errors (i.e, the geometric distance between the Ewald
sphere and the reciprocal lattice points); the smaller the
excitation error, the higher the intensity, with the
maximum value being the value of Radius (see below).
becomes small and zero when the excitation error
exceeds Radius.

Kinematical & excitation error
In addition to the excitation error, the crystal structure
factor is also incorporated in the diffraction intensity.

Dynamical theory

The dynamic diffraction theory (the Bloch wave
method) is used to calculate the diffraction intensity.
This option is only available when the electron is
selected as the wave source.



Appearance
Appearance
(O solid sphere @ Gaussian
Opacity (]

Radius(0.2000 | 1/nm

Brightness
L]
Color scale Monochrome
[ Log scale
Spot color

[ Assigned color of each crystal

M Direct | General spois
[ Extinct spots (Screw or Glide)

Set the display method of the diffraction spot.

Sold sphere / Gaussian

If “Solid sphere” is selected, the reciprocal lattice point
is assumed to be a sphere of radius R. The cross section
between the sphere and the Ewald sphere is the
diffraction spot, which is drawn as a solid circle. The area
of the circle corresponds to the diffraction intensity.

In the case of "Gaussian”, the reciprocal lattice point is
assumed to be a 3D Gaussian function with a certain o
(the standard deviation, or the RMS width) and a certain
intensity I (the integral over the whole 3-dimensional
space)'3. The distribution appearing in the cross-section
of the 3D Gaussian and the Ewald sphere is the
diffraction spot, which should be drawn as a 2D
Gaussian. The integral of the 2D Gaussian function
corresponds to the diffraction intensity.

Opacity
Set the transparency of the diffraction spot to be
drawn.

Radius
The value corresponds to the radius of the reciprocal
lattice point. The value (hereinafter referred to as R)
affects the display of the diffraction spot as follows.
1. "Gaussian” case
» "Only excitation error" case
Assuming a 3D Gaussian function where o is
R and the integral is [Brightness] value, the
intensity distribution (2D Gaussian) appearing in
the cross-section of the 3D Gaussian and the
Ewald sphere is displayed as a diffraction spot. In
this mode, the crystal structure factor is ignored.
» "Kinematical & excitation error” case
Assume a 3D Gaussian function where o is R
and the integral is [Brightness] X [relative intensity
based on the kinematic theory].
» "Dynamical theory” case
The 2D Gaussian function, where o is R and
the integrated intensity is [Brightness] x [relative

intensity based on the dynamic theory], is
displayed as the diffraction spot™.
2. "Solid sphere” case
» "Only excitation error" case
Assuming a sphere of radius R centered at the
inverse lattice point, the cross-section of the
sphere and the Ewald sphere is displayed as a
diffraction spot. The crystal structure factor is
ignored.
» "Kinematical & excitation error” case
Assume a sphere with a radius of R x [relative
intensity based on the kinematic theory]~(1/3)">.
» "Dynamical theory” case
The radius of the diffraction spot is R x [relative
intensity based on the dynamic theory]~1/2. This
means that the area of the displayed diffraction
spot is directly proportional to the intensity based
on the dynamic theory.

Brightness
If “Gaussian” is selected, it will be active. Adjust with
the scale bar.

Color scale
Select “Gray scale” or “Cold-warm color”.

Log scale
If checked, the intensity will be displayed as a log scale.

Spot color
Set the color of the diffraction spots.

Bloch wave property

Bloch wave property

Mo of Bloch waves =
Thickness = nm

This property is active when "Dynamic theory" is

selected.

No of Bloch waves

This parameter configures the number of Bloch waves
to include in the dynamic diffraction intensity
calculation. This value is used if you have selected
“Dynamic theory” as the “Intensity calculation” mode.

Thickness
Set the sample thickness.

3 The general presentation of 3-dimensional Gaussian function centered at the origin is as follows;
I x2+y*+2°

9.2 = S e C 7 )

The integral of the above f over the whole 3-dimensional (x, , z) space equals to 1.

The cross section of f truncated by z = Z plane is as follows;
2 2 2
)

I Z
flxyz=1)= TSP (TP C 55

. . . . 1 z?
The integral of f' over the whole x, y 2-dimensional (x, y) space is S exp (=32

™ The effect of excitation error is incorporated in the dynamic theory calculation.
> The volume of the sphere is multiplied by 1/3 to make it proportional to the kinematic relative diffraction intensity.



Precession property

Precession property

Semi-angle = mrad
e

This part is active when "Incident beam" is selected as
"Precession”.

Semi-angle
Sets the semi-angle of the incident electron in
precession electron diffraction.

Step
The precession electron diffraction is simulated by
adding up parallel beams. The number of the parallel
beam directions is set here.

6.6. Toolbar

Spots | <ikuchi Lines ‘ Debye rings | Scale
Spots
Toggles between show/hide diffraction spots.

Kikuchi lines
Toggles between show/hide Kikuchi lines

Debye rings
Toggles between show/hide Debye rings'®,

Scale
Toggles between show/hide scale lines.

Index / d / Distance / Excit. Err / |Fg|
Check the labels that appears near the spot.

6.7. Detector geometry

Configure the detailed settings for the detector.

Schematic diagram
A schematic diagram explaining the meaning of the
parameters is displayed. See A.2.. for details.

Set detector area & overlapped image

Detector geometry [ 2]

Camera length 2 |‘|,DDD |mm @ ‘—1.95922("‘ T ‘D |“ [ schematic diagram

Set detector area & overlapped image.

| | Read | | Clear | Rot 90"

Detector  width 2,064 |pix.  pix. size Mmm Foot of the fxmp\xa\
200 | ooss | e o "7as02ad

height plx. from the sample ¥ pixel

Opacity § Gradient |Positive Film | Scale 1 |Liner Scale ~ Scale 2 Gray scale ~

Brightness Minint. g
Max int ]

The number and size of detector pixels can be set to
superimpose a detector image on the simulated diffraction
pattern or to display only the detector image border. The
detector area is displayed as a green rectangle.

If you want to superimpose an image, click the Read
button to read the image. Then set the pixel size and foot
to the correct values. You can also adjust the image's
transparency, color scale and brightness.

If you want to display only the border of the detector, set
the pixel size, number of pixels and foot without loading
the image.

6.8. CBED setting

CBED

Input parameters

T =] Division of disk diameter

Max semiangle |6 | mrad
|

Draw guide circles

Thickness 1rDm = to = with step of = nm Execute

Image size 512

Solver
Auto e
Thread 4

> |#2 pixels Thickness|20 |nm

i Min
Brightness
Max
Gamma
(enhance outer diks)

Gradient | Positive Color | Gray scale

CBED is a large resource-intensive calculation. Therefore,
the calculation is not done in real-time." Press the "Execute”
button to execute the calculation.

Input parameters

Max # of Bloch waves

Set how many Bloch waves should be included in the
CBED calculation. Since the calculation time is
proportional to the cube of the number of Bloch waves,
the calculation time will be longer if you include a large
number of Bloch waves.

Max semiangle
The convergence angle of the electron beam.

Draw guide circles
Displays guide circles that show the size of the CBED
disk, which is useful for determining the Max semiangle.

Division of disk diameter

This parameter specifies the resolution of the CBED
disc, which is the number of pixels multiplied by /4.
The number of pixels is proportional to the computation
time, so the computation time increases when a large
value is specified.

Thickness from ## to ## with step of ##

CBED simulations can be performed for multiple set
sample thicknesses. Since this software uses the Bethe
method, the calculation time is almost the same as when
the thickness is varied.

Solver
The Bethe method calculation consumes a large
amount of resources to solve the eigenvalue problem.
You can select following options as a solver for the
eigenvalue problem.
e "Auto” choose one of the following three options
automatically, depending on your environment.
e "MKL" uses Intel's MKL library
(https://software.intel.com/en-us/mkl).
* "Eigen” uses the Eigen open source library
(https://gitlab.com/libeigen/eigen).
* "Managed” uses the Mathnet open source library

6 Debye rings are essentially a collection of diffraction spots that appear when the sample is polycrystalline.



(https://github.com/mathnet/).

In the author's experience, Eigen tends to be fastest
when the number of Bloch waves is small (< ~500) and
MKL is fastest when the number of Bloch waves is large
(> ~500).

6.9. Diffraction spot information

# Difacsen Spetln

Center of Ewald —> Vector  Note I; Usit of length is “um", not "A" Note 2 Unit of L, nox
—_— ~» Scalar Ace voluge: 200 KV Waveengh (= 1k _vac) (0002509347 |am
#i: Unit vector normal mm0 (= t+e0xEm0ic'2) [LIOLNIS | vie: 06553142
to surface Latice volume: (054643909 nm'S Thickness: [0 am
3 Max semiangle of electicn beam (CBED mode) wad
Usit of poteintial: ® Vg [eV] O Ugfam’2]
Ugfomn’-2] = 2 % mOfks]  B{eV"s] /5] = VgleV] * 10718
Vi or Us - Crystal potential fos elastic scattering butont
Vg or Ug: Imaginary (absorpson) potential for thermal diffuse scatering
& Amplitude of the diffracted wave on the exit surface
R =|31*|Qs1 -
7 (Evaluation hunction) ] Auto resize row wth et dge [t |3 Copy ® dipboard

R h k | d oX o o g Vare Vagim Vg Vgim S Pg Qg O  ®m fo2  I9N2

001793 |0
001793 [0 00. 7975 -

1476

o b, S

This windows shows detailed information about the
diffraction spots calculated by the Bethe's dynamic theory.
The meanings of the symbols are shown in the schematic
diagram on the top left.



7. HRTEM simulation
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ion" simulates TEM lattice fringe images for
the selected crystal and orientation specified in the main
window. Potential can also be simulated.

Click "Simulate image" button at the bottom right to run the
simulation.

The simulated image is displayed. You can zoom in by right-
clicking or right-dragging on the image.

Min/Max
Set the maximum and minimum brightness of the image.
You can also use the track bar to adjust it.

Color
Choose between “Gray” scale or “Cold-Warm" scale.

Gaussian blur
Applies a Gaussian filter (blur) to an image. The range of
the blur is specified in pixels.

7.2. File menu

File
File | Help
Save image 3
Copy image 3

Crverprint symbols

Save the image or copy it to the clipboard." When the
"Overprint symbols" is checked, the scale and labels will be
overprinted into the image.

Help

Basic concept of HRTEM simulation
You can refer to the basic principle of HRTEM
calculation as a PDF.

Calculation Library

Select the library you want to run the HRTEM
simulation in. Native code is usually faster. If the native
code does not work, ReciPro always use the managed
code.

7.3. Image mode

Image mode
(O HRTEM (@ Potential

Select either HRTEM or Potential mode; STEM mode is

currently under development and not yet active.

7.4. Sample property

Set up the sample properties of the electron microscope.

Thickness
Set the sample thickness.

7.5. Optical property

Set up the optical properties of the electron microscope.

TEM condition

TEM conditions

Acc. VDI.C kv A[2.5079 |pm
Scherzer Defocus nm
Defocus Af <nm

Set the acceleration voltage (Acc. Vol.) and defocus value.
When you change the acceleration voltage, the
relativistically-corrected wavelength is displayed on the
right. Also, Scherzer defocus is displayed below based on
the acceleration voltage and Cs value.

Inherent Property
Inherent Property

c;i mmB: mrad
c::i mm AE: v

Set the parameters inherent to the electron microscope.

- Cs: Spherical aberration coefficient

- Cc: Chromatic aberration coefficient

- B lllumination semi angle due to the finite source size
effect

- AE: 1/ e width of electron energy fluctuations

Lens function

Lens function
1

sin[x{u)]: PCTF
Es(u): Spatial coherence
Temporal coherence

Max: nm"“-1 Copy

L

The lens function is displayed. By setting the upper limit
of the value “u”, you can change the drawing range.

- Sin[x(u)]: Phase contrast transfer function (PCTF)

- Es(u): Spatial coherence envelope function

- Ec(u): Temporal coherence envelope function

Objective Aperture

Object Aperture

Size: mrad nmh-1 Shift X: Y: mrad

[ Open aperture spots inside [spotimio| APeriursoutlineisshovin

in "Diffraction Simulator

Set up the size and position of the objective lens
aperture.

When the "Diffraction Simulator” is launched, you can
check the size and position of the aperture.



Size

Set the size of the objective lens aperture in mrad. If
you want to open the aperture, check "Open aperture”.

The number of diffraction spots considered in the
Bloch wave method will change depending on the
aperture condition you set. The maximum number of
spots is limited to the value set in the "Simulation
property" section.

Shift
Sets the horizontal position of the objective lens
aperture in mrad.

Spot info.
Displays detailed spot information.

7.6. Simulation property

Bloch Wave
Bloch wave -
Maximum m =
Set the maximum number of Bloch waves used in the

calculation.

Image Property

Image property
Width 2] pix
Height [512 |+ pix
Resolution

> pmy/pix

Set the number of pixels and resolution of the image to
be simulated.

Normalize Intensity

Normalize intensity
highest to 2416

lowest to zero

Set how to normalize the intensity of the image to be
simulated.

Partial Coherent model
Partial coherency model
® Quasi-coherent (O Transmission cross coefficient

It is displayed when the image mode is HRTEM.

When calculating the HRTEM image, you can choose
whether the wave interference is calculated based on the
Quasi-coherent model or the transmission cross coherent
model. The latter is a more accurate simulation, but the
calculation is slower.

Single/Serial mode
It is displayed when the image mode is HRTEM.

Single/serial mode
(O Single image (@) Serial image
Thickness {nm) Defocus (nm)

Start -29.00 |20 Start |-70.00| /= -70
— 40 I— -90
Step [20.00 5| 60 Step [-20.00 |15 -110

Num: ® Num |4 10

A ([ ][4

Horizontal direction: @ Defocus () Thickness

“Single image"” mode simulates a single image based on
the sample thickness set in “Sample Property” and defocus
set in "Optical Property".

“Serial image” mode generates serial images for multiple
thicknesses and defocuses set according to the values of
Start/Step/Num.

Potential option

Patential option
Ug: Crystal potential for elastic scattering
U'g: Imaginary (absorption) potential for TDS

@ Magnitude and phase
® Both (O Magnitude only O Phase only

Scale of phase

| 1 | T
-180° 41200 607 o 60° 120° 180°

(O Real and imaginary part

It is displayed when the image mode is "Potential”.

The selected potential (Ug, U'g) becomes the target of
the simulation. You can also select the potential display
method from "Magnitude and phase” or "Real and
imaginary part".

7.7. Appearance

Appearance

Show label gjza |E| = [ Sz
unit cell

Show scale | angth Hom [

Label
Set whether the label (t: thickness [nm], f: defocus [nm])
will be displayed or not, and the size and color of the label.

Scale
Set whether to display the scale bar or not, and the
length and color of the scale bar.

Unit cell

Set whether the unit grid cell is displayed or not. Red,
green and blue lines correspond to crystal axes a, b and c,
respectively.



8. TEM ID
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"TEM ID" is used to index the selected area electron diffraction
(SAED) pattern obtained with transmission electron microscopy.

Enter the TEM observation conditions and the geometry of
the diffraction spot, and press the "Search zone axes" button to
search for the candidate crystal axes.

8.1. TEM condition

Enter the TEM observation conditions.

8.2. Photo1, 2, 3

Enter the geometry of the diffraction spots.

If you want to enter the length between the spots on the
detector, enter a value in the mm box.

If you know the d-value, enter the value in the unit of A or
nm" box.

8.2.1. Three sides

Input values of 11, 12, & 13

In this mode, you can enter the length of the three sides
of a triangle with the direct spot as one vertex.

8.2.2. Two sides and an angle

Input values of 11, 12, & 8

In this mode, you enter the length of the two sides,
including the direct spot, and the angle between them.
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[Refine tickness and direction|

The module detects and indexes the spots in the diffraction
image.

Displays the image. You can drag and drop the image or
load it from the “File” menu.

You can zoom out by right-clicking or right-dragging the
mouse to zoom in. In addition, the following mouse actions
are acceptable.

Single left click: Select a spot.

Double left clicks: Add a spot

Ctrl+Left double click: Add direct spot

Ctrl+right single click: Remove spot

Min/Max
Set the maximum and minimum brightness of the image.
You can also use the track bar to adjust it.

Gradient
Select "Positive” or “Negative”.

Scale
Select “Linear” or “"Log” scales.

Color
Select “"Gray” scale or “Cold-Warm" scale.

Dust & Scratch

Remove exceptional bright/dark spots in the image
consisting of one or several pixels. You can set the
detection range in pixels and the detection threshold.

Gaussian blur
Applies a filter (blur) by Gaussian function to the image.
The blur range is set in pixels.

7.2. Optics

Optics

(O X-ray @ Electron ) Neutron Camera Length |183.8103208( mm
200 kv

E”ergy Pixel Size |0.007400000|mm

Wave length |0.025079241 A

Enter the incident source, energy/wavelength, camera
length and detector pixel size.

If dm3/dm4 file (Gatan Digital micrograph file) is loaded,
these values will be set automatically using the information in
the file.

spot

Detecting & Fitting options Show label
Detect & = = Detalls of the
m s Numbgr..in 2| Nearest neighbor >-m pix O aiected et 2 show symbol
Fitting range (radius) < pix. | Reset range [ Clear all spots [ESVAIESSSN
Di- Range A d Fit |~
rect N a0 0 MTOH2 80 arenaty) B | & om ™
--m y lﬂﬂ-lﬂ
1] 200 | 9278 8104527 504| 835 008 1.7459E6 22947 0.2747
2| 200 |1,2193| 9464 555|541 1.8 | 0.00| 1.9383E6 323.27 | -451 2.86 | 0.06 | 0.2719
3| 200 10797 1,237.9| 475 | 465 | 765 0.24| 1390066 [121.22| 038 -203 | 0.02] 02744
4 200 [11430| 7327|440 432 971 023| 1134266 | 7227 071 155| 00101929

5| 200 (1,20541,160.4| 446 | 437| 282 028 1.0648E6 | 71.87 -242| -112) 001 0.1935
6| 200 | 788.3/1,101.5|431|426|1554| 033 | 9.2714E5 | 4947 023| -013| 00102722
7, 200 | 8638 1,3150| 420|413 1093 | 033 8702265 4776, 006 -031| 000 0.1930
8| 200 | 7127| 887.8|427|416| 463 | 034 8.1668E5 | 4331 -005| 021 000 0.1939
9| 200 | 5723(1,178.3| 414|413 | 49.9| 053 | 1.8410E5| 3120 -021| 034 002 | 0.1360
0| 200 |1,4342| 869.7|422|410|1585| 070 1.7790ES | 4070 -020| 0.0 002 0.1362
1] 200 |1,155.1[14514|4.23 | 411 891 | 0.63 | 1.7223E5 | 3673 | -0.04| 0.16| 0.02 | 0.1374

pOjoooooooooo

Fit
v

Re-fit all

fEy= Globalfit (experimental)

Dornut {experimental) =

By the "Detect & fit spots" button, the software
automatically detects diffraction spots in the image and fits
them with the 2D Pseudo-Voigt function'. The fitting result
is displayed in the table.

4 n
—_ %-}-(l—q)mzm{ InZ( ) +By+x' B +'B,
THAL 31 s o1 4oy (1) H "H °

where x' = (v = %) 0058 + (y = Yo)sinf. ' = (y = yo) o — (x — xg)sinf, ¢ =412 —1

Detect & Fitting options

Number
Set the maximum number of spots to be detected.

Nearest neighbor
Set the minimum distance between the spots to be
detected.

Fitting range
Set the range of the detected spots to be fitted with
the 2D Pseudo Voigt function, in pixel units of radius.

Reset range button
Re-set the fitting range of the spots in the table.

Show label/symbol
Select whether or not the labels and symbols of the
detected spots will be displayed as an overlap in the image.

Clear all spots
Removes all spots in the table.

7 In ReciPro, the following fitting functions are used.
A n %' y,z
flxy) 7 (o1 4 cxt 12 + cy’Z/H22}3/2 +(1-n2 exp{ In2 (H2 H%)}
where x' = (x —xy)cos0 + (y —y,)sin@, y' = (y—y,)cos6 — (x —xp)sinf, ¢ =4Y3-1
The first term in square brackets, r]/2{1 + cx’z/H1 + cy’z/Hz} , is the 2-dimensional Cauchy distribution function. The second term, (1 —
m In2exp{—In2 (x'*/H? + y'* /HZ)}, is 2-dimensional Gaussian funct|on.

X0, Yo are the center coordinates of the spot. 6 is the rotation angle from x,y axesto x',y’ axes. Hy,H, are half width at half maximum along
x" and y' axes respectively. n means the mixed ratio of Cauchy distribution function and Gaussian function. A corresponds to the integral value of
this function. The part of B, + x' B, + y' B, means the background plane.

During fitting, each parameters are optimized by an iterative approximation using the modified Marqurt method.

+By+x'B,+y'B,




Save/Copy
Save/copy the table information in the Excel format (tab
separated values).

Re-fit all
Re-fitting is done for all spots in the table.

Details of the selected spots
When you check the box, a separate window will appear
as shown below.

4 FompoiDeials

v | scate | Line Scale v | Coler [Brayscale  +.

In this window you can see the selected spot on the left
side and the profiles of the four directions on the right side.

The blue lines are the observed data and the red lines
correspond to the fitting results.

7.4. Index

Index

[T | scceptabie error[d |15 [ o 2553

[ ignore Muttiple Diffraction
@ single grain O Multi grains 1 |14

Max. No. of grains 2 2 |7

No CrystalName  Assignedspots

MG25i04 ffor..

[ show label

Bloch waves [400_]fZ] semiangle : mrad

By “Identify spots” while the spots are detected, the spots
will be indexed to the crystal selected in the main window.

Shew symbol

Acceptable error
Set the tolerance of error.

Single grain/Multi grains

Choose whether to index as a single crystal or multiple
grains. If you choose Multi grains, you can specify the
maximum number of crystals to be considered.

Show label/symbol
Select whether or not the labels and symbols of the
indexed spots will be displayed overlaid on the image.

Refine thickness and direction

Applying dynamic theory of electron diffraction (the
Bethe's method), refine the sample thickness and crystal
orientation that best matches the detected diffraction
intensity



10. Powder diffraction

Under construction



11. Crystal database

Crystal Database - o x
Name Density Formula a b c a B y Crystal 5~ [Jname
AN ..
Abernathyite | 9.8707 |K U4 As2015..| 7176 | 7.176 | 18126 | 90 % % tetag | paterence
Abernathyite | 96511 |NHI0UsAs2..| 7189 | 7.189 | 18191 | 90 % % R T sstem
Abernathyite | 9.8554 |KO31HISU.. | 7171 | 7471 | 18048 | 90 % %0 tetrage
Fluorapophylii..| 25337 |K1.68 Na032..| 8363 | 8963 | 15804 | 90 a0 a0 tetmo A
Fluorapophylli..| 25453 | K Ca4 Sig 03.. | 8.965 | 8965 | 15767 %0 90 90 tetragc [ d-spacing
Fluorapophylli... | 2.5428 | K Ca4 Si8 O3.. 2.96 296 15.8 %0 %0 90 tetrage | L] Density
Ahrensite | 48408 |Fel6.0085i7.0..| 8234 | 8234 | 8234 | 90 % % cubi
Hydroxyapop.. | 23556 | K Cad 5i802.. | 8979 | 8979 | 1583 | 90 % %0 tetrage
Hilgardite | 26936 | Ca2 CIBSO1.. | 11438 | 11318 | 6318 | 90 | 9006 | g0 monoc
Ahrensite | 55211 | Fesi404 | 8236 | 8.235 | 8236 | 90 % 90 cubi
Anorthite | 26075 |Ca26Na128..| 81736 | 128736 | 7.1022 | 93462 | 116,054 | 90.475 triclin
Anorthte | 26075 |Ca26MNa128..| 81736 | 128736 | 7.1022 | 93462 | 116,054 | 90.475 triclin
- = v
e L oanre cocoemr ez Lopomne [aanns [ooscr Traznoc [ances i

The "Crystal database" provides the functions to search and
import more than 20,000 crystal structures.

The database is based on the "American Mineralogist
Crystal Structure Database". Please read the description in
http://rruff.geo.arizona.edu/AMS/amcsd.php carefully, and
be sure to cite the following references when using the crystal
data:

Downs, R.T. and Hall-Wallace, M. (2003) The American
Mineralogist ~ Crystal ~ Structure Database. American
Mineralogist 88, 247-250. (pdf file)

11.1. Table

The crystals contained in the database will be displayed. If
you have entered the search criteria, only those crystals that
meet the criteria will be shown.

When you select a crystal in the table, the information of
the crystal is transferred to the "Crystal information” area of
the “Main window”. If you want to add the crystal to the
"Crystal list", click the "Add" or "Replace" button.

11.2. Search options

Enter your search criteria. To search, press the "Search"
button or enter key.

Name
Enter crystal name.

Periodic Table [ <]
i must include He
may or not include
L | Be TmEE e Bllc|n(oF|nNe
Na | Mg AfESHl Pl s |l all A
K[| Caf s Ti Cr [ Mn | Fe | Co|| Ni||Cul{Zn| Ga| Ge| As | se | Br | kr
Rb || S|l ¥ | zr [ Nb|Mo| Tc| Ru [Rh|[Pd|[Ag | Cd| In|5n|Sb| Te | I || X

Cs||Ba| La |Hf || Ta | W | R ||Os| Ir Pt | Au | Hg | Tl | Pb || Bi || Po | At | Rn
Fr || Ra || Ac | Rf | Db || Sg | Br | Hs || Mt Ds | Rg
La: lanthanide | La || Ce || Pr || Nd || Pm || Sm || Eu || Gd || Tb || Dy || Ho || Er || Tm || ¥b || Lu

Ac: actinide Ac || Th || Pa || U || Np || Pu || Am | Cm || Bk || Cf || Es || Fm || Md || No || Lr

When you press the “Periodic Table” button, a new
window will open. Select the element to be searched here.
Each element's button changes its status as you press it.

Clicking the "may or not include", "must include”, or
"must exclude" buttons at the top of the window will
change the status of all elements.

Reference
Enter title, journal and author.

Crystal system
Select crystal system.

Cell Param
Enter the cell constants and acceptable error.

d-spacing
Enter the d-spacing and acceptable errors for the
strongest crystal diffraction.

Density
Enter the density and acceptable error.



Appendix
A.1. Basic definitions of ReciPro coordination

Definition of orientation
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Since ReciPro handles various "directions"”, the
definitions are explained below. In ReciPro, right-handed
coordinate system is used, and axes are defined as follows:

X-axis is to the right of the monitor surface

Y-axis is the upward direction of the monitor
surface

The Z-axis is vertically in front of the monitor
surface.

The beam direction corresponds to the direction of the
line of sight looking at the monitor, which in the above
coordinate system corresponds to the -Z axis direction.

Most of the operations performed in ReciPro are only in
the direction (i.e. the 3x3 rotation matrix) and do not
require awareness of the position of the origin. However,
with the "Crystal diffraction" function, the origin position
must be explicitly considered. See A.2. for more details.

Initial crystal direction

ReciPro defines the initial orientation of the crystal as
shown in the figure above'. That is, the orientation of the

e The c-axis is aligned with the Z-axis direction

. The b-axis lies on the YZ plane and is close to the

'8 This definition is compatible with Oxford's EBSD software.

Y-axis
. The a-axis is the direction determined by the b-
and c-axes
In other words, the direction in front of the monitor
corresponds to the [001] crystal axis, and the right
direction on the monitor corresponds to the normal
direction of (100) crystal plane. Note that c-axis (= [001]
crystal zone axis) always corresponds to the Z-axis, but in
some crystal system a- and b-axis do not necessarily
correspond to the X- and Y-axis'®.

Euler angles
®=0
e=0
W_
=15
=15
¥=15

2

¥

In ReciPro, crystals can be rotated in various directions.
Euler angles are used to represent the crystal orientation.
The Euler angles in ReciPro uses three symbols, ®, 0
and Y as shown the above. When the angles ®, 6, and
WY are all zero (upper figure), the directions of the axes of
rotation corresponding to those angles are equal to Z, X,
and Z, respectively.

Note that the three Euler angles have a master-slave
relationship; ® is the highest (1st ) rotation, followed by
6 (2nd). ¥ isthe lowest (3rd ) rotation. The direction of
the lower rotational axis depends on the state of the upper
rotation. As an example, the lower figure shows a situation
where ®, 6,and W are all set to 15 degrees. The axis of
rotation corresponding to angle ® will always coincide
with the Z axis, but the axis of rotation corresponding to
angle 6 and angle ¥ will generally not coincide with
any of X, Y, or Z.

A2. Definition of coordination in “Crystal

diffraction”

"Crystal diffraction” simulates a diffraction pattern on a
detector and displays it on your monitor. The detector is a
finite-sized plane created by a collection of pixels, The
detector is placed at a fixed distance from the sample
(scattering matter), and it may be inclined with respect to the
incident beam. In order to accurately simulate this situation,
information such as the geometric relationship between the
detector and the sample and the pixel size/number of pixels
of the detector is important.

" In the cases of cubic, tetragonal, or orthogonal, the initial orientation of the a-, b-, and c-axes coincide with the X-, Y-, and Z-axes, respectively. In
the cases of hexagonal, trigonal, or monoclinic, the b- and c-axes coincide with the Y- and Z-axes, respectively, but the a-axis does not coincide with
the X-axis. In the case of triclinic, the c-axis coincides with the Z-axis, but a- and b-axes never coincide with the X- and Y-axes.
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Next, let's consider the situation where the detector is tilted
as shown in the above figure.

Two parameters are introduced to represent the inclination
of the detector: the direction of the rotation axis (¢ ) and the
amount of rotation ( 7). The rotation axis is considered to be
in the XY plane (Z=0 plane) and the angle from the X axis is
defined as ¢ . Then, rotate it around the axis of rotation
defined by ¢ by 7 inthe direction of the right-hand screw.

As a result of the above rotation operation, the "direct spot"
and the "foot" are not aligned with each other?'. In ReciPro,
the distance between the former and the sample is called
“Camera length 1" (C1) and the distance between the latter
and the sample is called “Camera length 2" (C2). Note that the
origin of the "Detector coordinates” is always "Foot" and the
origin of the "Pixel coordinates” is always the upper left
corner of the detector. Also note that when the detector is
tilted, the X and Y directions do not coincide with the X' and
Y' directions.

Call it Camera length 1 (C1) and the distance between the
latter and the sample is called Camera length 2 (C2) %, where
the origin of Detector coordinates is always "Foot" and the
Pixel Note that the origin of coordinates is always the upper
left corner of the detector. Also note that when the detector
is tilted, the X and Y directions do not coincide with the X' and
Y' directions.

The definitions of each parameter are listed again in the
following section.

First, consider a situation where the detector is not tilted
(i.e., the normal of the incident beam and the detector plane
are the same), as shown in the above figure.

“Real coordinates” is a 3-dimensional Cartesian coordinate
system in mm scale with the sample as the origin. The Z axis
is always the same as the beam direction (note that the
definition differs from A.1.20) The direction of the X axis is
right facing the Z axis and the direction of the Y axis is
downward. The minimum distance of the detector (i.e. the
distance between the sample and the direct spot [ = the foot
of the perpendicular from the sample, or "Foot"]) is defined
as “Camera length 1" or “Camera length 2".

“Detector coordinates” is a two-dimensional Cartesian
coordinate system in mm scale with the "foot" as the origin.
X' axis is to the right of the detector plane and Y' axis is to the
bottom.

“Pixel coordinates” is also a two-dimensional coordinate
system with the top-left point of the detector as the origin, is
in pixel scale. As in “Detector coordinates”, the right direction
of the detector plane is the X" axis and the down direction is
the Y” axis.

Real coordinates (X, Y, Z)

Three dimensional coordinates of the experimental
setup with millimeter unit. The origin of the coordinates
is always the sample position, and Z axis direction is
always parallel to the beam direction. If the detector is
normal to the incident beam, X & Y axes are parallel to
X" &Y' axes, respectively.

20 |n the "Crystal diffraction” coordinates, the beam direction is defined as +Z, as opposed to -Z in A.1. The Y-axis direction is inverted accordingly.
This is to ensure consistency with previous literature and other software. Another reason for this is that the downward direction of an image is
usually represented as +Y when handling images on a computer. However, users do not need to be aware of this difference in coordinate system,
and ReciPro automatically performs the appropriate coordinate system conversion.
2! The relation between the foot point (Fx, Fv) and the direct spot (Dx, Dv) is as follows;

Dx = Fx - C2 X sin(®) X tan(t)

Dy = Fy + Cz X cos(®P) X tan(t)
22 The relation between “Camera length 1" (C1) and “Camera length 2" (Cy) is C1 X cos(t) = C2



Sample
Scattering material by the incident beam. The origin
of the real coordinates.

Rotation of detector

The rotation state of the detector is represented by
rotation axis direction and angle. The axis is defined on
Z=0 plane (namely XY plane).

0}
Angle from X axis to the rotation axis. Right-hand rule.

T

Rotation angle around the rotation axis. Right-hand
rule.

Detector coordinates (X, Y')
Two dimensional coordinates on the detector plane
with millimeter unit. The origin is the foot (see below). X'
& Y' axes are always parallel to X" & Y, respectively.

Foot

The foot of the perpendicular from the sample. If the
detector is normal to the incident beam, the foot
position is identical to the direct spot. To use overlapped
image mode, the foot position should be set in the pixel
coordinates.

Camera length 2 (Cy)
Distance from the sample to the foot. The value is
defined in millimetres.

Direct spot
Intersection of the incident beam and the detector.

Camera length 1 (Cy)
Distance from the sample to direct spot.

Pixel coordinates (X", Y")

Two dimensional coordinates on the detector plane
with pixel unit. X" and Y” directions correspond to pixel
arrays of the detector. The origin is always upper-left
corner of the detector.

Pixel size
Length of one side of the pixel. The value is defined in
millimeters. A square pixel is only acceptable.

Detector width/height
Pixel numbers horizontally/vertically.



A.3. Principle of Bloch wave method

A.3.1. Matrix equation of Bloch wave inside a crystal

The electron wave function ¥ (r) in the crystalline material can be expressed as a linear combination

of a basis set which are called Bloch waves:
wr) = Z a;b; (kO - 1) 1)
J

where r is the position vector, a; is weighting coefficients, b; is jt* Bloch wave function, and k¥ is
scattering wave vector on the Ewald sphere.

Considering a collimated parallel incident electron beam of the form ¥ = exp (2mi - kyqc - T), where
k.. is wave vector of the incident electron in a vacuum, each Bloch wave must satisfy the following
Schrédinger equation:

V2b; + 4n{kyac” + U()}b; = by ()

and Bloch's theorem:
bj = u(r)exp{2mi - kD -1y 3)
where U(r) is the periodic electron optical potential, and u(r) is also periodic function with the same
period as the U(r). The periodic functions U(r) and u(r) can be expanded as a Fourier series, whose

spatial frequency corresponds to reciprocal lattice vector g as follows:

Uulr) = Z Ugexp{2mig - 1} “)
g

u(r) = Z Cg(j)exp{Znig-r} (5)
g

where U; and C;j) are a Fourier coefficient of U(r) and u(r), respectively.

The result of inserting Egs. (4) and (5) into Egs. (2) and (3), and equating coefficients yield:
6~ (2 +9)] 6+ b, 0 =0 ©
h#g

where kg is the incident wave vector inside the crystal, i.e, k3 = k,,ac2 + U,.

To satisfy the boundary conditions, the tangential components of the incident and Bloch wave vectors
inside the crystal must be matched at the crystal entrance surface. Thus, we can express k%) using a
corresponding scalar value 100 as:

kD = ko + 29n @)
where n is a unit vector normal to the sample surface. The geometrical relationships of kg, k,,acz, kD, g,

and 1Y) is shown in Fig. 2.
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Then the bracket in Eq. (6) can be expanded to

K2 — (k9 + g)* = —g(2ky + g) — 2ADn(ky + g) — 20 (8)

In electron transmission diffraction, 10% canbe dropped (i.e., high energy approximation) because this

term is very small (Zuo & Spence, 2017). Moreover, if we let:

Qy=-9QRko+g) and P,=2n(ky+g) 9

in Eq (8), then Eq. (6) can be rewritten as follows:
Q,cY + Zh Uy_nCP = —200p, Y (10)
#g

and further rewritten in matrix form:

6)] 6)] 6)]
Qo/Po U_g/Py U_p/Py - ¢’ ¢/ ¢y

)] )] )]
Ug/Fy  Qqg/Fy Ug-n/Fy | C” | = 4| &7 e (o (11)
Uh(Ph Uh—%;/Ph Qh(Ph C;j) C;j) C;j)

where the square matrix A has diagonal elements Q,/F; and off-diagonal elements U,_,/F,;. Eq. (11)
can be viewed as an eigenvalue/vectors problem for A. If n-beams are included in a calculation, Eq. (11)

gives n eigenvalues (A107) and n eigenvectors (ngj)).

A3.2. Boundary condition at the entrance and exit surfaces
If the allowed Bloch waves (i.e., A4 and Céj)) have been determined by solving Eq. (11), then we can

estimate the weighting coefficients «; in Eq. (1).

First, by summarizing Eq (1), (3), (5), and (7), and changing the order of summations, we obtain

Y(r) = Zg [Z} a;c{" exp(2mi(g + ko + 20'n) - 1} (12)

Then we rewrite the above wave function ¥ (r) at crystal thickness t as follows:
Y.(R) =¥ (x,y) =¥(x,y,z=1t) (13)
where ¥, isthe wave function at z = t,and R is the two-dimensional vector parallel to the surface (i.e.,

XY component of 7). The thickness t is defined along the surface normal direction. Inserting Eq. (12) to



Eq. (13) yields

w,(R) = Zg [Z} ;¢ exp(2mi (A9 + ko, + g,)t}| exp{2ni(K + 6) - R} (14)

where k,, and g, areZcomponentof ko and g,respectivelyand K and G are XY components of kg
and g, respectively. Eq. (14) is a two-dimensional Fourier series whose spatial frequency corresponds to
g.

On the other hand, transmitted electron wave function in vacuum (i.e., exit wave function), ¢(r), can be

also written as the following Fourier series:
9@ = D Ty@)exp(2milicnae +9) 1) (15)
g

where T, is the transmission coefficients of the transmitted electron wave function. In the same way as in

the Eq (13) case, we have
¢(R) = Z T, (t)exp {Zm' (kvacZ + gz)t} exp{2mi(K + G) - R} (16)
g

where kyq., areZ componentof Kk, This is also the two-dimensional Fourier series.

At the exit surface, the boundary condition of ¢(R) = ¥;(R) must be satisfied, then we obtain:
Tg(t) = Zj ajC;j) exp{2mi (A + ko, — kyac, )t} 17

This equation can be expressed by writing in matrix form:

W ~@ ~3) .
To(t) Co~ G Gy o\ [g2zria®@e 0o . a
To(®) | _ peni(ko,~vac)e | €37 €7 € .. 0 e2mir®t 0 (% (18)
T alel a0 0 e \E
or following condensed matrix notation:
T(t) = ezni(koz_kvufz)tCA(t)a (19)

where T(t) is a column vector of Ty(t),and a is a column vector of ;. Each column of € matrix is the
eigenvector of Eq. (11),and A(t) is a diagonal matrix with elements 2mid e,

If T(0) is known (e.g, To(0) =1 and Ty.0(0) = 0), the a vector is determined by matching the
incident waves to waves inside the crystal at the entrance surface. That is, setting t = 0 and multiplying each
side by €71 in Eq. (19) yield a = €C™1T(0). Then, T(t) may be calculated at any thickness by assuming
as follows:

T(t) = e2mi(ko,~kvac, )t CA(£) C~1T(0) (20)
where € A(t) €1 is called “scattering matrix”.

Finally, the diffracted beam amplitude at the exit surface, thatis T’4(t), is found from:

1 0 0
0 e?ma:t o
T = 0 ¢ amih,t T(t) 2D

0 e



where T'(t) is a column vector of T'g(t), and the diagonal matrix with exp{2mi g, t)} changes the wave

phase corresponding to the sample thickness.

A.3.3. Matrix exponential approach

Solving eigenvalues/vectors problem for asymmetric complex matrices, such as the matrix A, typically
consumes considerable computational resources. Here, we introduce another approach to get the
transmission coefficients T(t), called matrix exponential approach.

The matrix A(t) in Eq. (19) can be expanded to Taylor series as follows:

o A" o o .. o
; n H n
A@);Z@ 0 A(z)n 0 ...|= (27Tlt) An (22)
= o 0 0 A", ' n!
: : HE n=

where A is a diagonal matrix with diagonal elements 190, By inserting Eq. (22) to (20) and changing the

range of the summation, we obtain:

n!

(©) = e2mlio, ouc )0 Y {(2”“)" canc—l} T(0) 23)

n=1
Furthermore, recalling that A and C are the eigenvalues/eigenvectors for the structure matrix A4 (i.e,

A= C2C1),Eq (23) can be rewritten without 4 nor C, as follows:

. o ((mit)" . .
T(t) = ezm(koz_kvacz)f Z {( 7:;) An}T(O) — ez;n(koz—kvacz)tethAT(O) (24)
n=1

where e?2mitd

is an exponential of matrix, defined as a matrix function on square matrices analogous to
the ordinary exponential function. The function can be computed relatively fast by using the scaling-and-
squaring method combined with Padé approximation (Higham, 2005).

We will now discuss the advantages and disadvantages of the two methods to obtain T(t), i.e., (i) solving
the eigenvalues/vectors of matrix A and applying Eq. (19), and (ii) computing the exponential of A and
applying Eq. (24). In the former approach (which is used in most of the software that employs the Bloch
wave method to date), once the eigenvalues/vectors are calculated, T(t) for a sample with arbitrary
thickness can be obtained immediately by simple matrix multiplications. On the other hand, for a sample
with a specific thickness, the approach (ii) can calculate T(t) several times faster than the approach (i) in
many cases. In other words, approach (i) is suitable for cases where you want to change the thickness later,

and approach (ii) is suitable for cases where you want to quickly calculate only for a specific thickness.

ReciPro supports both approaches, and use the right one for the right situation.

A.3.4. Electron optical potential
The potential U(r) in Eq. (2) is called an electron optical potential. Here, U, in Eq. (4), the Fourier

coefficient of the U(r), is treated as:
U, = US + iU, (25)

where Ug is the elastic portion of the interaction potential for a crystal,and Uy is those of the absorption



portion for thermal diffuse scattering. Both U; and Uy are the complex Fourier coefficients of real
potentials with the period of the unit cell. An additional correction representing virtual inelastic scattering
has been neglected, since this is a very small effect.

If the unit cell contains N atoms, U; has following form:

U¢ —LZN fx (s) exp{2mi g - 7).} exp{—8m (u;)? 52} (26)
9 =0l p g Ty exp k

where y = m/m, is the relativistic constant (m: relativistic electron mass, my: electron rest mass), {2 is
the unit cell volume, 7 is the fraction coordinates of the kth atom in the unit cell, s is the half magnitude
of scattering vector (in this case, s = |g|/2), and (u;)? is the mean-square thermal vibrational amplitude
of the kth atom. f; (s) isthe elastic atomic scattering factor of electron for the kth atom species, and ReciPro

calculates it from linear combinations of the parameterized Gaussian functions:

fils) = ) asexpl=b;s’] @)

L
where a; and b; are the fitting parameters tabulated in Peng et al. (1996) and Peng (1998).

Similarly, Ug, the imaginary part of the Fourier coefficient, can be expressed as follows:

U¢ —LZNf' (g) exp{2mi g - r1} exp{—8m (uy)? s?} (28)
g _TI.'.Q x k ) p g-ri p k

where f',(g) is the atomic absorption coefficient. Assuming the Ewald sphere surface is an infinite plane

projected parallel to the entrance surface of the crystal, f',(g) is given by Hall and Hirsch (1965):

1 _ 2 _ _ 2
£ = Effk (';i') fi ("’ . g') [1 ~ exp {——Bq Pa—g) }] dq 29)

Then, inserting Eq. (27) into Eq. (29) and solving the Gaussian integral problem yield:
bib;g* g% (biby — My*)
eXpy——F————( exXpi——F——————=
K Vi—y?mec o4 w b; + b; b + b + 2M,

where h is the Plank constant (Weickenmeier & Kohl, 1991).

A4. Partial coherency model for HRTEM

The electron microscope image is never perfectly coherent, because there is always a small spread in
illumination angles from the lens and a small spread in defocus values due to small instabilities in the high
voltage and lens current supplies (Kirkland 2020). When these effects are included, the image is said to be
partially coherent. For generating the HRTEM image that incorporates the partial coherency, two

representative models are introduced, i.e., linear image model and transmission cross coefficient model.

A4.1. Linear image model
In the model, the HRTEM image intensity I(R) is calculated by:

IR) = [y(R)I? (€2



where R is vector on XY plane in real space. {(R) is incident electron wavefunction on an image plane

as follows:
Y(R) = Z T';exp[2mi(K + G) - R] exp[—ix(K+ G)] A(K + G) E.(K+ G) Es(K+ G) (32)
g

where Ty is the diffracted beam amplitude at the exit surface defined in Eq. (21), K is the incident wave
vector projected to XY plane, G is the reciprocal lattice vectors projected to XY plane. y(u) is a lens
aberration function of the wave vector u as follows:

x() = mAlul?(4f + A%Cs lul?/2) (33)
where 1 is the wave length of the incident electron, Af is the defocus value, Cs is spherical aberration
coefficient, and A is the aperture function. E, and E are envelope functions for temporal coherence
and spatial coherence, respectively, as follow:

E.(u) = exp[—(mAC.(AE/E)|ul?)?/2] (34)
Es(w) = exp[-n?B?[ul*(Af + A*Cslul?)?] (35)
where C. is chromatic aberration coefficient, 4E/E is 1/e width of defocus spread assuming Gaussian

distribution, and £ is illumination semi-angle due to the finite source size effect.

A.4.2. Transmission cross coefficient model
In the model, I(R) is calculated by

I(R) = ZZTQT;{ exp[27i(G — H) - R] T (K + G, K + H) (36)
g n
where T}, is the self-conjugate of the Tj,.

T,. is the function of transmission cross coefficient expressed as:

Tee(u,u') = A(wAu)exp[—ix(w) — y(u)] EY (w,u)E (u,u’) (37)
where EM and EM are mixed coherence functions for temporal coherence and spatial coherence,
respectively, as follows:

EY (uw) = exp [~(rAC.(4E/E)) (Il ~ lw'[?)?/2] (38)

EM(u,u’) = exp[-72B%{Af (u — u') + 22Cs(Jul?u — |u’|?u’)}?] (39)



