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Introduction

I.S.A.A.C.S.InteractiveStructureAnalysis ofAmorphous andrystalline Systems is a cross-

platform program developed to analyze the structural ateristics of three-dimensional
models built by computer simulations. The models may hayedsgree of periodicity (i.e.

crystallinity) and local symmetry. The following strucaliinformation is computed from the
models: total and partial radial distribution and struettactors for X-ray or neutron scatter-
ing, coordination numbers, bond angle and near atomic bergdistributions, bond valence
sums, ring statistics and spherical harmonics invariaiitse information may be visualized
conveniently and stored for further use.

An article describing the I.S.A.A.C.S. program and its feasuhas been published in the

Journal of Applied Crystallography
Users who consider to use I.S.A.A.C.S. for research purpsisasdd refer to this publication:

S. Le Roux and V. Petkow. Appl. Cryst,43:181-185 (2010).


http://dx.doi.org/10.1107/S0021889809051929




Programming framework

I.S.A.A.C.S. is developed in C, FORTRAN90 aGd K+ [1] for the GraphicalUserlnterface.
The C part of the code is used as a binding to wrap the GTK+ Gelit the FORTRAN9O core
routines used for the calculations. Separating the I.S@.8. GUI from the FORTRAN90 rou-
tines makes the latter very easy to re-implement in othegraros. Basically the FORTRAN90
routines are controlled by the GUI with minor exceptions réh&TK+ functions are called
from FORTRANO9O0 routines to update a bar indicating the prsgad calculations.

2.1 Supported platforms

The GTK+ library is a highly portable environment which allows |.SAC.S. to be a cross-
platform software. Microsoft Windows (32 bits), Linux (38c&64 bits), as well as Mac OS X
(Intel-based Macintoshes) versions of the program ardadolai

2.2 The l.S.A.A.C.S. Project File format

I.S.A.A.C.S. program uses an intuitive format for a projdetfsee Tab2.1) which contains all
parameters needed to set up a calculation of structurahcteaistics of a 3D model. The struc-
ture of the file follows theXML coding [2] and allows to store detailed information about the
system to be analyzed: chemical composition, chemical agsdigal properties of each atomic
species (e.g. atomic weight and x-ray/neutron scattenmnpglitudes), size of the model box,
atomic coordinates type (e.g. Cartesian or fractional)e ts@ries properties, description of the
bonding between atoms. The information is provided by tleg aad may be re-used/modified
during 1.S.A.A.C.S. execution. The *.ipf’ file illustrateid table [Tab.2.1] shows the parame-
ters needed to run calculations for a 3D structure modelicagjlass.


http://www.gtk.org/
http://www.gtk.org/
http://www.w3.org/XML

Chapter 2. Programming framework

<?xml version="1.0" encoding="UTF8"?>

<l— |.S.A.A.C.S. v1.1 XML file—>

<isaacs-xml>

<!— Format and file of the configuration(s)}>—>
<data>

<type>Chem3D file</type>
<file>/home/leroux/Desktop/sio2.chem3d</file>

</data>

<!— Chemistry information—>

<chemistry>
<atoms>3000</atoms>
<species number="2">
<label id="0">0 </label>
<label id="1">Si</label>
</species>

<element symbol="Q">
<name>Oxygen </name>
<z>8</z>
<mass>16.000000</mass>
<rad>0</rad>
<radius>0.660000</radius>
<nscatt>5.803000</nscatt>
<xscatt>8.000000</xscatt>
</element>

<element symbol="Si">
<name>Silicon </name>
<z>14</z>
<mass>28.090000</mass>
<rad>0</rad>
<radius>1.110000</radius>
<nscatt>4.153000</nscatt>
<xscatt>14.000000</xscatt>
</element>

</chemistry>

<!— Box information —>

<box>

<edges>
<a>35.662100</a>
<b>35.662100</b>
<c>35.662100</c>
</edges>

<angles>
<alpha>90.000000</alpha>
<beta>90.000000</beta>
<gamma>90.000000</gamma>
</angles>

<vectors>
<a.x>35.662100</a.x>
<a.y>0.000000</a.y>
<a.z>0.000000</a.z>
<b.x>0.000000</b.x>
<b.y>35.662100</b.y>
<b.z>0.000000</b.z>
<c.x>0.000000</c.x>
<c.y>0.000000</c.y>
<c.z>35.662100</c.z>
</vectors>

</box>

<l— PBC information —>
<pbc>

<apply>TRUE</apply>
<fractional>FALSE</fractional>
<fractype>0</fractype>
</pbc>

<!— Bonds information—>
<cutoffs>
<total>2.184304</total>
<partials>
<0-0>2.808390</00>
<0O-Si>2.184304</0Si>
<Si-0>2.184304</SiO>
<Si—Si>3.432477</SiSi>
</partials>

</cutoffs>

<!— Time series—>
<time—series>
<dt>2.500000</dt>

<unit>t [fs]</unit>
<ndt>20</ndt>
</time—series>

<!— Apply project—>
<project>TRUE</project>

</isaacs-xml>

Table 2.1 Example of I.S.A.A.C.S. project file ™.ipf’ in XML format fglassy silica.



Features

The main interface of the .S.A.A.C.S. program [Fil-a] gives access to different menus:

e The 'Project menu’ [Fig3.1-b] is used to read and wriipf files [Tab.2.1] as well as to
import/export coordinates of atoms from the analyzed sineamodels [Sec3.1].

e The 'Edit menu’ [Fig.3.1-c] is used to define the properties of the structural charesst
tics of a system to be studied.

e The 'Compute menu’ [Fig3.1-d] is used to run the calculations [S&X2).

e The 'Help menu’ [Fig. 3.1-€] is used to access the documentation provided to help the
users.

3.1 Data Inputs and Outputs

The current version of I.S.A.A.C.S. can import 3D structuredeis in five different formats
[Tab. 3.1]:

=

XYZ[3]

Chem3D {]

PDB (Protein Data Bank)
CPMD trajectory §] *

a > W DN

VASP trajectory §] **

Table 3.1 Model structure files read by I.S.A.A.C.S..

* atomic units are assumed in the case of CPMD trajectories.
* and** require to enter extra parameters through interactivedibbxes:



Features 6

a) e 1.S.A.A.C.S. -+ %
Project Edit Compute Help

k= 0 g(n)/G(r)

4 [15(q) FFTIg(n]

“ [ 5(q) Debye

i

1 g(r)/G(r) FFT[S(g) Debye]
£ [ Bonds distribution

% [ Angles distribution

{1 [ Ring statistics

% [ Spherical harmonics

=% [ Mean Square Displacement

Curve toolboxes

b) C . &

¢ Edit Compute Hel
(project ¥  ED . -
|| New Ctri+N |ci Data format settings 4 alr) I About
L Open Ctri+0 |5 Chemistry settings +8 S(qg) from FFT[a(r)] & Help Ctrl+H
1 save Ctrl+5S | [21 Box settings % S(qg) from Debye equation

i 4 g(r) from FFT[S(q) Debye]
44 Bond properties

&l Quit Ctri+Q % Angles distribution

## Ring statistics

4 Spherical harmonics

# Bond valence

|
+# Mean Square Displacement
S —————————

%3 Export coordinates

Figure 3.1 Main interface of the I.S.A.A.C.S. program

e Total number of atoms
e Number of chemical species
e Label and number of each atomic species

the input order, label and number of each atomic speciedwilhe one assumed when reading
the coordinates from the trajectory file.

The coordinates of atoms from a 3D model can be in any of thelwidsed formats listed in
table [Tab.3.2:

[.S.A.A.C.S. can output an already imported 3D model in XY#hiat [3] in either of the atomic
coordinates formats presented in table [Tah].



7 3.2. What can be computed by I.S.A.A.C.S.?

1. Cartesians
2. Atomic units (in input for CPMD trajectory files only)
3. Fractional with the center of the model box at (0,0,0)

4. Fractional with one of the corners of the model box at (1),0,

Table 3.2 Formats of atomic coordinates imported and exported bAIASC.S..

3.2 What can be computed by I.S.A.A.C.S. ?

I.S.A.A.C.S. can compute the following important structwiaaracteristics of a 3D structure
model:

e Radial distribution functions g(r) (RDFs)]including °:

— Total RDFs for neutrons and X-rays.
— Partial RDFs.
— Bhatia-Thornton RDFs]]

° Radial distribution functions can be computed by i) direel space calculation and/or
i) Fourier transforming of the structure factor calcuthtesing the Debye formalisn¥]

e Structure factors S(qp] including °°:

— Total structure factors S(q) for neutrons and X-rays.
— Total Q(q) P, 10] for neutrons and X-rays.
— Partial S(q):

x Faber-Ziman [1] partial S(q)
x Ashcroft-Langreth [ 2—14] partial S(q)
x Bhatia-Thornton 15] partial S(q)

°° Structure factors can be computed by i) Fourier transfogmoiithe radial distribution
functions and/or ii) using the Debye formalisij [

¢ Interatomic bond properties

— Coordination numbers

— Atomic near neighbor distribution

— Fraction of links between tetrahedra

— Fraction of tetrahedral units

— Bond lengths distribution for the first coordination sphere
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¢ Distribution of Bond angles
e Distribution of Dihedral angles

¢ Ring statistics
According several definitions:

— All closed paths (no rules)

— King’s rings [16, 17]

— Guttman’s rings [

— Primitive rings [L9, 2] (or Irreducible P1])
— Strong rings 19, 2(]

Also included are options for:

— Possibility to look only for ABAB rings
— Possibility to exclude rings with homopolar bonds (A-A or BfB)m the analysis

Ring statistics is presented according to the R.I.N.G.S. oukfh].
e Spherical harmonics invariar®,, as local atomic ordering symmetry identifiers]

— Average Qfor each chemical species
— Average Qfor a user specified structural unit

e Bond valence sumg{—26]

— Average bond valence for each chemical species
— Average bond valence for a user specified structural unit

e Mean Square Displacement of atoms (MSD)

— Atomic species MSD
— Directional MSD (X, y, z, Xy, Xz, yz)
— Drift of the center of mass



Running I.S.A.A.C.S.

A set of structural characteristics for a 3D model of silidasg computed by I.S.A.A.C.S.
is shown below as an example of the program utilization anipuiu The model has been
constructed by reverse Monte Carlo simulations guided bly-kigergy x-ray diffraction data for
silica glass ?7]. It consists of 2000 oxygen and 1000 silicon atoms insidexadf dimensions
35.6621 A. The model is available in the example files digtéd with the program, details are
provided on the web site at:

http://isaacs.sourceforge.net/ex.html
http://www.phy.cmich.edu/people/petkov/isaacs/anrlht

4.1 Set up a calculation

When starting 1.S.A.A.C.S. the '"Compute menu’ [Fi§.1-d] is not activated. It is indeed
mandatory to import a structure model before being ablencany calculation on it.
Thus the user has the choice:

e To open an existing project, i.e. an *.ipf’ .S.A.A.C.S. peot file using The 'Project
menu’ =>Open [Fig.3.1-b] button.

e To create a new project using the 'Project menu’New [Fig. 3.1-b] button.

4.1.1 The 'Project settings’ windows

TheOpen [Fig.3.1-b] and theNew [Fig. 3.1-b] buttons will open the 'Project settings’ window
[Fig. 4.1] which allows to import and set up a structure model for tHewdation. The different
tabs of the 'Project settings’ window are also accessibieudph the 'Edit menu’ [Fig3.1-c].

In the 'Data format settings’ tab [Fig4.1] the user can select the format of the file with the
atomic coordinates [Figt.Z] and then can open that file.


http://isaacs.sourceforge.net/ex.html
http://www.phy.cmich.edu/people/petkov/isaacs/ex.html

Running I.S.A.A.C.S.

10

N Project settings

| Data format settings-u

Chemistry settings -.
Box settings <y . .
2 = Please select the file format of the atomic coordinates:
Please browse and open the coordinates file:
(None) =1
 Gteip | </ Apply || 3 Close

Figure 4.1 The 'Project settings’ window of the I.S.A.A.C.S. program

Please select the file format of the atomic coordinates:

| XY file N\

PDB file

Please brows( Chem3D file 1ates file:
CPMD trajectory

VASP trajectory

Figure 4.2 Selection of the file format of atomic coordinates in theA.8.C.S. program

10



11 4.1. Set up a calculation

If the structure model file is read successfully then the user adjust the different param-
eters required to run calculation using the different tatth® 'Project settings’ windows [Fig.
4.1].

The 'Chemistry settings’ tab of the 'Project settings’ wimdFig. 4.3 allows to access
the information regarding the chemistry of the structurelel@nd to check and/or modify the
properties of each chemical species.

N Project settings —l
Data format settings- Lo )
. ) 5 Description of the chemistry
Chemistry settings -4
Box settings 2
| Number of atoms: 3000
Number of chemical species: 2

Atomic species:
Si

Element: Oxygen
Atomic mass: 16.000000/ g/mol
Radius to be used: Covalent v U.EBOOOQE Angstrém
Neutron scattering length: | 5.803000| fm
X-ray scattering length: | 8000000 e.u.
) Help </ Apply || 3¢ Close

Figure 4.3 The 'Chemistry settings’ tab of the 'Project settings’ windiovthe I.S.A.A.C.S.
program

The user has the freedom to input his own data, however s @bssible to use the database
provided by the I.S.A.A.C.S. program using for example onthefdifferent atomic radii (see
appendix [A.A] for details).

The 'Box settings’ tab of the 'Project settings’ window [Figt.4] allows to access the in-
formation regarding the periodicity of the system: deg@ipof the simulation box, the type
(i.e. Cartesian or fractional) of the coordinates and theoper boundary conditions.

The simulation box is described using the 'A, B, &,B3, Y set of parameters [Fig4.4], or,
alliteratively, by the coordinates of the edges of the satiah box using the ’Lattice vector
properties’ window [Fig.4.5] accessible from the 'Box settings’ tab of the 'Project sejs’

11



Running I.S.A.A.C.S. 12

5§ Project settings —l
| Data format settings-. L . )
— e Description of the simulation box
|Chemistry settings -
Box settings % _ - -
' Apply Periodic Boundary Conditions
| Fractional coordinates
Edges [A]
A B {@
| 35.661200| 35.661200] 35.661200|
Angles [°]
alpha - a beta - B gamma - Y
| 90.000000 || 90.000000![ 90.000000]
Details of the box edges ‘
& Help | |/ Apply | | 3 Close |

Figure 4.4 The 'Box settings’ tab of the 'Project settings’ window in tt&A.A.C.S. program

windows through the 'Details of the box edges’ button [Fg]).

Lattiée vector properties

Edges [A]
Component of the edges of the simulation box [A]
A B (&

S X y z
5.661200 35.661200 35.661200|
A BIGGGGLL|  0.000000|  0.000000]
Angles [°]
B 0.000000 0.000000|  0.000000
ha - a beta - B gamma - ¥ l I I |
c | o0.000000| 0.000000 0.000000]

0.000000 | 90.000000 90.000000|

‘ Details of the box edges |m|

. v ea

Figure 4.5 The 'Lattice vector properties’ window in the 1.S.A.A.C.Sgram

12



13 4.1. Set up a calculation

4.1.2 Help to set up a project

A basic help [Fig.4.6] describing the information of each tab of the 'Projectisgi’ window
can be opened using the 'Help’ button of the 'Project setimgndow [Fig. 4.1, 4.3 4.4].

Help =

The project-settings tabs allow the user
to input a system to be studied and to edit its properties

Data format settings i Information on the 3D coordinates
XYz file *
chem3D file *
File formats can be: PDB file

CPMD trajectory *
VASP trajectory *

* single or multiple configurations concatenated in a single file.

Chemistry settings 2 Information on the atoms and species

A database of chemical properties is included in 1.5.A.A.C.S.
the information that can be reviewed at:

http:/fisaacs.sourceforge.net/phys/chem.html

The choice is free to use or modify these values.

Box settings o Information on the simulation box

It is possible to use fractional or cartesian coordinates.

The simulation box parameters can be provided using:

2 A, B, C (box edges)

(1) The box edges and angles: . B, y (box angles)

Alx.y, z)

(2) The vetcor components of the box edges: B(x, vy, 2)
C(xy. 2

Open the "Project settings" Notebook

Detailed information can be found in the user manual and/or in the 1.5.A.A.C.S. web site:
http:/fisaacs.sourceforge.net/

_ 3£ Close

Figure 4.6 The 'Help’ menu of the 'Project settings’ window in the . AA.S. program

This help window [Fig. 4.6] is also accessible fromHelp’ menu of the main I.S.A.A.C.S.
window [Fig. 3.1-e].

13



Running I.S.A.A.C.S. 14

4.2

Running a calculation

The first step to run a calculation is to validate the projgotlcking on the *Apply’ button of
the 'Project settings’ window [Fig4.1, 4.3, 4.4]. First the program verifies that calculations
can be done using the information provided by the user in giégfiof the different tabs of the
'Project settings’ window.

If the project is validated then calculation buttons in tR®mpute menu’ [Fig.4.7] of main
window of the program become active and some basic infoonatn the system is displayed
in the main I.S.A.A.C.S. window [Fig4.§:

Name of the file with the atomic coordinates
Format of that file
Basic chemistry information

— Total number of atoms

— Number of chemical species

— Volume and density of the model system

— Free volume

— Empirical chemical formula

— Concentration, fraction and number density of each cherspaties

Please notice that all calculations are not immediatelessible after validating the project.
Indeed some of these calculations require options to beeapahd/or others calculation to be
run prior:

14

The 'g(r)’, and 'S(q)’ calculations require to enter pardens to describe the size of the
simulation box.

The ’'S(q) from FFT[g(r)]’ calculation requires the 'g(r)atculation to be completed.

The "g(r) from FFT[S(q) Debye]’ calculation requires thgdpfrom Debye Eq.’ calcula-
tion to be completed.

The 'Spherical harmonics’ and 'Bond valence’ calculatioeguire the 'Bond properties’
calculation to be completed.

The 'Mean Square Displacement’ calculation requires tehaultiple atomic configura-
tions to be present in the atomic configuration data file.



15 4.2. Running a calculation

- ______ISAACS._____
t i%@mﬂelp

4g(r)

ko dokokok kb b ko bk kok s kok

4 5(q) from Debye equation yject successfully val
’ ?*********************
4% Bond properties
| & Angles distribution
[ &Ring Statistics usr/sharef/isaacs/examp
4 nem3D file

:| chemistry information:
= i

Number of atems = 3000

Figure 4.7 The 'Compute’ menu with some calculations activated in th&l&C.S. program

o 1.5.A.A.C.5. -+
Project Edit Compute Help
J"i ek ok R koo R okok R Rk ok R Rk kR ok Rk kR Rk kR Rk kR Rk ok kR Rk kR Rk ko
Project successfully validated !
5
i EE LR RS E R L S L S S S S S S S E R RS E RS S EE RS S S EE LR E R L L S
. 3 ;
i) File loaded: fusr/share/isaacs/examples/Si02-g/sio2-cart.chem3d
File type: Chem3D file
H Basic chemistry information
Number of atoms = 3000
2 £ Number of species = 2
Volume = 45354 ,537272 A3
Density < 2.260040 g / cm*3
Tn \ t Number density = 0.066146 Atoms / A3
Free volume = 37371,110941 A~3
Free volume = 82.397734 %
&
Calculated using the following atomic radii:
0 0.660000 A
. 5i; 1.110000 A
&
Empirical formula: 0 2 51
= Atom Number Fraction Number density (atoms / A~3)
o 0 2000 0.666667 0.044097
S1 16000 0.333333 0.022049
Curve toolboxes

Figure 4.8 The main interface of the I.S.A.A.C.S. program after thedagilon of the project

15



Running I.S.A.A.C.S. 16

To compute each of the characteristics shown below theaetalialog/menu boxes have been
used to set up the values of the program parameters reqoinenh ta structure analysis. For
example, figure [Fig4.9] presents the dialog boxes used to control the calculatibtiee radial
distribution function [Fig.4.9-a] and the ring statistics [Figt.9-b] for silica glass.

For example once the 3D structure is read and validated b&.ASC.S. the only parameter
required to compute the RDF is the number of steps in real spag€ig. 4.9-a] (after the
calculation an optional smooth of the results is also pdskiln the second case [Fig.9-b] a
few more control parameters (definition of a ring, chemigedcses used to initiate the search,
maximum size of a ring, maximum number of rings per node arsgrjgion of the chemical
bonds) are needed.

To guide the calculation sequence I.S.A.A.C.S. requiressusesupply control parameters.
Information about these parameters can be obtained thraugdp button in the dialog box
[Fig. 4.9-a,b] or through the help menu of the main window of the progfkig. 3.1-e] that
will open the help window of the program [Fig.10.

The next pages illustrate the different dialog boxes usedotdrol the calculations as well
as the help associated to these boxes and displayed in th& iMadow of the I.S.A.A.C.S.
program.

Important: The web sites dedicated to the I.S.A.A.C.S. program providketailed theo-
retical background of the structural analysis proposeti@sbftware:
http://isaacs.sourceforge.net/

http://www.phy.cmich.edu/people/petkov/isaacs/

16
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17 4.2. Running a calculation

a) | Radial distribution functions %

Radial distribution functions parameters

Number of 6r steps [ i

Maximum distance in real space
Dmax= 25.216912 [A]

Smoothing factor [0-1]

1 determine cutoff radii(ius)

| |E-|_ﬂelp ‘ ‘ i:gancel [ <+ Apply

b) Ring statistics =

Ring statistics parameters

Definition of ring All rings (no rules) «~

!A“...VI

Atomic species to initiate the search with:

Maximum size for a ring (m,5,)
in total number of node / 2

Maximum number of rings of size n per node
for memory allocation = f(n,,,,, system studied)

1 Only look for ABAB rings

1 No homepolar bonds in the rings (A-A, B-B)

Radius of the first coordination sphere |o v \.0 v T 2808390
for each chemical species [A] -
First minimum of the total RDF [A] | 2.184304|
| [elHelp | | @Cancel | </ Apply |

Figure 4.9 Dialog boxes controlling a) the calculation of radial digiution functions and b)
ring statistics in the I.S.A.A.C.S. program.
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‘Setup a project| | [Run a calculation]

Help X

[g(n

' s(q) from FFT[g(r)] ~
;' S(qg) from Debye Eq. (1)
'S(g) from Debye Eq. (2) v
: g(r) from FFT[S(q) Debye] I

Bond properties |
: Angles distribution ‘%kl
' Ring statistics {]
Spherical harmonics ﬂa
ll Bond valence &

|. Mean square displacement~".

(1)

(2)
(3)

(4)

Detailed information can be found in the user manual andfor in the 1.S.AA.C.S. web site:

Radial distribution functions

Radinl n Functions 1
S e s i (1)
Miimum distands in resl space
i 252168132 [A] (2}

Smasthing factor [0-1] ( 3)

(4)

datemine cutoff radsus)

i Hem @ cancel || of Apply

Specify the number of &6r used to discretize the real space
between 0 and D54 during the calculation.

Dmax = maximum inter-atomic distance in real space.
The value of D5, depends on the cell parameters
if the periodic boundary conditions are applied.

After the calculation it is possible to smooth the curve.
Then specify a smoothing factor between 0 and 1.

During the g(r) evaluation it is possible to determine
automatically cutoff radii(ius) used in later calculations
looking for the first mimum of the distribution functions.

http:/lisaacs.sourceforge.net/phys/rdfs.html

5 3£ Close

Figure 4.10 The help window offers a user support to the different caloute accessible in
the .S.A.A.C.S. program. The 1st tab provides informatagrarding the fields
of the dialog box controlling the calculation of the radiasttibution functions.

18



19 4.2. Running a calculation

Structure factors from FFT[qg(r)]

Structise factors - FFT[gir]] - parameters
Numier of On S1eps | ( 1]
Minimun drslande in reciprocal space ( 2)
O 0352373142
- (3)
Smantning tactor [0-1] [4)
s nHep & Canzel Appiy

Requires the computation of the radial distribution functions

Specify the number of 6q used to discretize the reciprocal space
(1) petween Qmin @nd Q5 during the calculation.

2) Qmin = Minimum Q vector in reciprocal space.
Qmin = 2 T/ Dmax

Specify a value of Qnax
(3) Qmax = Maximum Q vector in reciprocal space.

(4) After the calculation it is possible to smooth the curve.
Then specify a smoothing factor between 0 and 1.

Figure 4.11 The 2nd tab of the help window provides information regardivgfields of the
dialog box controlling the calculation of the structure facfrom the Fourier
transform of the radial distribution functions in the 1.SMC.S. program.

19



Running I.S.A.A.C.S. 20

Structure factors from Debye equation

Structurs Maclors - Debys - parameters

Kumper of &y steps { 1}
Mmnimon dislance 6 reciprocal Spece [2}

Q= 0170187 (471
e AT} (3)
Smoothing factar (1] {4}

Extra opiions
Help ® Lancel Apply

Specify the number of 8q used to discretize the reciprocal space
(1) petween Qmin @nd Q5 during the calculation.

(2) Qumin = minimum Q vector in reciprocal space.

Specify a value of Q5.

3 ; : :
(3) Qmax = maximum Q vector in reciprocal space.

After the calculation it is possible to smooth the curve.

(4) Then specify a smoothing factor between 0 and 1.

Figure 4.12 The 3rd tab of the help window provides information regardimg fields of the
dialog box controlling the calculation of the structure facfrom the Debye
equation in the I.S.A.A.C.S. program.
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21 4.2. Running a calculation

S(q) from Debye Eq. Extra Options

5] Extra options ="
Structure factors - Debye
extra options
Probatility to keep a wave vector g o
for the calculation when g = Oy, Lo0eand ( 1}
i 1A
15000000
with Oy = O ( 2}
wiHolp || 3 Closa |

The calculation of the structure factors using the Debye equation
(direct reciprocal calculation) can be very CPU time consuming.
To reduce CPU time one can decide to reduce the number of
wave vetors g used in the calculation.

One way to do this is use a probability to accept or reject
the g vectors.

(1) Pym = probability to accept a vector q, for g > Q.

Qiim = @ vector limit, bellow Q;y, all q vectors are accepted,
over Qi q vectors are accepted with a probability = P},

(2)

Figure 4.13 The 4th tab of the help window provides information regardimg fields of the
dialog box controlling the extra options for the calculatiof the structure factor
from the Debye equation in the I.S.A.A.C.S. program.

21



Running I.S.A.A.C.S. 22

RDFs from FFT[S(q) Debye]

(4] Radial datrBution func Blons L

RDFs from FET[S{q) Debys] parameters

Mumber of Br sleps | [ 1}

Maxrmum disiance in real ghars
D= 25216912 [A]

Gl T bhas FET [A7] {2}

Himemun distance in recprocsl Space
0= 0. 176187 [A-1]

Blayimem disIance In recpesoal iDace
= 25000000 [471)

Smacthmng factor [0:1] [ 3}

1 Huip @ Lancal Apply

Requires the computation of the structure factor
using the Debye equation

Specify the number of 6r used to discretize the real space
(1) petween 0 and Dmax during the calculation.

Qmax[FFT] = maximum wave vector for the Fourier transform
QmaxLFFT] is higher than Q,,;, and is smaller or equal to Q.

2

12) where Q.,iy and Q5 are the values used to compute
the structure factor using the Debye equation

(3) After the calculation it is possible to smooth the curve.

Then specify a smoothing factor between 0 and 1.

Figure 4.14 The 5th tab of the help window provides information regardimg fields of the
dialog box controlling the calculation of the radial didbation functions from
the Fourier transform of the structure factor calculatedngsthe Debye equa-
tion.
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4.2. Running a calculation

(1)

(2)

(3)

(4)

Bond properties

Bond properties paramsbens
Radus0f iha st coornnation soheare ol=] o~ i
few Gach chamical specias [A] — 2 H08 ¥ { 1}
Fiist mrwmum of the lotal ROT ‘.-!ul 2.184304 { 2}
waﬂrorh'llilmn-tﬁfﬂnrl (3}
Save INe fEsults of 168 NSghhors &naksis {4}
setel @ Cancel Anpiy

Specify the cutoffs radius for the first coordination sphere
for each chemical species: Dyax == Reyeliz ) = 0

Specify the first minimum of the total radial distribution function
Drax == Ryeltotal) = 0

Specify the number of &r used to discretize the real space
between Djmin and and Dymax

Djjmin = minimum distance between 2 atoms first neighbors
Djjmax = maximum distance between 2 atoms first neighbors
Djjmax and Djjmin are determinated during the calculation.

You can save the result of the nearest neighbors analysis
in a file that you may use afterwards.

Figure 4.15 The 6th tab of the help window provides information regardimg fields of the

dialog box controlling the calculation of the bond propesdiin the I.S.A.A.C.S.
program.
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Running I.S.A.A.C.S. 24

Angles distribution

N Anpes diatribatian =
Angles distribution parsmeters
Rermigr of S pheps [0-1007) ] {1}
Aadam o4 the fit coprdmnation spher a = [ TR p—
o pach hamicsl specios [ 2 203350 { 2}
Fost mmimeen of the tatal REF [A] 4 TR 30 [ 3}
Ll 18 Cancal Aoty

(1) Specify the number of 860 used to discretize the angular space
between 0 and 180° during the calculation.

Specify the cutoffs radius for the first coordination sphere
(2) " for each chemical species: Dpax == Reyell. ) = 0

Specify the first minimum of the total radial distribution function
(3} p_., >= Reyltotal) > 0

Figure 4.16 The 7th tab of the help window provides information regardihg fields of
the dialog box controlling the calculation of the anglestdsitions in the
I.S.A.A.C.S. program.
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4.2. Running a calculation

(1)
(2)

(3)

(4)

(5)
(6)

(7, 8)

Ring statistics
[ gt =]

REng sLalistics psrameters

|
Definitiom of ring AL s o neles) | { 1}
ASuimic speiieg 10 iRl |liE i with Al { 2}
Haxerimm si2e for 8 0 (8] I: 3}

s abin] dsss T nadke 3
Marimum number of rings of @70 m per noda
toir iy A lGEainn = N, ,,. system sheisdi {4}
Doy oo for ADAS rings [5}
No bomopoier bonds m Ba rings 1A4-4; B-B) { 6}
Radue of the Arst ceerdinaton sphare [+] 9 = =5 -

far smch chemcal spacies (4] £RELAN {?}
First ra rovem of the total RDF |.!.| 2. 104 304 I: 8}

e O Cancel ATy

Specify the definition of ring to be used in the calculation

Specify a chemical species to initiate the search

Specify the maximum size for a ring during the searchnm_ .
n_ . must be given in total number of node (atom) /2

Specify a number of ring per size n and per node.

This value is used when allocating the memory to store results and depends on
both the maximum ring size used in the search, n_ .., and the system studied
We recommand a value at least equal to 100

If it appears that the value given is not big enought (more than 100 different
rings of size n for a single node) then the search will failed but the program will
propose you to initiate a new search using a higher value,

Only look for ABAB rings
usefull when the system contains maore than 2 chemical species.

Do not consider rings having homopolar bonds (A-A or B-B).

Descriptions of the atomic bonds (see bond properties or angles distribution).

Figure 4.17 The 8th tab of the help window provides information regardimg fields of the

dialog box controlling the calculation of the ring statistiin the I.S.A.A.C.S.
program.
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Running I.S.A.A.C.S. 26

Spherical harmonics

Spherical harmonlcs parameters

Hammin | valle (< &0) | | { 1}

=2 (2)

1 Heip 1@ Cancel Pty

Requires the computation of the bond properties

Specify the maximum even-| value I,5, of the Q, invariants

1

(1) of spherical harmonics.
Specify a) a chemical species, and b) one of the corresponding
first coordination spheres.

(2)

The Q; are computed and averaged for each chemical species
as well as for the particular environment specified here.

Figure 4.18 The 9th tab of the help window provides information regardimg fields of the
dialog box controlling the calculation of the local order paaneters from the
invariants of spherical harmonics in the I.S.A.A.C.S. paogr
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4.2. Running a calculation

(1)

(2)

(3)

Bond valence

Bend valente parametbers

o Y (1)
Ay tdy* {2—&}
e (2-b)
N (3)

Tabiated valses can be feord

* O Arerrale and 1D BrEWn - A0t Cryst BEL 244047 |198)

wre ahc bitg Sewacoaldac skl uieeb-mnumd_d_brewvbond_salence_param
=51 P B ana &0 ShaneonATE Crpse . ASS- 260200 |15

Halp @ iancel ‘Bpoiy

Requires the computation of the bond properties

Specify a) a chemical species, and b) one of the corresponding
first coordination spheres,

The bond valences are computed and averaged for each chemical
species as well as for the particular environment specified here.

specify the parameters R; and B.
These parameters are tabulated and can be found in:

|.0. Brown and D. Altermatt - Acta. Cryst., B41:244-247 (1985).
httpfwaww.copld acukficcpfweb-mirmorsfi_d_brown/bond valence param

Specify the parameter N.
This parameteris tabulated and can be found in:

|.0. Brown. and R.D. Shannon - Acta. Cryst., A29.266-282 (1973).

Figure 4.19 The 10th tab of the help window provides information regagdine fields of

the dialog box controlling the calculation of the bond valensums in the
I.S.A.A.C.S. program.
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Mean square displacement

Mean Squars Divplacement - MSD
Mumier of conbgurations 500 { 1}
Tame step &t imad Cunng Mg dynamacs [ 1 - {2}
urar of saps hstwaen each configermation [ 3}
Tntein G Cancel Apply

(1) Number of configurations in the structure file

(2) Specify the integration time step 6t used to integrate
the Newton's equations of motion during the dynamics

(3) Specify the number of (time) steps between each
of the configurations saved during the dynamics

Figure 4.20 The 11th tab of the help window provides information regagdtre fields of the

dialog box controlling the calculation of the mean squarspiticement in the
[.S.A.A.C.S. program.
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29 4.3. Visualisation of the results of the calculations

4.3 Visualisation of the results of the calculations

When a particular structural characteristic is computedrit loe directly displayed in the main
I.S.A.A.C.S. windows [Fig.3.1]. In addition the visualization mode of most of the computed
characteristics can be controlled via interactive menugh sis the one presented in figure [Fig.
4.21-a].

When a button in an interaction menu is activated [Fig21-a] the corresponding result is
instantaneously displayed as a smooth curve or a histogfagm [.21-b, 4.22, 4.23 4.24
depending on the nature of the computed structural chaistate

b ~ g(r) neutrons i
Data Curve

9.00 -

I8 olr/G(r) - %%
< g(r) neutrons
g(r) neutrons - smoothed

8.00

7.00 -

G(r) neutrons

1 G(r) neutrons - smoothed 6.00
g(r) X-rays

1 g{r) X-rays - smoothed

1 G(r) X-rays

- G(r) X-rays - smoothed

19N ,0] 66
a(n[o ,0] - smoothed |
G(n[©,0]
G(r)[©,0] - smoothed .00 | H
dn(n[o 0]

1g(nlo ,5i]

7 g(r)[O ,Si] - smoothed
G(n[O ,5i]

- G(n[O ,Si] - smoothed 1.00
dn(r)[O ,Si]
a(n[si,o ]
g(n[si,0 ] - smoothed

A
Wi \AV_»\_MWMWMV.M_.W« ]

||V
0.00 Ll 0 1 L I I 1 1 1 1 1

1
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0

r[A]

Figure 4.21 Results of the calculation of the radial distribution fuiocis for glassy Si@by
the I.S.A.A.C.S. program: the interaction box a) allows t@ldig the computed
RDFs, b) shows the total radial distribution function obtghfor SiQ glass in
case of neutrons diffraction. The RDF shows a first sharp peakipn at 1.6 A
reflecting the presence of well defined S @}rahedra in the glass. The second
RDF peak reflects the correlations between O atoms sittinchervertices of
those tetrahedra.
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- Angles [0 -Si-0 ] -+
Data Curve
12.00 |

11.00 L “'\

10.00 | [ “

0.0 25.0 50.0 75.0 100.0 125.0 150.0 175/

Figure 4.22 Results from the calculation of the angle distribution fdaspy SiQ by the
I.S.A.A.C.S. program: the figure represents the distributbthe bond angles
(O-Si-0O) computed and immediately displayed using I.SAR. In SiQ glass
the O-Si-O angle distribution peaks at about 1@8 may be expected for tetra-
hedral Si-O coordination.

Shortest path - Re(n)[All]

PEICY Curve

# Close Ctrl+W —

0.20 -

0.03 - H H
0.00 L 1 1 L 1 1 i I i

2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0

Size n of the ring [total number of nodes]

Figure 4.23 Ring statistics for silica glass as computed by I.S.A.ATQ&se results present
the average number of rings per atom in the simulation boxfaraximum ring
size fixed to 20 atoms. Note if the number of rings is normalpaxdSi(O),
unit and not per atom the "ring size" would drop by a factor of twe. the
distribution would peak around rings made of seven Sj{@jts.
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4.3. Visualisation of the results of the calculations

= Q(l) Si(0 4) el

Data Curve

0.01 |

0.01 |

0.00 |

0.00

6.0 8.0

1 L 1 1 1 1
100 120 140 16.0 180 200
Ql

b

- Q(l) si(o 4) il

Data Curve

0.50 |

0.40 |

0.30 |

0.20 |

0.10 |

0.00

4.0

6.

4

I ! 1 1 1
100 12.0 140 16.0 180 20.0
Ql

Figure 4.24 Results of the calculation of the spherical harmonics aallocder parameters
for SIO, glass by the I.S.A.A.C.S. program: a) averagecQmputed for the
Si(O), environments (distorted tetrahedra) in glassy Si€@mpared with b) av-
erage Q computed for the Si(Q)environments (ideal tetrahedra) in crystalline
quartza. The two sets of QI's follow a similar trend showing the simiiar
between the structural units in crystalline and glassySiThe differences are
mostly quantitative and are due to the fact that the Si-Catetdra are somewhat
distorted in the glass.
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4.4 Data plot edition

Since version 2.0, .S.A.A.C.S. offers a curves editing taloich allows to configure the layout
of the graphs showing result from the calculations. Thisgdot editing tool is accessible
through the 'Curve’ menu of any graph window [Fi}29.

Shortest path - Rc(n)[All]

B Edit curve [s

0:22 Export image

F [l

Figure 4.25 The 'Curve’ menu of the graph window in the I.S.A.A.C.S. program

Using the data plot editing tool [Figl.2q it is possible to configure the layout of the selected
graph, as well as the layout each data set which happen tottegpbn the graph [Figl.26a)],

it is also possible to configure X and Y axis layout and/or posi[Fig. 4.26:b)]. Furthermore
depending on the calculation several data sets can beesdbrad plotted together with the main
data set of the active window [Fig.26-C)].
Data plot edition in the I.S.A.A.C.S. program is illustrateith the examples in [Fig4.27 and

[Fig. 4.29.

a ) | Graph | Axis Add data set b ) Graph | Axis | Add data set c ) Graph Axis Add data set|
size: Bl x| 650| pixels X axis
| = Scale type: Select data sets to add to the active curve
|Background color: | % r e T i}
Min: 2.000000| Max: 21.000000
| Show/hide fi . |
| Bwiiidairamea : |Major ticks spacing: 2.000000
\Frame color: I T

|1 Show/hide legend

|Select data set | Shortest path - Rc(n)[All] ~ |

Number of minor ticks:

[ Show/hide X axis

[ Show/hide X grid

[ Autoscale on X axis

| Use default X axis title

100

| T Y axis
|Plot type: bar v |
Scale type:
| ¥ & 5
Bataicolor: — Min: |  0.0000000 Max: |  0.451367 = z:m:es: pa:: :"t")EA;I[LII]
| " = - | Shortest path - Pmax(n
Line style: 1 Major ticks spacing: 0.050000 I P
\Line width: 1.000000 . : o I P
! —_—— |Number of minor ticks: 17
Glyph type: | No glyph ~ | 11 Showshide Y axis
\Glyph size: [ Show/hide Y grid
iGIyph freq.: = Autoscale on Y axis — =
Close Close Close

Figure 4.26 The data plot editing tool box in the I.S.A.A.C.S. program.
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Figure 4.27 Summary of the results of the calculation of the radial disttion functions for
glassy SiQ by the I.S.A.A.C.S. program: total neutro(r gand G(r) distribu-
tion functions (see Se&.2 and 5.3 for details) as well as partial O-Si distri-
bution function are displayed on the same graph, layougenegand axis scales
are configured

[ ] Shortest path - Re(n)[All] -
Data Curve
—— Shortest path - Re(n)[All]
040 | —— Shortest path - Pn(n)[All]
0.35 -
030 L
0.25 k=
o20 L[]
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005 L ’7 H I
0.00 m 1 1 I I 1 ] m
6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0
Size n of the ring [total number of nodes]

Figure 4.28 Summary of the results of ring statistics for silica glass a@snputed by
I.S.A.A.C.S.. Rand R, for shortest path analysis (see SeB.5 for details)
are displayed on the same graph, layout, legend and axies@ak configured.
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4.5 Exporting an image

Thanks to the 'Curve’ menu [Figt.25, plots can be exported from every graph window in the
I.S.A.A.C.S. program. Images can be saved in the 'PR@table Network GraphiGsPDF’
Portable Document Filand 'SVG’ Scalable Vector Graphics formats

4.6 Saving the data

Results computed by I.S.A.A.C.S. can be easily saved usirgdiheard copy and paste method
(for the results presented in the main 1.S.A.A.C.S. windowusing the 'Data menu’ [Fig.
4.29. Also the user has the possibility to export data eitheriava ASCII format (simple two

Shortest path - Rc(n)[All]

‘Data He¥a

& Save As

% Close Ctri+W

v [

Figure 4.29 The 'Data’ menu of the graph window in the I.S.A.A.C.S. program

columns file with x and y) or in the Xmgrace format which can Isediimmediately in the
Grace WYSIWYG 2D plotting tool¢] for a further analysis.

0.25 \ \
- t6 ]
7 t8
112
114
- 116 1
118
0,15\~ t20 _
A
e L i
mo
0,1 —
7
0,05 / ‘ _
7R ?
o | A 1 A (I (R | I
2 4 6 8 10 12 14 16 18 20

Sizen of the rings [total number of nodes]

Figure 4.30 lllustration of the utilization of the Xmgrace export filierthe I.S.A.A.C.S. pro-
gram.
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35 4.6. Saving the data

Figure [Fig. 4.3( shows the data immediately saved from the results predemtigure [Fig.
4.23 using the Xmgrace export filter of the I.S.A.A.C.S. program.

Note that if more than one data sets are presented on the saptewindow, then all data sets
will be written in the same file when saving the data. Thusafgarticular calculation, if all
data sets are added to the graph window using the data ptotgettiol [Fig. 4.29, then all the
data result of this analysis can be saved at once. This iddrumth ASCII and Xmgrace file
formats.
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The physics in I.S.A.A.C.S.

5.1 The periodic boundary conditions

Taking into account the finite size of model/simulation bexcrucial to computing correctly
many of the structural characteristics (e.g. ring stat$tof the system being studied.

The importance of the finite size of model box can be illustlaising a dn?® edged cube of
water (1 L) at room temperature. This cube contains appratdiy 33 x 10%° water molecules,
each of them can be considered as a sphere having a diamét&rAfFollowing this scheme
surface interactions can affect up to 10 layers of spheratewnolecules) far from the surface
of the model cubic box. In this case the number of water mdéscexposed to the surface is
about 2x 10, which is a small fraction of the total numebr of moleculeshie model.
Currently structure models often contain somewhere fromolighnd to several thousands of
molecules/atoms. As a result a very substantial fracticher will be influenced by the finite
size of the simulation/model box. The problems is solved fyylyang the so-calledPeriodic
BoundaryConditions "PBC" which means surrounding the simulation box vt translational
images in the 3 directions of space, as illustrated belowerdJsf I.S.A.A.C.S. should take
special care that their model boxes are inhearently persalthat when the periodic boundary
conditions are applied the structural characteristicspded are not compromized.

Figure [Fig.5.1] illustrates the principle of the periodic boundary coratis that can be uséd
in .S.A.A.C.S.: a particle which goes out from the simulattmox by one side is reintroduced
in the box by the opposite side (in the 3 dimensions of spadée maximum inter-atomic
distance rcut which is taken into account in the calculatisrtherefore equal to the half of the
edge of the simulation box:

reut="L/2 (5.1)

The surface/finite model size effects would therefore belsihany. In general, the larger the
simulation box and the number of molecules/atoms in it, thaller the surface/size effects will
be.

lPlease note that the use of PBC is not mandatory, isolateglomlels can be studied using 1.S.A.A.C.S.
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Figure 5.1 Schematic representation of the idea of periodic boundandtions.

5.2 Radial distribution functions fundamentals

The Radial Distribution Function, R.D.F. , g(r), also calledrglistribution function or pair cor-
relation function, is an important structural characterjgsherefore computed by I.S.A.A.C.S.
Considering a homogeneous distribution of the atoms/mtdedn space, thg(r) represents
the probability to find an atom in a shelf at the distance of another atom chosen as a refer-
ence point [Fig5.2). By dividing the physical space/model volume into shell§Fig. 5.7 it is
possible to compute the number of atodmgr ) at a distance betweerandr + dr from a given
atom:

N
dn(r) = ¢ 9(r) artr? dr (5.2)
whereN represents the total number of atoiighe model volume and wheggr) is the radial
distribution function. In this notation the volume of theefilof thicknesddr is approximated:
4 4
(vshe,. = gnir +dr)® — §m3 ~ 4rr? dr) (5.3)
When more than one chemical species are present the so-patteml radial distribution func-
tionsgqp(r) may be computed :

drgg(r) . v v
= amZdrp; M P = T N

gaB(r) (5-4)
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5.2. Radial distribution functions fundamentals

Figure 5.2 Space discretization for the evaluation of the radial dizition function.

wherecy represents the concentration of atomic speaies
These functions give the density probability for an atomhefd species to have a neighbor of
the 3 species at a given distanceThe example features Gg§lass.
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Figure 5.3 Partial radial distribution functions of glassy Ge&t 300 K.

Figure [Fig5.3] shows the partial radial distribution functions for Geffass at 300 K. The total
RDF of a system is a weighterd sum of the respective partial RI@Fs the weights depend
on the relative concentration and x-ray/neutron scatgjeammplitudes of the chemical species

involved.

Itis also possible to use the reduddg(r) partial distribution functions defined as:

Gop(r) = 41wpo (Qap(r) —1)

(5.

5)
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I.S.A.A.C.S. gives access to the partigh(r) andGgg(r) distribution functions. Two methods
are available to compute the radial distribution functions

e The standard real space calculation typical to analyzer&dsional models

e The experiment-like calculation using the Fourier transf@f the structure factor ob-
tained using the Debye equation (see Seéfor details).

5.3 Neutrons and X-rays scattering

Model static structure facto§q) may be compared to experimental scattering data and that is
why are useful structural characteristics computed byAIAC.S.Thereafter we describe the
theoretical background & q)s computed by I.S.A.A.C.S.

5.3.1 Total scattering - Debye approach

Neutron or X-ray scattering static structure factq) is defined as:

q) :%%bj bk<eiq[ri —fk]> (5.6)

wherebj etrj represent respectively the neutron or X-ray scatteringtigrand the position of
the atomj. N is the total number of atoms in the system studied.

To take into account the inherent/volume averaging of sdati experiments it is necessary to
sum all possible orientations of the wave vecj@ompared to the vector —ry. This average
on the orientations of thg vector leads to the famous Debye’s equation:

sm q|r —rk|)

B NZ gy (5.7)

Nevertheless the instantaneous individual atomic caniohs introduced by this equation [Eq.
5.7] are not easy to interpret. It is more interesting to exptasse contributions using the
formalism of radial distribution functions [SeB.Z].

In order to achieve this goal it is first necessary to splitgbl-atomic contribution j(= k),
from the contribution between distinct atoms:

sin(q|r j rk])

PR N;b’ KIRCD 58)
1(q)

: N;
with ¢j = .

amn Z Cj bl2 represents the total scattering cross section of the rahteri
]
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41 5.3. Neutrons and X-rays scattering

The functionl () which describes the interaction between distinct atomsléed to the radial
distribution functions through a Fourier transformation:

I(q) = 4T[p/ dr 12 S'c:'fr G(r) (5.9)
where the functiors(r) is defined using the partial radial distribution functio&s|[5.4):
G(r) = ¥ Cabu cabp (Gap(r) — 1) (5.10)
G,B

N, : .
wherecy = Wa andby represents the neutron or X-ray scattering length of specie

G(r) approaches — Z Caba cgbg for r =0, and 0 fomr — o,

o,p
Usually the self-contributions are substracted from @qudE&q. 5.8 and the structure factor

is normalized using the relation:
g 1@ 2
S(g) —1= ) avec (b%) Z cqba (5.11)
It is therefore possible to write the structure factor [E¢] in a more standard way:

2 singr

(e -1 (5.1

S(q) = 1+ 4mp / drr
whereg(r) (the radial distribution function) is defined as:

Z Caba Cabp Gop(r)
o.p

g(r) = (5.13)
(b?)
In the case of a single atomic species system the normailizatiows to obtain values &(q)
andg(r) which are independent of the scattering factor/length bhadefore independent of the
measurement technique. In most cases, however, thestglehndg(r) are combinations of the
partial functions weighted using the scattering factor tugglefore depend on the measurement

technique (Neutron, X-rays ...) used or simulated.

Figure [Fig. 5.4] presents a comparison bewteen the calculations of thertetdron structure
factor done using the Debye relation [Ef.7] and the pair correlation functions [Ed.17.
The material studied is a sample of glassy £a6300 K obtained using ab-initio molecular
dynamics. In several cases the structure fag{gy and the radial distribution functiog(r)
[Eq. 5.13 can be compared to experimental data. To simplify the coispa I.S.A.A.C.S.
computes several radial distribution funcrions used ircjica suh a$5(r) defined [Eq.5.10,
the differential correlation functioD(r), G(r), and the total correlation functioh(r) defined
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Figure 5.4 Total neutron structure factor for glassy Ge& 300 K -A Evaluation using the
atomic correlations [Eq.5.7], B Evaluation using the pair correlation functions

[Eq. 5.17.

r (5.14)

(
c(r) = 20

D(r) = 4mrp

T(r) = D(r) + 4mrp (b?)

g(r) equals zero for = 0 and approaches 1 for— .
D(r) equals zero for = 0 and approaches 0 for— .
G(r) equals zero for = 0 and approaches 0 for— co.

T(r) equals zero for = 0 and approaches for r — co.
This set of functions for a model of Gg§lass (at 300 K) obtained using ab-intio molecular

dynamics is presented in figure [Fig.5].

I.S.A.A.C.S. can compute, for the case of x-ray or neutrdresfallowing functions:
] computed using the Debye equation

] computed using the Fourier transform of )

e S(g) andQ(q) = q[S(q) —1.0] [9,
e S(g) andQ(q) = q[S(q) —1.0] [9,

e g(r) andG(r) computed using the standard real space calculation
e g(r) andG(r) computed using the Fourier transform of the structure factdculated

using the Debye equation
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43 5.3. Neutrons and X-rays scattering
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Figure 5.5 Exemple of various distribution functions neutron-weighteglassy Gegsat 300
K.

5.3.2 Partial structure factors

There are a few, somewhat different definitions of partiity used in practice, and computed
by I.S.A.A.C.S.

5.3.2.1 Faber-Ziman definition/formalism

One way used to define the partial structure factors has bepoged by Faber and Zimanl].

In this approach the structure factor is represented by ¢ineelations between the different
chemical species. To describe the correlation betweem thed thef3 chemical species the
partial structure facto‘sgg(q) is defined by:

> singr

5@ = 1+ 4 [ ar2 22 (gop(n) -1 (5.15)

where theg,g(r) are the partial radial distribution functions [Eg 4.
The total structure factor is then obtained by the relation:

S(@) = ¥ caba cgbp [SF(0) — 1] (5.16)
o,
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5.3.2.2 Ashcroft-Langreth definition/formalism

In a similar approach, based on the correlation betweenhbamical species, and developped
by Ashcroft et Langreth[>-14], the partial structure facto@é(q) are defined by:

® singr
Sp(0) = dgp + 41 (Cacﬁ)l/Z/O drr? q—rq (Gap(r) — 1) (5.17)

. N . e
wheredyg is the Kronecker deltagy = Wa and thegyg(r) are the partial radial distribution

functions [Eq.5.4].
Then the total structure factor can be calculated using:

Z babB (CO(CB):L/Z [SQ\E(CI) + 1}

ap
> cabf

a

S(a) = (5.18)

5.3.2.3 Bhatia-Thornton definition/formalism

In this approach, used in the case of binary systemg [AB] only, the total structure factor
S(q) can be express as the weighted sum of 3 partial structureréact

S(q) = (b)*Sun(q) +2(b) (ba — bB)SNc(q)< ;g 2(bA —bs)?Scc(@) — (CabR +cabB) |, (5.19)

where(b) = caba + cgbg, with ca andba reprensenting respectively the concentration and the
scattering length of species A.

Sun(Q), Svc(g) and Scc(q) represent combinaisons of the partial structure factoicutzded
using the Faber-Ziman formalism and weighted using the eatnations of the 2 chemical

species:
2 2

Sun(a) = Alezchcsggé (a) (5.20)

Suc(d) = cacs x [ ca x (Sax (a) — ShE(a) — s x (SEE(9) — Sag (@) | (5.21)

Sc(q) =cacs x

2 2
1 S%(q) —ShE 5.22
+CaCB X LZlB;A( an (0) AB(Q))” ( )

e Sun(Q) is the Number-Number partial structure factor.
Its Fourier transform allows to obtain a global descriptajrthe structure of the solid,
ie. of the repartition of the experimental scattering center atomic nuclei, positions.
The nature of the chemical species spread in the scatteeingers is not considered.
Furthermore ibp = bg thenSyn(q) = S(q).
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45 5.3. Neutrons and X-rays scattering

e Scc(q) is the Concentration-Concentration partial structure facto

Its Fourier transform allows to obtain an idea of the disttitin of the chemical species
over the scattering centers described usingSf¢(q). Therefore thescc(q) describes
the chemical order in the material. In the case of an ideargimixture of 2 chemical
speciedA andB?, S¢(q) is constant and equal tacg. In the case of an ordered chemical
mixture (chemical species with distinct diameters, andhwigteropolar and homopolar
chemical bonds) it is possible to link the variations of e (q) to the product of the
concentrations of the 2 chemical species of the mixture:

* &c
e X

e Scc(g) < cacg: heterpolar atomic correlations (A-B) prefered.
o (b) =0: &c(a) = ).

e Suc(q) is the Number-Concentration partial structure factor.
Its Fourier transform allows to obtain a correlation betwdiee scattering centers and
their occupation by a given chemical species. The more tleencal species related
partial structure factors are differer8a(q) # Sse(d)) and the more the oscillations are
important in theSyc(q). In the case of an ideal mixtu&c(q) = 0, and all the informa-
tion about the structure of the system is given by$ig(q).

) = cacg: radom distribution.

(g
(g) > cacs: homopolar atomic correlations (A-A, B-B) prefered.

If we consider the binary mixture as an ionic mixture thes possible to calculate the Charge-
ChargeSzz(q) and the Number-Chard®z(q) partial structure factors using the Concentration-
Concentratiorfcc(q) and the Number-Concentrati&c(q):

Scc(Q) Suc(a)
_ C:CB and  Suz(q) = c;zA

Ca et Za represent the concentration and the charge of the chenpeales A, the global
neutrality of the system must be respected theredprga + cgZg = 0.

Szz(0) (5.23)

Figure [Fig.5.q] illustrates, and allows to compare, the partial structfactors of glassy GeS
at 300 K calculated in the different formalisms Faber-Zimiai, Ashcroft-Langreth [ 2-14],
and Bhatia-Thornton![3].

I.S.A.A.C.S. can compute the following partial structuretéas:
o Faber-Zimarg§(q)

o Ashcroft-LangreﬂSQE(q)
e Bhatia-ThorntorSyn(q), Svc(q), Scc(d) andSzz(q)

2Particles that can be described using spheres of the sametdiaand occupying the same molar volume,
subject to the same thermal constrains, in a mixture whersubstitution energy of a partcile by another is equal
to zero.
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Figure 5.6 Partial structure factors of glassy Ge&t 300 K. A Faber-Ziman [L1], B
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a7 5.4. Local atomic coordination properties

5.4 Local atomic coordination properties

Several properties related to the atomic bonds and angteeée them can be computed us-
ing .S.A.A.C.S. In .S.A.A.C.S. the existence or the abserfca bond between two atoms
of speciesa and j of species} is determined by the analysis of the partigk(r) and total
g(r) radial distribution functions. Precisely the program witinsider that a bond exists if the
interatomic distanc®;j is smaller than both the cutoff given to desribe the maximistadce
for first neighbor atoms between the speaieand 3, Rcutg (often the first minimum of the
partial radial distribution functioggg(r)), and the first minimum of the total radial distribution
function, Rcufot.

I.S.A.A.C.S. allows the user to specify bd®tut,g andRcuto: to choose an appropriate defini-
tion of the atomic bonds to described the system under sihen atomic bonds in a model
are defined properly other structural characteristics eagevaluated, as follows:

5.4.1 Average first coordination numbers

I.S.A.A.C.S. computes total as well as partials coordimetioumbers.

. . v,
Coordination ,,,/ \
numbers {{

A\

Figure 5.7 Coordination numbers.

5.4.2 Individual atomic neighbor analysis

I.S.A.A.C.S. computes the fraction of each type of first cawation spheres occurring in the
model. The presence of of structural deffects can lead tode wumber of local structural
environments, figure [Fig5.9] illustrates the differents first coordination sphered tten be
found in a Gegglass.

5.4.3 Proportion of tetrahedral links and units in the structure model

Often the structure of a material is represented using imgllocks. One of the the most
frecuently occuring building blocks are tetrahedra. Fegjiig. 5.9 shows a model of GeS
materials using GeSetrahedra as building blocks.
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Figure 5.8 lllustration of several coordination spheres that can berfd in glassy GeS

c)

Figure 5.9 lllustration of the presence of Gg&trahedra in the GeSmaterial’s family. a)
GeS tetrahedra, representations b) of theGe$ crystal and c) of the GeSjlass
using tetrahedra.

I.S.A.A.C.S. computes the fraction of the differents tegédda in materials, the distinction be-
tween these tetrahedra being made on the nature of the d@mmieetween each of them. Tetra-
hedra can be linked either by corners or edges [Bi@{, 1.S.A.A.C.S. computes the fraction
of atoms forming tetrahedra as well as to the fraction ofdohketrahedra.

5.4.4 Distribution of bond lengths for the first coordination sphere

I.S.A.A.C.S. gives access to the bond length distributiotwben first neighbor atoms [Fig.
5.11].
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49 5.4. Local atomic coordination properties

Figure 5.10 Corner sharing (left) and edge sharing (right) tetrahedra.

i

U#/ Nearest
neighbor
distances

Figure 5.11 Nearest neighbor distances distribution.

5.4.5 Angles distribution
Using I.S.A.A.C.S. it is very easy to compute bond angles ahddtal angles [Fig.5.17

distributions:
‘//'—N

Bond Dihedral

Angles S angles

Figure 5.12 Bond angles (left) and diehdral angles (right).
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5.5 Ring statistics

The analysis of the topology of network-type structure ni®@e&uid, crystalline or amorphous
systems) is often based on the part of the structural infoomavhich can be represented in the
graph theory using nodes for the atoms and links for the hohias absence or the existence of
a link between two nodes is determined by the analysis obtiaéand partial radial distribution
functions of the system.

In such a network a series of nodes and links connected seajlyewithout overlap is called a
path. Following this definition a ring is therefore simplylased path. If we study thoroughly
a specific node of this network we see that this node can bévedan numerous rings. Each
of these rings is characterized by its size and can be ckdsifised upon the relations between
the nodes and the links which constitute it.

5.5.1 Size of the rings

There are two possibilities for the numbering of rings. Oa& ¢me hand, one can use the total
number of nodes of the ring, therefore a N-membered ring isgaaontaining N nodes. One
the other hand, one can use the numbaraitvork forminghodes (ex: Si atoms in Sfaand Ge
atoms in Gegwhich are the atoms of highest coordination in these masg¢iaa N-membered
ring is therefore a ring containingx nodes. For crystals and Sidike glasses the second
definition is usually applied. Nevertheless the first methasl to be used in the case of chalco-
genide liquids and glasses in order to count rings with hasteoponds (ex: Ge-Ge and S-S
bonds in Ged) - See Sectiom.5.5for further details.

From a theoretical point of view it is possible to obtain atineate for the ring of maximum
size that could exist in a network. This theoretical maxinmgine will depend on the properties
of the system studied as well as on the definition of a ring.

5.5.2 Definitions
5.5.2.1 King’s shortest paths criterion

The first way to define a ring has been given by Shirley V. King [and later by Franzblau
[17]). In order to study the connectivity of glassy SiGhe defines a ring as the shortest path
between two of the nearest neighbors of a given node pB=itf.

In the case of the King'’s criterion one can calculate the maxn number of different ring sizes,
N Shax(KSP), which can be found using the atot to initiate the search:

o(At) x (NC(AL) — 1)

N

(5.24)

whereN:(At) is the number of neighbors of atoAt. NS,a(KSP) represents the number of
ring sizes found if all couples of neighbors of at@gxh are connected together with paths of
different sizes.

It is also possible to calculate the theoretical maximure,iAMSKSP), of a King’s shortest
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Figure 5.13 King’s criterion in the ring statistics: a ring representstBhortest path between
two of the nearest neighborbl{ andN2) of a given nodeAt).

path ring in the network using:

TMaKSg :2 X (Dmax - 2) X (NCmaX - 2) + 2 X DmaX (525)

where Dmay is the longest distance, in number of chemical bonds, sepgravo atoms in
the network, andNcnax represents the average number of neighbors of the chenpieaies
of higher coordination. If used when looking for rings, pelic boundary conditions have to

be taken into account to calculaig,ax. The relation [Eq.5.29 is illustrated in figure [Fig.
5.162].

5.5.2.2 Guttman’s shortest paths criterion

A later definition of ring was proposed by Guttmari], who defines a ring as the shortest path
which comes back to a given node (or atom) from one of its meaeighbors [Fig5.14].
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Figure 5.14 Guttman’s criterion in the ring statistics: a ring repredsrthe shortest path
which comes back to a given nodk ) from one of its nearest neighbors ),

Differences between the King and the Guttman’s shortesispaiteria are illustrated in figure
[Fig. 5.19.
Like for the King’s criterion, with the Guttman’s criterioane can calculate the maximum
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2)

Figure 5.15 Differences between the King and the Guttman shortest pattesiarfor the
ring statistics in an AB system. In these two examples the search is initiated
from chemical species A (blue square). The nearest neigspof chemical
species B (green circles) are used to continue the analy¥is.the first example
only rings with 4 nodes are found using the Guttman'’s criteriwhereas rings
with 18 nodes are also found using the King’s criteriof (iags with 18 nodes).
2) In the second example the King’s shortest path criteridoves to find the
ring with 8 nodes ignored by the Guttman’s criterion which iyaable to find
the rings with 6 nodes.

number of different ring size$N Snax(GSP), which can be found using the atof to initiate
the search:

NSnax(GSP = Nc(At) — 1 (5.26)

whereN:(At) is the number of neighbors of atoAt. NS,a(GSP represents the number of
ring sizes found if the neighbors of atoft are connected together with paths of different sizes.
It is also possible to calculate tAdeoreticaM aximumSize, TMSGSP), of a Guttman'’s ring
in the network using:

TMSGSP =2 X Dpax (5.27)

whereDnaxrepresents the longest distance, in number of chemicaldyee@arating two atoms
in the network. If used when looking for rings, periodic bdary conditions have to be taken
into account to calculatBmay. The relation [Eq5.27] is illustrated in figure [Fig5.161].
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53 5.5. Ring statistics

Figure 5.16 Theoretical maximum size of the rings for anA&ystem (Nigax= Nca = 4)
and using: 1) the Guttman’s criterion, 2) the King’s critemioThe theoretical
maximum size represent the longest distance between twosheaighbors 1
and 2 (green circles) of the atoAt used to initiate the search (blue square).

Since the introduction of the King’s and the Guttman’s cr@ether definitions of rings have
been proposed. These definitions are based on the proprtiesrings to be decomposed into
the sum of smaller rings.

5.5.2.3 The primitive rings criterion

A ring is primitive [19, 2(] (or Irreducible P1]) if it can not be decomposed into two smaller
rings [Fig.5.17).

—’—Q—--~
',,¢ s ~\\\
A B\ e
\ 1 U
\ Y4

Figure 5.17 Primitive rings in the ring statistics: the 'AC’ ring defined bhe sum of the A
and the C paths is primitive only if there is no B path shorkent A and shorter
than C which allows to decompose the 'AC’ ring into two smallegsifAB’ and
'AC’.

The primitive rings analysis between the paths in figure.[Fid.7] may lead to 3 results de-
pending on the relations between the paths A, B, and C:
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¢ If paths A, B, and C have the same length: A =B = C then the ring®s, /AC’ and 'BC’
are primitives.

e If the relation between the paths is like=? <? (ex: A = B < C) then 1 smaller ring
(AB’) and 2 bigger rings (AC’ and 'BC’) exist. None of these riagan be decomposed
into the sum of two smaller rings therefore the 3 rings areérpgamitives.

o If the relation between the path is like<?=? (ex: A<B=C)or <?<?(ex: A<B<
C) then a shortest path exists (A). It will be possible to depose the ring ('BC’) built
without this shortest path into the sum of 2 smaller ringB’And 'AC’), therefore this
ring will not be primitive.

5.5.2.4 The strong rings criterion

The strong rings19, 20] are defined by extending the definition of primitive rings.riAg is
strong if it can not be decomposed into a sum of smaller ringstaver this sum is, ie. whatever
the number of paths in the decomposition is.

Figure 5.18 Strong rings in the ring statisticsa) the 9-carbon-atoms ring created after
breaking a C-C bond in a Buckminster fulleren molecule is antexexample
of strong ring; b) the combination of shortest rings, 11 5-carbon-atoms rings
and 19 6-carbon-atoms rings, appears easily after the ae&tion of the G
molecule.

By definition the strong rings are also primitives, thereftwesearch for strong rings can be
summed as to find the strong rings among the primitive ringkis Technique is limited to
relatively simple cases, like crystals or structures ssaheaone illustrated in figure [Fi¢.19.
On the one hand the CPU time needed to complete such an arfalyamorphous systems is
very important. On the other hand it is not possible to sefocistrong rings using the same
search depth than for other types of rings. The strong riradyars is indeed diverging which
makes it very complex to implement for amorphous materials.
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55 5.5. Ring statistics

In the case of primitive rings like in the case of strong rinthere is no theoretical maximum
size of rings in the network.

5.5.3 Description of a network using ring statistics - existing tools

Ring statistics are mainly used to obtain a snapshot of theemiivity of a network. Thereby
the better the snapshot will be, the better the descriptiortlae understanding of the properties
of the material will be. In the literature many papers préstadies of materials using ring
statistics. In these studies either the numbeRioigs perNode Ry’ [ 29, 30] or the number of
Rings perCell 'R’ [ 31-37] are given as a result of the analysis. The fiRg) is calculated
for one node by counting all the rings correponding to theprty we are looking for (King’s,
Guttman’s, primitive or strong ring criterion). The secaiit) is calculated by counting all
the different rings corresponding at least once (at leasom@ node) to the property we are
looking for (King’s, shortest path, primitive or strong gircriterion). The values dRy andRc
are often reduced to the number of nodes of the networksh&umbore the results are presented
according to each size of rings.

An example is proposed with a very simple network illustdate figure [Fig. 5.19. This
network is composed of 10 nodes, arbitrary of the same clarmspecies, and 7 bonds. Fur-
thermore it is clear that in this network there are 1 ring V@ithodes and 1 ring with 4 nodes.

AL

Figure 5.19 A very simple network.

It is easy to calculat&y andRc for the network in figure [Fig5.19 (n = number of nodes):

n | Re() n | Re(n)
3 1/10 3 3/10
4 1/10 4 4/10

In the literature the values &%y andR: are usually given separately®33].

Nevertheless these two properties are not sufficient inraocddescribe a network using rings.
A simple example is proposed in figure [Figh.2(. The two networks [Fig.5.20-a] and
[Fig. 5.20-b] do have very similar compositions with 10 nodes and 7dibigt they are clearly
different. Nevertheless the previous definitions of rings gell and rings per node even taken
together will lead to the same description for these twaed#ht networks [Talb. 1].
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a) . . b) . .

AL dT

L]

Figure 5.20 Two simple networks having very close compositions: 10 nadi@&g dinks.

n | Ru(m n | Ru(m
3 1/10 3 3/10
4 1/10 4 4/10

Table 5.1 Ry and R calculated for the networks illustrated in figure [Fig.2(.

In both cases a) and b) there are 1 ring with 3 nodes and 1 rilgdwiodes. It has to be noticed
that these two rings have properties which correspond th ea¢he definitions introduced
previously (King, Guttman, primitive and strong). Thus eaf these definitions is able to help
to distinguish between these two networks. Therefore éeergh these simple networks are
different, the previous definitions lead to the same desorip

Thereby it is justified to wonder about the interpretatiothefdata presented in the literature
for amorphous systems with a much higher complexity.

5.5.4 Rings and connectivity: the new R.I.N.G.S. method implementad
|.S.A.A.C.S.

In the I.S.A.A.C.S. program the results of the ring statssanalysis are outputted following
the new R.I.N.G.S. method?, 34], this method is presented in the next pages.

The first goal of ring statistics is to give a faithful destiop of the connectivity of a
network and to allow to compare this information with othetgained for already existing
structures. It is therefore important to find a guideline ahhallows to establish a distinction
and then a comparison between networks studied using ratigtsts. We propose thereafter
a new method to achieve this goal. First of all we noticed &mental points that must be
considered to get a reliable and transferable method:

1. The results must be reduced to togal number of nodes in the network.
The nature of the nodes used to initiate the analysis whekrigdor rings will have a
significant influence, therefore it is essential to redueerésults to a value for one node.
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57 5.5. Ring statistics

Otherwise it would be impossible to compare the resultsemties obtained for systems
made of nodes (particles) of different number and/or nature

2. Different networks must be distinguishable whatever the ogetised to define a ring.
Indeed it is essential for the result of the analysis to bstivarthy independently of the
method used to define a ring (King, Guttman, primitives,rggjo Furthermore this will
allow to compare the results of these different ring stasst

5.5.4.1 Number of rings per cell R’

We have already introduced this value, which is the first d&redetasiest way to compare net-
works using ring statistics.

a) . . b) .

AT 1[I

Figure 5.21 The first comparison element: the total number of rings innt&evork.

a) b)
n | Re(n) n | Re(n
3 1/10 3 0/10
4 1/10 4 2/10

Table 5.2 Number of rings in the simple networks represented in figurg. [Fi21].

In the most simple cases, such as the one represented in[kgoré.21], the networks can be
distinguished using only the number of rings [Tal]. Nevertheless in most of the cases other
informations are needed to describe accurately the cammedf the networks.

5.5.4.2 Description of the connectivity: difference betwen rings and nodes

The second information needed to investigate the progeofiea network using rings is the
evaluation of the connectivity between rings. Indeed thgtrithution of the ring sizes gives
a first information on the connectivity, nevertheless it cent be exactly evaluated unless
one studies how the rings are connected. The impact of théae$ between rings, already
presented in figure [Figs.2(, has been illustrated in detail in figure [Fi§.27. Figure [Fig.
5.27 represents the different possibilities to combine 2 ringih 6 nodes and 1 ring with 4
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a) * . b) : c) .
d) e) . f)
Q) h) j : i)

Figure 5.22 lllustration of the 9 different newtorks with 16 nodes, congabsf 2 rings with
6 nodes and 1 ring with 4 nodes.

nodes in a network composed of 16 nodes. Among the 9 netwadsepted in figure [Fig.
5.27 none can be distinguished using tRe value [Tab.5.3].

Table 5.3 Number of rings for the different networks presented in figig.[5.29.

n | R
4 1/16
6 2/16

Furthermore it is not possible to distinguish these netwarking theRy value. It seems
possible to isolate the case a) [Téb4] from the other cases b} i) [Tab. 5.4]. Nevertheless
the results obtained using the primitive rings criterioa ammilar for all cases a)- i) [Tab.
5.4, this is in contradiction with the second statemétjtdroposed in our method.

Before introducing parameters able to distinguish the cardions presented in figure
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59 5.5. Ring statistics

Case a) Rn(n)
n ‘ King / Guttman. Primitive / Strong.
4 4/16 4/16
6 10/16 12/16
Cases b)— i) Rn(n)
n ‘ All criteria.
4 4/16
6 12/16

Table 5.4 Number of rings per node for the networks presented in figuig [=-23.

[Fig. 5.29 it is important to wonder about the number of cases to distish. From the point
of view of the connectivity of the rings, configurations a), b) and d) are clearly different.
Nevertheless following the same approach configuratioas@)) on the one hand and config-
urations g), h) and i) on the other hand are identical. A sct®mepresentation [Fig5.23

is sufficient to illustrate the similarity of the relationstiveen these networks. The difference
between each of these networks does not appear in the ciuityect the rings but in the
connectivity of the particles.

1) 2)

(0] OO

Figure 5.23 Schematic representation of cases-g)) (1) and e)— f) (2) illustrated in figure
[Fig. 5.22.

Thus among the networks illustrated in figure [Fi§27 six dispositions of the rings have to
be distinguished (a, b, c, d, e, g). The proportions of pagisvolved, or not involved, in the
construction of rings will become an important question.

The new tool defined in our method is able to describe acdyr#te information still
missing on the connectivity. It is a square symmetric matfigize(R—r +1) x (R—r+1),
whereR andr represent respectively the bigger and the smaller size afigafound when
analyzing the network: we have called this matrix the cotimé&g matrix [Tab. 5.5].

The diagonal elemen®(i) of this matrix represent theroportion ofNodes at the origin of
at least one ring of size And the non-diagonal elemen®g (i, j) represent th&roportion of
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Pn(r) Pa(r+21,r) --- Pv(RT)
Co = Pu(r,r+1) PR +1)
mat = . :
AR o AR

Table 5.5 General connectivity matrix.

Nodes at the origin of ring(s) of sizeand .

The matrix elements have a value ranging between 0 and 1.colest and non equal to O is
of the form %] the highest and non equal to 1 is of the foﬂﬁ, whereNn represents the
number of nodes in the network.

The connectivity matrix of the configurations illustratedfigure [Fig. 5.2 are presented
in table [Tab. 5.6]. We see that this matrix allows to distinguish each netwshatever the
way used to define a ring is. This matrix remains simple forlbsstems (crystalline or
amorphous) or when using a small maximum ring size for théyaisa Nevertheless its reading
can be considerably altered when analysing amorphoussystéh a high maximum ring size
for the analysis.

To simplify the reading and the interpretation of the datatamed in this matrix for more
complex systems, we chose a similar approach to extractniafioons on the connectivity
between the rings. As a first step we decided to evaluate belgiagonal elementy(n) of
the general connectivity matrix. Indeed these values allswo obtain a better view of the
connectivity than the standaRy, value.

It is clear [Tab.5.7] that usingPy(n) improves the separation between the networks illustrated
in figure [Fig.5.27. Nevertheles®\(n) does not allow to distinguish each of them. We notice
that the distinction between networks is improved [Tab/] in particular when compared to
the one obtain witlRy (n) [Tab. 5.4].

Therefore in a second step we chose to calculate two prepertiose definitions are very
similar to the one oPy(n). The first, namedPy,.,(n), represents the proportion of nodes for
which the rings withn nodes are the longest closed paths found using these nodesaie
the search. The second namBd,..(n), represents the proportion of nodes for which the rings
with n nodes are the shortest closed paths found using these moidégate the search.

The termdongestandshortest pathmust be considered carefully to avoid any confusion with
the terms used in section [$.5.7 to define the rings. For one node it is possible to find several
rings whose properties correspond to the definitions pregp@seviously (King’s, Guttman'’s,
primitive or strong ring criterion). These rings are salus found when looking for rings
using this particular node to initiate the analysis. In otdecalculatePy,,,(n) andPy,,,,(n) the
longest and the shortest path have to be determined amaswgydifeerent solutions.

Pnmax() @and Py, (N) have values ranging between 0 @gn). The lowest and non equal to
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King / Guttman. Primitive / Strong.
ol [10 21 [yie 41
All criteria.

Case b) :g? 12 fg 1166:
Case c) ‘1'7 12 llé 1166:
cased) | o1 D

Case e)— f) gﬁg 125166:

Case g)— i) :‘1%2 111//1166:

n= ring with n nodes [n ;;:16 nGn/g 4}

Table 5.6 General connectivity matrix for the networks representefigare [Fig. 5.27 and
studied using the different definitions of rings.

0 is of the formﬁl, the highest and non equal to 1 is of the foﬂﬁ, whereNn represents
the total number of nodes in the network. For the minimum SIEg, Smin, €xisting in the
network or found during the searcBy,, (Smin) = Pn(Smin). In the same way for the maxi-
mum ring sizesmax existing in the network or found during the searey, ., (Smax) = Pn(Smax)-

To clarify these informations it is possible to normalRg,,.(n) andPy,,;..(n) by Py(n). By
reducing these values we obtain, for each size of ringsegahdependent of the total number
of nodesNn of the system. Then for a considered ring size the valuesreifdy to the number
of nodes where the search returns rings of this size:

IDNmax( n) PNmin<n)
() P()

The normalized termBnyax(n) andPyin(n) have values ranging between 0 and 1. The lowest

Pmax(n) = and Pmin(n) =
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Pn(n)
n King / Guttman. Primitive / Strong.
Case a)
4 4/16 4/16
6 5/16 7116
Pn(n)
n ‘ Al criteria.
Case b)— ¢)
4 4/16
6 12/16
Case d)
4 4/16
6 11/16
Case e)—f)
4 4/16
6 12/16
Case g)— i)
4 4/16
6 11/16

Table 5.7 Py(n) - Proportion of nodes at the origin of at least one ring of sizéor the
networks presented in figure [Fi§.29.

and non equal to 0 is of the forrg-, the highest and non equal to 1 is of the fol§rL. For
the minimum ring sizesmin, existing in the network or found during the sea®fin(Smin) = 1.

In the same way for the maximum ring si&g,ay existing in the network or found during the
searchPmax(Smax) = 1.

Pmax(n) and Pmyin(n) give complementary informations to the ones obtained Wihn) and
Pn(n) in order to distinguish and compare networks using ringsttes. We can illustrate this
result by presenting the complete informations obtainetth Wiis method [Tab.5.8] for the
networks represented in figure [Fi§.24.

Pmax(n) andPmin(n) give informations about the connectivity of the rings witick other as a
function of their size. If a ring of siza is found using a particular node to initiate the search,
Pmax(n) gives the probability that this ring is the longest ring whitan be found using this
node to initiate the search. At the opposi®,n(n) gives the probability that this ring is the
shortest ring which can be found using this node to initiatedearch.

Thereafter we will use the terms 'connectivity profile’ tostnate the results of a ring statistics
analysis. This profile is related to the definition of ringsdign the search and is made of the 4
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King / Guttman.

n Re(n)  Pu(n)  Pmax(n)  Pmin(n)
Case a)

4 1/16 4/16 0.5 1.0

6 2/16 5/16 1.0 0.6

Primitive / Strong.

n ‘ Re(n)  Bu(n)  Pmax(N)  Pmin(n)
Case a)

4 1/16 4/16 0.5 1.0

6 2/16 7116 1.0 3/7

All criteria.

n Re(n)  Pa(n) Pmax(N) Prmin(Nn)
Case b)

4 1/16 4/16 1.0 1.0

6 2/16 12/16 1.0 1.0
Case c)

4 1/16 4/16 0.75 1.0

6 2/16 12/16 1.0 11/12
Case d)

4 1/16 4/16 1.0 1.0

6 2/16 11/16 1.0 1.0
Case e)—f)

4 1/16 4/16 0.5 1.0

6 2/16 12/16 1.0 10/12
Case g)— i)

4 1/16 4/16 0.75 1.0

6 2/16 11/16 1.0 10/11

Table 5.8  Connectivity profiles results of the ring statistics for thetworks presented in
figure [Fig. 5.27.
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values defined in our metho&:(n), Py(n), Pnax(n) andPmin(n).

The I.S.A.A.C.S. program provides access to the connectpiofile of the system under
study and allows to choose the study the connectivity uslhtha different methods used
to define a ring. Thus King’s rings, Guttman’s rings, Pringtrings as well as Strong rings
analysis are available.
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5.5.5 Bond deffects in ring statistics
5.5.5.1 ABAB and BABA rings

The ring statistics of amorphous networks are often focuseiihding rings made of a succes-
sion of atoms with an alternation of chemical species, daBAB rings. The most common
examples come from the alternation of Si and O atoms (inespalymorphs) or Ge and S (in
Ge$S polymorphs). These solids are usually built with tetrabg@iQ, or GeS) therefore we
study the network distribution of tetrahedra.

The ideal technique to setup the analysis of such systerosisonse the atoms of highest co-
ordination to initiate the search, respectively Si in &8Dd Ge in Gegs In most cases all rings
can be found using this method. Nevertheless we can deratm#tiat some solutions, so some
rings, can be ignored by this analysis. This is highlightetigure [Fig.5.24 which represents
a cluster of atoms isolated from an ABmorphous network.

Figure 5.24 Cluster of atoms isolated from an ABmorphous network. A bond defect is
located on an atom of the chemical species B (blue squaregnWioking for
King’s shortest paths [S5.5.2.] using the chemical species A to initiate the
search the central ring with 10 nodes is ignored. However antbagolutions
of the analysis (with the initial nodes circled in green) athiags with 10 nodes
are found in the network.

We can see that this piece of network is characterized by d befect. An atom of the B
species appears to be over-coordinated by three atoms & #pecies. When looking for
rings, using the King’s criterion [$.5.2.] and initiating the search using the A atoms, the
central ring with 10 nodes is ignored. Nevertheless othegsriwith 10 nodes are found and
stored as solutions of the analysis. In order to find the ekntrg the search has to be initiated
from the overcoordinated B atom.

By analogy with the terminology ABAB this ring can be called ABA ring. Indeed the alter-
nation of chemical species is well respected. Therefosddgitimate to question the relevance
of the analysis without this result. In other words we havelrteck out if this BABA ring is, or
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not, an ABAB ring.

The properties of this ring meet the definition and can tleeeefmprove the description of
the connectivity of the network. This kind of coordinatioefelct [Fig. 5.24 is uncommon in
vitreous silica P9, 35], nevertheless it is frequent in chalcogenide glassasi/].

5.5.5.2 Homopolar bonds

In amorphous materials the homopolar bond defects can haigndicant influence on the
ring statistics. This is true in particular for ABchalcogenide glasses. Figure [Fi§.25
illustrates standard cases that may be encountered whkimdofor rings in an AB system
which contains homopolar bonds.

>0
wC

Figure 5.25 lllustration of the influence of homopolar bonds in ABAB sn both examples
the smallest rings found when initiating the search usingctteded nodes (green
color) contain an homopolar bond A-A or B-B.

The smallest rings found when initiating the search usimgdincled nodes (green color) are
not ABAB rings. Therefore their size must be given using ttalthumber of nodes. In figure
[Fig. 5.29 the smallest rings are a ring with 9 nodes and a ring with 1desocontaining
respectively an A-A and a B-B homopolar bond. These ringsigreficantly smaller than the
shortest ABAB ring with 18 nodes that may be found when logkior rings using the same
green-circled nodes to initiate the analysis [FHg29.

The I.S.A.A.C.S. program provides options to take into aotaw avoid A-B-A-B rings
as well as homopolar bonds.

5.5.6 Number of rings not found and that "potentially exist"

One of the first information it is possible to extract fromgistatistics, except the number of
rings, is the number of rings not found by the analysis. lddesdculation times do strongly
depend on the maximum search depth, ie. the maximum sizargg.aflio carry out the analysis
this value has to be chosen to get the best possible comprdreigeen CPU time and quality
of the description.
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Nevertheless whatever this limiting value is, some rings aize bigger than the maximum
search depth may not be found by the analysis. In the Kibg2.1and the Guttman’s criteria
5.5.2.2it is possible to evaluate the number of "potentially not fdunings or rings that "po-
tentially exist".

Thus for a given atorit we can consider that a closed path exists and is not found:

1. If the atomAt has at least 2 nearest neighbors
2. If no closed path is found:
a- Starting from one neighbor to go back on the considereu afo(Guttman'’s crite-
rion)
b- Between one couple of neighbors of the at&tr(King'’s criterion)

3. If the 2 nearest neighbors of the até&thhave at least 2 nearest neighbors (to avoid non
bridging atoms)

Thus if during the analysis these 3 conditions are full fillgd2-a, 3 for the Guttman’s criterion,
and 1, 2-b, 3 for the King’s criterion) then we can say thad Hmnalysis has potentially missed
a ring between the neighbors of atolt. The smaller this number of "potentially” missed
rings will be the better this analysis will be and the better description of the connectivity of
the material studied will be. The term "potentially" has bebnsen because the method only
allows to avoid first neighbor non bridging atoms.

Following this method I.S.A.A.C.S. gives access to the numdderings that "potentially
exist" and not found during the analysis.
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5.6 Invariants of spherical harmonics as atomic order pa-
rameters

Invariants formed from bond spherical harmonics allow ttaobquantitative informations on

the local atomic symmetries in materials. The analysigstay associating a set of spherical
harmonics with every bond linking an atom to its nearestmeags. For a given bond defined
by a vectoir a spherical harmonic may be defined as:

Qm(F) = Yim(B("), Y(7)) (5.28)

whereY|n(6,y) is the spherical harmonic associated to the bdhdnd ¢ are the angular
components of the spherical coordinates of the bond whidksian coordinates are defined by
T.

Because th&),, for a givenl can be scrambled by changing to a rotated coordinate sys-
tem, it is important to consider rotational invariant condtions, such as’i3, 3g):

p— _ 1/2
Q = ‘le‘ ] (5.29)

2l+1m:24

whereQy, is defined by: _
Qm = (Qm(M)) (5.30)

and represents an average of Y0, Y) over allr vectors in the system whether these vectors
belong to the same atomic configuration or not. Just as thelangiomentum quantum
number,l, is a characteristic quantity of the 'shape’ of an atomicitatbthe quantityQ is

a rotationally invariant characteristic value of the shiapammetry of a given local atomic
configuration (if the average is not taken on all bonds of tystesn but only within a given
configuration) or an average of such values for a set of cordiguns. Thus it is possible to
compareQ,’s computed for well known crystal structures (e.g. FCC, HECand some local
atomic configurations in a material’s model. The resultshef tomparison gives information
for the presence/absence of a particular local atomic symgme

I.S.A.A.C.S. allows to compute the avera@gs for each chemical species as well as the
averagd),’s for a user specified local atomic coordination.

5.7 Bond valence sums

The bond valence method (or bond valence sum) (not to be keistaith the valence bond
theory in quantum chemistry) is a technique used in cootidinahemistry to estimate the
oxidation/valence states of atoms.

The basic idea is that the valenigeof an atomi is the sum of the individual bond valencas
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of theN; surrounding atoms:

Ni
Vi = Zvij (5.31)
=

The individual bond valences; are calculated using:

Vij = e<POE’Rij )

..\ —N
Vij = <%) (5.33)

Rij is the computed bond length between atorasd j, Ry, B andN are tabulated{4-26].

(5.32)

or

I.S.A.A.C.S. allows to compute the average bond valence domesach chemical species
as well as the average bond valence sums for a user specifedtomic coordination.

5.8 Mean square displacement of atoms

Atoms in solids, iquids and gases move constantly at anyngemperature, i.e. they are sub-
ject to a "thermal” displacement from their average pos#tidrhis displacement is particularly
important in the case of a liquids. Atomic displacement doaisfollow a simple trajectory:
"collisions" with other atoms render atomic trajectorieg@oomplex shaped in space.

The trajectory followed by an atom in a liquid resembles tbfah pedestrian random walk.
Mathematically this represents a sequence of steps donaftemenother where each step fol-
lows a random direction which does not depend on the one girth@ous step (Markov’s chain
of events).

In the case of a one-dimensional system (straight line) igf@datement of the atom will there-
fore be either a forward step (+) or a backward step (-). Fwntiore it will be impossible to
predict one or the other direction (forward or backwardgsithey have an equal probability to
occur.

One can conclude that the distance an atom may travel is thogero. Nevertheless if we
choose not to sum the displacements themselves (+/-) bugagih@re of these displacements
then we will end up with a non-zero, positive quantity of tbéat squared distance traveled.
Consequently this allows to obtain a better evaluation oféa¢ (square) distance traveled by
an atom.

TheMeanSquareDisplacement MSD is defined by the relation:

MSD(t) = (r¥(t)) = (Irit) —ri(0)) (5.34)

wherer(t) is the position of the atomat the timet, and the) ( represent an average on the time
steps and/or the particles.
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However, during the analysis of the results of molecularagyits simulations it is important to
subtract the drift of the center of mass of the simulation:box

MSD(t) = (|ri(t) ~1i(0) = [rem(t) - rem(O)] ) (5.35)

wherer ¢(t) represents the position of the center of mass of the syatéhe time.

The MSD also contains information on the diffusion of atortighe system is solid (frozen)
then MSD "saturate”, and the kinetic energy is not sufficieough to reach a diffusive behav-
ior. Nevertheless if the system is not frozen (e.g. liquitgrt the MSD will grow linearly in
time. In such a case it is possible to investigate the beha¥ithe system looking at the slope
of the MSD. The slope of the MSD or the so called diffusion ¢ansD is defined by:

D = lim glt (r3(v)) (5.36)

I.S.A.A.C.S. provides access to the several MSD relatedifms:
e MSD for each chemical species with autocorrelation on &ldinamics
e MSD for each chemical species without autocorrelation bthaldynamics (step by step)

e Directional MSD (x, v, z, Xy, Xz, yz) for each chemical specwth autocorrelation on
all the dynamics

e Directional MSD (X, v, z, Xy, xz, yz) for each chemical speciithout autocorrelation
on all the dynamics (step by step)

e Drift of the center of mass (x, Y, z)

e Correction applied to correct the drift of the center of massquation [Eq.5.39 (X, V,

2)
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The chemical properties database In
.S.A.A.C.S.

A database of chemical/physical properties is includedh@ItS.A.A.C.S. program, this ap-
pendix presents these properties (atomic radii, x-ray &udran scattering lengths) as well as
the references of the articles from which this informaticaswbtained.

Note that the data presented in this appendix is availalblddanload on the web sites of the
program:

http://isaacs.sourceforge.net/phys/chem.html
http://www.phy.cmich.edu/people/petkov/isaacs/ptiysm.html

A.1 Atomic radii

A.1.1 Covalent radii
Figure [Fig.A.1] illustrates the covalent radii used in I.S.A.A.C.S. sed for details.

A.1.2 lonic radii
Figure [Fig.A.2] illustrates the ionic radii used in .S.A.A.C.S. se¢][for details.

A.1.3 VDW radii
Figure [Fig.A.3] illustrates the Van Der Waals radii used in .S.A.A.C.S. &g for detalils.

A.1.4 Shannon radii in crystal

Figure [Fig. A.4] illustrates the atomic radii in crystals as compiled by @@ used in
I.S.A.A.C.S. see/2, 47] for detalils.
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A.1. Atomic radii

A A I A I IS N I S I AN I LS I IS I I
a
'_|2,5— B
<
%)
=
S 4
© H
Y : a
1] I P .
< bon . 2 a i
g 2r A : . " s
QL) B "'"n'!lf : : “
e : aa : : :
2 .H'. - i = .."-:
s Lo b el e
. : .
15 = f : ° i
S . :
N [
l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Figure A.3

15 20 25 30 35 40 45 50 55 60
Atomic number

65 70 75 80 85 90

Van Der Waals radii used in the I.S.A.A.C.S. program.

2,25 S

1,75

15

1,251

Radius in crystal [A]

0,75F i
05

0,25[ &

15 20 25 30 35 40 45 50 55 60

Atomic number

Figure A.4 Shannon radii in crystals used in the .S.A.A.C.S. program.

73



Appendix A. The chemical properties database in I.S.A.A.C.S

74

A.2 Neutron scattering lenghts
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Figure A5 Neutron scattering lengths used in the I.S.A.A.C.S. program.

Figure [Fig.A.5] illustrates the neutron scattering lengths used in |.8.8.S. see44,

details.

The atomic numbers are used for the x-ray scattering lengths
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