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We provide in this document an introduction to the use of the program FullProf for extracting
integrated intensities from powder diffraction data using the Le Bail method, as well as
preparing a file with overlapped reflections to be used in simulated annealing work. The
preparation of the PCR file for simulated annealing and the complete determination and
refinement of the structure is also illustrated step by step. This document is written just to
provide tricks and hints for running the program. Knowledge of basic crystallography and the
basis of the powder method is a pre-requisite for following the tutorial.

Extracting integrated intensities using the Le Bail Method.

The first step in structure determination using strictly powder diffraction data is the indexing
stage. For this step we shall use as an interface, WinPLOTR or WinPLOTR-2006. The first
program works only in Windows and the second one is multi-platform (Windwos, Linux and
MacOS). We distribute two programs because WIinPLOTR-2006 has features lacking in
WInPLOTR and it has not all the possibilities of WinPLOTR. We intend to implement all
the features of WIinPLOTR within WIinPLOTR-2006 progressively. These programs are
accessible from the FullProf Suite (FPS) Toolbar by clicking on the icons:

WInPLOTR n or WiInPLOTR-2006 L]

Extracting integrated intensities or structure factors from powder diffraction data once we
know the unit cell parameters is straightforward in well crystallised samples; however there
are cases where the tasks may be complicated due to the presence of broadening due to micro-
structural effects. To avoid, from the beginning, pitfalls due to the handling of full width at
half maximum it is convenient to work with instrumental resolution function files. This has as
an additional advantage the production of micro-structural files containing information about
the size and strain effects of your sample.

The procedure used for extracting the integrated intensities within FullProf (profile matching)
is currently known as Le Bail fitting [A. LeBail, H. Duroy and J.L. Fourquet, Mat. Res. Bull.
23, 447(1988)]. It does not require any structural information except approximate unit cell and
resolution parameters. A similar method developed by Pawley uses traditional least squares
with constraints [G.S. Pawley, J. Applied Cryst. 14, 357 (1981)]. A discussion about the
profile matching algorithm involved in this kind of refinement may be found in [J. Rodriguez-
Carvajal, Physica B 192, 55 (1993)]. This method makes the data input much simpler and
enlarges considerably the field of application of powder pattern profile refinement. However
the constraints applied to the refinement are far less severe than for Rietveld refinement and
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profile matching is thereby more prone to instabilities if profile shape parameters or micro-
structural parameters are refined. In FullProf this refinement mode can be used in two ways:

1. Profile Matching with constant scale factor (Jbt=2). In this mode the scale factor is not
allowed to vary and integrated intensities are refined individually using iteratively the
Rietveld formula for obtaining the integrated observed intensity. The recommended
procedure is as follows:

e For the first refinement, set IRF (n) of the phase n undergoing profile matching to 0
and the number of refined parameters (MAXS on line 13) to zero. Set to 0 the flag
controlling the automatic assignment of refinement codes (Aut=0). Run FullProf for
a few cycles (say 10). This will set up the hkl 's and intensity file CODFILn.hKI.

e |f the result of the above step is satisfactory (see plot!), rename the file CODFIL.new
to CODFIL.pcr, or use directly CODFIL.pcr if it was automatically updated. Edit
the new CODFIL.pcr file to select the parameters to refine. The progression of the
refinement is very similar to that used for Rietveld refinement: zero point of detector,
background parameters and lattice constants.

In this mode of refinement FullProf cannot calculate theoretical line intensities and all hkl
values permitted by the space group are considered and included in the refinement, which
sometimes means a lot of reflections! Using this type of refinement one has to bear in
mind that the starting cell parameters and resolution function determines to a large extend
the obtained intensity parameters. One cannot expect to refine properly the cell parameters
of a compound with a severe overlap of reflections if the starting parameters are of poor
reliability. It is wise to start with low angle reflections (without refining the FWHM
parameters) and progressively increase the angular domain.

2. Profile Matching with constant relative intensities (Jbt=3). In this mode the intensities
are held fixed and only the scale factor is varied. Since profile matching does not require
the calculation of the structure factors it runs faster than Rietveld refinement.

3. Profile Matching with biased intensities (Nat=0). In the normal Le Bail fit the intensity
of overlapped reflections that are very close are taken equal. This may be quite wrong for
solving a crystal structure. When one knows a significant part of the structure it is possible
to biased the partitioning of overlapped reflections according to the structure factors of the
partial structure. For doing that one has to put a list of atoms. The program takes as
starting intensities (when Irf=0) those calculated using the provided structure and then
applies the algorithm that maintains as much as possible the partitioning imposed by the
structure.

Extracting integrated intensities from the diffraction pattern of
Y,0; taken in a conventional diffractometer.

Use WInPLOTR to visualise the diffraction pattern of Y,0; (file y203.dat, Ins=0). For
indexing that we shall use only the DICVOLO06 program (Treor90 is also perfectly working).
For starting, the user should open the FullProf Suite Toolbar by clicking on its icon. In the
File menu select: Select Working Directory and then load the data file y203.dat into the
toolbar.
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Clicking on the WinPLOTR (or WinPLOTR-2006) icons of the toolbar we obtain a plot of
the data.
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Steps of the procedure

e Use the mouse to select an area up to 80 degrees in 26 in order to be sure of getting at
least 25 visible peaks.

In WInPLOTR

e Select from the Point Selection menu the item: Automatic peak search

In WIinPLOTR-2006

e Select from the Calculations menu the item: Peak Detection = Enable and then
repeat the selections but now with Calculations—> Peak Detection-> Auto detection

For both

e Adjust the value of Peak threshold to 0.01 and eventually the Background threshold to
a lower value than the default. Do not forget to select Cu-ka doublets! Click OK and
run the procedure. The positions of the automatically detected peaks are shown in the
screen as vertical bars.

e In WIinPLOTR go to the Point Selection—> Save as - Save points for DICVOL items
and complete the items “Title” (give just the name of the compound: Y203) and
activate the boxes containing the crystal systems to be tested. For instance activate the
boxes “cubic”, “tetragonal”, “hexagonal” and ‘“orthorhombic”. Click on OK when
finished. In WinPLOTR-2006 the sequence is: Calculations—> Peak Detection—> Save
Peaks—> DICVOL format. The dialogs for the two programs are as below.

i Input parameters for DICVOL

Title
|Indexing Y203

,EE # of lines used Urit Cell Limits

) 25.000 : Amax [A)
Spacing Data: | T
o 25000 - Bmax 4) Input parameters for DICVOL
e 2-theta angle 25000 - Cmax (4) +TME [757
 dspaci 30.000 - EEmi i
d-spacing : BEmin [2] BT — EE
r 12500 : BEmax [g) + SPACING DATA
—— ) " 1: Theta bragg in degrees
0.0000 - YO Lmin [43) & 2: Ztheta angle in degrees

Tested Crpstal Symmetry: g
25000 WOLmax (43 3 dspacing in angstroms

v Cubic ) " 4; Q specified in Q-unils as EHI4/I**2
v Tetragonal Experimental parameters + TESTED CRYSTAL SYMMETRY:
¥ Hexagonal 15406 wwWavelength [4) ¥ cubic ¥ ¥ hexagond v r I~ trictinic
Iv Ortharhombic 0.0000  : Mal. weight [g) * UNIT CELL LIMITS:
- S Amaxtd): |25 Bmax (&) [25 Cemax (&) |25 EEwmin (°): |00 BEmax(%):  [125
[~ Monaclinic 0.0000  : Dengity [g/cm3) & A
¥OLmin (A3): [ VOLmax(AZ): | 2500
0.0000 - i
[ Triclinic : Density error e o &
Dictol 04 parameters Wavslengt (A): [154059803 Mol weight (&) [0 Density (gfemd): [0 Density eror:. [0
| 0.0300 : Data absolute errar [EPS) * DICVOL PARAMETERS:
Data absolute error (EPS): 003 Lower figure of meit (FOMD): | 10
10,000 : Lower figure of merit (FOM)]
oK Max number of impusity lines (eg 3or-31: [0
0 Maw impurity lines [eg. 3 or
[~ A priod search of zero_shift
[~ A priori search of zera shift Cancel v Zero shifl refinement
[~ DICVOLOS option

Iv Zero shift refinement
[~ DicWOLOE option

Cancel

e The program responds with an information box telling that the desired file has been
created. Clicking on OK the program proposes to edit the file. Do that only if you
want to modify something. After that the program proposes to run automatically
DICVOL. Select yes!

Running DICVOLO6

‘_?/ Do you want to run DICYOLOG?

Yes
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ald) b4} [=18:9] alfa beta gana  symmetry
10.6063 10.6063 10.6063 390.000 90.000 90.000 Cubic
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Volume(A3)
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zer

o_shift H{N) F(N)
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-0.0117 268.9 221.4
—0.0103 291.86 234.6

" IMF
20 i}
20 0
20 1}

After running DICVOL, if a solution has been found the program proposes to select
the type of diffractometer you have in order to select approximate FWHM (U, v, W)
parameters or to read an instrumental resolution function file. In this case just select
Conventional Powder Diffractometer. A message signalling the end of the run appears
on the screen. Look at the list of files created by DICVOL. Depending on the number
of solutions various PCR files for running the Le Bail algorithm by FullProf are
created.

Select your diffractometer:

*-Rays diffractometer.

g
" synchrotron radiation
T my X-Ray diffractometer

=

eutron diffractometer:
G42 [LLB) 1=2.343A
GA1 [LLB) 1=2.424
3T2 [LLB) I=1.225A
D2B [ILL] I=1.594
my neutron diffractometer

i 2ie Biie iie Bie

S

Read IRF file

Cancel

—IDICVOLO6

— TOTAL

CALCULATION TIHE

0.080 SEC

>»»»> PLEASE EEAD THE DICVOL OUTPUT FILE: w203 ind <c<c¢

DICVOLO4

SOLUTION (S)

==» y203_3.per
--» y203_1.ery
--» y203_2.ery

==> y203_3.cry

K1

file has been created

file has been created

file has been created

file has been created

(FullProf input file)
(CELREF format)
(CELREF format)

(CELREF format)

==> y203_dicvol_cell.sun file has been created (Crysfire summary file)

a(h)  b{k)  oth)  alfa  bsta  gawa synmetry Volums(Al) zero_shift H(N) F(H) N HP
10.6063 10,6063 10.6063 90.000 90.000 90.000  Cubic 1193 .14 -0.0132 140.2 120.7 20 o
7.4997 7.4997 53028 90.000 90.000 90.000  Tetrag 23826 -0.0117 268.9 221 .4 20 o
7.4992 5.3027 3.7500 90.000 90.000 90.000  Orthorh 14912 0.010% 2916 2346 20 o
== 203 1.per file has been crested (FullProf input file)

==3 y203_2 pcr file has been created (FullProf input file) J

DICVOL program

Normal end of DICYOL

{Kenavo I




Edit one of these files. In particular the first one that is called y203 1.pcr. Notice
that only the wavelength of Cu-Ka; is given. Change this by putting
Lambda2=1.5444 and Ratio=0.5. Read the warning messages written in the PCR
file.

The space group attributed by DICVOL (or TREOR) is the holohedral group of the
crystal system. In our case this group is P m 3 m. The determination of the real space
group is done in a further step (see below).

Run FullProf from WIinPLOTR by clicking on the button FP (or from the FPS

Toolbar, clicking on % Select the PCR file y203 1.pcr and then the data file:
y203.dat.

A screen shot of this run of FullProf from then FPS Toolbar appears like that:

s FullProf Program Q@]
Losd EditPCR Mode Run  Exit
=> Expected : 10.2 1.9289 -~
=» Conventional Rietveld R-factors for Pattern: 1
=> Rp: 34.7 Rwp: 37.8 Rexp: 1z.12 CchizZ: 9.74
=» Global uszer-weigthsd ChiZ (Bragg contrib.): 10.72
= ———m——— - > Pattern# 1
=» Phase: 1
= Bragg R-facter: 2.381
=> RF-factor : 2.036
=» Normal end, final calculations and writing...
=> CPU Time: 2.581 seconds
= 0.043 minutes

=> END Date:26/04/2010 Time => 17:52:28.956

Cyvele: = vZoS_dat

ZThets

Re-start now using the full range and put Tr£=0 in order to generate all reflections in
the new range. Run FullProf from WIinPLOTR by clicking on the button FP. You can
follow directly in the screen the progress on the refinement.

Now put Aut=1 and refine the cell parameters, the zero point and the U, v and W
parameters, some background intensities, as well as the eta0 and x parameters of the
pseudo-Voigt function. When the refinement converges the procedure is finished and a
series of output files have been generated depending on the values of some control
parameters.

Be careful with the automatic linear background selected by WIinPLOTR when
looking for peaks. This has to be submitted to inspection by an option of FullProf
(Pp1=2) allowing saving the background separately and then it can be superimposed
to the diffraction pattern. It is easy to see if there is some mistake of some points that
are too close to peak positions and then have to be changed and repeat the refinement.



A situation similar to that described above is provided in the following picture in
which we have represented also the background together with the normal
representation of the plot.
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The noticeable background point should be removed from the file!
A final refinement appears as below in WinPLOTR-2006:
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Notice that there are many more tick markers that experimental peaks in the diffraction
pattern. This is because we have used the space group P m 3 m without systematic extinctions




The output file after running a Le Bail fit
Primary integrated intensity file: CODFILnN.hkI

The format of this file depends on the value of the indicator Jbt. For Jbt=2 the header of
the file is similar to the following:

Pattern# 1 Phase No: 1 Y203 Lambda: 1.540600 CELL: 10.6046 10.6046 10.6046 90.0 90.0 90.0

576 0 0.00 SPGr: Pm 3 m <-- The number of effective reflections may be lower
2 0 0 6 3.783 0.346 16.7066 0.1023
2 1 0 24 0.233 0.174 18.6953 0.1022
2 1 1 24 153.099 1.179 20.4980 0.1022
2 2 0 12 0.981 0.233 23.7119 0.1022
2 2 1 24 0.263 0.099 25.1732 0.1023
3 0 0 6 0.263 0.099 25.1732 0.1023
3 1 0 24 2.121 0.271 26.5591 0.1024
3 1 1 24 5.644 0.339 27.8810 0.1025
2 2 2 8 1282.459 3.065 29.1476 0.1027
3 2 0 24 4.518 0.283 30.3658 0.1028
3 2 1 48 9.059 0.436 31.5413 0.1030

Notice that the wavelength, cell parameters and space group symbol are provided in order to
be used by other programs. The first three items in the second line are: Number of lines,
“numor” (number related to the use of ILL database, which is of no interest here) and
temperature of the sample.

The items of the rest of lines are:

h, k, 1, mult, Intensity, Pseudo-sigma, 2theta/T.0.F./Energy, FWHM

Here the intensity contains all geometrical and physical factors multiplying the square of the
structure factors. The units are counts x degrees or counts x micro-seconds or counts x keV,
depending of the scattering variable units.

In the case of Jbt=-2 the header of the file is as before except that in the place of the
integrated intensity the structure factors are written. Of course they are not in absolute units
when no information about the structure has been provided.

Exercise: Modify Jbt and put Tr£=0 in the previous PCR files to see what happens.

Determining the space group from powder patterns

The determination of the space group form powder patterns is much more difficult than with
single crystals. In some cases it is nearly impossible and one has to use other techniques, like
electron diffraction, to select a space group for solving the structure. However there are
several programs trying to provide some hints about the possible space group. In the FullProf
Suite there is a small utility for helping to find the space group. This is a program called
Check_Group that reads the primary hkl-file coming from the Le Bail fit (described in the
previous paragraph) and some indications from the user to classify the possible space groups
in terms of a merit figure.



The program can be invoked by clicking on the toolbar as indicated in the following panel:

# FullProf Suite ToolBar M= X |

File Programs Settings  FP Dimensions RunaSmpt Help

300 BlESE) Y 2@
=g -' SEIIH[H PCR nlmp
Wiorking Directory: |D:Fu of\Tumma\s\ Code File: y203_1 Type: PCR Date: |26/04,2010
C heck_Group
Check Group Program
General Information
CodeFile: [y203 11 Run
Title: [Space Group determination of Y203 <&
= Exit
Cell Parameters: ‘10.5046 10.6046 10.6046 90.0000 S0.0000 S90.0000
Lambda: 1.5406 Ciystallographic System: |Cubic L‘ [v Check centred lattices
Reflection File
File: ‘D'\FuHPlnI‘\Tulnlials\y?on1,th Browse. .
Fomat: [integrated Intensities (Powder data] _ |
Setting Parameters:
Intensity observed Def. [% Max. Intensity): 3.00 E
Max. Scattering Variable: 40.000 Min. FWHM distance between 2 adjacent reflections: |  1.5000

When the dialog opens the first thing to do is to click on the Browse button in order to select
the file generated by FullProf that has the name y203 11.hk1. This is the file that is
updated for each run of a Le Bail fit and contains all the information needed for running
Check_Group. After selecting the file all the appropriate boxes of the dialog are filled with
the stored information except the Title that should be introduced by the user if needed.

Once the information has been checked for correctness the used may play with the setting
parameters in the bottom part of the dialog. It is important not to go to very high angle in
order to avoid overlap as much as possible. If we let the default values (as shown in the panel)
and we click on the Run button, the program runs and shows the results that may also be seen
in the output file: y203 11.spg. The important part of this file is for our case:

=> LIST OF POSSIBLE SPACE GROUPS, a total of 23 groups are possible

Number (IT) Hermann-Mauguin Symbol Hall Symbol Merit
206 I a-3 -I 2b 2c 3 2.22
214 I 41 3 2 I 4bd 2c 3 2.00
211 I432 I 423 1.82
217 I -4 3m I -4 23 1.82
197 I23 I 223 1.82
229 Im-3m -I 423 1.82
204 Im-3 -1 223 1.82
199 I 213 I 2b 2c 3 1.82
222 Pn -3 n:l P4 2 3 -1n 1.67
223 Pm-3n -P 4n 2 3 1.33
218 P-4 3 n P -4n 2 3 1.33
201 Pn -3:1 P22 3 -1n 1.18
224 Pn -3 m:1 P 4n 2 3 -1n 1.18
205 P a -3 -P 2ac 2ab 3 1.18
213 P 41 3 2 P 4bd 2ab 3 1.11

This gives the ordered list of possible space groups.



One has to check properly the provided result because the final assignment is only possible
after solving and refining the crystal structure. In our case the first space group is the correct
one. The whole process of refining the profile with the Le Bail fit should now be repeated
starting with Ir£=0 and putting the space group | a -3 in the PCR file (let us suppose that we

have copied the file y203 1.pcr into y203 Ia3.pcr). After doing that the final
refinement looks like the following panel:

Z WinPLOTR-2006 Version: 0.50 =Joed
Eile Plot Profiles Options X space Calculations  Ext Applications  Tools  Help
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WDICVOLO4 solution (Automatic generated PCR file)
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The tick marks correspond only to the allowed Bragg reflections of the space group I a -3.

Notice that the density of tick marks is much lower than that corresponding to the holohedral
space group P m 3 m.

Other output files after running a Le Bail fit

Apart from the primary hkl-file used in Le Bail fits one can generate other files by putting the
items Hk1 and/or Fou with values different from zero. An interesting option is putting
Fou=4, the program then generates output files for GFourier to calculate a Patterson map.

Exercise: Put Fou=4 in the previous PCR files and run FullProf from WinPLOTR-2006.

BUEY

Use the program GFourier, by clicking on its corresponding icon in the FPS toolbar 3€! to
calculate and visualise the Patterson map.

Here we reproduce a corrected part of the manual of FullProf for the different Hk1 options.
The name of the generated file is CODFIL.hkl and contains the complete list of reflections of
each phase. This file can be used as a CODFILn.hkl files for new runs.
. Hkl=1
> If Job< 2
Code, h,k,I, mult,d,,,26, FWHM, |
> If Job >1
h,k,l, mult,1,.,26,d,,

obs 1 Icalc ) Iobs - Icalc



o Hkl =2,-2
Output for EXPO
h,k,I, mult,sin@/ 4,20, FWHM, F?, & (F?)

o Hkl =3,-3
Output of real and imaginary part of structure factors (only for crystal structures)
h,k,I, mult,F_,,F__ 26, Intensity

real * ' imag !

If HKI is negative the structure factors are given for the conventional cell,
otherwise the structure factor corresponds to the non-centrosymmetric part of
the primitive cell.
= Hk1l =4

Output of: h,k,I,F?,&(F?).

Where the quantity F? is the observed structure factor squared. The file

may be used as an input for a pseudo-single crystal integrated intensity

fileusing Cry=1 and Irf=4.
= Hk1l =5

Output of: h,k,I,mult, F., T\, dia s Qua

Where the quantity Fcac 1S the module of the calculated structure factor.
This file can be used as an input for Jot=-3 Irf=2 in order to perform
quantitative analysis without re-calculating the structure factors for each
cycle. The F¢qyc Values are given in absolute units for the conventional unit
cell.

If the user wants FullProf to use integrated intensities for making a simulated annealing work
for solving or completing the structure, the indicator Jvi, appearing when More=1 in the
line containing the number of atoms, that follows immediately after the mentioned line should
be put equal to 11 (Jvi=11). In such a case the program generates an additional file called
CODFILn_cltr.int in which the integrated intensities of overlapped clusters of reflections are
written. The header of this file (in our case y203 Ia31 cltr.int)is like:

! Phase No: 1 Y203 Overlapped reflections re-grouped -> Obs = j LP F"2
(314,2f16.5,14,3£14.4)
1.54060 0 2 0.0000
0.8100 0.0000

2 0 0 3.91339 0.33413 1 0.0000 0.0000 16.7060
2 1 1 146.11604 1.14988 1 0.0000 0.0000 20.4973
2 2 0 1.50771 0.24188 1 0.0000 0.0000 23.7111
3 1 0 0.51602 0.21285 1 0.0000 0.0000 26.5582
2 2 2 1243.60303 3.06322 1 0.0000 0.0000 29.1465
3 2 1 6.71182 0.41137 1 0.0000 0.0000 31.5402
4 0 0 295.82135 1.61802 1 0.0000 0.0000 33.7809
3 3 0 -1.00000 0.42124 1 0.0000 0.0000 35.8976
4 1 1 67.20276 0.59575 1 0.0000 0.0000 35.8976
4 2 0 13.68797 0.52158 1 0.0000 0.0000 37.9114
3 3 2 76.81688 0.91308 1 0.0000 0.0000 39.8381
4 2 2 12.02710 0.50658 1 0.0000 0.0000 41.6900
4 3 1 -1.00000 0.52226 1 0.0000 0.0000 43.4770
5 1 0 105.58928 0.73859 1 0.0000 0.0000 43.4770
11 6 3 33.77916 0.38284 1 0.0000 0.0000 138.7305
10 8 2 69.84793 0.91119 1 0.0000 0.0000 140.5987
9 8 5 -1.00000 0.18286 1 0.0000 0.0000 142.5442
11 7 0 -1.00000 0.18284 1 0.0000 0.0000 142.5442
12 5 1 -1.00000 0.18286 1 0.0000 0.0000 142.5442
13 1 0 39.44728 0.36570 1 0.0000 0.0000 142.5442



A negative value of the intensity means that the corresponding reflection contributes to the
first positive reflection following in the list. For instance the reflections (9 8 5), (11 7 0), (125
1) and (13 1 0) contribute altogether with an intensity of 39.44 to a single observation. The
degree of overlap can be controlled by the user modifying the parameters RMub and RMuc
(see the FullProf manual).

Solving the structure of Y,0;. lllustration of the use of simulated
annealing with FullProf

Let us assume that the space group of Y,03 is | a -3 which is the one having the highest figure
of merit after running the program Check Group. Let us also suppose that we have
determined the density and, knowing the cell parameters and the molecular weight we have
obtained that Z=16, so there are 16 formula units per unit cell. Using WinPLOTR, or looking
into the International Tables, we obtain the following set of Wyckoff positions (other than the
general position of multiplicity 48):

=> Special Wyckoff Positions for I a -3

Multp Site Representative Coordinates (centring translations excluded)
24 d %x,0,1/4 -x,1/2,1/4 0,1/4,x
1/2,1/4,-x 1/4,%,0 1/4,-%,1/2
-x,0,3/4 x,1/2,3/4 0,3/4,-x
1/2,3/4,x 3/4,-%,0 3/4,x,1/2
16 c X, X, X x+1/2,-x+1/2,-x -x,x+1/2,-x+1/2
-x+1/2,-x,x+1/2 -X,-X,-X -x+1/2,x+1/2,x
X,-%X+1/2,%x+1/2 x+1/2,%,-%x+1/2
8 b 1/4,1/4,1/4 3/4,1/4,3/4 3/4,3/4,1/4
1/4,3/4,3/4
8 a 0,0,0 1/2,1/2,0 0,1/2,1/2
1/2,0,1/2

We have 2x16=32 Y atoms and 3x16=48 O atoms. They can be distributed in a number of
ways.

It is clear that Y atoms should be in special positions and the total multiplicity should be 32,
so we are faced to three possible options:

a-Y: Three Y sites in the positions 8a, 8b and 16¢

b-Y: Two Y sites in the positions 24d and 8a

c-Y: Two Y sites in the positions 24d and 8b

d-Y: Two Y sites in the positions 16¢, 16¢’

For oxygen atoms, total multiplicity equal to 48, we have the following options:

a-O: A single atom in general positions 48e (compatible with all Y distributions)

b-O: Two O sites in the positions 24d, 24d’ (compatible with all Y distributions)

c-O: Three O sites in the positions 24d, 16c, 8a (incompatible with a-Y and b-Y)

d-O: Three O sites in the positions 24d, 16c, 8b (incompatible with a-Y and c-Y)

e-O: Three O sites in the positions 16¢, 16¢’, 16¢” (compatible with all Y distributions)
f-O: Four O sites in the positions 8a, 8b, 16¢ and 16¢’ (only compatible with option d-Y)

We have only 17 possible combinations of the two types of atoms that can be summarized as:



1:(a-Y, a-O) with 4 free parameters; 2:(a-Y, b-O) with 3 free parameters; 3:(a-Y, e-O) with 4
free parameters.

4:(b-Y, a-O) with 4 free parameters; 5:(b-Y, b-O) with 3 free parameters; 6:(b-Y,d-O) with 3
free parameters; 7:(b-Y, e-O) with 4 free parameters.

8:(c-Y, a-O) with 4 free parameters; 9:(c-Y, b-O) with 3 free parameters; 10:(c-Y,c-O) with 3
free parameters; 11:(c-Y, e-O) with 4 free parameters.

12:(d-Y, a-O) with 5 free parameters; 13:(d-Y, b-O) with 4 free parameters; 14:(d-Y,c-O)
with 4 free parameters; 15:(d-Y, d-O) with 4 free parameters; 16:(d-Y, e-O) with 5 free
parameters and 17:(d-Y,f-O) with 4 free parameters.

We can test all the configurations trying to determine the free parameters using simulated
annealing within FullProf, but, from the beginning we can consider the less reliable
configurations as those having three O sites on the ternary axes (those containing e-O), or two
Y sites on the ternary axes (those containing d-Y)

For the purposes of this tutorial we will use only two options, the options 1:(a-Y, a-O) and
the option 8:(c-Y, a-O) which is the good one.

For using simulated annealing we have to transform the PCR file y203 Ia3.pcr used for
the Le Bail fit into another one including atoms and able to work with the regrouped
integrated intensities stored in the file y203 Ia31 cltr.int. We will use the program
EdPCR (together with some manual editing) to modify y203 Ia3.pcr . First we copy
this file into another with the name y203 san.pcr. Now we should follow strictly the
steps below for transforming the PCR file in order to include atoms and make it adapted to
simulated annealing.

Steps for transforming a PCR file to another appropriate for simulated annealing

Step 1: Charge y203 san.pcr into the Toolbar and open EdPCR by clicking in the
corresponding icon.
Step 2: Click on the General button

% Editor of PCR Files ™
Elle Editor Tools Templates Help Exit

1] %Ol o] ] )| A 0 252 R ) .|| @) ]

Information

Title, type of job: Rietveld. Integrated Intensities, m
""""""" pr—r— Simulated Annealing,
\ {
i ‘\" FullProf V\) Type of Pal PatteNs
L | PCR b geamety
| ' Y Phase name, Ph
1 | \1 Editor \" contiibution to pat hases |
| |
‘ A A Number of cycles, relaxation factors, access o Refi
[ i y o [ A paitems and phases (atoms and profie) __Refnement_|
i A { 41 1A Al
= f A A | 7\ Constraints definitions, adding, deleting,
i 4 =) i { Constraints
=] (& 7| S SIS modifying
£ (IS =S

SIS
{ | \ (== { Fixing range of parameters, distances, angles, BowRestains |
e, i magretic moments and inea restraints LRt

Output options for patterns and phases: Output
Reflection lists, Fourier, distances, BVS 3

Copyright (c) 2002-2005. JGP - JARC

“D:\FPSchooI-ZD1D\Tuu3rlaIs\Y203\excercxses\y203_san Profiles: 1 Phases: 1 28/4/2010 |10:45:56

Step 3: Select Simulated Annealing Optimization (Integrated Intensities) and click on the
button S.A. Options. If you wish, you may change also the content of the Title box.

- General Information .W
Title
[WDIEVOLO4 solution (butematic generated PR fie)
Calculations
" Refinement/Calculation of a Powder Diffraction Profile
" Refinement on Single Crystal Diata / Integrated Intensity Data QK
& Simulated Annealing Dptimizatian (Integrated Intersiies) 5.4, Options e
I™ Optinize caleulations according to the paticular options used in this Job




Step 4: In the Simulated Annealing Options (Integrated Intensities) dialog (shown below)
change the Starting Temperature, the Cooling rate, etc, as shown below (do not forget ticking
the Scale factor calculated automatically checkbox). If we leave the Number of reflections to
be used in the current job equal to zero, the program will use all reflections existing in the
file y203 Ta31 cltr.int.

Simulated Annealing Options

Algarithm: |E0rana Algarithm wsing the whole interval az initial step [Adaptative Steps) ﬂ

General Conditions for Simulated Annealing

Initial Configuration: |Hand0m canfiguration j

Starting Temperature: | 10,000 Murnber of select best solutions (lower R-factor): 1 E
Cooling rate: 0.900 Murmber of reflections to be uzed in the current 20 E
Max. number of tested Temperatures: a0 E Lowest admissible average step for convergence: 0.003

Murber of Montecarlo cycles per Temperature:
[»10-20 times the number of free parameters] 130 E

Humber of Montecarlo eycles excluded from Seed for Random number Generator (Optional): 0
average calculations: 0 E E

Iv Scale factor calculated automatically

[ Allow interchange of atoms in 5.4, Algorithm each E Montecarlo cycles

M agnetic Structures

[Uzeful only when basis functions of lmeducible representations are used)

Mumber of coefficients to be switched between A -DK
real or pure imaginary: 0 E —

Coeflicient #1 |

Coefficient #2 [+ Eamed

Click on OK buttons to accept the changes in the current dialog and in the previous one for
coming to the general interface of EAPCR.

Step 5: Click on the Phases button and change the content of the Calculation box in the Phase
Information dialog to Structural Model (Rietveld Method), and then click on the
Contributions to pattern button.

Phase Information: Phase 1

General Information on Phases
Name of Phase: | Y203

Calculation: | Profile Matching with constant scale factor ~|
Structural Model (Rietveld Method) -~

Coefficie Magnetic Phase (Rietveld Method)

percentaffe of Magnetic Phase with magnetic moments in spherical mode (Rietveld Method] D

Contribution to patterns, preferred
orientation direction, reflection list, ...

Contribution to Patterns
Space Group symbol/number, symmetry

S| 1
operators, basis functions, etc &,
4 4 = X » b

Initial Previous Add Del Next Last

OK I Cancel |

Step 6: Change the content of the Reflection list box to Integrated Intensities, and then click
on the OK buttons to accept the changes in the current and previous dialogs. We can leave the
other default values because they are not used in simulated annealing work.



Pattern Contribution Information for Phase 1

Paltem 1 |F‘attem 2| Pattem 3| Pattem 4 | Patiem & | Pattemn 61| Patem 7|

¥ Cument Phase contributes to the pattern

~ Type of Paltern

@« ¥-Ray " Pattern Calculation [X-Ray]
" Neuton [Constant Wavelength)

MNuclear and tagnetic

© Paftern Caleulation [Meutron - Constant Wavelength]

" Pattern Caloulation [Meuton - 7.0 F )
" Neuton (T.0.F)
MNuclear and Magnetic

[ Peak Shaps
Pseudo-Voigt

= Codefilshp £ Global shp

Reflection list: |H_k, L Mult Intensity [read from CODFILAHEL)

H.E.LMultIntensity [read fram CODFILn.HEL)
H_E.LMult, Freal, Fimaqg (read from CODFILn.HKL)
Intearated Intensities

Brindlew coefficient W

Global weight of the integrated intensity data v prafile data: I—
[ oom
[ oo

aa

v Use spe

Factor for excluding reflections [ | < Factor * Sigmall] ]

\Weights are divided by reduced Chi*2 of precedent cycle

Cancel

Step 7: In the general interface of EAPCR click on the Refinement button and in the new
open dialog (Refinement Information) click on the Intensities button.

- Refinement Information

Cycles of Refinement | 10[2]
Stop Criterium of Covergence
Forced Temination when shits < [0.30 & E.5.0.
Others: Critetion of Convergence is NOT applied (Profile Matehing Mode) _» |

%]

Relaxation Factors for Shilts

Anisotropic | 1.00

Atomic | 1.00 Profile | 1.00

Global | 1.00

Reflections ordering

" Orly a the first oycle & Each cycle I~ Bragg RFactor exchading reflections lmiting excluded regions

|
|

Fieduction faclor of number of data points: | 0[]

" Unit Weights

Patien 1 | | | | | o Phase 1 | | | Prsse 41| | | raly
Refinement weighting model Atoms Prop. Vectars
% Least Squares Pattemns.
€ Masimum Likelihood LRI o c4 C (2

s
Further Parameters

HEKL Shifts \

0K

Cancel

Step 8: In the new open dialog click

accept the changes.

on the Fix All button and put to zero all Scale factors
except the first one and all the Extinction Parameters coefficients. Click on OK button to

Integrate Intensities: Phase 1 Pattern 1
- Cell Parameter
| | - b B sphs | bt | paws | Pefine &l
| Coefficierts [ 10.60460] 10.60460] 10.60460] 50.00] 50.00] 50.00] ﬂ
Fix Al
~Scals Factor
I e [ s [[ « I s [[ & T
| Cosficients | Too00Em] | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000) " |
~Estintion
e
Cosficients 0.0000 0.0000 0.0000 0.0000) 0.0000) 0
S : G




Step 9: In the Refinement Information dialog click on the Atom button and add the
appropriate number of atoms (in our case 4 atoms: 3 Y and 1 O). Fill the boxes with the atom
information with arbitrary values of the coordinates except for those that are in special
positions. One can use isotropic B equal to 0.3 for Y and 0.4 for O atoms. The occupation
factors should be proportional to the multiplicities of the sites. Click on OK button to accept
the changes in the current dialog and in the Refinement Information dialog for coming back
to the general interface of EdPCR.

Atoms Information: Phase 1

List of Atoms

Numberof Aloms: [ [] Option 1: (a-Y, a-0)
Label | Nip % v | z B | [ Therm. Fact. Frefine Posiions
Aom# 1|71 i 0.0000) 0.0000 0.0000) 0.30000) 1.0000f | 1sotropic
flomtt 2 [¥2 i 0.25000) [ zannn;: 0.25000] 0 :mnnoF i unnn;: Jsotiopic. Refine B_iso |
Aom# 3 |V3 aiz300) 0.12300) 0.12300) 030000 20000 | 1sotiopic -
Atorn 8 4 0 0 0.32100) 0. 57szur 0.89760) [i] -mnmnr E. uuuur |sotiopic Fefine B_aniso
.2 2 Fix Al
Arisotropic Thermal Factors / Form Factors
B11/F1 | | e2zw2 | | B33 | | eizre | | e1ass | | cdes | | F7 [T~
" T ] T Tl P F
0 =t =t =t =t =1 =
5 5 a =
: Occupations proportional to Pl
< | >

multiplicities. We have selected to take
- - Occ=1 for positions of multiplicity 8. e

4 -, Cancel
. =

Step 10: Click on the save button ler] (or select File — Save in the menu) of EAPCR in order
to save all changes. Now we have a template file that should be completed by editing with a
text editor. We can use the integrated editor within EAPCR, for that we select in the menu
Editor— Input Control File (.PCR) and then a new window opens with the content of the saved
file y203 san.pcr. The following changes have to be done:

1: Change the value of Nre to 4 (four free parameters, and four relations to be written below)
2: PutMore = 0 and remove the two lines below

3: Put codes to the free position parameters as written below (remember we are with the
option (a-Y, a-0):

I a-3 <--Space group symbol
IAtom Typ X Y 7 Biso Occ In Fin N_t Spc /Codes
Y1l Y 0.00000 0.00000 0.00000 0.30000 1.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
Y2 Y 0.25000 0.25000 0.25000 0.30000 1.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
Y3 Y 0.12300 0.12300 0.12300 0.30000 2.00000 0 0 0 0
11.00 11.00 11.00 0.00 0.00
o o 0.32100 0.67820 0.89760 0.40000 6.00000 0 0 0 0
21.00 31.00 41.00 0.00 0.00

4: Remove the refinement codes that may be still present for the cell parameters

5: Add four lines, just before the line with: ! T ini ..., containing the number of the
parameter (n), the range of variation (0 to 1), the step (put zero, the program will determine
that dynamically) and the value 1 for telling that we are dealing with periodic boundary
conditions in the value of the parameters (atom positions). The four lines should appear like:

! x-Lambda/2 + Not yet used parameters
0.00000 0.00000 0.00000 0.00000 0.00000
0.00 0.00 0.00 0.00 0.00
10101
20101
30101
40101
!' T ini Anneal Accept NumTemps NumThCyc InitConf
10.000 0.900 0.003 80 0 0



After the changes have been performed, save the edited file and close the editor. The EAPCR
program will ask for re-loading the PCR file, click on OK button to accept re-loading the file.

Click on the save button - (or select File — Save in the menu) of EAPCR in order to save
all changes and get the file prepared for running FullProf.

Running the simulated annealing job

If we run FullProf from the toolbar, it will take automatically the charged PCR file
y203 san.pcr as input and the toolbar will ask immediately for the intensity file. One
should select the file y203 Ta31 cltr.int.
The program runs and it can be easily verified that the R-factors of this possible solution stays
quite high (more than 99 %!):

/oS

¥+ FullProf Program
Load EditPCR Mode Run  Exit

=> NT: 6Z Tenmp: 0.02 (%Acc): 35.50 <8tep>: 0.0043 <R-facter> : 99,4161 »
=>» NT: 63 Tenmp: 0.01 (%Acc): 49.50 <8tep>: 0.0033 <R-facter> : 99,4159

=> NT: 64 Tenp: 0.01 (%Acc): 39.50 <8tep>: 0.0033 <R-factor> : 99,4004

=> NT: 65 Tenmp: 0.01 {%Acc): 48.50 <Step>: 0.002% <R-factor> : 99,4251

=»BEST CONFIGURATIONS FOUND BY Simulated Annealing FOR PHASE: 1

=» -» Configuration parameters | 201 reflectionsz):

=» Sol#: 1 RF2= 099.374 ::

=> ¥ ¥3 X 0 Y O Z 0

=x 1 2 3 4

=x 0.68508 0.4%863 0.0007 0.74%0

=> CPU Time: 17.264 zeconds

0.288 minutes

Function evaluaticns=: l=zo0= ¥2Zo2_Tazl_oltrs.int
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Now we can change the PCR file introducing the option 8:(c-Y, a-O) in which we have only
three atoms in the asymmetric unit. For doing that we can make a copy of the previous
y203 san.pcr file to y203 san Optionl.pcr for saving our first trial and now we
modify again the PCR file using whatever editor or directly EDPCR. The relevant part should
appear like:

I a-3 <--Space group symbol
'Atom Typ X Y Z Biso Occ In Fin N_t Spc /Codes
Y1 Y 0.25000 0.25000 0.25000 0.30000 1.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
Y2 Y 0.91341 0.00000 0.25000 0.30000 3.00000 0 0 0 0
11.00 0.00 0.00 0.00 0.00
0 0 0.11111 0.34444 0.88333 0.40000 6.00000 0 0 0 0
21.00 31.00 41.00 0.00 0.00

Before running FullProf with the new atom positions it is interesting to know that each time
you run a simulated annealing job, there is a generated file, called simann. fst that is



periodically updated in the course of the optimisation process. You can open this file using

FullProf Studio clicking in the corresponding button of the toolbar B and click on the
continuous reading button ® for updating the picture of the current crystal structure being
optimised by FullProf. Running now FullProf from the toolbar, we can see simultaneously

the evolution of the optimisation and the image with the evolving crystal structure.
wFullProf Program = 0Ed| [@Fpstudio Ver-2.0 Lo

Load ECitPCR Mode Run Exit

e File Crystal Structure  Magnetic stucture Options Help
: 6.6138 had olzlola

: 6.6074 JB LNl

r> i 6.6369 ] . r

r> :  6.5356 ’gﬂﬂ >
r> : 6.5968 i

r 6.5620
5.5237

=> NT: 45 Temp: 0.10 (3Acc): 42.50 <Step>: 0.0044 2
=> NT: 46 Temp: 0.09 (SAcc): 53.00 <gtep>: 0.0037
=> NT: 47 Temp: 0.08 (%Acc): 46.50 <Step>: 0.0037
=> NT: 48 Temp: 0.07 (SAcch: 41.50 <sStep>: 0.0037

(

(

(

=> NT: 49 Temp: 0.06 (3Acc): 50.00 <Step>: 0.0034
=> NT: 50 Temp: 0.06 (3Acc): 42.50 <gtep>: 0.0034 °
=> NT: 51 Temp: 0.05 (SAcc): 43.00 <ftep>: 0.0029 <R-factor

=>BEST CONFIGURATIONS FOUND BY Simulated Annealing FOR PHASE: 1
=> -> Configuration parameters { 201 reflections):

=> Sol#: 1 RF2= 6.425 ::

=> x_¥2 X 0 ¥ 0 z_o
=> 1 2 3 4
= 0.9671  0.1523  0.3802  0.391%

Function evalustiom=: 1022 y@e%_Iasil_cle=.inc
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The result obtained with the trial of the option 8:(c-Y, a-0), is directly the good one. You can
see that in the particular run shown in the above panel, the best RF2-factor is 6.4%! This may
change for different runs because we have selected a random seed depending on the clock of
the system. In any case the solution is easily found by simulated annealing. The final PCR file
y203 san.pcr is updated with the best solution found.

After solving the structure with the simulated annealing algorithm, one has just to copy and
paste the part of the PCR file containing the structural information into the PCR file prepared
for performing a Rietveld refinement. For doing that you just have to copy the file
y203 Ia3l.pcr into the file y203 Rietveld.pcr, edit this new file and do the
following changes:

1: In the line just below !Nat Dis Ang Prl Pr2 Pr3 ... put Nat=3, Jot=0 and
Irf=0. You may leave More=1 for later use.

2: Insert after the line containing the space group symbol, the block from y203 san.pcr
containing the list of atoms, and replace the scale factor for that of y203 san.pcr. In order
to avoid conflicts with previous refinement codes existing in the original PCR file it is
recommended to put all of them equal to zero in the structural part for a first run.

This part of the PCR file should be similar to this one:

!Nat Dis Ang Prl Pr2 Pr3 Jbt Irf Isy Str Furth ATZ Nvk Npr More
3 0 0 0.0 0.0 1.0 0 0 0 0 0 130066.562 0 5 1
!
!'Jvi Jdi Hel Sol Mom Ter Brind RMua RMub RMuc Jtyp Nsp Ref Ph Shift N Domains
11 0 0 0 0 0 1.0000 0.0000 0.0000 0.0000 0 0 0 0
!
I a-3 <--Space group symbol
'Atom  Typ X Y Z Biso Occ In Fin N t Spc /Codes
Y1 Y 0.25000 0.25000 0.25000 0.30000 1.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
Y2 Y 0.96711 0.00000 0.25000 0.30000 3.00000 0 0 0 0
0.00 0.00 0.00 0.00 0.00
¢} ¢} 0.15226 0.38021 0.39123 0.40000 6.00000 0 0 0 0

0.00 0.00 0.00 0.00 0.00



Running FullProf in Rietveld mode immediately converges without problems. Now we can
refine the atom positions and the thermal parameters together with all background and profile
parameters. A panel with the final refinement is shown below

i+ FullProf Program g@

Load EditPCR Mode Run Exit

-~

=» Convergence reached at this CYCLE !!!l: CYCLE No. 1
=» R-Factors: &.97 12.8 chizZ: 1.27 DW-gtat.: 1.&353 Patt#: 1
=>» Expected : 11.3 1.8527
=» Conventional Rietveld R-factors for Pattern: 1
=» Rp: 11.8 Rwp: 15.7 Rexp: 13.93 ChiZ: 1.27
=>» Global user-weigthed ChiZ (Bragg contrib.): 1.374
= —mmmmm - > Battsrn# 1
=> Phase: 1
= Bragg R-facter: 2.554
== RF-factor : 1.807
=> Normal end, final calculations and writing. ..

=> CPU Time: 1.477 seconds
=> 0.025 minutes
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A picture of the crystal structure and the final refined powder diffraction pattern is shown in
the figure below.

Rietveld refinement of Y203 (initial model from S.Ann.)
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One can modify the PCR file in order to make additional calculations, for instance,
interatomic distances, angles and bond valence sums. Add some information for FullProf
Studio in order to obtain a more appealing picture of the crystal structure, etc. We provide the
relevant part of the PCR file with additional items.



Y203 VARY xyz b

!

!Nat Dis Ang Prl Pr2 Pr3 Jbt Irf Isy Str Furth ATZ Nvk Npr More
3 0 0 0.0 0.0 1.0 0 0 0 0 0 130066.562 0 5 1

!

!'Jvi Jdi Hel Sol Mom Ter Brind RMua RMub RMuc Jtyp Nsp Ref Ph Shift N Domains
0 3 0 0 0 0 1.0000 0.0000 0.0000 0.0000 0 0 0 0

§

! Max dst(dist) (angles) Bond-Valence Calc.

3.5000 2.5000 BVS
! N cations N_anions Tolerance (%) / Name or cations/ and Anions
1 1 0.00

Y+3

0-2

!

I a-3 <--Space group symbol

'Atom  Typ X Y Z Biso Occ In Fin N t Spc /Codes

Y1 Y 0.25000 0.25000 0.25000 0.45776 1.00000 0 00O 1 #conn Y OO0 2.4

0.00 0.00 0.00 91.00 0.00

Y2 Y 0.96759 0.00000 0.25000 0.37000 3.00000 0 0 0 1 #poly Yl color 0 0 1 1
121.00 0.00 0.00 101.00 0.00

0 0 0.15175 0.38035 0.39107 0.30789 6.00000 0 OO0 2 #
151.00 141.00 131.00 111.00 0.00

l—————— > Profile Parameters for Pattern # 1

! Scale Shapel Bov Strl Str2 Str3 Strain-Model

0.36438E-06 0.52211 0.00000 0.00000 0.00000 0.00000 0

11.00000 71.000 0.000 0.000 0.000 0.000
! §) Y W X Y GauSiz LorSiz Size-Model
0.013715 -0.003012 0.010487 0.002738 0.000000 0.000000 0.000000 0
31.000 41.000 51.000 61.000 0.000 0.000 0.000
! a b c alpha beta gamma #Cell Info

10.604637 10.604637 10.604637 90.000000 90.000000 90.000000
81.00000 81.00000 81.00000 0.00000 0.00000 0.00000

The above part of the PCR file allows the calculation of bond valence sums and distances as
well as a picture of the structure like that of the final panel. Moreover summaries of the
structural parameters and bond valence calculations are provided in files y203 rietveld 1.cfl
and y203 Rietveld 1 sum.bvs part of which are shown below.

y203_Rietveld 1.cfl

Title CFL-file generated from FullProf for phase: Y203

Cell 10.604637(4) 10.604637(4) 10.604637(4) 90.0 90.0 90.0

SpGR I a -3

! Atom-strings in the order: Label, Species, x, vy, z, Biso, Occ [,2*Spin, charge]

Atom Y1 Y+3 0.25000 0.25000 0.25000 0.46(2) 1.00000
Atom Y2 Y+3 0.96759(4) 0.00000 0.25000 0.370(14) 3.00000
Atom O 0-2 0.1518(3) 0.3803(3) 0.3911(3) 0.31(6) 6.00000

y203_Rietveld 1 sum.bvs
Title: Summary of Bond-Valence calculations for file: y203 Rietveld 1.cfl

Atom Coord D_aver Sigm Distort (x10-4) Valence BVSum (Sigma)
Y1l 6.00 2.2875( 13) 0.000 3.000 2.904( 10)
Y2 6.00 2.2824( 13) 2.985 3.000 2.961( 10)
O 4.00 2.2836( 1lo) 2.245 -2.000 1.965( 8)
=> 01d Global Instability Index ( GII=SQRT{SUM{|BVS-abs(qg)|”2}/Num Atoms} ) = 6.33 /100
=> Normalized GII(a)= SUM {|BVS-abs(q)| *mult} /N_Atoms UCell = 4.25 /100
=> Normalized GII(b)= SUM {|BVS-abs(q)| *mult/abs(q)}/N Atoms UCell = 1.77 %

=> Normalized  GII(c)= SQRT{ SUM {|BVS-abs(q)|"2*mult} /N_Atoms UCell}= 4.62 /100



