FullProf Tutorial

How to work with symmetry modes using
FullProf and AMPLIMODES .
Two simple examplesCaTiOz; and LaMnO 3

Juan RodrigueZarvajal

Institut LaueLangevin, 6 rue Jules Horowitz, BP 156, Grenoble Cedex 9, France
E-mail: jrc@ill.fr -http://www.ill.eu/

We provide in this document an introduction to the use of the progudifdrof for working

with symmetry modes in the description of distorted structures. It is supposed that the reader
has already a minimalnlowledge of the meaning of symmetry modé& provide here a
summary of the most important concepts and mathematical formulae concerned with the
description of distorted structures in terms of symmetry modes. The reader is referred to the
literature to getr deeper insight into the method. In particular the recent articles

AMPLIMODES: Symmetry mode analysis on the Bilbao Crystallographic Server,
D. Orobengoa, C.Capillas, M.1. Aroyo and J.M. Pevkato, J. Appl. Cryst 42, 820 (2009)

Mode crystallograpy of distorted structures,
J.M. PerezMato, D. Orobengoa and M.I. AroyAgcta CrystA66, 558 (2010)

Reading these two articles is a egjuisite for using properly the method we explain here
After the introduction we explain in detail the main @weristics ofthe input controffile
intended to work with symmetry modea/e suppose that the reader is not an expert using
FullProf, so we provide in detail the steps for starting to work without being too much
worried with the intricacies of the inpabntrol file, called hereafter a PCR fi/e give also
information toprepae the PCR file for simulated annealinghen we want tadetermire a
crystal structure supposed to derive from a more symmetric strubtltiee steps are applied

to the case ofwto simple distorted perovskites (Cagi@nd LaMnQ) using neutron powder
diffraction. The methods explained in this document can be applied to struztuvkatever
complexity. Of course when the number of parameters is too high, the amplitudes olotained i
the refinement should be carefully and critically analysed because refinement may fall in a
local minimum.

Introduction to the symmetry mode analysis of distorted structures

In a displacive phase transition the symméargaking distortion (with respe¢o the high
symmetry phase) is mainbaused by the freezing of th@rimary mode, associatedith the

order parameter. In generalsecondary modeare also triggered at the transitionand can

have norzero amplitudes in the distorted structure. The sytrywaode analysis of a
structural phase transition consiststbe calculation of the amplitudesof the symmetry

modes frozenin the distortion characterized by tlegenvectorsof both primary and
secondary modes present in the distortion.

Modes are collective correlated atomic displacementsfulfilling certain symmetry
properties. Structural distortions can be decomposed into contributions from different modes
with symmetries given bireducible representationsof the parent space group.


http://www.ill.eu/

In general, thause of symmetryadapted modesin the description of distorted structures
introduces anatural physical hierarchy among the structural parameters This can be
useful not only for investigating thghysical mechanismghat stabilize these phases, but also

for pure crystallographic purposes

The team of the Bilbao Crystallographic Server has developed the computer program:
AMPLIMODES that allows an easy calculation of the decomposition in modes of a distorted
crystal structure with respect to a (virtual) higgmmetry structure. The originality of this
approach with respect to more cl assitheal one
polarization vectors are referred to the basis of the low symmetry phasallowing to use
conventional crystallographic amaches (asymmetric unit and space group operators) to the
crystal structure analysis.

Let r(m) be the positions of the atomgm=1, é s ) within an asymmetr
structure with space group. The asymmetric unit of the observed distorséicture with

lower space group, subgroup oH, will in general have a larger number of atoms due to the
splitting of the Wyckoff orbits iH.

r(mi)=r,( M) @ ( iy m=12,.s, i =1,2,.n,
um)=a A ,aim| b

t,m
The indicest and m label all possiblé distinct allowed symmetigtapted distortion modes.
The indext stands for the possible different mode symmetries, wihdendexm(m=1, & n
enumerates the possible different independent modes of a given synirhetrgode £, m) is
defined by the polarisation vectorsi{z,m| i)
One can refers to the global polarizatiorctee e (£, m), taking all atoms simultaneously, of
the mode £, m). The displacementf an atom £ i) related by the symmetry operatd®|[{}
to the atom £71) is given directly by:
u(mi)=Ru( ) B A RA M| i)
t,m
We need only the polarisation vectors of the atoms of the asyrmomutit the rest of
information is contained in the symmetry operators of the space grbamormalization of
the polarisation vectors is chosen to verify:

g mult,, |Gz, m| 7i)° =1
mi

fimult;,06 represents the multiplicitforthieyckoffpr i mi t
position ¢7r7i). The following orthogonality relation is verified by the polarization vectors:

a mult, &z, ml ) 0| Lim oL, G

mi
The distortion modes of the phase with grddighavingisotropy group equal toL can be
called primary , while those withisotropy groups given by subgroups of H which are
distinct supergroups of L, are usually termedecondary A primary distortion mode is
sufficient to produce the observed symmetry breaking betiveeparent andthe observed
structure, whilesecondary distortion modesalone would yielda higher symmetry.
It is also in general very convenient to express the global distortion in terms of the different
symmetry components (this is doneAMPLIMODES ):
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In the output files ofullProf after a refinement using symmetry modes all thopsantities
are calculated together with their standard deviations.

Summary of information for working with symmetry modes in FullProf

Below we providea part of the fil e fFolprefiSuite, mfwbichdi st r i
all the modifications to e FullProf manual are provided. This part concerns the
modifications of the PCR file introduced by the use of symmetry modes. The user may skip

this section in a first reading because the initial PCR file is automatically provided by
AMPLIMODES , however i is important to knowall the details if one wants texploit the

full functionality of FullProf with the symmetry modes option.

AMPLIMODES and FullProf: Symmetry modes crystallography

Instr  uctions for working with symmetry modes (from fp2k.inf)

All useful comments on this matter in the file "fp2k.inf" have been included below in the
opposite  sense (from older to newer) of that i n the "fp2k.inf" file.

Dates of changes in FullProf: 29 August 2008
8 October 2008
11 January 2009
16 January 2009
20 May 20 10

In the present version of FullProf the refinement of a crystal structure can be done

in terms of symmetry adapt ed modes. FullProf uses the output of the program AMPLIMODES
from the Bilbao Crystallographic Server (http://www.cryst.ehu.es/cryst/amplimodes.html)

The free parameters, instead of atom positions, are the amplitudes of symmetry modes.

The provided atom positions should not be refined. They are given as a reference of the

High Symmetry (HS) phase described in the Low Symmetry (LS) frame.

This option is accessible by putting the variable JBT=6.

The input is exactly the same as for JBT=0, except that no refinement codes are allowed for
atom positions. This is taken into account by the program when Aut=1 (automatic mode).

If Aut = 0 it is the responsibility of the user to nullify the refinement codes of the atom

positions.

The le ngth of the label of an atom has been increased to 6 characters. This implies a small

change in the format of the PCR files that is transparent to the user.

Extra input:

- The number of further parameters should be equal to the number of indep endent symmetry
modes (N_modes). This is, in principle, less or equal to the number of free position
parameters allowed to be refined in the conventional description of the low symmetry
phase.

- After the conventional atom lis t (before providing the scale factor, etc ...) the
keyword: V_MODES followed by an integer (N_vector_modes) should be given. In general
N_vector_modes >= N_modes.

- A set of N_vector_modes lines should be given. In each line one should provide
the number of the concerned mode, the atom label (up to 6 characters) to which the
vector makes reference (atoms of the asymmetric unit), the label of the irreducible
representation to which belong the mode (up to 6 character s), the three components of
the polarisation vector referred to the low symmetry conventional crystallographic
basis and a numeric coefficient (normally 1.0) used for normalisation purposes.

- The above set of lines must be follo wed by the keyword A_MODES and the number of
effective independent modes (N_modes).

- The integer value N_modes can be optionally followed, in the same line, by a set of



N_modes integers, p_modes(1:N_modes), of values 0 or 1 for indica ting the program to
Output files for FullProf Studio of individual modes. If nothing is given the program
assumes p_modes(1:N_modes)=0.

The files contain single modes virtual structures (codefil_n_mode_j.fst for

codef il.pcr, n: number of the phase, j: number of the mode when p_mode(j) = 0)

corresponding to the presence of a single mode. In the case of p_mode(j)=1 the
codefil_n_mode_j.fst file contain the structure of the high temperature (described in

the low symmetry frame) together with an arrow description of the atom displacements
corresponding to the single mode j.

- A set of N_modes lines containing the name of the amplitude parameter (normally of the
form Qj_Label_lrrep, with j=1:N_modes) the value of the amplitude and its refinement
code.

FullProf uses this extra information for calculating the effective fractional coordinates
of each atom in the asymmetric unit of the LS phase. The component k of the v ector position
for the atom j, rLS(k,j), is calculated using the expression:

rLS(k,j) = rHS(k,j) + U(k,j)
U(k,j) = Sum{m=1,N_modes} ( Q(m) * vect(k,m,j) * coeff(m) )

Where rHS(k,j) is the k - component of the vector po sition of atom j given the list of atoms
and correspond to the high symmetry phase referred to the low symmetry basis. Q(m) is the
amplitude of the mode numbered "m", vect(k,m,j) in the k component of the polarisation vector
of the  mode m for the atom j a nd coeff(m) is a constant coefficient provided by the user for
normalisation purposes.

In the general case coeff(m)=1, but if several symmetry modes, for instance from m=i+1
m=i+n, belong to the same representation, Dv, we can define a vector of amp litudes for the
form:  VQ ={Q(i+1), ...Q(i+n)} that may be treated as a single parameter.
If one knows the ratios between the amplitudes, so that VQ= Qv {r1,r2 ... rn} and
{r1,r2,....m} is normalized to 1.0, the coefficients coeff(m) can be identified to
ratios. Then using the same amplitude Qv for all the modes of the representation the
coefficients are: coeff(i+j)= rj.

Of course the values of the refined amplitudes depend on the numerical values used for the

components of the polarisation vector s as well as the values provided for coeff(m). The final
displacement vectors U(k,j) in fractional units are independent of the particular values used
for coeff(m) because the amplitude Q(m) will change consequently in order to keep the

appropriat e product  Q(m)*coeff(m).

The program generates always CFL and FST files containing the conventional description of

the final crystal structure together with single mode FST files. The standard deviations of
the atoms positions are calculated using the propagati on error formula neglecting the
correlation between the refined amplitudes of the modes.

The relevant portion of the PCR file corresponding to the default example given in the Web
page of the AMPLIMODES program is given below. Notice that the first amp litude (concerning
only the Ba atom) is fixed to zero because the origin is floating along z due to the polar
nature of the space group.

! Data for PHASE number: 1 ==> Current R_Bragg for Pattern# 1. 0.79
}

BaTiO3 FIX xyz
!
INat Dis Ang Prl Pr2 Pr3 Jbt Irf Isy Str Furth ATZ Nvk Npr More
4 0 0000010 6 0 0 0 5 967.370 0 7 O
!
Amm?2 < -- Space group symbol
IAtom Typ X Y Z Biso Occ InFin N_t Spc /Codes
Bal BA 0.00 000 0.000 00 0.000 0 0.47643 0.25000 000 1 #color grey conn T 0 0.0 2.2

0.00 0.00 0.00 151.00 0.00
Til TI  0.50000 0.00000 0.50000 0.24156 0.25000 O O O 2 #color green poly Til
0.00 0.00 0.00 161.00 0.00
012 O 0.00000 0.00000 0.50000 0.58601 0.25000 0 O O 3 # color cyan
0.00 0.00 0.00 171.00 0.00
o1 O 0.50000 0.25000 0.25000 0.51687 0.50000 0 0 0 3 # color cyan
0.00 0.00 0.00 181.00 0.00
! Polarisation Vectors of Symmetry Modes for each atom

V_MODES 8

I'Nm Atm  Irrep Vx Vy Vz Coeff
1 Bal GM4 - 0.000000 0.000000 0.176512 1.00000
2 Til GM4 - 0.000000 0.000000 0.176512 1.00000
301 GM4 - 0.000000 0.062406 0.062406 1.00000
3012 GM4 - 0.000000 0.000000 0.124813 1.00000

4 01 GM4 - 0.000000 -0.088256 0.088256 1.00000

to

the



4012 GM4 - 0.000000 0.000000 0.000000 1.00000

501 GM5 - 0.000000 -0.062406 -0.062406 1.00000
5012 GM5 - 0.000000 0.000000 0.124813 1.00000
I Amplitudes of Symmet ry Modes
A MODES 5 11111
Q1_GM4 0.000000  0.000000
Q2_GM4 0.098947  21.000000
Q3_GM4 -0.085383 31.000000
Q4_GM4 -0.120367 41.000000
Q5_GM5 -0.006086 51.000000
I > Profile Parameters for Pattern # 1
! Scale Shapel Bov  Strl  Str2  Str3 Strain - Model

4.0008 0.00000 0.00000 0.00000 0.00000 0.00000 0
11.00000 0.000 0.000 0.000 0.000 0.000
! U \% W X Y GauSiz LorSiz Size - Model
0.176029 -0.197814 0.091459 0.000000 0.030062 0.000000 0.000000 O

- If the value of p_mode(1)=2 (see note of 29 August 2008) the other
values are not needed. The program interprets this value as and indication
to output i n the FST and OUT files the structures corresponding to
single irreducible representations (Irrep). All modes corresponding to
a single Irrep are combined in the FST file.

>> 11 January 2009: New options for output of symmetry modes in the FST files

- The size of the labels for irreducible representations has been increased from 6
to 12 characters.

- Itis possible to use the initial option putting ALL modes explicitly with O
for output the distorted structure corresponding to a single symmetry mode or
1 for output of the ideal structure plus arrows indicating the atom displacements.
(see note of 29 August 2008)

If no separate output for FST files are a sked the user should put just p_mode(1)=

If the user asks for output of ALL the modes using arrows only p_mode(1)=N_modes
(where N_maodes is the total number of modes) has to be given. If true distorted
structures are needed then: p_mod e(l)= - N_modes.

If the user asks for grouping all the modes of an irreducible representation using

arrows then p_mode(1)=2 (see note of 8 October 2008), if the true structures are

to be represented then p_mode(1)= - 2. In both cases all t he irreducible representations
are output in separate FST files.

If the user asks for only a set of modes to be represented the items to be provided
instead of the integers p_mode(1:N_modes) are as:

! Amplitudes of Symmetry Modes
A_MODES N_modes Nrm ip(1) ip(2) ip(3) ...... ip(Nrm)

Nrm : Total number of modes to be output in FST files

ip(i) : Number of the mode to be output (if positive, arrows will be used to mimic
atom displacement s, if negative the true corresponding distorted structure
is output in the FST file)

Examples: (Only the relevant line of the PCR file is given)

A_MODES 7 7 - > all the 7 independent modes are represented by displacement vectors (arrows)
A_MODES 7 -7 - > all the 7 independent modes are represented by virtual distorted structures

A_MODES 7 -3 - > No output of independent modes in FST files

A_MODES 7 2 - > Modes regrouped in an FST file pe r irreducible representation (arrows)
A_MODES 7 -2 - > Modes regrouped in an FST file per irreducible representation (structures)

A_MODES 7 1110110 - > Explicit output of all modes (1: arrows, 0: distorted structure)
A_MODES 7 413 -4 7 - > Only the 4 modes 1,3,4 and 7 are ouput in FST files. All of

them, except the mode 4, are represented by arrows.

>> 16 January 2009: Constraints on amplitudes of symmetry modes

- A new keyword has been introduced in the PCR file in order to globally apply



a box costraint for the amplitudes of symmetry modes. The keyword is

"Max_Amplitude" and should appear

just below the line defining the number

of modes and the output conditions for the FST file. If the keyword does not
appear no constraint is applied to the amplitudes unless Nre /= 0 and the

box constraints on amplitudes are explicitly de

is needed presently for the simulated annealing mode.

Example:
3 011 M4
! Amplitudes of Symmetry Modes
A_MODES 3 2
Max_Amplitude 1.0000
Q1_GM1+
Q2_GM1+

0.044319  31.000000

-0.158626 41.000000

scribed. This last method

-0.045281 0.045281 0.000000 1.000000

In the above example the amplitudes (in angstroms) of the symmetry modes are

limited to values within the interval [

>> 20 May 2010:

-1.0,

1.0]

New message in FullProf for symmetry modes.

- A stop message is output in FullProf when one uses two phases treated with

symmetry modes in case the second phase has more polarisation vector

first one. For multiphase diffraction patterns to be treated with symmetry
adapted modes, the phase with the greater number of distinct polarisation vectors
should be put as the first phase in the list given in the PCR file.

s than the

The initial PCR file obtained automatically from AMPLIMODES

We will illustrate the procedure with the case of the perovskite GaTi@ will consider that

we do not know the crystal structure of this material; however we know the unit cell
parameterga= 5.441A, b=7.645 A,c=5.380 A, the number of formula units Z=4 in the cell,

the space group (Pha #62 and the matrix and origin translation relating the orthorhombic
unit cell with that of the cubic high symmetry phaae,(2b, a+c : 000. We know that the
structure derives from the ideal perovskiten@m #221) containing a single formula unit

with atoms in positions: Ca 1(1/2,1/2,1/2), Ti 140,0,0), O 3€(1/2,0,0). The cubic cell
parameter of this ideal structure can be obtained from the cell voluansigle formula unit

in the orthorhombic phase/V4 8 2 2 3 . 7 9 /aA(W4)'64.39.58 2 4 6 |

To generate a PCR template file one has to connect to the Bilbao Crystallographic Server

(BCS) at URL: http://www.cryst.ehies/

In the home pagen has to click on thAMPLIMODES program in the sectioBolid State
Theory Applications. Once the page appears one can go directly tétheLIMODES for

FullProf Suitep a g e c |

by

c ki

on the

ng

symmetry structure should be typed as shown in the figures below:

" Enter the high symmetry
structure according to the
template already,provided

i hioa of¢hehighut t on

F e coefficients of the
" transformation matrix (a'=a-c,

0

Only the number of the low
" symmetry space group and
the unit cell parameters are :

needed mim T )

" b'=2b,c'=a+c) arT\tided as

Figure 1:
Server

Initial pages oAMPLIMODES for FullProf Suite in the Bilbao Crystallographic


http://www.cryst.ehu.es/

After clicking on the buttorfi s h o wo , t he r etsyurodegdecampositioh &e sy mm
shown, as well as a text that should be pasted in the PCR file already prepared by the user.
This is shown irfigure 2:

} Symmetry modes for FullProf - Mozilla Firefox

%) Symemetry modes for FullProf - Mozilla Firefox

BN Aoy Mg ory I oo S ok B He Be Edt Wew Hgtoy Bookmats bok beb
e tetrons for scisnice ; Publications . = | | ] Symeetry modes for Fullrol | L) Wtpiive. phscs..Msmamccbatapzont < | + = L2118 2 Meutrons for scmnce : Publkations: | L Mtpifiwome physics.  Vmamerbshopaons] - | +
&) it v, s shu. ook modes A i it — MRS <« e o cryst o 5corbecrytipeonysmsfroh ol modes [SHE BT e——
(B Mot Visted @ Gating S2arted (B Latest Hesclines Summary of 21 Most Visted @ Gettng arted (5 Latest Maadinas
Symmetry Modes Summary symmetry modes ! o
(Atoms [WP Modes Sowweass| decomposition and
o1 3d |RA+(1) RS+(1) X5+(1) M2+(1) M3+(1)| [ Show Text to copied in
Cal 16 |RS+(1) X5+(1) Show 1_|_'e- P file
Summary of Decomposition rar e o b4 : Text to be copied in
« 65366
icvector  [imep [Direction  [E0TOFY | Dimension RS+ 00000 the PCR file and
(112.12,172) [R4+ [(-2.2.,0) Imma (74) 1 ey : e e X button “here” to
(V2.172.112) [R5+ |(a.2.0) imma (74) 2 o b .inosl ez21 1 create a template of
©.120) |5+ [(2.0.0.0.0.0) [Cmem (63) 2 Wee o ; .
(1/2.1/20) |Mm2+](0.0.8) Pd/mbm (127) 1 PCR file for
(112,12,0) [M3+[0.0.8) PA/mbm (127) 1 calculations with
FullPfof
You cen copy end paste the following text on your per file
T ‘ i Fin t Code
- ovwnload the full pcr file for a default neutron simulation [_here | d

F'i'gu're 2: Results ofAMPLIMC')D'ES for FullProf Suite . Notice that the amplitudes in the
text for the ER file are all zero. This is always the case when we do not provide the crystal
structure of the low symmetry phase.

If the user has no PCR file preparéé, Ghe) can generate automatically a PCR file from the
BCS by clicking on the buttofi h e r e 0in thehrightvpanel of figure ZLlhe complete PCR
file generated in the present case of CaTsopied below:

COMM AMPLIMODES for FullProf

| Files => DAT - file: myDAT _file PCR - file: myPCR_file

1 Job Npr Nph Nba Nex Nsc Nor Dum lwg llo las Res Ste Nre Cry Uni Cor Opt Aut
3 710200100000000001

!

llpr Ppl loc Mat Pcr Ls1 Ls2 Ls3 NLI Prf Ins  Rpa Sym Hkl Fou Sho Ana
0010104003 0 000OO0O0DO

!

!lambdal Lambda2 Rati 0 Bkpos Wdt Cthm muR AsyLim Rpolarz - >Patt# 1

1.227200 1.227200 0.0000 50.000 10.0000 0.0000 0.0000 170.00 0.0000
!
INCY Eps R_at R_an R_pr R_gl Thmin Step Thmax PSD SentO
1 0.10 1.00 1.00 1.00 1.00 1.0000 0.050000 170.0000 0.000 0.000
!
! Excluded regions (LowT HighT) for Pattern# 1
0.00 2.00
170.00  180.00

!
!
7 'Number of refined parameters
I

! Zero Code SyCos Code SySin Code Lambda Code M ORE - >Patt# 1
0.00000 0.0 0.00000 0.0 0.00000 0.00.000000 0.00 O
I Background coefficients/codes for Pattern# 1
100.00 0.0000 0.0000 0.0000 0.0000 0.0000
0.000 0.000 0.000 0.000 0 .000 0.000
|

| Data for PHASE number: 1 ==> Current R_Bragg for Pattern# 1: 0
|

AMR.IMODES for FullProf FIX xyz

|

INat Dis Ang Prl Pr2 Pr3 Jbt Irf Isy Str Furth ATZ Nvk Npr More

4 0 0 000010 6 0 0 07 0.000 0 7 O

062 < -- Space group symbol

IAtom Typ X Y Z Biso Occ InFin N_t Spc /Codes

Cal CA 0.000000 0.250000 0.500000 0.500000 0.500000 0 0 0 1
0.00 0.00 0.00 0.00 0.00

Til TI  0.000000 0.000000 0.000000 0.500000 0.50000 0000 1
0.00 0.00 0.00 0.00 0.00




o1 O 0.250000 0.000000 0.250000 0.500000 1.000000 0 0 0 1
0.00 0.00 0.00 0.00 0.00

012 O 0.000000 0.250000 O .000000 0.500000 0.500000 0 0 0 1
0.00 0.00 0.00 0.00 0.00

| Polarisation Vectors of Symmetry Modes for each atom

V_MODES 12
I'Nm Atm Irrep VX Vy Vz Coeff
101 R4+ 0.00 0000 - 0.032683 0.000000 1.00

101_2 R4+ 0.000000 0.000000 0.065366 1.00
2Cal R5+ 0.000000 0.000000 0.092442 1.00
301 R5+ 0.000000 0.032683 0.000000 1.00

301 2 R5+ 0.000000 0.000000 0.065366 1.00

4Cal X5+ 0.092442 0.000000 0.000000 1.00
501 X5+ 0.000000 0.000000 0.000000 1.00

501_2 X5+ - 0.092442 0.000000 0.000000 1.00

601 M2+ - 0.046221 0.000000 -0.046221 1.00
6 01_2 M2+ 0.000000 0.000000 0.000000 1.00

701 M3+ 0.046221 0.000000 -0.046221 1.00

7012 M3+ 0.000000 0.000000 0.000000 1.00

IAmplitudes of Symmetry Modes
A_MODES 7 2

Al_R4+ 0.000000 1.00

A2_R5+ 0.000000 1.00

A3_R5+ 0.000000 1.00

Ad_X5+ 0.000000 1.00

A5_X5+ 0.000000 1.00

A6_M2+ 0.000000 1.00

A7_M3+ 0.000000 1.00
!

! Scale Shapel Bov Strl Str2  Str3 Strain - Model
2.00 0.00000 0.00000 0.00000 0.00000 0.00000 0
0.00000 0.000 0.000 0.000 0.000 0.000
! U \% w X Y GauSiz LorSiz Size - Model
0.176020 -0.197809 0.091458 0.000000 0.030039 0.000000 0.000000 O
0.000 O .000 0.000 0.000 0.000 0.000 0.000
! a b c alpha  beta gamma  #Cell Info
5.408801 7.649200 5.408801 90. 000000 90.000000 90.000000 #box -0.15 115 -0.151.15 -0.151.15
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

| Prefl Pref2 Asyl Asy2 Asy3 Asy4 S L DL
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
| 2Th1/TOF1 2Th2/TOF2 Pattern# 1
10.000 100.000 1

The file above is prepared for the calculation of a neutron diffraction paftetr3( ) similar

to those produced by the instrument 3T2 at Laboratoire Léon Brillouin. The éileowmay be

used as a templatbat should be modifietbr the particular diffraction measurements done

on the sampléWe have emphasised in red the variables that have ¢gdrguallymodified.

Notice that the cell parameters written in the file cqroesl to the ideal orthorhombic cell
deduced from the cubic cell applying the transformation matrix given in the input of
AMPLIMODES instead of the real cell parameters. This is so because, strictly speaking, the
orthogonality ofthe polarisation vectors igerified exactly only in this cell. In practice one

has to write the real cell parameters for refirexgerimentatiata.

The file, asproduced byAMPLIMODES , can be used for making a calculation with
FullProf . Opening thd-ullProf Suite toolbar (FPStoolbar), selecting the working directory
(File  menu), loading the just created PCR file (left butt®earch Input Files ) and
clicking on theFullProf  button, FullProf is launched. Therogram processdbe input
data and produces files for further inspetand plotting.

In the following figures one can see the process:
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Figure 3: RunningFullProf wi t h t he fias gener at edperoBk@eR f i | e

top left panel) and the file modified using real cell parameters and some reasobédtdey
values for the amplitudes of the modes (top right panel). In the bottom panels, pictures of the
atom displacements corresponding to two Irreducible Representations (Irreps) are shown. The
pictures of the left panel are produced automatically widpem theFullProf generated files

(*.fst) with FullProf Studio by clicking on the buttol. The bottom right panel showing
polyhedral representation are generated by editing the *.fst files and adding the instructions:
ConnTl 0022 andPolyTil |, afterthe list of atoms

The automatically generated PcfiRe for CaTiO; by AMPLIMODES has been called
bcs_template_cti.pcr , and the manually modified file in which we have introduced
the real cell parameters and rpero reasonable values (lower than 1 A)tfer amplitudes is
calledbcs_modified_cti.pcr

COMM AMPLIMODES for FullProf

! Files => DAT - file: myDAT _file PCR - file: myPCR_file

1 Job Npr Nph Nba Nex Nsc Nor Dum lwg llo las Res Ste Nre Cry Uni Cor Opt Aut
3 71020010000 000O0O0O01

!

llpr Ppl loc Mat Pcr Ls1 Ls2 Ls3 NLI Prf Ins  Rpa Sym Hkl Fou Sho Ana
0010104003 0 000OO0O0CO

!

!lambdal Lambda2 Ratio Bkpos Wdt Cthm muR AsyLim Rpolarz - >Patt# 1

1.227200 1.227200 0.0000 50.000 10.0000 0.0000 0.0000 170.00 0.0000
!
I'NCY Eps R_at R_an R_pr R_gl Thmin Step Thmax PSD SentO
1 0.10 1.00 1.00 1.00 1.00 1.0000 0.050000 170.0000 0.000 0.000
!
! Excluded regions (LowT HighT) for Pattern# 1
0.00 2.00
170.00 180.00

0 !Number of refined parameters



| Zero Code SyCos Code SySin Code Lambda Code MORE - >Patt# 1
0.00000 0.0 0.00000 0.0 0.00000 0.0 0.000000 0.00 O
|

| Data for PHASE number: 1 ==> Current R_Bragg for Pattern# 1: 0
|

AMPLIMODES for FullProf FIX xyz
!
INat Dis Ang Prl Pr2 Pr3 Jbt Irf Isy Str Furth ATZ Nvk Npr More
000 000010 6 0007 0.000 0 7 O
062 < -- Space group symbol
| Scale Shap el Bov Strl Str2 Str3 Strain - Model
2.00 0.00000 0.00000 0.00000 0.00000 0.00000 0
0.00000 0.000 0.000 0.000 0.000 0.000

! U \% w X Y GauSiz LorSiz Size - Model
0.176020 -0.197809 0.091458 0.000000 0.030039 0.000000 0.000000 O
0.000 0.000 0.000 0.000 0.000 0.000 0.000
I a b c alpha  beta gamma  #Cell Inf o]
5.408801 7.649200 5.408801 90.000000 90.000000 90.000000 #box -0.151.15 -0.15115 -0.151.15

0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

Preparing a PCR file for refining experimental neutron diffraction data

Up tonow, the PCR files we have used allow us to make a simulation of a powder diffraction
pattern;we have to do some more work for treating real experimental data.

Let us open the provided data file corresponding to Cata®en at amedium resolution
neuton powder diffractometer, using the wavelengthl.249A. The format of the file
corresponds tans=0 in FullProf and the initial U, V andN parameters controlling the
Gaussian part of tieWHM of Bragg peaks ar&i=0.646, V= -0.309 andW=0.142.

UsingWinPL OTR-2006(button@ in the FPStoolbar) we open the file called CaTiO3.dat
selecting the free format (default) option and we proceed with the generation of a background
file to be pasted in the PCR file. This is illustrated in the following fig(#esnd 9:

B wi
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Figure 4: Selecting the Background option WiinPLOTR -2006 using the manual insertion
of points for skecting alinear interpolated background in the PCR file.
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Figure 5: Saving the Background points into a file that has to tstedain the appropriate
PCR file. In the present case there are 16 background points selected.

Once the background points have been saved in a file, we adapt the file
bcs_modified_cti.pcr to treat real data by copying it into another file
(CaTiO3ref.pcr ), putting Job=1 (experimentalneutron datawill be treatedl, the real
wavelength and UV\Wparameters, etc. We include also the background points as shown
below in the fileCaTiO3ref.pcr (important items are emphasised in red)

COMM CaTiO3 Symmetry Mod es

| Files => DAT - file: bcs_modified_cti, PCR - file: bes_modified_cti

1Job NprNph Nba Nex Nsc Nor Dum lwg llo las Res Ste Nre Cry Uni Cor Opt Aut
1 71 16 200 0 000O0OO0OO0OOOOOT1

!

llpr Ppl loc Mat Pcr Ls1 Ls 2 Ls3 NLI Prf Ins  Rpa Sym Hkl Fou Sho Ana
0010104003 0 00O0O0OO0OO

!

! lambdal Lambda2 Ratio Bkpos Wdt Cthm muR AsyLim Rpolarz - >Patt#l
1.24900 1.24900 0.00000 50.000 10.0000 0.0000 0.000 0 170.00 0.0000

INCY Eps R_at R_an R_pr R_gl Thmin Step Thmax PSD SentO
15 0.10 1.00 1.00 1.00 1.00 1.0000 0.050000 170.0000 0.000 0.000
| Position ~ Background_value

10.21211  446.13547

17.21063  437.90280

24.48908  429.67017

36.52652  433.78644
! Excluded regions (LowT HighT) for Pattern# 1

0.00 2.00

170.00  180.00
|

2 'Number of refin ed parameters
!
I Zero Code SyCos Code SySin Code Lambda Code MORE - >Patt# 1
0.00000 1.0 0.00000 0.0 0.00000 0.00.000000 0.00 O

!
| Data for PHASE number: 1 ==> Current R_Bragg for Pattern# 1: 0.00
|

AMPLIMODES for FullProf ~ FIX xyz

!

INat Dis Ang Prl Pr2 Pr3 Jbt Irf Isy Str Furth ATZ Nvk Npr More
4 0 0000010 6 0 0 0 7 543913 0 7 O

!
062 < -- Space group symbol
IAtom Typ X Y Z Biso Occ In Fin N_t Spc /Codes



Cal CA 0.00000 0.25000 0.50000 0.50000 0.50000 0 O 0 1
0.00 0.00 0.00 0.00 0.00
Til TI  0.00000 0.00000 0.00000 0.50000 0.50000 0 O O 1
0.00 0.00 0.00 0.00 0.00
7 01 M3+ 0.046221 0.000000 -0.046221 1.000000
7 01_2 M3+ 0.000000 0.000000 0.000000 1.000000
I Amplitudes of Symmetry Modes
A_MODES 7 2

Al R4+ 0.800000 .000000
A2_R5+ - 0.100000 .000000
A3_R5+ 0.300000 .000000
Ad_X5+ 0.700000 .000000
A5 X5+ 0.100000 .000000
A6_M2+ 0.020000 .000000
A7_M3+ 0.100000 .000000
D meeeee > Profile Parameters for Pattern # 1
I Scale Shapel Bov Strl Str2  Str3 Strain - Model
1.0000 0.00000 0.00000 0.00000 0.00000 0.00000 0
1.00000 0.000 0.000 0.000 0.000 0.000
! U \ W X Y GauSiz LorSiz Size - Model
0.64600 -0.309000 0.142000 0.000000 0.000000 0.000000 0.000000 O
0.000 0.000 0.000 0.000 0.000 0.000 0.0 00
I a b c alpha  beta gamma  #Cell Info

5.441000 7.645000 5.380000 90.000000 90.000000 90.000000
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

We have todunch the progra FullProf after loading the file in the FPS toolbar and using
only two free parameters (notice that the amplitudes of the modes have been fixed to arbitrary
values): thescale factorand thezero-shift. For refining these parameters one has tolpit

in the place of the corresponding refinement code obtain thepictureshown infigure 6:

¥ FulProf Program EEIX) TErutrofprogram
load EdiPCR Mode Run Ext o un
=> Pattern: 1 Cali03 1 &
=> Ordering reflections contributing to each point for pattern: 1 ChiZ: 45.8
=> calculation of ¥i for all points + Hormal Matrix & Vector... Global user-weigthed Chi2 (Bragg contrib.):  46.98
=» calculation for pattern: 1 > Pattern# 1
=> Solving L.§. equations. .. => Phase: 1
=> Writing results for cycle 1 = Bragg R-factor 47.66
=» RE-Factors: 36.2 55.5 chi2: 201 DH-Stat.: 0.0299 Patt#: 1 =>  RE-factor :3zT?
=> Expected : 3.91 1.8764 => Normal end, final calculations and writing.
=> Conventional Rietveld R-factors for Pattern: 1
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Figure 6: Refinement of the scale factor amdroshift using fixed arbitrary values for the
amplitudes of symmetry modes in CagiQeft panel: picture after thérst cycle. Right

panel: final result after convergence. The amplitudes have to be varied to refine properly the
pattern.

The PCR file has been modified automaticallyFaiProf (we putPcr=1 ) at the end of the
refinement and now it is prepared for dimeg all significant parameters (amplitudes, cell
parameters, UVWY, etc). One has to edit the file and add a refinement code to the parameters
to be refined. Let us stgust with allamplitudes andcell parameters(keeping free the scale

factor andzeroshift).

I Amplitudes of Symmetry Modes

A_MODES 7 2
Al_R4+ 0.800000 1.000000
A2_R5+ - 0.100000 1.000000



A3_R5+ 0.300000 1.000000

A4 X5+ 0.700000 1.000000
A5_X5+ 0.100000 1.000000
A6_M2+ 0.020000 1.000000
A7_M3+ 0.100000 1.000000
e > Profile Parameters for Pattern # 1
! Scale Shapel Bov Strl  Str2 Str3  Strain - Model

0.90509 0.00000 0.00000 0.00000 0.00000 0.00000 0
21.00000 0.000 0.000 0.000 0.000 0.000
! U \% w X Y GauSiz LorSiz Size - Model
0.646 000 -0.309000 0.142000 0.000000 0.000000 0.000000 0.000000 O
0.000 0.000 0.000 0.000 0.000 0.000 0.000
I a b c alpha beta gamma  #Cell Info
5.441000 7.645000 5.380000 90.000000 90.000000 90.000000
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

After convergence we obtaia result giving still some important discrepancies in the
difference pattern @¥sYca)- This is due to the fact that we have used only Gaussian
contribution to the profile and fixed values of the UVW parameters. This is shown in the left
panel of figure 7.

At the present stage of refinement it is possible to free all parameters. For doing tinats one

to add refinement codes to each parameter susceptible of being varied. In our case the
remaining parameters are UVWY, height of background points, cell parameters and isotropic
temperature factors. After freeing them, we obtain the result of thepaglel of figure 7.
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Figure 7: Left panel: picture after refinement of amplitudes. Right panel: final result after
convergence, all profile and background parameters have been refined.

After refinement,FullProf produces a series of files containialf it is needed to extract
physicatchemical information and to allow an analysisthe resultsby comparison with
other cases.

In the fileCaTiO3ref.out  all the detailed results are gathered. We show below part of the
numerical description of some thadividual irreps, corresponding to different isotropy
subgroups, as well as the final conventional crystallographic description of the atoms in the
asymmetric unit.

=== FINAL ATOMS POSITIONS CALCULATED FROM SYMMETRY MODES FOR PHASE: 1
=== Preceded by the structures corresponding to single modes ===

=> Structure corresponding to the single | rreducible representation:R4+
X Y z dx dy dz Dist(A)
Atom Cal CA 0.00000 0.25000 0.50000  0.00000 0.00000 0.00000 0.00000
Atom Til Tl 0.0000 0 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
AtomO1 O 0.25000 0.00000 0.25000  0.00000 -0.03628 0.00000 0.27731
AtomO1_2 O 0.00000 0.25000 0.00000  0.00000 0.00000 0.07255 0.39029
=> Global Amplitude of Representation R4+ : 1.110(3)



=> Structure corresponding to the single Irreducible representation:R5+
X Y z dx dy dz Dist(A)
Atom Cal CA 0.00000 0.25000 0.50000 0.00000 0.00000 0.00598 0.03216
Atom Til TI 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

AtomO1 O 0.25000 0.00000 0.25000 0.0 0000 -0.00101 0.00000 0.00773

AtomO1_2 O 0.00000 0.25000 0.00000 0.00000 0.00000 -0.00202 0.01088
=> Global Amplitude of Representation R5+ 1 0.072(7)
:> Flnal 6dmplete Structure wit h contribution of all modes

X Y z Biso Occ dx dy dz  Dist(A)

Atom Cal CA -0.0356(4) 0.25000 0.5060(7) 0.46(2) 0.50000 -0.03564 0.00000 0.0 0598 0.19655
Atom Ti1 Tl 0.00000 0.00000 0.00000 0.17(3) 0.50000 0.00000 0.00000 0.00000 0.00000
AtomOl1 O 0.2891(2) -0.03729(19) 0.2102(2) 0.337(17) 1.00000 0.03906 -0.03729 -0.03976 0.41 490

AtomO1_2 O 0.0160(3) 0.25000 0.0705(4) 0.24(2) 0.50000 0.01598 0.00000 0.07053 0.38926

The refined amplitudes of the modes at the end of the process, as extracted from file
CaTiO3ref.sum are:

=> Amplitudes of symme try modes ==>
Name Value Sigma
Al R4+ 1109912 0.002517
A2_R5+ 0.064669 0.007066

A3_R5+ -0.030927  0.005121
A4 X5+ -0.385523  0.003811
A5_X5+ -0.172907  0.003388

A6_M2+ 0.007576  0.003326
A7_M3+ 0.852560 0.003616

The global amplitudes of the different irrepsdered from higher to loweaye:

R4+ : 1.110(3) A
M3+ : 0.853(4) A
X5+ : 0.423(4) A
R5+: 0.072(7) A
M2+ : 0.008(3) A

The files of type *.fst contain the information for representing the idealised crystal structure
decorated with arrows representing atomic displacements. By d&fal®rof produces a
number of files equal to the number of different irreducible reptaiens contributing to the
global distortion. These files can be edited and modified by the user. For details consult the
corresponding manual accessible from the FPS toolBalow we display the atom
displacements corresponding to the most importardgri®d+ (the baxis is verticallandto

the nearly negligible M2{view along the kaxis).

Irrep R4+ : 1.110(3) A Irrep M2+: 0.008(3)A



