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Solving and refining crystal
structures using symmetry
modes:

FullProf + AMPLIMODES.
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#% Symmetry and Phase Transitions
In a displacive phase transition the symmetry-breaking
distortion (with respect to the high symmetry phase) is
mainly caused by the freezing of the primary mode,
associated with the order parameter.

In general, secondary modes are also triggered at
the transition and can have non-zero amplitudes in the
distorted structure.

The symmetry-mode analysis of a structural phase
transition consists on the calculation of the amplitudes
of the symmetry modes frozen in the distortion
characterized by the eigenvectors of both primary and
secondary modes present in the distortion.



o Symmetry and Phase_Transitions

FOR SCIENCE

Modes are collective correlated atomic displacements
fulfilling certain symmetry properties. Structural
distortions can be decomposed into contributions from
different modes with symmetries given by irreducible
representations of the parent space group.

In general, the use of symmetry-adapted modes in the
description of distorted structures introduces a natural
physical hierarchy among the structural parameters.
This can be useful not only for investigating the physical
mechanisms that stabilize these phases, but also for pure
crystallographic purposes.



L Mode Crystallography,,

FOR SCIENCE

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) high symmetry structure.

The originality of this approach with respect to more
classical ones (e.g. BasIreps, MODY, Sarah, ..) is that the
polarization vectors are referred to the basis of the
low symmetry phase, allowing to use conventional
crystallographic approaches (asymmetric unit and space
group operators) to the crystal structure analysis.

AMPLIMODES: Symmetry mode analysis on the Bilbao Crystallographic Server,
D. Orobengoa, C.Capillas, M.I. Aroyo and J.M. Perez-Mato, JApplCryst. (in press)



FOR SCIENCE

M Distorted structures in.terms of modes

Let r(u) be the positions of the atoms p (n=1,...s) within an
asymmetric unit of the parent structure with space group H. The
asymmeftric unit of the observed distorted structure with lower
space group L, subgroup of H, will in general have a larger number of
atoms due to the splitting of the Wyckoff orbits in H.

r(24,1) = b (22,1) + U e, 1)

n=12,.s, 1=12,.n,

u(e,i)=p A, &(z,m|u,i)

The indices rand m label all possible distinct allowed
symmetry-adapted distortion modes. r stands for the
possible different mode symmetries, while m (m=1,...n,)
enumerates the possible different independent modes

of a given symmetry.
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M pistorted structures in.terms_of modes

U(ﬂ,i)ZZAT’m S(T,m‘ﬂ,i) ©w=L12,.s 1=12,.n,

The mode (7; M) is defined by the polarisation vectors:

e(r,m

One can refers to the globa

p,1)

polarization vector € (7, m),

taking all atoms simultaneously, of the mode (7, m)

The displacements of an atom («,i") related by the
symmetry operator {R|t} to the atom (i) are given

directly by:

R e(z,m| 1)



M pistorted structures in.ferm f modes
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The normalization of the polarisation vectors is chosen
to verify:

> mult, Je(z,m| u,i) =1
1,1

"mult ;" represents the multiplicity in a primitive cell of
the space group L for the Wyckoff position (¢, i).

The following orthogonality relation is verified by the
polarization vectors:

ZmUItu,iS(T’ m|u)e(z,m'|y1)=05_9,..
1]




M Distorted structures in. terms _of modes
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The distortion modes of the phase with group H having
isotropy group equal to L can be called primary, while
those with isotropy groups given by subgroups of H
which are distinct supergroups of L, are usually termed
secondary.

A primary distortion mode is sufficient to produce the
observed symmetry breaking between the parent and
the observed structure, while secondary distortion
modes alone would yield a higher symmetry.



Distorted perovskite: structure type GdFeO;

Space group: Pnma, parent structure Pm3m

b

.




Group-subgroup chains relating Pm3m and Pnma

Pm3m
P4/mmm
+ +
M2 M3
P4/mbm P4/mbm Cmmm
+ +
R4 | R5
5 \\\
Pbam cmcm Imma

Pnma
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It is also in general very convenient to express the
global distortion in terms of the different symmetry
components (this is done in AMPLIMODES):

Ui i)=Y A, e(mm] i)=Y A er] i)

Sl

e(r|pui)=2 a . e(z.m|pi) a,,= Ao

A ]
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FUll Refinement of crystal structures using amplitudes of
sec symmetry modes. instead ofatom#pesitions in. FullProf

In FullProf the refinement of a crystal structure can be done
In terms of symmetry adapted modes.
http://www.ill.eu/sites/fullprof/

FullProf uses the polarisation vectors obtained from the
output of the program AMPLIMODES from the Bilbao
Crystallographic Server

http://www.cryst.ehu.es/cryst/amplimodes.html
A low symmetry (LS) crystal structure (Space Group L) is
supposed to derive (from a phase transition) from a high

symmetry (HS) structure (Space Group H) with L < H.

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



CheckGroup,




/4 S oF
Magnetic structures
Magnetic moment of each atom: Fourier series

My = Y Sy exp 4271kR,
K3

The program Fp_Studio performs the above sum and
represents graphically the magnetic structure.

This program can help to learn about this formalism
because the user can write manually the Fourier
coefficients and see what is the corresponding
magnetic structure immediately.

Web site: http://www.ill.eu/sites/fullprof/

EPDIC Award Lecture, 20 September 2008



#roup Theory: Symmetry.Analysis

Fourier coefficients as linear combinations of the
basis functions of the irreducible representation
of the propagation vector group G,

kjS ZCV Slr?; jS

M h :piojf h T. ZC ZS js exp 27ih,r
=1
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P Schobinger-Papamantellos, J Rodriguez-Carvajal, LD Tung,
C Ritter and KHJ Buschow

J. Physics: Condensed Matter 20 (2008) 195201 (12pp)
195202(13pp)

Temperature

Temperature (K) Cooling

x4
2theta %g

“>

Figure 6. Thermodiffractogram of HoGes: (a) in a 2D projection on
heating and cooling showing the succession of magnetic phase
transitions below Ty = 11 Kat T = 8.1 Kand T = 4.8 K

(temperatures given on heating) and (b) in a 3D view on cooling.

—— > Temperature (K) Heating




Ul Refinement of crystal structures using amplitudes of
FOR SENCE Symme'l‘r'y mOde§ iMad ofﬁto L DC ﬁ'j'in FU//PfOf

The atoms position are calculated from the following formula:

erS = erS "‘ZCQO g(m] J)
m

Where j runs over the atoms in the asymmetric unit of the LS phase

The index m runs over all contributing modes. It may content modes
corresponding to different representations and wave vectors of the H space
group (Isotropy subgroups) that are compatible with the L space group.

The polarisation vectors €(m| ) have normalized components referred to the
conventional cell of the LS phase and are provided by AMPLIMODES. The
refined parameters are the amplitudes Q. ¢, are normalisation coefficients.

A representation of the modes using arrows and the HS phase can be
visualised using FullProf Studio



Example of PCR file for FullProf corresponding to
the compound LaMnO,

LaMnO3

! Symmetry modes option

INat Dis Ang Prl Pr2 Pr3 rf Isy Str Furth ATZ Nvk Npr More
4 0 0 0.0 0.01.0 0 0 0 7 967.370 0 7 1

Pbnm <--Space group symbol
1Atom Typ X Y Z Biso Occ
La LA 0.00000 0.50000 0.25000 0.35050 0.50000
0.00 0.00 0.00 251.00 0.00
Mn MN 0.00000 0.00000 0.00000 0.21228 0.50000
0.00 0.00 0.00 261.00 0.00
o1 o) 0.75000 0.25000 0.00000 0.43965 1.00000 o
Kevword 0.00 0.00 0.00 271.00 0.00 Normalisation
o3 0 0.50000 0.50000 0.75000 0.50234 0.50000 COefficients

0.0 L .00
. Number of polarisation vector modes
! olari 1 ectors or oymmeclry moues LOL e€dci datom

V_MODES { 12 Indices of the modes /
! Atm Vx Vy Vz Coeff
0.000000 0.000000 0.031721 1.000000
0.063442 0.000000 0.000000 1.000000
-0.089721 0.000000 0.000000 1.000000
0.000000 0.000000 -0.031721 1.000000
7/ 02 M3+ 0.000000 0.000000 0.000000 1.000000

ImMAmplitudes of Symmetry Modes
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Example of PCR flle for FullProf cor'r'e Spor dmg to The

= compound E&MnO5-

Indices of the modes

! Polarisation ctors of Symmetry Modes for each atom
V_MODES Symbols of the Irreducible representations
! Nm A P Vx Vy Vz Coeff
1 0.000000 0.000000 0.031721 1.000000
1 0.063442 0.000000 0.000000 1.000000
2 | La -0.089721 0.000000 0.000000 1.000000
3|01 0.000000 0.000000 -0.031721 1.000000
1. Polarlsatlon vectors components
\Z/ 02 0.000000 0.000000 0.000000 1.000000
! Amplitudes o Symmetry Modes
A_MODES 7 111111 1——Keyword, # of modes, output for FST
Q1 R4+ -1.189680 181.0000
Q2 R5+ -0.086467 191.0000
Q3 R5+ 0.018171 201.0000
Q4 X5+ -0.546082 211.0000 | Names of amplitudes, values and
Q5_X5+ -0.139910 221.0000 refinement codes (allowing constraints)
Q6 M2+ 0.355652 231.0000
Q7 M3+ 0.901264 241.0000
e > Profile Parameters for Pattern # 1
! Scale Shapel Bov Strl Str2 Str3 Strain-Model
0.86919E-01 0.00000 0.00000 0.0000 0.0000 0.0000 0
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(/4 AMPLIMODES Bilbao Cr'ystallo raphic Server

Example: The Janh-Teller transition in LaMnO;

RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 57, NUMBER 6 1 FEBRUARY 1998-II

Neutron-diffraction study of the Jahn-Teller transition in stoichiometric LaMnO;

J. Rodriguez-Carvajal.™ M. Hennion, F. Moussa, and A. H. Moudden
Laboratoire Leon Brillouin (CEA-CNRS), Centre d Etudes de Saclay, 91191 Gif sur Yvette Cedex, France

L. Pinsard and A. Revcolevschi
Laboratoire de Chimie des Solides, Universite Paris Sud, 91405 Orsay Cedex, France
(Received 2 September 1997)

The parent compound of the giant magnetoresistance Mn-perovskite, LaMnOs, has been studied by thermal
analysis and high-resolution neutron-powder diffraction. The orthorhombic Pbhnm structure at room tempera-
ture is characterized by an antiferrodistorsive orbital ordering due to the Jahn-Teller effect. This ordering is
evidenced by the spatial distribution of the observed Mn-O bond lengths. LaMnO; undergoes a structural phase
transition at Typ=750 K. above which the orbital ordering disappears. There is no change in symmetry
although the lattice becomes metrically cubic on the high-temperature side. The MnOg octahedra become
nearly regular above Tyr and the thermal parameter of oxygen atoms increases significantly. The observed
average cubic lattice is probably the result of dynamic spatial fluctuations of the underlying orthorhombic
distortion. [S0163-1829(98)51706-7]
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Example: The Janh-Teller transition in LaMnO,
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AMPLIMODES:

¥ Bilbao Crystallographic Server - Mozilla Firefox

Bilbao Crystall

Eile Edit View History Bookmarks Yahoo! Tools Help

stallographic Server

e - c A Y l: |j |htq::,’,’u\'ww.a'yst.ehu.es,’ T '| |'| Google ):|
(8] Most Visited P Getting Started 51| Latest Headlines = ILL :: Meutrons for sdi...
Y_’ - Z v| A4 ‘l’ Search Web ~ 03 - Ea Mail - @ Shopping ~ @My Yahoo! @News s ﬁ Games ~ @Travel s @Finance - »
JQ ILL :: Meutrons for sdence : Instrumen... || | |j CrysFML - Repository - ILL's forge (for... | | | E- eGroupWare [Login] =] | |j Bilbao Crystallographic Server B8 | F
e
FCT/ZTF UPV/EHU
i il Il hi £
il bilbao crystallographic server
[ The crystallographic site at the Condensed Matter Physics Dept. of the University of the Basque Country ] 3
[ Space Groups ] [ Layer Groups | [ Rod Groups | [ Frieze Groups ] [ Wyckoff Sets ]
Crystall hyOnline: Space Groups Retrieval Tools
L“:L”““"'ms‘?h’“ GENPOS Generators and General Positions of Space Groups
sec pplications -
7 WYCKPOS Wyckoff Positions of Space Groups
ofheBilbao yere! s or=p P
Cnrsiullogruphic HKLCOND Reflection conditions of Space Groups
Server MAXSUB Maximal Subgroups of Space Groups
REGISTRATION OPEN SERIES Series of Maximal Isomorphic Subgroups of Space Groups
WYCKSETS Equivalent Sets of Wyckoff Positions
. NORMALIZER Normalizers of Space Groups
PhD S'I'UdeniShl p KVEC The k-vector types and Brillouin zones of Space Groups
m Group - Subgroup Relations of Space Groups
Retrieval Tools
Group-Subgroup SUBGROUFPGRAFH  Lattice of Maximal Subgroups
Representations HERMANN Distribution of subgroups in conjugated classes
Solid State COSETS Coset decomposition for a group-subgroup pair
Structure Utilities WYCKSPLIT The splitting of the Wyckoff Positions
Subperiodic MINSUP Minimal Supergroups of Space Groups
L sy SIIPERCRNIIDS Cunaroraion f Crnneon Croon )

Dane




NEUTRONS
FOR SCIENCE

ez 8
AT

y

#ll AMPLIMODES: Bilbao

Crystal

phic S

A
) Bilbao Crystallographic Server - Mozilla Firefox AB=E
Ele Edit View Higtory Bookmarks Yahoo! Tools Help

6 + € X @ (3] ntw:fwwe.cystenues/ W | [[Glx] cooge P
Most Visited P Getting Started [5.] Latest Headlines [ ILL :: Neutrons for sdi...
! -2 - v | searchweb - [P - B mal - 0§ Shopping - & My Yahoo! G News - 68 Games - O Travel - [ Finance ~ »
| ] 1AL 5: Neutrons for science : Instrumen... || | | ] CrysFML -Repository - ILUs forge (for... | | [= eGroupitiare [Login] | Bilbao Crystallographic Server 3 | F
modes. POINT Point Group Tables 3
» TRANSTRU SITESYM Site-symmetry induced representations of Space Groups
5-2008: Transform structures to

lower symmetry Space Group

hasis.
« AMPLIMODES Solid State Theory Applications

2-2008: Symmetry Mode .:f-‘\lnalysis

of Structural Phase Transitions. SAM Spectral Active Modes (IR and RAMAN Selection Rules)
« CELLSUPER NEUTRON Neutron Scattering Selection Rules

J:EIJE-EEUSEPNEE": version of program SYMMODES Primary and Secondary Modes for a Group - Subgroup pair

) AMPLIMODES Symmetry Mode Analysis

¢ TRANPATH PSEUDO Pseudosymmetry Search in a Structure

7-2007: Minor update and fixes. . .

DOPE Degree of Pseudosymmetry Estimation

» SUPERGROUP3 BPLOT Pseudosymmetry Search with KPLOT

6-2007: Added link to Wyckoff o i

Positions splitting. TRANPATH Transition Paths (Group not subgroup relations)
o SERIES

1-2007: New version of series of

maximal isomorphic subgroups for Structure Utilities
a given maximum index.

s SIMPLE RETRIEVAL CELLTRAN Transform Unit Cells J
TOooLS STRAIN Strain Tensor Calculation
1-2007: Minor upgrade for . .
GENPOS, WYCKPOS, MAXSUB WPASSIGN Assignment of Wyckoff Positions
and SERIES programs. TRANSTRU Transform structures to lower symmetry Space Group basis.
* HERMANN SETSTRU Alternative Seftings for a given Crystal Structure
;égﬂAmﬁw SELT LT EQUIVSTRU Equivalent Descriptions for a given Crystal Structure '3
e SETSTRU

1-2007: CIF input data, JMOL
visualization and minor bugs fixed Subperiodic Groups: Layer, Rod and Frieze Groups Retrieval Tools

ABICLA O OIS RI O sl 1 O TN

http: /fwww. cryst.ehu.esjorystfamplimodes. html
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) AMPLIMODES for FullProf - Mozilla Firefox

CEX

File Edit WVew History Bookmarks Yahoo! Tools Help
@D - c {at I: |j http: ffwww. cryst.ehu.es/html foryst/ful-modes. himl T? A * )_
@ Most Visited ’ Getting Started |51 | Latest Headlines n ILL :: Neutrons for ed...
Y_’ - £ - V| | Search Web ~ [IJ A Efl Mail ~ ﬂ Shopping ~ @My Yahoo! @'News A a Games ~ EjﬁTra\rel - @Finance - =
E ILL :: Neutrons for scence : I... | ﬁ CrysFML - Repository -ILL's .. || E— eGroupWare [Login] 3] E ILL :: Neutrons for science : C... || ﬂ AMPLIMODES for FullProf £ | -
A
Browse_
_ Structure data | | , ] .
HINT: [ Upload the structure as a CIF file (default), or as a text in the window below |
AMPLIMODES carries out a .
- # Space Group ITA number
symmetry-mode analysis of a 221
displacive phase transition. Starting % Lattice parameters
from the experimental structures of the 3.8 3.8 3.8 90 90 20
high- and low symmetry phases, the # Number of independent atoms in the asymmetric unit
program determines the global : mber] HET Tx1 vl Tal
structural distortion that relates the two | High T a;”;“bt;’p: . g 5 :I- [(WE] [=x] [yl [=]
phases. The symmetry modes Symmetry Ti 1 la 0.0 0.0 0.0
compatible with the symmetry break Structure 0 13d0.50.00.0
are then calculated. Their
orthogonality permits the
decomposition of the global distortion
obtaining the amplitude of each
symmetry mode as well as the
corresponding eigenvectors. ]
For the low symmetry structure, only the space group and the lattice parameters are necessary, the
The input of the program consists of: structure is optional, if given, the program will return the amplitudes of the modes.
The information about th | [ Browse ]
« The information about the
structures of the high- and low H.INT: [ Upload the structure as a CIF file (default), or as a text in the window below ]
. # Space Group ITA number
symmetry phases: Space group 6z
number, lattice parameters and # Lattice parameters
relative atomic coordinates of 5.440791 7.644515 5.379452 20 90 20
the asymmetric unit. # Number of independent atoms in the asymmetric unit 0
e The transformation matrix that 4
relates the basis of the two LOw SYMMEITY |; racom cype) [number] [WE] [x] Iy] [2]
Structure Ca 1 4e 0.03533 0.25000 -0.00483
space groups. Ti 1 4b  0.50000 0.00000 0.00000
o 1 4c 0.48475 0.25000 0.070%94
o 2 &d 0.28945 0.036%0 0.709E6
Maximum A [ Maximum distance allowed ]
Trancfarmatian s
Done
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NEUTRONS :
FOR SCIENCE ) AMPLIMODES for FullProf - Mozilla Firefox

CEX

File Edit View History Bookmarks Yahoo! Tools Help
@ - c {al I: |j http:/fwnww. cryst.ehu, es/himlferyst/full-modes, html T? - ' ,
@ Most Visited ’ Getting Started |5u | Latest Headlines n ILL :: Meutrons for sdi...
Y_’ -2 - V| | Search Web - UJ - B Mail - [‘ﬂ Shopping ~ @My Yahoo! [ News - Efl Games - QﬁTravel w7 @Finanoe + »
n ILL :: Neutrons for science : Instrumen... | |_-"] CrysFML - Repository - ILL's forge (for.. | E— eGroupWare [Login] £3) |_1] AMPLIMODES for FullProf a8 -
COrresponaing elgenvectors. ] 2
For the low symmetry structure, only the space group and the lattice parameters are necessary, the W
The input of the program consists of: structure is optional, if given, the program will return the amplitudes of the modes.
The information abo th | [ Browse]
e The information abo e - i
structures of the high- and low H.INT_ [ Upload the structure as a CIF file (default), or as a text in the window below ]
. # Space Group ITA number
symmetry phases: Space group €2
num_ber, Iattic_e parameters and £ Lattice parameters
relative atomic coordinates of 5.374012 7.600000 5.374012 20.0 90.0 20.0
the asymmedtric unit.
» The transforma.tlon matrix that Low Symmetry
relates the basis of the two Structure
space groups.
Maximum A [ Maximum distance allowed ]
Transformation |
Matrix
Rotational part Origin Shift
L o |
In matrix form:
ol o] o]
L o It |
[ Bilbao Crystallographic Server Main Menu ]
A
Done
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3 Symmetry modes for FullProf - Mozilla Firefox

Ele Edit Wew History Bookmarks Yahoo! Tools Help
I . T, =)
- c {at |‘ |j http:/jwww. cryst.ehu. es/fcgi-bin/oryst/programs nph-full-modes T? M ' s
IE Most Visited , Getting Started |51 | Latest Headlines E ILL :: Neutrons for sdi...
Y_’ - - V| | Search Web ~ u; - B3 mail - ™ Shopping '®My\'ahoo! B News ~ Bf Games - CﬁTravel + & Finance ~ »
EILL::Neutrons for sdence : Instrumen... | ﬁCrysFML—Repository—ILL's forge (for... | E— eGroupWare [Login] = ﬁ Symmetry modes for FullProf ﬁ -
Transformed high symmetry structure in the subgroup basis &
ez
5.374012 7.600000 5. 374012 90.000000 90.000000 90.000000
4
Ca 1 ic 0.000000 0.z250000 0.000000
Ti 1 ib 0.500000 0.000000 0.000000
u} 1 8d 0.750000 0.o00ooo0 0.750000
[u} 1_2 iz 0.500000 0. 250000 0.000000
Symmetry Modes Summary
Atoms | WP Modes | show Modes
01 |3d [R4+(1)R5+(1) X5+(1) M2+{1) M3+(1)
a1 [1b [RS+(1)X5+(1) |
You can copy and paste the following text on your pcr file
02 {——Space group symbol
I A tom Tvp hid T z Bizo Oce In Fin H_t Spc ~Codes
Cal CA 0.000000 0.250000 0.000000 O.500000 O.500000 0 0 il 1
0.00 o.oo o.0o0 o.0o0 o.0o0
Til TI 0.500000 0.000000 0.000000 O.500000 O.500000 0 0 il 1
0.00 o.oo o.0o0 o.0o0 o.0o0
o1 0 0.750000 0.000000 0O.750000 O.500000 1.000000 0 0 il 1
0.00 o.oo o.0o0 o.0o0 o.0o0
01_2 0 0.500000 0.250000 0.000000 O.500000 O.500000 0 0 il 1
0.00 o.oo o.0o0 o.0o0 o.0o0
| Polarization Vectors of Symnetry Hodes for esach atom
W_MODES 12
I Hm Atm Irrep V= i Wz Coef £
101 R4+ 0.000000 0.032895 —0.000000 1.00 B
101 2 R4+ 0.000000 0.000000 O.065789 1.00
2 Cal RS+ 0.000000 0.000000 —0.093040 1.00
301 RE+ 0.000000 -0.032895  0.000000 1.00
3012 RS+ 0.000000 o0.000000 O.065789 1.00
4 Cal G+ —0.093040 O0.000000 0.000000 1.00
£ 0ol IG5+ 0.000000 o0.000000 O.000000 1,00
£ 01_2 G+ 0.093040 —-0.000000 —0.000000 1.00
£ 01 M2+ —0.046520 0.000000 0O.046520 1.00
6 01_2 M2+ 0.000000 0.000000 O.000000 1.00
7 01 M3+ —0.046520 0.000000 —0.046520 1.00 bt
Done
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Example of FullProf running a refi

S A - .
FOR SCIENCE A \
symmetr

¥ FullProf Program

S

nement of

S .

units)

Intensity

= Bragg R-factor: 4.651

=> RF-factor H 3.019

Convergence reached at this CYCLE !!!!: CYCLE No. 15

R-Factors: 4.54 5.79 chiz: 2.11 DW-Stat.: 1.0292 Patt#: 1
Expected : 3.98 1.87¢8
Conventional Rietveld R-factors for Pattern: 1

Rp: 9.07 Rwp: 8.89 Rexp: 6.12 Chiz: 2.11
=> zlobal user-weigthed ChiZ (Bragg contrib.): 2.150

=> ——————— > Pattern# 1

=>» Phase: 1

=> Bragg R-factor: 4.651

=> RF-factor H 3.019

Normal end, final calculations and writing...
CPU Time: $.453 seconds
0.158 minutes

END Date:19/08/2008 Time => 01:44:25.133

Cerole: 15

lamn 3t .dat

200
800
T7OoOO0
GO0
S00
400
3200
200
100

{arkh.

—1 00

124

>




S[(=/e3

units)

Intensity {arb.

Rietveld, Profile Matching & Integrated Intensity
Refinement of X-ray and/or Neutron Data
(Multi Pattern: Windows-version)

START Date:20/0%/2008 Time => 15:37:17.640
Reading control file *_.PCR
End of preliminary calculations !

¥&%% STMUOLATED ANNEALING SEARCH FOR STARTING CONFIGURATION *%+%

Initial configuration cost: 107.15
Initial configuration state vector:
Q1 R4+ Q2 R5+ Q3 R5+ Q4 X5+ Q5 X5+ Q6 M2+ Q7 M3+
1 2 3 4 5 6 7
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
NT: 1 Temp: &.00 (%Acc): 42.04 <«Step>: 4.0000 <«Bp-factor>: 85.435¢

Function ewvaluations: 451 lamn_ san.int

20 30 a0 S0 a0 70 20
2Theta

(>

E3]




S[(=/e3

units)

farb.

Intensity

START Date:20/09%/2008 Time => 15:33:20.281
Eeading control file *_ PCR
End of preliminary calculations !

#k&% STMULATED ANNEALING SEARCH FOR STARTING CONFIGURATION ***%*

Initial configuration cost: 107.15
Initial configuration state vector:

Q1 R4+ Q2 R5+ Q3 R5+ Q4 X5+ Q5 X5+ Q6 M2+ Q7 M3+
1 2 3 4 5 & 7
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
NT: 1 Temp: 6.00 (%Acc): 42.04 <«Step>: 4.0000 <«<Bp-factor>: 85.435¢
NT: 2 Temp: 5.70 (%Acc): 56.12 <«<8tep>: 3.75371 <«<Ep-factor>: 86.7e07
NT: 3 Temp: 5.41 (%Acc): 24.45 <«<Step>: 3.8286 <«Fp-factor>: &5.8%03
NT: 4 Temp: 5.14 (%Acc): 32.04 <«Step>: 2.28B0% <«Bp-factor>: 56.305%
Function ewvaluations: 158l lamn_ san.int
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farb.

Intensity

¥&%% STMUOLATED ANNEALING SEARCH FOR STARTING CONFIGURATION *%+%

Initial configuration cost: 107.15
Initial configuration state vector:

Q1 R4+ Q2 R5+ Q3 R5+ Q4 X5+ Q5 X5+ Q6 M2+ Q7 M3+

1 2 3 4 5 3] 7

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
NT: 1 Temp: &.00 (%Acc): 42.04 <«Step>: 4.0000 <«Bp-factor>: 85.435¢
NT: 2 Temp: 5S5.70 (%Acc): 56.12 <«Step>: 3.75371 <«Rp-factor>: 86.7607
NT: 3 Temp: 5.41 (%Acc): 24.45% <EStep>: 3.828¢ <Ep—-factor>: ¢5.8503
NT: 4 Temp: 5.14 (%Acc): 32.04 <«<Step>: 2.280% <«Fp-factor>: 56.305%
NT: 5 Temp: 4.85% (%Acc): 31.02 <«Step>: 1.6271 <«FBp-factor>: 4%.8507
NT: & Temp: 4.64 (%Acc): 47.76 <«Step>: 1.1245 <«Bp-—-factor>: 48.1733
NT: 7 Temp: 4.41 (%Acc): 34.25 <Step>: 1.1456¢ <«EBEp-factor>: 33.1074
NT: B8 Temp: 4.15% (%Acc): 42.24 <«<Step>: 0.805%0 <«Fp-factor>: 35.130%

Function ewvaluations: 3521 lamn_ san.int
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units)

farb.

Intensity

Initial configuration cost: 107.15
Initial configuration state vector:

Ql R4+ Q2 RS+ Q3 RS+ Q4 H5+ Q5 ®S+ Q6 M2+ Q7 M3+

1 2 3 4 5 & 7

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
NT: 1 Temp: &.00 (%Acc): 42.04 <«<Step>: 4.0000 <«<Fp-factor>: 85.435¢
NT: 2 Temp: 5.70 (%Acc): 56.12 <«Step>: 3.75371 <«Bp-factor>: 86.7607
NT: 3 Temp: 5.41 (%Acc): 24.4% <«Step>: 3.8286 <«Bp-—-factor>: €5.8%03
NT: 4 Temp: 5.14 (%Acc): 3Z2.04 <Step>: Z2.280% <Ep—-factor>: 56.305%
NT: 5 Temp: 4.85% (%Acc): 31.02 <«Step>: 1.6271 <«Fp-factor>: 45%.8507
NT: & Temp: 4.64 (%Acc): 47.76 <«Step>: 1.1245 <«Bp-factor>: 48.1753
NT: 7 Temp: 4.41 (%Acc): 34.2% <«Step>: 1.1456 <«Rp-—-factor>: 33.1074
NT: 8 Temp: 4.1% (%Acc): 4Z2.24 <Step>: 0.80%0 <«Rp-factor>: 35.1309%9
NT: S Temp: 3.98 (%Acc): 42.04 <«<Step>: 0.7418 <«Fp-factor>: 28.3311

Function ewvaluations: 4411 lamn_ san.int
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farb.

Intensity

Initial configuration cost: 107.15
Initial configuration state vector:

Ql R4+ Q2 R5+ Q3 R5+ Q4 ®5+ Q5 X5+ Q6 M2+ Q7 M3+
1 2 3 4 5 5] 7
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
NT: 1 Temp: ©.00 (%Acc): 4Z2.04 <Step>: 4.0000 <«Rp-factor>: B85.4356
NT: 2 Temp: 5.70 (%Acc): 56.12 <«Step>: 3.75371 <«Fp-factor>: 86.7607
NT: 3 Temp: 5.41 (%Acc): Z24.45% <«Step>: 3.8286 <«Fp-factor>: &5.8%03
NT: 4 Temp: 5.14 (%Acc): 32.04 <«Step>: 2.280% <«Bp-factor>: 56.303%9
NT: 5 Temp: 4.8% (%Acc): 31.02 <Step>: 1.6271 <«EBEp-factor>: 45.8507
NT: & Temp: 4.64 (FAcc): 47.76 <«<Step>: 1.1245 <«Fp-factor>: 48.1753
NT: 7 Temp: 4.41 (%Acc): 34.2% <«Step>: 1.1456 <«Rp-factor>: 33.1074
NT: &8 Temp: 4.1% (%Acc): 42.24 <«Step>: 0.80%0 <«<Bp-—-factor>: 35.130%9
NT: S Temp: 3.58 (%Rcc): 42.04 <Step>: 0.7418 <«EREp-factor>: ZB5.3311
NT: 10 Temp: 3.78 (%Acc): 45.35% <«Step>: 0.65%86 <«<Fp-factor>: 38.8114
Function ewvaluations 4501 lamn_ san.int
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=> NT: & Temp: 4.64 (%Fhcc): 47.76 <«Step>: 1.1245 <«Rp-factor>: 48.1753 A
=» NT: 7 Temp: 4.41 (%Acc): 34.25% <«<Step>: 1.1456¢ <«Rp-factor>: 33.1074
=> NT: 8 Temp: 4.1% (%Acc): 4Z2.24 <Step>: 0.80%0 <«Rp-factor>: 35.1309%9
=> NT: 5 Temp: 3.58 (%hcc): 42.04 <«<Step>: 0.7418 <«Rp-factor>: ZB.3311
=> NT: 10 Temp: 3.78 (%Rcc): 45.35 <«Step>: 0.6%8¢ <«Rp-factork»: 38.8114
=» NT: 11 Temp: 3.5% (%Rcc): 43.88 <Step>: 0.6%25 <«Rp-factork»: 35.3227
=» NT: 12 Temp: 3.41 (%Rcc): 42.24 <Step>: 0.6375 «Rp-factor>: 30.5381
=> NT: 13 Temp: 3.24 (Fhcc): 50.41 <«<Step>: 0.53%64 <«Rp-factor>: 34.7674
=> NT: 14 Temp: 3.08 (%Rcc): 57.14 <«Step>: 0.5%64 <«Rp-factor>: 43.1870
=» NT: 15 Temp: 2.9%93 (%Acc): 33.67 <Step>: 0.6340 <«Rp-factor>: Z0.1178
=» NT: 1o Temp: Z.78 (%Rcc): 54.08 <«<Step>: 0.4866 <«Ep-factor>: ZB5.4385
=> NT: 17 Temp: 2.64 (Fhcc): 42.24 <«Step>: 0.53231 <«Rp-factor>: Z5.6775
=> NT: 18 Temp: 2.51 (%Rcc): 41.22 <Step>: 0.4843 <«Rp-factork>: Z0.3788
=>» NT: 15 Temp: 2.38 (%Acc): 50.00 <Step>: 0.4271 <«Rp-factor>x>: Z0.7542
=x NT: 20 Temp: Z.26 (%Rcc): 40.6l1 <«<Step>: 0.4271 <«BEp-factor>x: 15.08%4
=> NT: Z1 Temp: 2.15 (%FAcc): 40.00 <«<Step>: 0.375%0 <«Rp-factor>: 17.4557
v
Function ewvaluations: 10291 lamn_ san.int
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(Not Responding) |Z||Elle

RSEN => NT: 13 Temp: 3.24 (%FRcc): 50.41 <Step>: 0.5%64 <«Rp-factork>: 34.7674 9
=>» NT: 14 Temp: 3.08 (%Acc): 57.14 <«<Step>: 0.353%64 <«Rp-factor>: 43.1870
=» NT: 15 Temp: Z2.%3 (%Rcc): 33.67 <«<Step>: 0.6340 <«EBEp-factor>: Z0.1178
=> NT: 1& Temp: 2.78 (%Fhcc): 54.08 <«Step>: (0.4866& <«Rp-factor>: ZEB.4385
=> NT: 17 Temp: 2.64 (%Fhcc): 42.24 <«Step>: 0.53231 <«Rp-factor>: Z25.6775
=» NT: 18 Temp: 2.51 (%Acc): 41.22 <Step>: 0.4843 <«Rp-factor>: Z0.3788
=» NT: 1% Temp: Z.38 (%Rcc): 50.00 <«<Step>: 0.4271 <«BEp-factor>: Z20.7542
=> NT: Z0 Temp: 2.26 (Fhcc): 40.61 <«Step>: 0.4271 <«Rp-factor>: 15.0854
=> NT: 21 Temp: 2.15 (%Fhcc): 40.00 <Step>: 0.37%0 <«Rp-factork>: 17.4557
=x» NT: 22 Temp: 2.04 (%FRcc): 44.90 <Step>: 0.349% <«Rp-factor>: 16.5334
=> NT: 23 Temp: 1.%4 (%Acc): 45.52 <Step>: 0.3413 <«EBEp-factor>: 17.Z707
=> NT: Z4 Temp: 1.84 (Fhcc): 46.33 <«Step>: 0.31e2 <«Rp-factor>: 15.8605
=x> NT: 25 Temp: 1.75 (%Acc): 50.20 <«Step>: 0.3022 <«Rp-factor>: 17.9183
=>» NT: 26& Temp: 1.6¢ (%Acc): 43.06 <«<Step>: 0.3022 <«Rp-factor>: 13.55Z5
=> NT: Z7 Temp: 1.58 (%Acc): 40.81 <«<Step>: 0.2821 <«BEp-factor>x: 14.Z¢l7
=> NT: Z8 Temp: 1.50 (%FRAcc): 47.35 <«Step>: 0.2455 <«Rp-factor>: 12.08%5%%5

v
Function ewvaluations: 13231 lamn_ san.int
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=> NT: 81 Temp: 0.10 (%Rcc): 45.92 <Step>: 0.0423 <«Rp-factork»: 5.7588
=» NT: 82 Temp: 0.0% (%FRcc): 45.35% <«<Step>: 0.0400 <«Rp-factor>: 5.7702
=>BEST CONFIGURATIONS FOUND BY Simulated Annealing FOR PHASE: 1
=» —->» Configuration parameters | 200 reflections):
=> Sol#: 1 RFZI= 5.445
=> @l R4+ Q2 RS+ Q3 R5+ Q4 ¥5+ Q5 X5+ Q6 M2+ Q7 M3+
=% 1 2 3 4 5 5] 7
=2 1.2033 0.0830 -0.01e7 0.53830 0.1370 0.3626 0.5%074
= CPU Time: 41.578 seconds
=> 0.6%3 minutes
=>»> END Date:20/05/2008 Time => 15:30:28.10%
Function ewvaluations: 40181 lamn_ san.int
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Visualisation of sin
using FullProf Studio

« A part from the normal FST file generated normally for the
final crystal structure, FullProf outputs a series of FST files
containing

e The “virtual structures™ corresponding to single modes
(eg A MODES 7 0000000)

A representation of the high symmetry phase together with
arrows indicating the displacement of atoms in the
corresponding mode:

(ego A MODES 7 1111111
« Both kinds of representations depending on the mode
(ego A MODES 7 1001101

The items after the number of modes are:
p_mode(i) 1I=1,... n_modes






Mode 1, Q1_R4+=-1.18968 Mode 3, Q3_R5+ = 0.018171
O1 R4+ (0.0, 0.0, 0.031721) Ol R5+ (0.0, 0.0,-0.031721)

02 R4+ (0.063442, 0.0, 0.0) 02 R5+ (0.063442, 0.0, 0.0)



Mode 5, Q5_X5+=-0.139910 Mode 4, Q4_X5+= -0.546082
02 X5+ (0.0,-0.089721, 0.0) La X5+ (0.0,-0.089721, 0.0)
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Mode 7, Q7_M3+= 0901264 Mode 6, Q6_M2+ = 0.355652
Ol M3+ (-0.04486, -0.04486,0.0) Ol M2+ (0.04486,-0.04486,0.0)



%!#Jgé VlSUClllSCl"'LQ!\ Of If' &amOdes

using FullProf Studio

If the value of p_mode(1)=2 (see note of 29 August
2008 In fp2k.inf) the other values are not needed.

The program interprets this value as and indication to
output in the FST and OUT files the structures
corresponding to single irreducible representations

(Irreps).

All modes corresponding to a single lrrep are
combined in the FST file.
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FullProf Studio: Summary

Examples:

A MODES 7 7 — Allthe 7 independent modes
are represented by displacement vectors (arrows)

A MODES 7 -7 — Allthe 7 independent modes are
represented by virtual distorted structures

A MODES 7 -3 — No output of independent modes
In FST files
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sz Visualisation ofssinglesmodes

using FullProf Studio

Examples:

A MODES 7 2 — Modesregroupedinan FST
file per irreducible representation (arrows)

A MODES 7 -2 — Modesregrouped in an FST
file per irreducible representation (structures)

A MODES 7 1110110 — Explicitoutput of
all modes (1: arrows, O: distorted structure)



fr Visualisation of single modes
using FullProf Studio

FOR SCIENCE

Examples:

A MODES 7 413 -4 7 — Onlythe4
modes 1,3,4 and 7 are ouput in FST files. All of
them, except the mode 4, are represented by
arrows.



V[ [ {
NEUTRONS SN —_—
FOR SCIENCE STANE M N ‘ﬁ‘a\”‘hm .

A more complex
case:

LiMn,O,



o, complex_structure determined and
refined with FullProf

VoLumE 81, NUMBER 21 PHYSICAL REVIEW LETTERS 23 NOVEMBER 1998

Electronic Crystallization in a Lithium Battery Material: Columnar Ordering
of Electrons and Holes in the Spinel LiMn;0y4

J. Rodriguez-Carvajal,! G. Rousse.> C. Masquelier,> and M. Hervieu®
"Laboratoire Léon Brillouin (CEA-CNRS), CEA/Saclay, 91191 Gif sur Yveite Cedex, France
2Laboratoire de Chimie des Solides, Université Paris-Sud, 91405 Orsay Cedex, France
SCRISMAT, ISMRA, 6 Boulevard du Maréchal Juin, 14050 Caen Cedex, France
(Received 13 July 1998)

LiMnsOy presents a first order structural transition at 290 K that was known to perturb the functioning
as cathode in rechargeable Li batteries. We have solved the structure at 230 K and deciphered
unambiguously the nature of this phase transition. The analysis of valence bond sums shows that
the transition results from a partial charge ordering: two of the five Mn sites correspond to well-defined
Mn*" and the other three sites are close to Mn*" ions. Charge ordering is accompanied by simultaneous
orbital ordering due to the Jahn-Teller effect in Mn*" ions. The microscopic details obtained
from the structure are crucial for understanding the electron hopping persisting below the transition.
[SOO31-9007(98)07667-4]
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ordering of electron and holes in the spinel LiMn,O,

J. Rodriguez-Carvajal, G. Rousse, Ch. Masquelier and M. Hervieu
Physical Review Letters, 81, 4660 (1998)

Lirg [MNo]oet Oy MNSS*

High temperature: mixed valence
—rostate T 1
; 1 E ¢} r———a
: 350K ¢ : P
3 1 8 v b
5' | 2w |
. ] E 1000, | | — ]
:_ W I' b l L»J 260 280 T 32;) 320 340
230K
| MU “ h ’ \J*[J\JU \JJL‘J Orthorhombic Distortion
""J B lLl‘J.L‘“’I“"l“. ntiaduiind s Superstructure reflections
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¥  LiMn,O,: ElectronDiffraction
320 K

Orthorhombic Fddd
= 8.248 (1) A _— a = 24.7435(5) A

¢ (1) b = 24.8402(5) A

c=8.1989(1) A

Cubic Fd3m X9

J. Rodriguez-Carvajal et al, PRL, 81, 4660 (1998)



Intensity (arb. units)

Refinement of the charge-ordered phase
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#1 LiMn,0,: Partial Charge Qgdering

+ 4

<Mn-O> = 1,996(4) A <Mn-0> = 2,020(5) A
<Mn-0> —_2,:?(2)%&2) A Mn(2) = 3.27+ Mn(3) = 3.12+
Mn(1) = 3. A=19.4 A=36.6
A=20.6 .
%b
a
64 « Mn%* »
80 « Mn3* -like»
lised holes <Mn-O> =1,915(4) A
<Mn-O> = 1.903(4) A 8 delocalis N 1 (4)
Mn(5) = 3.90+
Mn(4) = 4.02+

A=6.1
A=406



Jll Distribution of Mr\3+ and Mn“+ m The cell
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Mn,O, cubes +
Spiral  LiO, tetrahedra
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Recently a Japanese group has shown,
with single Xtals, that Mn(2) are Zener  Mn(3) Mn(2)
Polarons involving 4Mn




