research papers

Joumal of Applied Crystllography AMPLIMODES: Symmetry mode analysis on the
1SSN 00218898 Bilbao Crystallographic Server

Received 0 XXXXXXX 0000 Danel Orobengoa,®* Cesar Capillas,® Mois I. Aroyo® and J. Manuel Perez-
Accepted 0 XXXXXXX 0000 Mato?

Online 0 XXXXXXX 0000
?Depto. Fisica de la Materia Condensada, Universidad del Pais Vasco, 48080 Bilbao Spain. Correspondence

e-mail: danel.orobengoa@ehu.es

AMPLIMODES is a computer program available on the Bilbao ajlographic
Server that can perform a symmetry-mode analysis of angrtést structure of
displacive type. The analysis consists in decomposingyimeretry-breaking dis-
tortion presentin the distorted structure into contribng from different symmetry-
adapted modes. Given the high- and the low-symmetry strestAMPLIMODES
determines the atomic displacements that relate them giedibasis of symmetry-
adapted modes, and calculates the amplitudes and poianizaictors of the dis-
tortion modes of different symmetry frozen in the structurbe program uses
a mode parameterization that is as close as possible toyh&kographic con-
ventions, expressing all quantities for an asymmetric ahthe low-symmetry
structure. Distorted structures are often related witlr thigher symmetry coun-
terparts by temperature and/or pressure driven phasetioass ferroic phase
transitions being a particular example. The automatic sgtryrmode analysis
done by AMPLIMODES can be very useful for establishing thigidg mecha-
© 2009 International Union of Crystallography  nisms of such structural phase transitions or the fundamhérstabilities at the
Printed in Singapore — all rights reserved .. .
origin of the distorted phases.

1. Introduction Lifshitz, 1969). But even without the existence of phase-tra

sitions, the use of symmetry-adapted modes in the desmmipti

The structure of many materials can be seen as the result of g yistorted structures is expected to introduce a naturgp
distortion with respect to a configuration of higher symmetr ;. hierarchy among the structural parameters. The poesen

This structure of higher symmetry may be another phase of th gistortion modes associated with different irreduciteipre-

compound or a latent virtual arrangement that can be used @§ntations (in the following referred to ageps) of the parent
reference for the observed structure and often for othesgsha space group have in general quite different origin, and apat

of the same compound. Let us call this structure (real ovaljt 4 hve quite different responses to external perturbstialso

of higher symmetnyparentstructure oparentphase, a group- o\ crystallographic purposes, a structural descriptioterms
subgroup relation necessarily exists between their sp@Pg, ot symmetry modes can be specially useful, as the parameters
and the structural distortion that relates them can be iR@&S  ;5ed are more adequate for a controlled refinement of the-stru

asymmetry breaking distortion. Usually small distortimgly  ¢,re o for comparing structures or materials with the same
that the parent phase can be thermally stabilized, and one Qfgarent symmetries.

several structural phase transitions towards the arraegeat

higher symmetry may happen as temperature is increased. Fer The separation of the contributions of the different modes
roic materials and ferroic phase transitions are a pagf@dse in a structural distortion is usually done using the soezhll
of such general phenomena. Structural distortions can 8isof  symmetry-mode analysisf{ Mafieset al. (1982), Perez-Mato
placive type or can include some type of order-disorder amp et al. (1986), Witherset al. (1988), Hatctet al. (1990), Stokes
nent. Here, we only consider distorted structures of d@pa et al.(1991), Aroyo & Perez-Mato (1998)). First, it is necessary
type. to determine a basis of symmetry-modes of the parent phase
The structural distortion present in a distorted (pseudssy compatible with the low-symmetry phase, and then, to decom-
metric) structure contains in general a primary componentpose the structural distortion as a sum of the contributidad
which corresponds to a mode or modes which are unstable iof them. Despite its advantages, a symmetry-mode desumipti
the parent high-symmetry configuration, and are fundanhentas rarely used in phase-transition studies, or in the cliariza-
for explaining the stability of the distorted structureakidition,  tion of pseudosymmetric structures. The probable reasiais
the distortion can also contain other secondary contobstdf ~ such symmetry analysis is rather complex as it requiresifidl
less importance associated with modes which are allowed bef group-theoretical methods, including detailed knowgledf
symmetry and become frozen through coupling with the pri-group-subgroup relations between space groups and thegisir
mary ones. This is well known to happen in phases relateéfree computer tools that allow (total or partial) symmetry-
with symmetry breaking structural phase transitions, arttié  mode analysis have appeared recently (ISARAh (Wills, 2000)
basis of their treatment within the Landau theory (Landau &SOTROPY (Stokes & Hatch, 2002), MODY (Sikoet al,,
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2004), Baslreps (Rodriguez-Carvajal, 1993)). Howeveruse 4. 006 4. 006 4.006 90 90 90
of a parameterization quite distant from crystallograptio- 3

- o - Ba 1 1a 0.0 0.0 0.0
ventions has hampered their widespread use in crystafibgra T 1100500505
These tools use the setting of the parentstructureandteetpa o 1 3¢ 0.5 0.0 0.5
space group to describe modes and distortions, withouioixpl )
use of the space-group symmetry of the distorted structure. ~ LOW symmetry (distorted) structure:

The aim of the present contribution is to report on the develsg

opment of a systematic procedure and a new computer prograth 9828 5. 6745 5. 6916 90 90 90
for the symmetry-mode analysis of any displacive distorte

- : : a 12a0.0 0.0 0.0
structure. The program is available at the Bilbao Crystalloi" 7 25 0’5 0 0 0. 5170
graphic Server (Aroyet al. (2006) and Aroyoet al.(2006)). O 1 2a 0.0 0.0 0. 4890
Given the parent and the distorted structure of lower symme©® 2 4e 0.5 0.2561 0.2343

try, AMPLIMODES calculates the atomic displacements relat
ing both structures if their magnitudes lay within some tole
ance range. A complete basis of symmetry-adapted distortio

and the transformationP( p) relating the (conventional)
bases of the two structures:

modes is then determined and defined. The program finally 0 1 110
decomposes the distortion in terms of this basis of symmetry 0 -1 1l0 )
modes, and calculates the polarization vectors and ardpktu 1 0 olo

for each of the symmetry-adapted distortions present inlite . ]

torted structure. A fundamental feature of the program é th The first row in the two sets of structural data refers to the
the parameterization of the structural distortion is domeai SPa&ce group number according to the International Tables fo
form close to the conventional crystallographic form. Medee ~ Crystallography, Vol. A (referred to as ITA in the following
given in terms of atomic displacements in relative unitstir ~ (Hahn, 2002))i.e. Pn8m (No. 221) andAmn® (No. 38). The
atoms of the asymmetric unit of the distorted phase, so tfeat t third row indicates the number of atoms in the asymmetrit. uni
actual atomic positions describing the structure in theveon This input example corresponds to the orthorhombic phase of
tional approach are readily obtained from the listed moahes a the well-known ferroelectric BaTi§) with its cubic perovskite
their amplitudes. This should facilitate a direct trariskafrom  Structure taken as the parent phase. The structural dathefor

a conventional to a mode description and viceversa. THeee il Orthorhombic phase has been taken from Keeal. (1993).
trative examples are presented to explain the necessany iinh|s case will be used as an example in parallel to the general

data and provide details on the output. description of the program. _ .
It is important to emphasize that for doing a meaning-
2 The method ful symmetry-mode analysis of a distorted structure with

AMPLIMODES is not necessary to know a specital parent
structure. Starting from the distorted phase of symnm&tigne
can construct an ideal parent structure whose symmetrypgrou
Let G andH be the space groups of the parent and the disg (with G > ) is determined by the structural pseudosymme-
torted structure (of lower symmetry) so that we are consider try of the low-symmetry phase, either by hand, from previous
a symmetry breakk — H with G > H. For the systematic knowledge of similar compounds, or using computer tools as
analysis of the global distortion it is necessary to spetify  pSEUDO, also available on the Bilbao Crystallographic 8erv
transformation matrix-column paiP( p) that relates the coor- f the atomic coordinates of the parent structure includaeso
dinate system of the group to that of the subgroup: the squargy|yes not forced by symmetry, it is sufficient to give them-re
matrix P defines the transformation of the conventional basisgnaple approximate values. The structural differenceedsn

2.1. Input structure data

(a,b, c)g of G to the conventional bas{g, b, ¢)s of H: the ideal parent structure, constructed in such a way, apd an
other possible parent structure of this symmetry is due tmly
(a,b,c)» = (a,b,c)gP (1) contributions of symmetry modes compatible witH.e. the so-
The columrp = (px. P2, Ps) gives the coordinates of the ori- called_totally symmetrignodes. The CO.I’ltI’ibL_J'[iOI’lS of the much
gin O, of H referred to the coordinate systemaf more important symmetry-breaking distortion modes preisen

The program requires as only input the distorted and pareﬁpe di_storted phase do not depend on any choice of the variabl
structures described in conventional settings, and theixnat &omic coordinates of the parent structure.

column @, p) described above, that relates both settings. In order to perform the symmetry-mode analysis two con-
Thus, for the default example shown by the program, the fol C€PtS have to be properly defined, namely, the structurarelis
lowing input data are introduced: thn relating the pa_rent e_md .the d_|storted phases, and this ba
High symmetry (parent) structure: with respect to which this distortion can be decomposed. The
structural distortion is defined by the so-calldigplacement
221 field which is calculated from the atomic positions of the low-

1 These are modes transforming as thilly symmetrictrivial, or identity irrep that are compatible with the high-symmetry structifeeir number equals the
number of variable (free) parameters in the high-symmetsna coordinates.
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and high-symmetry structures expressed in relative coatpp@r 4. 0060 5. 6653 5. 6653 90 90 90
coordinates. The basis with respect to which this displargm 4
field can be _decomposed is formed by the symmetry mode?ia % %g 8 288888 8 888888 8 288888
compatible with the symmetry break betwegand?. O 1 4e 0.500000 0.250000 0.250000
O 1_2 2a 0.000000 0.000000 0.500000

2.2. Atomic displacement field

The structural distortion relating the two phases can be Wherethe O orbitis splitted into two. THé asymmetric unit
decomposed into two contributions, a homogeneous strain arfC defined is the one whichis relevant for all further outpot
an atomiadisplacement fieldiven by the displacements of each referred to aseference structureThe program determines the
atom in the low symmetry structure with respect to its posi-displacement fieldi(, i) from the comparison of the atomic
tion in the given parent structure. This distinguishes flastee. ~ POSitions of thisH transformed asymmetric unit of the parent
degrees of freedom from the internal atomic degrees of freeStructure with the atomic positions of the distorted suivef
dom, and is done automatically if the atomic displacemerets a POth expressed in relative coordinates. The program ordy pr
obtained by subtracting the corresponding atomic cooteia ceeds further_n‘ it is able to f|r_1d a mapping of both structures
both structures expressed in relative units with respeet)tdv- with a set of displacementsg ., i) with absolute values smaller
alent bases. Thus, if this set of atomic displacements woeld than a given tolerance value.
zero, the distortion between the two structures would omly b Note that the cell parameters Iisteq in the reference stract
due to a homogeneous strain. In general, the strain compone®P0Ve correspond to the transformation of those assoaiatied
of the distortion can be directly derived from the compariep (e parent structure. Thus, for our exampile= ¢ = v/2a,
the unit cells of both phases (again referred to equivaleses). according to the transformation (2). These cell parametess

For full mathematical consistency (orthogonality and com-Used by the program for computing (when needed) the abso-
pleteness of the set of symmetry modets,), the mode anal- ute _values of the components of_ the atomic d_lsplacements
ysis of the distorted structure should be done disregartting U(# 1) In other words, the calculation of these displacements
strain component of the structural distortion. The stragspnt  IN Amstrongs is done disregarding any strain of the distorte
in the real structure can subsequently be added in a straighttructure with respect to the parent one. . .
forward manner, by just taking theal unit cell instead of the ~ The determination of the atomic displacement field requires
idealized unstrained one, while keeping the same relatige-c  SPecial attention if the distorted structure ispoflar type. The
dinates. In the following, we obviate this last step and wherfrbitrariness of the origin of the structure along the pdlegc-
referring to the structural or global distortion we genlgralean ~ ion(s) introduces some arbitrariness in the atomic displa
the internal distortion of the atomic coordinates given by t Ments defining its relation with the parent phase. It is cenve
above-mentioned atomic displacement field. nient in most cases to change the choice of origin of the dis-

The atomic displacement field is completely defined by théorted polar phase, so that no global translation of thecsire

atomic displacements(y, i) within an asymmetric unit of the IS included in the atomic displacements relating both stmes,
low-symmetry structure. The index, 1 = 1,...,s labels i.e. the arithmetic centre of the structure is not displaced when

the atoms of the asymmetric unit of the high-symmetry parenp@rentand distorted structures are mapped through thie.désp
structure, and, i = 1,...,n,, distinguishes the possible split ment field. Therefore, in the case of a polar distorted pftase,
atomic positions in the low symmetry asymmetric unit, due toProgram, in general, introduces an origin shift, to obtatfisa
the symmetry breag — H (Wondratschek, 1992). The set of Placement field fulfilling:

atomic positions (u, i), within an?H-asymmetric unit, describ-

ing the distorted structure can be expressed as: Z#.i mult(x, Hu(p, i) = 0, (4)
. . . where mult(y, i) is the multiplicity of the atomic siteu, i)
r(psi) = ro(p, i) + u(p,i) (3)  within the primitive unit cell of the space group2.

wherero(u,i) stands for the atomic positions in the parent _Note that one can find. in the literature another fqrm of
structure with space group displacement-field calculations for the cases of polaodist
Independently of theé{-asymmetric unit introduced in the Phases: it is based on the so-calleghter-of-massondition
input for the distorted structure, the program defines fer th which requires that the centre.of mass of the structure s lef
distorted structure a new asymmetric unit, by transfornming &t rest during the transformation (seey. Perez-Matoet al.

the H basis theG-asymmetric unit of the parent phase of the (2004)). ) .
input. If necessary, additional atoms resulting from tHettsmy The space group of the distorted ph@sen? is polar along

of some of the Wyckoff orbits are added, in accordance witt @nd the origin shift required is (0, 0, -0.00508). The resgl
equation (3). displacement field given by the program is shown in the follow
Thus, for our example, the program first gives the high Sym_ing table. In this outputyy, uy, u; are the components of the dis-

metry structure transformed in the subgroup basis, dessteb: placements in relative units, whilel is the absolute displace-
ment given inA. The maximum atomic displacement between

038 the two structures is therefore smaller than 0A13

2 This multiplicity is not the conventional one of ITA for cemed space groups, as the latter refers to a centered unit cel
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WP At ons At onmi ¢ Di st ances
ux uy uz | u]
2a (0,0, 2) Bal 0. 0000 0. 0000 0. 0051 0.0288
2b (1/2,0,z Til 0. 0000 0. 0000 0.0221 0.1251
de (1/2,y,z o1 0. 0000 0.0061 -0.0106 0.0694
2a (0,0, 2) oL 2 0. 0000 0. 0000 -0.0059 0.0335

The set of atomic displacements defining any distortion The symmetry properties of a modeés characterized by an
present in &+ distorted phase can be considered as the comifrep of the high-symmetry space grogp defining its trans-
ponents of a multidimensional vector defined in a vector apacformation properties under the operations of this grougen-
with the scalar product given by the sum of conventionaldhre eral, the modes should satisfy some additional restristsm
dimensional scalar products for all displacements withiH a that they are compatible witH. Each distortion mode in equa-
primitive unit cell. The set of displacement$, i) restricted tion (7) is compatible with a space groupthat is intermedi-
to the{ asymmetric uniti.e.with p =1,...,s,i=1,...,n,, ate betweerg andH (G > Z > 'H), i.e. its isotropy group
unambiguously defines the whole displacement field. By defini(Hatch & Stokes, 2002) is a supergrouplof This implies that
tion, the distortion maintains the symmetry given by thecgpa the symmetry modes in (7) are in general restricted to a spe-
group’H. Therefore, the displacement of an atom related withcific subspace within the representation space associgted w
an atom(y, i) of the asymmetric unit by a symmetry opera- their associated irrep. This restriction is always presene
tion of H represented by a matrix-column p&W, w) is given  are working with a fixed space grod, and therefore the irrep
by Wu(u, i). Considering that any operatidil is unitary, the  associated with each mode can be used as a single label for
scalar product of two arbitrary distortions defined by thes se describing its symmetry properties (leaving implicit theda
u(u, i) andv(u, i) can then be calculated using the expression:tional restriction forced by the space grat.

In the following, we will use two indices andm to distin-
Zui mult(, u(p, i) - V(i) (5) ggish the members of the basis of symmetry modes. Thelindex
’ 7 is a global label to enumerate the differentirreps presetiia
which is restricted to thé/ asymmetric unit. The magnitude of basis, whilem(m= 1,...,n,) distinguishes the differentinde-
a displacive distortion can be measured by the norm or amplipendent modes for a given irrepWe can then rewrite equation
tude of its displacement field, given by: (7) as:

A= /X, mult(, ) u(a, ) . ©®) WD) = 2 mAArme (7 My ) ®)
where A is the amplitude of the symmetry mode, m) in
This amplitude depends on the specific values of the celihe structural distortion.
parameters that have been associated with the referenestpar The basis of symmetry modeér, m) is chosen orthonormal-
structure, but its variation will be minimal so long as thes#  ized (withAngstroms &) as length unit):
parameters, even if corresponding to a hypothetical unsia
phase, are kept within reasonable values, implying snrailrst
of the actual lattice of the distorted structure. 2 i ult(pe, De(r, mip, i) - (', |, 1) = 6770, (9)
The dimensio of the vector space @f-compatible distor-
tions, is equal to the number of free atomic coordinatesén t
conventional description of the structure. Thus, in Aran®
structure of BaTiQ@ this dimensionD is 5 (this includes the

hwhere the sum is over all atong, i) in the’ asymmetric unit.
The orthogonality property is automatically satisfied byde®
corresponding to different irreps, while in the case of nwode

global translation along the polar axis) and from the tabile Oassomated with the same irrep, a systematic orthogorialiva

displacements, given above, one can derive from equatjpn (éJrocedltJre car:jbe gp_plled. Notle thtat th|s mphgsfthat thrsbast. |
that the distortion present in tihenn® has a total amplitude of symmetry modes 1S in general not unique and for any practica
0.165. calculation a certain arbitrary choice must be done.

The normalized distortion given by the so-called polaiaat
vectore(r, M|y, i) defines the symmetry mode, m) except for
) ] a global amplitude; therefore henceforth we will use thenter
In general, anyH distortion can be expressed as the sUMy,qeandmode polarization vectaas practically synonymous.
of the contributions of a set of symmetry-adapted distor- e get of displacements of each Wyckoff orbit of the parent
tion modes. In other words, one can choose within ke g4 \ctyre form an invariant subspace for all symmetry opera
dimensional space df distortions a basis of specific distor- yqng 5o that the basis of symmetry modes can be chosen con-
tions ormodese (]|, i), j = 1,...,D, with certain symmetry  qijering separate modes for each Wyckoff orbit in the parent
properties, such that structurej.e. e(r, m|yu, i) = 0 for all atomsu except one. Fur-
thermore, the symmetry constraints of the polarizatiortarec
U, i) = 325 Aje(jlu, ). (7)  of agiven mode only depends on the type of Wyckoff position,

2.3. Symmetry-modes basis
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so that the set of displacements defining the mode polasizati 2.4. Decomposition

vectors can be chosen identical for all crystallographiteiof Expression (8) can be considered as a change of basis in the
the same Wyckoff position. Hence, in practice, the index  description of the atomic displacement field as a vector én th
the symmetry-mode basi¢r, m) labeling the modes associated D-dimensionafH distortion spacei.e. a linear transformation
with a given irrepr, can be decomposed into two labels: onepetween the atomic parameterg., i), that define the atomic
giving the atom representatiye of the Wyckoff orbit having  positions in the distorted structure and the amplitudeg,fof
displacements in this mode, and an additional index foh&mt  the chosen basis of symmetry adapted modes. The determina-
enumeration in case of multiplicity. Whenever it is possjbbe  tion of the contribution of each of the symmetry-allowed resd

will maintain however for simplicity a single label, as a short o the distortion, given by these amplitudes 4 is straight-
symbolic notation for enumerating the basis modes for angiveforward taking into account the orthonormal propertieshef t

irrep. symmetry modes:
The basis of symmetry modes that is used by _ . _
AMPLIMODES in the description of théAmn® structure of Arm= 2, mult(u, i)e(r, miu,i) - u(u,i) (10)

BaTiO;s, is given in the following table. It consists, as expected,

of five modes: four corresponding to the rep GM4r) and  oypressed in absolute length units. This allows the compari
one to GM5-('5) with wave vectok = (0,0,0)°. The program s, of the contributions of different distortion modes evien
lists the basis of symmetry modes, using as mode labels{ 8P3hey represent collective atomic displacements of verfedif
from their irrep, the relevant atom within tigsasymmetric unit  on¢'tvne These amplitudes weakly depend on the chosentparen
and a multiplicity index: unit cell, since the absolute atomic displacements areifztx!
for the undistorted lattice. This minor ambiguity is unalatble,
since in general an unstraingdcompatible lattice has to be

The amplitudes A, have length as dimension and can be

node | abel atom OX oy 0z i i~ di
GVA- Bal 1  Bal 0.00 0.000000 0. 176512 f:on5|dered for_both atomic d|spllacements.and symmetr.y mode
in order to achieve a mathematically consistent mode aisalys
GW- Til11 Ti1l 0.00 0.000000 0.176512 From a physical/chemical viewpoint, if we are interested in
. oL 1 oL 0.00 0062406 0. 062406 the atomistic mechanism at the origin of a certain distorted
o 000 0 000000 O 124813 struc_turef it is convenle_nt to dlstmgu_lsh a_nd se_para_lreeamh
possible irrep, the amplitude of the distortion with thisrsye-
Gw- O1 2 oL 0.00 -0.088256 0.088256 try, and its normalized polarization vector. For instarinegur
2 0.00 0.000000 0.000000  BaTiO; example, according to equation (10), the amplitudes in
aB- Ol 1 oL 0.00 -0.062406 -0. 062406 A obtained for the chosen orthonormalized mode basis are:
2 0.00 0.000000 0.124813 GW4- Bal 1 0. 028780
G- Til 1: 0. 125091
Gv- OL 1: - 0. 041823
: ; : G- 0oL 2: - 0. 094725
The displacementsx, Jy, dz associated with each mode Qb Ol 1 -0 005609

are given in relative units with respect to the low symme-

try unit cell, and they fulfill the mentioned orthonormaliza  The amplitude of the total distortion is therefore given by
tion conditions if transformed into absolute displacerseising  the norm of the five dimensional vector defined by these five
the H-transformed unit cell of the parent structure. In theomponentsj.e. 0.1650A, in accordance with the norm cal-
example, these displacements are in fact quite simpleidr&t  ¢yjated directly from the atomic displacemerts Section 2.2,
when expressed in absolute distance units. For instana#gsno within this total distortion, the amplitude of the GM4- dist
(GM4- Bal 1) and (GM4- Til 1) are displacements of the COr+jon is given by the norm of a vector limited to the first four
responding atoms by A along thez direction of theAmn2  ampjitudes above, while the specific combination of the four
setting, while those of the mode (GM5- O1 1) for O1 and O2GM4- basis modes, which is not forced by symmetry present
atoms arg0, —1/v/8, ~1/v/8) and(0,0,2/v/8), also inA. The i the observed GM4- distortiong. the polarization vector of
definition and use of the basis symmetry modes in the settinghe actual GM4- distortion, is given by the normalizatioritus

of the low symmetry distorted structure, and in relativetsini - corresponding 4-component vector:

are a key point of the parameterization used by the program.

Although they apparently complicate the expressions fer th Amplitude(GM4-)= 0.1649A

polarization vectors of the modes, they allow in fact to essr e(GM4—) = (0.1745110.758503 —0.253598 —0.574375

all mode relations in accordance with crystallographicveon (11)
tions. In this way, their effect on th& structure become self-

evident, and can be applied directly on the relative coateis This is the form in which AMPLIMODES first presents
of the asymmetric unit of thé(-reference structure. the weight and internal structure of the symmetry companent

3 The irreps are defined by a wave vedtarepresentative of its star of wave vectors, plus a label iefiits transformation properties for pure lattice tratikzal
operations. For the labels of irreps AMPLIMODES follows tiwation used by ISOTROPY (Stokes & Hatch, 2002), which see8ally the one of Cracknetit al.
(1979).
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present in the analyzed distorted structure, separatieg th  The displacements are listed in relative units, which multi

amplitude and expressing their normalized polarizatioctare  plied by 0.1649 and added to the reference asymmetric unit

in terms of the basis of symmetry modes. Henceforth, we shallsted above, produce a virtu&imn® structure with only the

call these symmetry adapted distortion modes for each,irrezsM4- component of the experimental structure. Note thatehe

presentin the distorted structungep distortions The program  displacements include a subtle correlation due to their GM4

also indicates for each irrep distortion the subspace withé  symmetry, namely the displacements of the oxygens O1 and

irrep space in which the distortion is restricted, usingnnbta- 012 fulfill dyo1 + dzo1 + 0Zo12 = 0. This implies in the

tion of ISOTROPY (Stokes & Hatch, 2002). resulting structure a non-crystallographic symmetry tr@rirst:
Within the range of stability of the analyzed phase oneyo; + zo1 + Zo12 = 0. As the GM5- distortion, that breaks

expects that the amplitudes of each irrep distortion shbelsh  this relation, is a secondary marginal distortion with venyall

general strongly temperature, pressure or compositioerdep amplitude, this non-crystallographic relation is approately

dent, and with different behaviors for different irreps,il@the  maintained by the atomic coordinates of the experimemadtst

polarization vector would be rather invariant. In other d&r ture.

frozen distortions of a given symmetry may change rathélyeas

in amplitude, but their internal structure or polarizatiettor 3. The program

in general is bound to be quite “rigid”. Furthermore, a hiehy

of amplitudes among the different irrep distortions is etpd,

depending on their relevance on the stabilization of thiodisd _ ) ) ) ) o
phase. The displacement field described in the previous section is

In our example, the GM4- distortion corresponds apprOX_CaIculated by the combined action o_f two modules. A first mod-
imately to a specific combination of the three-fold degenert!e, TRANSTRU, transforms the high-symmetry structure to
ate unstable polar normal modes which cause the successitie basis of the low-symmetry phase. Although the change of
ferroelectric phases in BaTiOlts amplitude can be identi- structure description is conceptually clear and simpleait ¢
fied with the Landau order parameter relating this phase witRecome technically complicated especially when the symme-
the cubic perovskite. The GM4- distortion is therefore at th Ty breakG — 7 involves an enlargement of the unit cell.
origin of this ferroelectric phase, while the GM5- distorti The robustness of the transformation procedure is achieyed
is secondary, allowed by symmetry but marginal in the phas@ Parallel calculation of the splitting schemes of the ogedip
stabilization. Thus, the strong difference of amplitudéghe ~ atomic positions for the transformatigh > . The program
two frozen distortions is the signature of the underlyirttjda  first decomposes in right cosets with respect %, and then

3.1. Implementation

dynamics mechanism that causes this phase. the split orbits are calculated. Given the space-groupstygie
In general, the program lists the irrep distortion for eanky, 9 @ndH, and the transformation matrix between their con-
giving its amplitude: ventional bases, TRANSTRU produces the transformed high-
symmetry structure, explicitly indicating the coordinaiplets
A, = (Zm(Af.m)z)% (12) of the representatives of the split atomic positions. Anamp

tant feature of this tool is that it provides the Wyckoff l&be
and multiplicity for each atom representative in the transfed
structure.
e(t)=(ar1,8r2,...,arn,) (13) The second module, COMPSTRU, searches an optimal atom
. mappingbetween the high- and low-symmetry structures and
with a, m = A /A, pping g y y

For crystallographic purposes, the program also lists thé:alculates the corresponding atomic displacement fietshrit-

polarization vector of each irrep distortion in the atomisis pares the (relative) coordinate triplets of the high-syrine

. o N structure referred to the basis & with those of the low-
listing the atomic displacemeng$r|u, i) within the asymmet- )

) . symmetry structure and forms pairs of atoms between the two
ric unit, calculated as

structures so that the corresponding displacements arénwit
e(7|p, i) = > arme(T, mu, i) (14) the maximal allowed distance (tolerance length) defined in
advance. The pairing procedure becomes complicated if the
transformationg — H involves large atomic displacements.
An optimization routine has to supplement the pairings proc
dure when atoms of the same type occupy several independent
u(T|p, i) = Are(T, mu,i) (15)  orbits that belong to the same Wyckoff position type. The pro

Hence for our example, the polarization vector of the Gmgdram stops ifitis unable to find a mapping of the two struciure

. ) . . . . ] within the given tolerance. If the space grotfis polar, the
distortion (see equation (11) is alternatively listed as: atomic displacement field obtained by COMPSTRU is modi-
Atom X oy 0z fied to cancel any global translation, shifting the originttoé
Bal 0.0000 0.0000 0.0308 distorted structure
Til 0.0000 0.0000 O0.1339 o .

0. 0000 0.0349 -0. 0665 Due to their utility for other structural calculations both

o1
OL 2 0.0000 0.0000 -0.0317 programs, TRANSTRU and COMPSTRU, are also accessible

and its polarization vector in terms of components for theiba
of symmetry modes of this irrep:

A virtual structure with only the--component of the distor-
tion can then be obtained by adding to eransformed asym-
metric unit of the reference structure the displacements:
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online on the Bilbao Crystallographic Server as indepenhderused by the programs of the Bilbao Crystallographic Sérver
tools. The transformation matrix that relates the conventionakba

The basis of orthonormal symmetry modes necessary for thef the high- and low-symmetry space groups should be pro-
symmetry-mode analysis are obtained using the program SYMided either as a matrix-column paiP,(p) or in the concise
MODES (Capillaset al, 2003) that is already available on the form: Pija + P2ib + P3iC, Proa + Paob + PsoC, Prsa + Pasb +
Bilbao Crystallographic Server. The symmetry mode calculaPssC; P1, P2, Ps.
tion performed by SYMMODES is based on the program COPL  Normally the matrixP of the transformationR, p) can eas-
(Hatch & Stokes, 2002). For a given symmetry bréak— H, ily be obtained from the knowledge of the lattice paramebérs
and a specified Wyckoff atomic orbit, SYMMODES, calculatesthe two structures. The knowledge of the relevant origirft shi
the polarization vectors of a complete basis of symmetryesod on the other hand, can be a more complicated matter. In gen-
that can contribute to the structural distortion. The syrmye eral, the tool SUBGROUPGRAPH (lvantchewal., 2000) also
of the modes is specified by their irrep, their direction ie th available on the Bilbao Crystallographic Server, can bel fise
representation space and their isotropy subgroup. SYMM®DEthe purpose of determining the relevant transformatiympj.
(Capillaset al,, 2003) provides the mode polarization vector of This program only requires the index &f as subgroup of
each mode in the setting of the high-symmetry space grougeasily derived from the knowledge of the number of formula
giving the atomic displacements for the whole Wyckoff orbit units Z per unit cell in both structures), to produce all poss
extended to thé{ unit cell, without forcing normalization or ble distinct subgroups of of type H, and their correspond-
orthogonalization of modes of the same symmetry. ing transformationsK, p). Often there may be distinct (non-

In the AMPLIMODES procedure, first SYMMODES is equivalent) subgroups of tyge with the same matri®, but
called to provide the allowed symmetry modes for all Wyck-different shiftsp. In these cases, the server tool WYCKSPLIT
off positions occupied in the parent structure. This infarm (Kroumovaet al, 1998) can be used to check the splitting of the
tion is then transformed to the setting of the distortedcstme.  Wyckoff orbits for each of the possible subgroups. A compari
In addition, the modes are internally transformed to a Garteson of this Wyckoff splitting with the occupied Wyckoff otbi
sian basis applying the so-called Standard Root Tensoineout in the distorted structure is usually sufficient to identtfg rel-
(Schlenkeret al,, 1978), to be subsequently normalized, andevant class of subgroufs and its possible transformatior3, (
orthogonalized if necessary using the Gram-Schmidt pnoged ).
For the decomposition of the displacement field with resfiect  Finally, the user should indicate a maximum allowed distanc
this basis of symmetry modes, the displacement field is alsgtolerance length} in A for the displacement field. The toler-
transformed to the same Cartesian basis. Simple scalangrod ance length limits the allowed atomic displacements for GOM
calculations result in the determination of the amplitudles, ~ STRU and reasonable values will rarely exceell For toler-
of the symmetry modesf. equation (10). The amplitudes:A  ance lengths much larger than this value, the pairing reutin
for all irrep distortions and the components of their paation  in COMPSTRU may be unable to reach an acceptable displace-
vectors are calculated following directly from the corresg-  ment field, and some specific constraints about the possiinie p
ing definitionscf. equations (12), (13) in Section 2.4. ings may be introduced by the user, to restrict the possésili

In any case, if a successful comparison of the non-distanteld

3.2. Input and output distorted structures done by the program requires atonsic di

In thel nput block the user is expected to introduce the strucPlacements that greatly exceedil the user should carefully
tural data for the high- and low-symmetry phases. The data cacheck if the atomic pairs determined by the program are-steri
be introduced either using CIF files (with certain restant), ~cally reasonable.
or keyed by hand or introduced by copy/paste in the provided The Output of the program consists of two main blocks: a
field. The necessary structure information includes theepa structure-data block and a block where a summary of the main
group number (as given in ITA), the cell parameters, the numresults of the symmetry-mode analysis are displayed:
ber of independent atoms in the asymmetric unitand the eoord e Structural dataThe output begins by showing the input
nates of these atoms. Each atom must be specified by its chem-  provided by the user.e.the high- and the low-symmetry
ical symbol, a sequential number for each species, the Wyck-  structures and the transformation matrix. Then follows
off position of the occupied orbit and the atomic coordisate the high-symmetry structure transformed to the subgroup
in relative units. If unknown, the Wyckoff position labelrca basisi.e. the reference structureThe atomic labels of
be substituted by some arbitrary character. The prograacin f the reference structure are used to identify the atoms

identifies the actual labels of the occupied Wyckoff orhitde-
pendently of the Wyckoff symbols introduced, and indicaites
correct ones in the output. Fractional coordinate 1/3, &8,
have to be introduced with six digits for a proper identificat

The program AMPLIMODES only accepts structure data

given with respect to the default ITA settings of the spaceigs

throughout the rest of the program output. The next two
tables describe the displacement field. The first table lists
the pairings found by the program: for each atom in the
asymmetric unit of the reference structure an atom from
the unit cell of the distorted structure is assigned. The
corresponding atomic displacements calculated in terms

4 For space groups with more than one description in ITA, tHeviing conventional settings are taken as defautique axis b, cell choicefbr monoclinic groups,
hexagonal axisetting for rhombohedral groups, aadgin choice 2for centrosymmetric groups listed with respect to two arigin ITA.
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of relative displacements,, u, and u, with respect to
the reference unit cell are listed in the second table. A
measure of the total displacementﬁngstrbms is given
in its fourth column, using for the calculation the unit
cell of the reference structure. In the case of polar struc-
tures type, the user is asked to indicate the polar direc-
tion which is used for the calculation of the origin shift
necessary to avoid the inclusion of a global translation
in the displacement field. The tables describing the dis-
placement field are shown twice: without and with the
calculated origin shift. It is not unusual for the maximum
atomic displacement to increase after the origin shift.

e Summary blockwo tables sum up the main results of the
symmetry-mode analysis. The first one lists the type of
basis modes and their number for each occupied orbit of

in the form of a generic n-dimensional vector, termed
in the output aglirection following the conventions of
ISOTROPY (Stokes & Hatch, 2002).

The program lists the global amplitude, Ain ,5\) and

the componenta, ,,m = 1,...,n; describing the nor-
malized polarization vecta(r |y, i) (in the chosen basis
of symmetry modestf. equations (13), (14). The last
table in the sub-block shows the same polarization vec-
tor in terms of displacements (in relative units) of the
atoms in the asymmetric unit of the reference structure
and normalized with respect to its primitive unit cell.
The option "Virtual structure” produces a virtual struc-
ture corresponding to the presence of only this irrep dis-
tortion.

the non-distorted structure, specified by an atomic labe$.3. Availability

and the corresponding Wyckoff position. The symmetry The program AMPLIMODES forms part of the Bilbao
modes are distinguished by the label of the irrep to whichCrystallographic Server,ht t p: / / www. cryst . ehu. es,

they belong (see footnotdor explanations on the nota- (Aroyo et al. (20061) and Aroyo et al. (2006)) and uses
tion). The second table lists the amplitudes &f the  the databases and the results from other programs avail-
irrep distortions present in the distorted structure @d#e | able on this server. The program can be used from any
ing for each allowed irrep its representative wave vectorcomputer with a www-browsewia Internet. The URL is

its corresponding isotropy subgroups and the distortiorht t p: / / www. cryst . ehu. es/ cryst/ anpl i nodes. htm
dimension (the number of independent basis symmetrywhere also an on-line manual with a description of input and
modes involved). output of the program is available.

The optionDetailed information extends further the output 4 Examples

of the program by providing details on the basis of symmetryrye fgllowing two examples illustrate the use of the compute
modes useo_i for the analysis, and the decomposition of the d'f)rogram AMPLIMODES for the symmetry-mode analysis of
placement field. specific distorted structures. In addition, the resultsivted by
e Symmetry modeBhe polarization vectors of the basis of the program are compared with results from the literature.
symmetry modes used are listed, labeling them by their
irrep, the atom label corresponding to the representativé.1. Example 1: SrBi>Ta2Oo
of the G Wyckoff orbit having displacements for this  The Aurivillius family includes compounds with the gen-
mode, and an additional index for further enumerationeral formula BimAn-mBnOs(nym) that are formed by [BO;]
in case of multiplicity. For each polarization vector, the slabs separating perovskite-like blocks. These composinuls
program only lists the atomic displacements (in relativea paraelectric-ferroelectric phase transition from aaggtnal
units with respect to the unit cell of the reference struc-to orthorhombic or monoclinic phases. The main features of
ture) of the atoms of the relevagtWyckoff orbit which ~ AMPLIMODES can be demonstrated by its application to the
are present in the asymmetric unit of the reference strucferroelectric structure of one of the most studied materl
ture. The number of atoms in the list is therefore equal tahe Aurivilius family, SrBp Ta,Og namely SBT. The symmetry-
the number o Wyckoff orbits originated from the split- mode analysis of SBT, published in Perez-Matcal. (2004)
ting of the relevant; Wyckoff orbit. The assigned labels can be compared with the results of the program.
of the symmetry modes are used throughout the rest of The format of the input structure data for AMPLIMODES is
the output. illustrated by the high- and low-symmetry data of SBT shown i
e DecompositiorThe results of the decomposition of the Table 1. The experimental data for the tetragddahmmphase
displacement field are shown in sub-blocks: the data fois taken from Hervochest al. (2001) while the orthorhombic
each of the irrep distortions that contribute to the struc-Cma; data corresponds to the data given by Raal. (1992).
tural distortion €f. equation (8)) are given in a separate Note that the original structure description of the low-syetry
sub-block. Each sub-block is entitled by the correspondphase in Raet al. (1992), has been previously transformed to
ing irrep symmetry label followed by the isotropy sub- the conventional settingm;. The automatic tool SETSTRU
group and the transformation matrix-column pair p) (http://ww. cryst.ehu. es/cryst/setstru. htm)
that relates the conventional bases of the high-symmetrglso available in the Bilbao Crystallographic Server candex
group G and the corresponding isotropy subgroup. Théor this purpose.
subspace within the n-dimensional irrep space, within The transformation matrix relating the conventional basfes
which the distortion is restricted to fulfill the symme- 14/mmmandCme; can be given either in a concise forie.
try compatibility with this isotropy subgroup is indicated asc, a — b, a+ b; 1/4,-1/4,0, or written in a matrix form:
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0O 1 1| 1/4
0 -1 1|-1/4
1 0 0| O

The output produced by AMPLIMODES starts with the ref-
erence structure (Table 2). The tables of pairings andatisgl
ment field (Table 3) are recalculated after indicating thiapo
direction ((Q 0, 1) in our case).

Table 1
High- and low-symmetry structures for SBT. The asymmetni¢ of each struc-
ture is given in the conventional basis of the space group.

# Space Group ITA number

139

# Lattice parameters

3.9121 3.9121 24.984 90 90 90

7

# [atom type] [number] [WP] [X] [y] [z]
Sr 1 2a 0 O 0

Ta 1 4e 0 O 0.5856
Bi 1 4e 0 O 0.2002

O 1 2b 0 O 0.5

(0] 2 4 0 O 0.6593
O 3 4d 0 05 025

(0] 4 8 0 05 0.0772

# Space Group ITA number

36

# Lattice parameters

24.9839 5.5344 5.5306 90 90 90

8

# [atom type] [number] [WP] [X] [y] [z]

Sr 1 4a 0.5000 0.2554 0.0220

Bi 1 8b 0.7007 0.2232 0.0486
Ta 1 8b 0.5849 -0.2478 0.0137
(6] 1 4a 0.5000 -0.2928 0.0131
(0] 2 8b 0.6591 -0.19455 0.0071
(0] 3 8b 0.2492 -0.0093 -0.2183
(0] 4 8b 0.5697 0.0056 -0.2414
(6] 5 8b 0.5831 -0.4835 -0.2625
Table 2

Reference structure for SBT. This structure is obtainedxXpyessing the high
symmetry structure in the low symmetry basis. Note that thalver of inde-
pendent atoms on this basis increases due to a splittingedfigh symmetry
O4 orbit.

036

24.983999 5.532545 5.532545 90.000000 90.000000 90.00000

8

Sr 1 4a  0.000000 0.750000 0.000000
Ta 1 8b 0.585600 0.750000 0.000000
Bi 1 8b 0.200200 0.750000 0.000000
o 1 4a  0.500000 0.750000 0.000000
o 2 8b 0.659300 0.750000 0.000000
o 3 8b  0.250000 0.500000 0.250000
o 4 8b 0.077200 0.500000 0.250000
O 42 8b 0.077200 0.000000 0.750000

Table 3

Displacement field for SBT. The components of the displacgrfield w, uy
and y are given in relative unitgju|| is the absolute displacement4n

Atom Uk
Srl 0.0000
Tal -0.0007

Bil 0.0005
o1 0.0000
02 -0.0002
03 0.0008
04 -0.0075
04.2 0.0059

Uy
0.0054
0.0022

-0.0268
-0.0428
0.0554
0.0093
-0.0056
0.0165

Uz
0.0220
0.0137
0.0486
0.0131
0.0071
0.0317
0.0086
-0.0125

lul
0.1253
0.0787
0.3073
0.2476
0.3093
0.1839
0.1958
0.1867

The three types of irrep distortions that can contributéno t
symmetry break4/mmm — Cma; are shown in the graph
of maximal subgroups (Figure 1 obtained with SUBGROUP-
GRAPH (lvantchevet al, 2000) or SYMMODES (Capillas

et al, 2003).

I4/mmm

VXA X5

Fmm2

Cmecea

Figure 1

Maximal subgroup graph between space grddgmmmandCmc;. The irrep
labels indicate the irrep distortions (and the related-égmyt subgroup) that can
contribute to the symmetry bredd/mmm — Cme;. The label X corre-
sponds to the wave vect@f/2, 1/2,0) in the Brillouin zone of thd4/mmm

structure.

It can be seen that a single irrep distortion is not sufficient
to explain the full symmetry break of the transformation; a
combination of at least two distortions belonging to didfietr
irreps is necessary. The SBT orthorhombic structure requir
a basis of 22 symmetry modes (equal to the number of free
parameters of the low-symmetry structure) and their distri
tion into irrep types is shown in the symmetry-mode summary
table of the output of AMPLIMODES reproduced in Table
4. There are 4 modes of symmetry, 8 of symmetryl,

7 corresponding toX;” and 3 modes of symmetr}t, . Part

of the data on thd; symmetry modes shown by the pro-
gram under th®etailed informatioroption are summarized in
Table 5. The patterns of the symmetry mode are specified by
the relative atomic displacements, dy, 6z of one orbit repre-
sentative. Due to the splitting of the O4 orbit (Wyckoff posi
tion 8g) during the symmetry reductidd/mmm — Cma@,,
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(89)14mmm — 2 * (8d)cme,, the relative displacements of two table 5 (see equation (13)) and as crystallographic displac
04 atoms are necessary for the pattern description of themodments next, this mode can be seen on figure 2.

04 1and O4 2. Table 7
Table 4 Normalized polarization vector for tHg;" distortion of SBT
Summary of the basis of the symmetry modes in the distortio8BY, dis- ‘ Srl1| Tall| Bill | O11 ‘ 021 | 031 | 041 ‘ 042 ‘
tributed per type of Wyckoff position. Numbers in parentbésdicate the num- 0.09 | -0.06 | 0.70 | -0.05 | -0.20 | 0.33 | -0.52 | -0.28
ber of modes for each irrep.
Atoms WP  Modes Table 8
04 8g T (X2 X5 (D) Normalized polarization vector for tHe distortion of SBT expressed as dis-
02 Bil Tal 4e I'f(l) s (1) X5(1) placements in relative units for the reference asymmetiitc u

o3 4d 5 (1) X5(1) X5 (D) Atom 5% sy 5z

o1 2b T (1) X3 (1) Srl || 0.0000 0.0000 0.0110

Sr 2a  T5(1) X3 (1) Tal || 0.0000 0.0000 -0.0053

Bil 0.0000 0.0000 0.0632
o1 0.0000 0.0000 -0.0065

Table 5 02 0.0000 0.0000 -0.0182
Symmetry modes of SBT for theg irrep. Each symmetry mode involves a 03 0.0000 0.0000 0.0301
single atom in the asymmetric unit of the high-symmetrycttrite. The modes 04 0.0000 0.0107 -0.0360
04 1 and O4 2 contain displacements in to two orbits of thereefee struc- 042 0.0000 0.0107 -0.0360

ture because they originate in the splitting of a single orteé high-symmetry
structure. The displacements are normalized with resheaeference unit cell
and given in relative units with respect to its lattice paeters.The displace-
ments of the remaining atoms within the unit cell can be oleifrom those
listed by applying th&€ma@; symmetry.

Mode label ~ Atom || 6x 8y 6z
Srl11l Srl 0.00 0.00 0.1278
Tall Tal 0.00 0.00 0.0903
Bil1l Bil 0.00 0.00 0.0903
Oo11 o1 0.00 0.00 0.1278
021 02 0.00 0.00 0.0903
031 03 0.00 0.00 0.0903

04 0.00 -0.0451 0.0451
042 0.00 -0.0451 0.0451
04 0.00 -0.0451 0.0451
042 0.00 -0.0451 0.0451

041

042

The amplitudes of the irrep distortions present in@me@;
structure of SBT calculated by AMPLIMODES are given in gigyre 2
Table 6. While not numerically equal, they are equivalent topescription of the; distortion mode for SBT. The direction of the atomic
the results reported in Perez-Magal. (2004), The differences displacements correspond to the direction of the arrowsevwheir lenghts are
are explained taking into account two considerationst Ring prc_Jportional to the amplit_ud'es of the displacements. Thﬂréigvas prepared
polar rg (: Eu) mode depends on the origin of @M, using the program FEBtudio included on the FullProf Suite.
phase. While AMPLIMODES satisfies the 'arithmetic-centre’
condition keeping the arithmetic centre fixed, the caléofain —qjtion of the distortion in SBT evidences the hierarchy of
Perez-Matoet al. (2004) kept the center of mass fixed. AlSO 4 three intervening irrep distortions. The two primargler

another normalization was used. AMPLIMODES normalizes,, ameters present on this phase can be identified as thibse wi
the symmetry modes with respect to the low symmetry bas'ﬁargest amplitude. Th¥; distortion, having the largest ampli-

the normalization in the mentioned reference was done Withy,qe can be considered the most unstable one, and an infiermed
respect to the high symmetry basis. ate phase compatible with only this distortion and of synmnet

As stressed in Perez-Matt al. (2004) the mode decom-

Table 6 Cmcm can be predicted. This conclusion is in agreement with
Summary of the mode decomposition of SBT, indicating the lamtfes inA the results ob initio calculations (Perez-Matet al., 2004) and
of all intervening irrep distortions. experimental results (Hervochesal,, 2001). TheX; andl'g
K-vector Irrep Dir. Isotropy Dim.  Ampl. &) Q|stortlon modes of the experimental structure could batide
Subgroup fied as the two most unstable normal modes of the parent struc-
(0,0,0) ry (a) 14/mmm (139) 4 007 tire
(0,0,0) Eu(=T5) (a,a) Fmm2(42) 8 0.51 ’
(1/2,1/2,0) X5 (a, —a) Cmca(64) 3 0.89
(1/2,1/2,0) X (a—-a)  Cmem(63) 7 026 O YMnOgs

Our second example deals with the ferroelectric phaseitrans
Tables 7 and 8 show the normalized polarization vector fotion of YMnO3; and the results of AMPLIMODES are com-
thel; mode, first in terms of the symmetry modes given onpared with those of Fennie & Rabe (2005). The compound is
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ferroelectric of symmetr{P6scmat room temperature and para- by means ofib-initio calculations have concluded that the sym-

electric with spac®6s/mmcabove 1270K.

P63/mmc
Iy / \ Ky
P63mce P63/mem
\ X, /
P63scm

Figure 3

Maximal subgroup graph between space gra@fsgmmcandP6scm The irrep
labels indicate the irrep distortions (and the relateddgnt subgroup) that can
contribute to the symmetry bredk6s/mmc — P63cm The label K corre-
sponds to the wave vectdi/3, 1/3 0) in the Brillouin zone of theP63/mmc
structure.

Figure 4

Description of theKs distortion mode for YMnQ@ in a [110] projection. The
direction of the atomic displacements correspond to thection of the arrows.
For clarity the lengths have not been kept proportional. fidwee was prepared
using the program FBtudio included on the FullProf Suite.

The room temperature lattice implies a three-fold muitigfi
tion of the unit cell with respect to tHe6s/mmcparent structure.

metry breakP6;/mmc— P63cmis the result of a single insta-
bility, i.e. a single phase transition, YMn(being in fact an
improperferroelectric.

Table 9

High- and low-symmetry structure data for YMgO
194
3.61 3.61 11.39 90 90 120
4
Mn 1 2c 0.33333 0.66667 0.25
) 1 2b O 0 0.25
(0] 2 4f 0.33333 0.66667 0.087
Y 1 2a O 0 0
185
6.1387 6.1387 11.4071 90. 90. 120.
7
Mhn 1 6c O 0.3352 0
) 1 2a O 0 -0.0218
(0] 2 4b 0.33333 0.66667 0.0186
) 3 6¢c 0.3083 0 0.1627
(0] 4 6¢c 0.3587 0 -0.1628
Y 1 2a O 0 0.2743
Y 2 4b 0.33333 0.66667 0.2335

Figure 3 shows the chain of maximal subgroups relating par-
ent and distorted symmetries in this case, with indicatibn o
the allowed irrep distortions that should be present in tioar
temperature structure. One can directly derive from theréigu
the three possible mechanisms for the symmetry break. A pri-
mary (unstable) mode of symmetiy (this mode can be seen
on Figure 4), would be sufficient to explain the symmetry krea
with a single phase transition. In this case, one expectstiba
P6scmroom temperature structure will have a strong dominant
K3 component, while the symmetry allow&d or K; distor-
tions would be secondary weaker distortions. The spontaneo
polarization produced by the polar distortibg would be then
a secondary induced effect, and YMg®ould be anmproper
ferroelectric. On the other hand, if bolfy or K; were unsta-
ble primary distortions, they could also explain the obedrv
room temperature symmetry, and in this case an intermediate
phase would be expected. The intermediate phase would cor-
respond to the condensation of only one of the two primary
modes (in principle, the one with largest amplitude), anthis
case the ferroelectric properties of YMa@ould be those of
a properferroelectric. In this second scenario, the hierarchy of
amplitudes of the three distortions is expected to be cotelple
different: theKs distortion as a secondary mode would have a
significantly smaller amplitude than the primary andK; dis-
tortions. Therefore, a mere mode decomposition of the exper
imental distorted structure can be sufficient to derive Wit

YMnOj3; can be considered a multiferroic, and its sequence ofhe two scenarios is more plausible, and if the existencenof a
phase transitions has been the subject of discussion iitéhe | intermediate phase is to be expeétdtennie & Rabe (2005) did
ature. Some research groups have reported or propose@an intthis mode decomposition and showed it was in accordance with

mediate phase (Lonkat al.(2004), Néneret al. (2007)), with
the possibility of having a proper ferroelectric trangitid his

the first model: a dominariz distortion. This result was also
confirmed by their ab-initio calculations that show that plae-

intermediate phase, however, has not been observed in othentP6s/mmcstructure has &3 unstable degenerate mode, and
studies (Katsufujiet al, 2002), while Fennie & Rabe (2005) that no unstable modesBb§ or K; symmetry exists. Moreover,

5 in Lonkai et al. (2004) a third scenario was proposed with an isosymmetitsttion between a paraelectric intermediate phase arfintiiderroelectric phase.
This is however based on incorrect arguments, as the autkierlmoked the necessary condensation of a polar mode asadsey distortion, in the first non-polar

— polar symmetry break
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the polarization vector of the experimenkal distortion agrees 'Srable 12 the mode d {ion of PRsCmStrUGtUre of YM
very well with the one of the calculated unstable mode. ummary of the mode decomposition of fé;cmstructure of YMnQ.

K-vector Irrep Dir. Sli%t;?gzp Dim.  Ampl. (A)

Table 10 (0,0,0) ' (a P6/mmc(194) 1 0.01
Reference structure for YMn (0,0,0) ry (a) P6smMc(186) 4 0.16

185 (1/3,1/3,0) Ki  (a0) P6s/mcm(193) 2 0.03

6.2527 6.2527 11.3900 90.0000 90.0000 120.0000 (1/3,1/3,0) Ks (a0)  P6zcm(185) 3 0.93

7

Mn 1 6c  0.000000 0.333330 0.000000 Table 13

0 1 2a 0.000000  0.000000  0.000000 Normalized polarization vectors for thl'g, K1 and Kg distortions in YMnQ

o} 12 4b 0666667 0.333333  0.000000

O 2 6c 0000000 0.333330 0.837000 Mnll | O11l ‘ 021 | Y11 ‘

O 22 6c 0333330 0.333330 0.663000 0.0000 | -0.1432 | 0.0020 | 0.0809

\% 1 2a 0.000000 0.000000 0.750000

\% 12 4b 0666667 0.333333  0.750000 Mn1 1 021

-0.9921 ‘ -0.1255 ‘

Here, we show how this illuminating mode decomposition o11 021 | vi1
can be done automatically by AMPLIMODES. The structures ;70 ‘ 0.5858 ‘ 0.5759 ‘
introduced as input are shown in Table 9. The high-symmetry
structure is taken from Lukaszewicz & Karut-KalicinskaT4)  Table 14

while the low-symmetry phase is from van Akehal. (2001).  Normalized polarization vectors for tHe, , K1 and Ks distortions expressed
The matrix relating the settings of both structuresais- b, as displacements for the asymmetric unit of the referencetste, in relative
a+2b, c; 0,0, 1/4. The origin shift 1/4 along the polar z direc- units with respect to the reference unit cell.

tion is chosen in view of the arbitrary choice of z=0 for the Mn Atom  0x oy oz

atom done in the distorted structure, to make the positions i 021 8"8838 g:gggg 8"8222

both structures comparable. The reference structure éngiv Ol2 00000 00000 0.0312

Table 10. The program then only requires a shift of the origin o2 0.0000 0.0000 -0.0003

along z of 0.00043 in relative units to keep the arithmetic-ce 022  0.0000 0.0000 -0.0003

tre unmoved. The displacement field obtained by comparisono Y* ~ 0.0000  0.0000  -0.0176

the reference and the low symmetry structures is shown ileTab vz 00000 00000 -0.0176

11. Atom X oy oz
Mn1 0.0000 0.0648 0.0000
Table 11 o1 0.0000 0.0000  0.0000
Displacement field for YMn@. ux, uy and y are given in relative unitdju| is 012 0.0000 0.0000 0.0000
the absolute displacement4n 02 0.0000 0.0058 0.0000
Atom U Uy U Mull 022 0.0058 0.0058 0.0000
Mn1l 0.0000 0.0019 -0.0004 0.0127 Y1 0.0000 0.0000 0.0000
o1 0.0000 0.0000 -0.0222 0.2532 Y1.2 0.0000 0.0000 0.0000
012 0.0000 -0.0000 0.0182 0.2070
02 0.0000 0.0254 -0.0002 0.1587 Atom  6x sy 52
022 -0.0250 -0.0250 -0.0007 0.1567 Mn1l 0.0000 0.0000 0.0000
Y1 0.0000 0.0000 0.0239 0.2719 o1 0.0000 0.0000 -0.0289
Y12 0.0000 -0.0000 -0.0169 0.1928 012 0.0000 0.0000 0.0145

02 0.0000 0.0270 0.0000

A summary of the distortion amplitudes obtained by ©22 -0.0270 -0.0270  0.0000
AMPLIMODES are shown in Table 12 . The amplitudes |’ , g'gggg 8'8388 _g'giiz
directly coincide with the ones in Fennie & Rabe (2005). The—— : . :
amplitude for modé&z is much larger than the other two modes, The crystallographic format of the distortion modes pro-
indicating that we are dealing with a phase which is the tegul vided by AMPLIMODES, separating amplitude and normal-
a single antiferrodistortive phase transition, with itsréelec- ized polarization vector, and listing the polarization teedn
tricity being of improper character. It must be stressed, i@  two forms (in terms of components of the basis modes and as
amplitude of the polar modg, strongly depends on the choice relative displacements within an asymmetric unit, tabarid
of origin along the polar axis. It is sufficient a shift of 0.06 14) can be compared with the form used in Fennie & Rabe
relative units, to change the amplitude of thg distortion to  (2005), where absolute atomic displacements are listexmFr
3.1A, while those of the other modes remain unchanged. Thishe description in terms of the components of the basis modes
is due to the spurious global translation of the structua¢tiie  one can immediately observe that tkg distortion involves
model, would include in this case. It is therefore important mainly displacements of Mn1 along the y direction, whilesthi
for a proper comparison of mode amplitudes, the cancetlatioatom is not involved in the other two irrep distortions, eith
of this arbitrary component of the polar mode by means of aecause is not symmetry allowed, or because its displadsmen
adequate origin choice. are rather negligible. On the other hand, the polar nfogés
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basically an antiphase displacement along z of the Y and oxyatomic coordinates. A detailed report on the use and pdissibi
gens 02 and O2 (03 and O4 in the original structure), while ties of this combined use of AMPLIMODES and FullProf is in
the large primary distortiotz which is at the origin of this preparation.
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