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Dy nam i cal fluc tu a tions of the mod u lated polariation wave
in in com men su rate crys tals used to be a very ac tive sub ject
in 80’s and 90’s [1-3]. How ever, in the last two de cades,
the ferro elec tric com mu nity has been much more ori ented
to stud ies of perovskite ferro elec trics, where in com men su -
rate po lar iza tion oc curs rather rarely. Con se quently, re cent
stud ies of phasonic ex ci ta tions has been mostly re stricted
to quasicrystals [4], charge-den sity wave sys tems [5] or to
stud ies of an a log i cal ex ci ta tions in mag netic sys tems. 

In this con tri bu tion, we would like to ad dress two is -
sues. First, we would like to over view of the con cept of
phason ex ci ta tion and to ex plore phason prop er ties in
magnetoelectric ma te ri als, us ing the aux il iary con cept of
vec tors and bidirectors. [6] 

Sec ondly, we wish to draw the at ten tion to the
multisoliton limit and to ar gue that cer tain prop er ties of
relaxors and nanotwinned ferro elec tric thin films could be
un der stood in terms of phasonic ex ci ta tions, and that there

is so far al most un ex plored area of pos si ble re search, re -
lated to the par tially dis or dered ferro elec tric ma te ri als that
could be de scribed as mod u lated ferro elec trics with frozen
phasonic disorder.
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We still have in mem ory the cel e bra tions of hun dred years
of crys tal log ra phy fol low ing the dis cov ery of X-ray dif -
frac tion and the elu ci da tion of the first crys tal line struc -
tures. In di rectly, the cel e bra tions can also be con sid ered as
a con fir ma tion of the three di men sional pe ri od ic ity of most
crys tal line struc tures. How ever it is in ter est ing to re al ize
that even be fore the dis cov ery of X-ray dif frac tion by mat -
ter, min er al o gists al ready did ques tion the va lid ity of the
law of ra tio nal in di ces which we know now to be di rectly
linked to the three di men sional pe ri od ic ity of struc tures. Fi -
nally in a sem i nal pa per pub lished in 1931, the law of ra tio -
nal in di ces was given up on the ba sis of a care ful anal y sis
of Ca laver ite sam ples. Un for tu nately the sci en tific com mu -
nity was not ready to ac cept such a ver dict. It was only in

the nine teen sev en ties that the 3D pe ri od ic ity of struc tures
had to be gen er al ized in or der to ex plain the struc ture of an -
other nat u ral com pound namely natrite.

Since then, the con cept of aperiodic struc tures de -
scribed in superspace is well ac cepted and the num ber of
struc tures be long ing to this new class of com pounds is con -
stantly in creas ing, en com pass ing not only nat u ral oc cur -
ring struc tures but cov er ing nearly all the pos si ble class of
materials.

The aim of this pre sen ta tion is to il lus trate how
aperiodic nat u ral struc tures  con trib uted in a sig nif i cant
way to the the o ret i cal de vel op ment of the superspace con -
cept which is now fully ac cepted for the de scrip tion of
aperiodic structures.
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A re mark ably com plex, typ i cally long pe riod, (3+2)-di -
men sional, in com men su rately mod u lated struc ture oc curs
in the lay ered perovskite, Li1/2-3xNd1/2+xTiO3 (LNT), ~ 0.02

£  x  £  ~0.12, solid so lu tion sys tem [1-3]. The met ric sym -
me try and typ i cally long pe riod of the over all struc ture is
compositionally de pend ent (i.e. de pend ent upon x) with
e.g. tetragonal met ric sym me try and, on av er age, ~
27-28ap x ~v27-28bp basal plane, par ent perovskite (sub -
script p) unit cell di men sions at low x (=  0.04) by com par i -
son with orthorhombic met ric sym me try and
~ 20ap  x ~13bp  re peat di men sions at high x (=  0.095). The
over all struc ture at any one com po si tion ap pears to re sult
pri mar ily from com pe ti tion be tween 00c+ and a-a-c0 tilt ing
of TiO6 octahedra (in Glazer no ta tion), lead ing to spa tially
vari able a-b-c+ oc ta he dral tilt ing and par ent perovskite unit
cell shape and size. 

In this con tri bu tion, a spe cial atomic-res o lu tion BF-
 STEM im ag ing con di tion is used to quan ti ta tively mea sure
the spa tially mod u lated 00c+ com po nent of the ox y gen oc -
ta he dral tilt ing in LNT, par ent unit cell by unit cell. A rig or -
ous dy nam i cal cal cu la tion is used to de ter mine de tec tor
col lec tion an gles that fil ter out the heavy Nd col umns and
en able TiO6 octahedra to be im aged sen si tively and ro -
bustly over a large range of spec i men thick nesses, up to
150 nm. Us ing these cal cu la tions, the im age of each oc ta -
he dral col umn can be con verted to a di rect mea sure ment of
the corresponding octahedral-tilt angle (see Fig.1). 

In this way, the [001] oc ta he dral-tilt an gles in LNT, for
x = 0.04 and 0.095 sam ples, have been quan ti ta tively
mapped and the math e mat i cal equa tions in superspace de -
scrib ing the 2D or dered oc ta he dral tilt pat tern de ter mined
as well as the ab so lute mag ni tude of the max i mum [001]
oc ta he dral-tilt an gle. In this man ner, it is shown that the x =
0.04 sam ple re quires higher or der mod u la tion wave har -
mon ics in or der to fit the ob served an har mon ic oc ta he dral
tilt dis tri bu tions whereas the x = 0.095 sam ple can be ad e -
quately described by only first order harmonic terms. 

Si mul ta neously, the heavy atom po si tions have been
im aged and mea sured us ing con ven tional an nu lar
dark-field (ADF) STEM, en abling us to cor re late,
cell-by-cell, changes in lo cal par ent perovskite lat tice pa -
ram e ters with oc ta he dral tilt ing and, in turn, with the over -

all su per struc ture. The ob served strain vari a tion is found to
be sur pris ingly large (~ 2-3%) and largely local ised to
within 2 par ent unit cells of the oc ta he dral tilt twin bound -
aries as so ci ated with the a-b- octahedral tilting.

Bond va lence sum cal cu la tions were also car ried out
us ing the re cently re ported av er age and mod u lated crys tal
struc tures of an x = 0.1167 sam ple [3] to in ves ti gate the lo -
cal crys tal chem is try of LNT. Re mark ably, it is found that
the sta bi lis ing drop in the square of the global in sta bil ity in -
dex, GII

2, as so ci ated with a0a0c+ tilt ing is al most the same
as it is for and a-a-c0 tilt ing strongly sug gest ing that the or i -
gin of the over all LNT mod u lated struc ture is in deed the
com pe ti tion be tween a0a0c+ and  a-a-c0 tilting.    
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Fig ure 1. A quan ti ta tive map ping of the mag ni tude of the spa -
tially mod u lated 00c+ oc ta he dral tilt an gle for an LNT, x = 0.04
sample. 
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Cor re lated elec tron sys tems, which are among the cen ter -
pieces of con densed mat ter sci ences, give us a re mark able
chance to study re la tions be tween vari able struc tural and
elec tronic states. With the ex am ple of BaVS3, which is a
model quasi-1D cor re lated elec tron sys tem, it is shown that 
the 1D com men su rate com pos ite ap proach can only ex -
plain both the newly ob served XRD ex per i men tal de tails
and the group – sub group re la tion ship ap pear ing in a se ries
of trans for ma tions in the 10 – 295 K tem per a ture range.
Us ing a high qual ity sin gle crys tal and syn chro tron ra di a -
tion XRD ex per i ments, it ap pears that BaVS3 ex hib its a
host-guest struc ture, in which the V-chains (guest) are lo -

cated in the hex ag o nal chan nels of a BaS3 ma trix (host).
Space groups of the host and the guest com pos ite sub struc -
tures are dif fer ent at room tem per a ture and be have in de -
pend ently by de creas ing the tem per a ture down to 130 K.
At T < 130 K, a com mon monoclinic sym me try ap pears
lead ing to the metal-in su la tor tran si tion oc cur ring at 69 K.
The 1D com pos ite ap proach al lows to suc cess fully an a lyze 
the group-sub group re la tions through out the phase tran si -
tions oc cur ring in the tem per a ture range be tween 10 and
295 K. Pre cise struc ture re fine ments al low to find the cor -
re la tion be tween the se ries of phase trans for ma tions and
Jahn-Teller in sta bil ity of VS6 octahedra.
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The op ti cal con trol of ma te ri als and re lated phys i cal prop -
er ties (elec tronic state, mag netic, op ti cal...) by la ser ir ra di a -
tion has gained tre men dous in ter est within the emerg ing
field of photoinduced phase tran si tions. Light-in duced
changes of mo lec u lar sys tems in volve sub tle cou pling be -
tween the elec tronic and struc tural de grees of free dom,
which are es sen tial to sta bi lize the photo-ex cited state.
There fore the new ex per i men tal field of photo -
crystallography plays a key role. Its out reach goes far be -
yond sim ple struc tural anal y sis un der la ser ex ci ta tion, as
one can in ves ti gate new out of equi lib rium phys ics and
light-driven co op er a tive trans for ma tions in ma te ri als, or
fol low a chem i cal re ac tion in real time [1]. 

Here we will dis cuss the photo-switch ing pro cess in
spin-cross over ma te ri als, pre sent ing a mo lec u lar
bistability be tween low spin (LS) and high spin (HS)
states. Ultrafast x-ray tech niques al lows to fol low the
struc tural dy nam ics and to probe how the mo lec u lar struc -
tural re or ga ni za tion can trap the photoinduced elec tronic
state. Re cent stud ies per formed on the LCLS X-FEL have
shown that the struc tural mo lec u lar changes, with the
char ac ter is tic ligand expansion, occurs within 160 fs [2]. 

Some of these ma te ri als pres ent long-range or der of
mol e cules in LS and HS states, giv ing rise to spin-state
con cen tra tion wave (SSCW). These can be of pe ri odic [3]
or aperiodic na ture, as ev i denced by struc tural re fine ment
in superspace [4]. Light ex ci ta tion can se lec tively switch
mol e cules from LS to HS states and is there fore a new pa -
ram e ter for con trol ling waves in ma te ri als. Ultrafast x-ray
dif frac tion stud ies re veal that the high sym me try phase is
reached few ms af ter light ex ci ta tion. Photocrystallography 
stud ies at low tem per a ture on aperiodic SSCW dem on -
strated that light can switch the crystal:
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    Fig ure 1. Aperiodic spin state con cen tra tion of LS (blue) and HS
                  (red) states erased in the photoinduced state.
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• from an in com men su rately mod u lated HS/LS struc -

ture with a 4D superspace group P211 (0bg) to a 3D
pe ri odic P22121 HS struc ture

By cross ing the bor ders be tween aperiodicity,
multistability, and photoinduced phe nom ena, new per spec -
tives ap pear for switch ing be tween dif fer ent re gimes of pe -
ri od ic ity and for ex plor ing new phases of mat ter re lated to
func tion, such as photo chrom ism and photomagnetism.
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Rare earth ortho-nio bates (with the gen eral for mula
ReNbO4 (Re = lanthanide)) have been widely in ves ti gated
as po ten tial ionic con duc tors based on in ter sti tial con duct -
ing mech a nism. For in stance, it has been re ported that the
ionic con duc tiv ity of CeNbO4, which readily ab sorbs ox y -
gen on heat ing due to the par tial ox i da tion of Ce3+ to Ce4+,
reaches 0.01 S cm-1 at 800 °C . An al ter na tive com po si tion,
namely the LaNb1-xWxO4+d se ries were pro posed to elim i -
nate the un de sir able elec tronic con duc tion in CeNbO4+d

and a to tal ionic con duc tiv ity of 0.003 S cm-1 at 800 °C has
been re ported for LaNb0.92W0.08O4+d. How ever due to the
com plex ity of the struc ture, pre vi ous re port pro vide lit tle
in for ma tion on the struc tural fea tures of these ma te ri als,
which is key to un der stand ing the ionic trans port prop er -
ties. Cur rent study there fore aims to gain more in sight of
this mod u lated fergusonite-type struc ture, by em ploy ing
var i ous dif frac tion tech niques.
The struc ture is mod u lated with a wide range of dop ant
level, rang ing from 8 at% to 18 at% on the B site. Ex em pli -
fied in Fig. 1a, the struc ture un der in ves ti ga tion is 3+2D
mod u lated in na ture, with mod u la tion vec tors q1=
~0.3a*+~0.1c* and q2=~0.1a*+0.3c*. Struc ture re fine -

ment was at tempted with the com po si tion
LaNb0.88W0.12O4+d us ing pow der dif frac tion data gath ered
at Alba Syn chro tron, Spain. The main fea ture is the par tial
or der ing of Nb/W on the B site, ac com pa nied by displacive 
mod u la tion (Fig.1b). Most mod u lated fergusonite/schee -
lite re port to date has oc cu pa tion mod u la tion on A site
whereas the high va lence B site poly he dron ap pears to be
sta ble with lit tle vari a tion in bond dis tance . How ever, in
the LaNb1-xWxO4+d the re fined displacive mod u la tion
waves sug gest a sig nif i cant dis tor tion of the Nb-O poly he -
dron.
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Fig ure 1(a). Elec tron dif frac tion pat terns of LaNb0.84W0.16O4+d along var i ous zone axis , the mod u la tion vec tors are q1 =
0.294a*+0.116c*  and  q2 = -0.1047a*+0.3058 c* (b) re sid ual elec tron den sity around Nb/W with mid dle: only the
displacive mod u la tion re fined and right: with ad di tional oc cu pa tional mod u la tion. The con tour is 0.5 eV.
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Higher Man ga nese Silicide (HMS) con sists of two
tetragonal sub sys tems of [Mn] and [Si] with an ir ra tio nal

c-axis ra tio g = cMn/cSi, form ing an in com men su rate
Nowotny chim ney-lad der (NCL) struc ture as shown in Fig. 
1.  The [Mn] sub sys tem has less displacive mod u la tion and
3d elec trons of Mn are re spon si ble for the elec tronic con -
duc tion of this com pound. In con trast, sig nif i cant dis -
placive mod u la tion of Si in the [Si] sub sys tem ef fec tively
blocks the prop a ga tion of phon ons and hence to re duce lat -
tice ther mal con duc tiv ity.  A good ther mo elec tric (TE) ma -
te rial must have a high Seebeck co ef fi cient and elec tri cal
con duc tiv ity as well as a low ther mal con duc tiv ity and
HMS is thus re garded as a po ten tial TE ma te rial to be used

at a mid-tem per a ture range.  Us ing g, the struc ture for mula

of HMSs is rep re sented as MnSig (g~ 1.73) [1].  To com pre -
hend the elec tronic struc ture of such a com pli cated com -
pos ite crys tal and its solid so lu tions, we adopted the
con cept of va lence elec tron counts, VEC. Based on the
VEC con cept, we have suc cess fully pre pared V-, Cr- and
Fe-sub sti tuted HMS solid so lu tions (Mn1-xMx)Sig (M = V,
Cr and Fe).
      Polycrystalline sam ples were pre pared in an arc-melt ing
fur nace un der an Ar at mo sphere.  A Rietveld re fine ment
was per formed for the X-ray dif frac tion (XRD) data us ing

the superspace group of I41/amd(00g)00ss by means of a
JANA2006 soft ware pack age. [2]  A VEC value was de ter -
mined by the va lence elec tron num bers Z of Mn, V, Cr, Fe

and Si and re fined g val ues as VEC = ZMn (1-x) + ZM x + ZSi

g. Sam ples for TE mea sure ments were densified by the
spark plasma sintering (SPS) at 1223 K.  The Seebeck co ef -
fi cient and elec tri cal con duc tiv ity were si mul ta neously
mea sured above 300 K. The ther mal con duc tiv ity was mea -
sured us ing a stan dard la ser flash ther mal con stant
analyser.  

Sol u bil ity limit was con firmed to be x = 0.10, 0.20 and
0.35 for M = V, Cr and Fe, re spec tively.  Due to the ir ra tio -
nal na ture, the VEC value of the par ent com pound (13.93)
is slightly less than 14, re spon si ble to real ise good p-type
per for mance.  Tem per a ture de pend ence of the Seebeck co -

ef fi cient S and elec tri cal con duc tiv ity s of the Cr-sys tem
ex hib ited me tal lic be hav iour up to around 900 K.  How -

ever, the in crease in s was rel a tively larger than the de -
crease in S.  As a re sult, a sub stan tial in crease in TE power

fac tor S2s was achieved; the x = 0.04 sam ple ex hib ited the

max i mum power fac tor of S2s = 2.01 mW/K2m com pared
with that of Cr-free sam ple of 1.48 mW/K2m at 760 K. 

1. Y. Miyazaki, D. Igarashi, K. Hayashi, T. Kajitani, K. Yubuta, 
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 Fig ure 1.  Incommensurate crys tal struc ture of MnSig

(a).  The unit cell of the [Mn] sub sys tem (b) and that of
the [Si] sub sys tem.


