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Mag netic crys tals with out in ver sion sym me try of ten show
in trigu ing long-range in com men su rate mag netic struc -
tures. These in com men su rate struc tures may some times
cou ple with the elec tric po lar iza tion, giv ing rise to the
so-called multiferroic be hav iour. In this talk, I would like
to in tro duce our re cent two neu tron dif frac tion ex per i ments 
on in com men su rate mag nets.

The first sys tem is MnSb2O6, which be longs to the
space group of P321 [1, 2]. Com bin ing unpolarized and
po lar ized neu tron dif frac tion, we de ter mined the mag netic
struc ture of the or dered phase es tab lished be low TN = 11.6
K (Fig. 1). The mag netic mod u la tion vec tor was found to
be q ~ (0, 0, 0.182).  The spin struc ture is dom i nantly spi ral
with the spin-ro ta tion plane slightly tilted from the [210]-c
plane to wards the [010] di rec tion. As the mag netic or der
es tab lishes at TN, elec tric po lar iza tion P be comes fi nite, in -
di cat ing multiferroic na ture of this com pound. Fur ther -
more, due to the tilt ing of the spi ral struc ture, this
com pound shows very in ter est ing switch ing be hav iour of
the elec tric po lar iza tion when the ex ter nal field is ro tated in 
the ac-plane. The switch ing was ob served at very low mag -
netic field, such as H = 0.6 T, in di cat ing that this switch ing
be hav iour is closely re lated to the switch ing be tween the
two dif fer ently tilted mag netic struc tures.  In the talk, we
will report details of the magnetic structure analysis on this
compound.

The sec ond sys tem we will re port is Cu2OSeO3, which
be longs to P213. At zero ex ter nal mag netic field, this com -
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Fig ure 1. |F|2obs vs |F|2calc for the tilted cy cloi dal spin struc ture
pro posed for MnSb2O6.  Unpolarized neu tron in ten si ties are
shown in the figure.

Fig ure 2. SANS pat terns ob served at T = 54.1 K and H = 160 Oe. 
(Left) SANS pat tern ob served im me di ately af ter ap ply ing E = 3
kV along [001]; (Right) SANS pat tern ob served 4500 sec af ter
ap ply ing E.  Com plete switch ing (i.e. 30 de gree ro ta tion) of
skyrmion-lat tices was con firmed af ter one hour of soak ing time. 

Dark re gions in p/4, 3p/4, 5p/4, 7p/4 are due to miss ing de tec tors.
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pound shows in com men su rate he li cal mag netic or der be -
low Tc ~ 58 K. Re cent small an gle neu tron scat ter ing
(SANS) study shows that un der weak mag netic field of H ~ 
200 Oe, a skyrmion-lat tice phase was sta bi lized at a nar row 
tem per a ture range just be low Tc [3]. Us ing the SANS tech -
nique, we in ves ti gated re sponse of the skyrmion-lat tice
phase to the ex ter nal elec tric field.  In con trast to the weak
ro ta tion of the skyrmion-lat tice un der ex ter nal elec tric field 
re ported ear lier [4], we ob served com plete switch ing of the
two skyrmion-lat tice phases with gi gan tic ro ta tion an gle of
30 de grees un der the mod er ate elec tric field of E = 3 kV
along the [001] di rec tion. The time-de pend ence mea sure -
ment shows that such switch ing re quires quite long time (in 
a time scale of an hour), com pared to the for ma tion of the
skyrmion-lat tice phase it self un der zero elec tric field.  In
the talk, we will report details of the time dependence of the 
skyrmion-lattice dynamics.
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Isostructural com pounds MOCl (M = Ti, V, Cr, Fe) are
mag netic com pounds with dif fer ent num bers of un paired
3d elec trons on the tri va lent metal at oms: 3d1 for Ti3+ (S =
1/2), 3d2 for V3+ (S = 1), 3d3 for Cr3+ (S = 3/2) and 3d5 for
Fe3+ (S = 5/2). They crys tal lize in a lay ered struc ture with
orthorhombic sym me try Pmmn. Mag netic in ter ac tions are
geo met ri cally frus trated on these lay ers, while they are
weak or ab sent be tween mag netic at oms of dif fer ent lay ers. 
To gether with or bital or der of the dif fer ent num bers of un -
paired elec trons, this is re spon si ble for dif fer ent mag netic
phase di a grams of MOCl. Or bital or der of the sin gle 3d
elec tron of TiOCl makes this com pound a one-di men sional 
(1D) mag netic sys tem, which trans forms into a spin-Peierls 
state at low tem per a tures [1,2]. The other com pounds fea -
ture two-di men sional (2D) mag netic sys tems on the lay ers.
They de velop antiferromagnetic (AFM) or der at low tem -
per a tures, with var i ous in com men su rate and com men su -
rate mag netic su per struc tures [3-5]. Spe cial to MOCl is the
strong magnetoelastic cou pling, for ex am ple ex pressed by
monoclinic lat tice dis tor tions, which de velop at the Néel
tem per a tures of the AFM tran si tion [6-9]. 

Here we will dis cuss the mag netic and struc tural phase
di a grams of MOCl. In par tic u lar, we will pres ent a uni fied
superspace ap proach to the com bined mag netic and nu clear 
su per struc tures of CrOCl. 
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Within the past sev eral years, a new ap proach to al loy de -
sign with mul ti ple prin ci pal el e ments in equimolar or
near-equimolar ra tios, termed high-en tropy al loys (HEAs), 
has been pro posed [1]. Ac cord ing to this con cept, high en -
tropy of mix ing can sta bi lize dis or dered solid so lu tion
phases with sim ple struc tures like a body-cen tered cu bic
(bcc), a face-cen tered cu bic (fcc) and a hex ag o nal
close-packed (hcp) lat tice and pre vent for ma tion of
intermetallic phases dur ing so lid i fi ca tion. In or der to
achieve high en tropy of mix ing, the al loys must be com -
posed typ i cally of five or more (up to thir teen) ma jor el e -
ments in sim i lar con cen tra tions, rang ing from 5 to 35 at. %
for each el e ment, but do not con tain any el e ment whose
con cen tra tion ex ceeds 50 at. %. HEAs with bcc and fcc
struc tures were de rived within the sys tems Al-Si-Co-
 Cr-Cu-Fe-Mn-Ni-Ti, W-Nb-Mo-Ta-V, and Ta-Nb-Hf-
 Zr-Ti, whereas the first hex ag o nal HEA Ho-Dy-Y-Gd-Tb
was dis cov ered re cently in the lanthanide se ries of el e -
ments [2]. While the pure el e ments Tb, Dy and Ho in the
me tal lic state all ex hibit a reg u lar se quence of phase tran si -
tions upon low er ing the tem per a ture in zero mag netic field
(from para mag netic to he li cal antiferromagnetic (AFM) to

fer ro mag netic (FM)), whereas the s-state el e ment Gd un -
der goes a di rect tran si tion from the para mag netic to the FM 
phase (and Y is non mag netic), the Ho-Dy-Y-Gd-Tb al loy
with equimolar con cen tra tion of the el e ments ex hib its dif -
fer ent be hav ior. Mag netic sus cep ti bil ity mea sure ments
show that the ma te rial un der goes a tran si tion to a he li cal
AFM phase at 180 K (cor re spond ing al most ex actly to the
same kind of tran si tion in pure Dy), but at lower tem per a -
tures, no tran si tion to the FM state could be ob served from
the mag netic sus cep ti bil ity and from the spe cific heat (that
only shows a lambda-type AFM phase tran si tion at 180 K).
It seems that the FM phase at low tem per a tures is ab sent in
the hex ag o nal Ho-Dy-Y-Gd-Tb, in con trast to the pure
con stit u ent el e ments (ex cept Y). The Ho-Dy-Y-Gd-Tb ma -
te rial shows a rich and com pli cated phase di a gram in the
mag netic field in volv ing he li cal AFM phases with in com -
men su ra ble and com men su ra ble wave vec tors, a FM phase
and a spin-glass-like phase at low temperatures.
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Search for long-range mag netic or der ing in quasiperiodic
ma te ri als is one of the main sub ject for con densed mat ter
phys ics. It takes af ter three de cades for dis cov ery of
icosahedral Quasicrystals (i-QCs), how ever, there are no
ex per i men tal ev i dences for mag netic or der ing, with out ex -
cep tion. On the other hand, in ap proxi mant crys tals, var i -
ous mag netic or der ing is ob served at Cd6R (Anti -
fer ro mag netic or der ings) [1] and Au-SM-R (SM = Si, Ge,
Sn / R = rare-earths) (Fer ro mag netic or der ings) [2, 3] crys -
tals by means of bulk (sus cep ti bil ity and spe cific heat) and
X-ray scat ter ing mea sure ments [4].

In this study we fo cus on the mag netic prop er ties and
mag netic struc tures of Au-Si-R ap proxi mant. The crys tal
struc ture is ex plained by the bcc pack ing of Tsai-type
icosahedral clus ter [5]. Sus cep ti bil ity and mag ne ti za tion
mea sure ments ex hibit the fer ro mag netic tran si tions at low
tem per a ture. Fur ther more, the mag ne ti za tion be hav iour of
Au-Si-(Tb, Dy and Ho) are sig nif i cant dif fer ence for that of 
Au-Si-Gd sys tem: For Au-Si-Gd, the mag ne ti za tion sat u -
rate un der 1 T, whereas, for Au-Si-(Tb, Dy, and Ho), the
magnetization does not saturate even up to 9 T [3].

To de ter mine the mag netic struc ture of Au-Si-Tb ap -
proxi mant (Tc = 11.5 K), we per formed the sin gle crys tal
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neu tron dif frac tion mea sure ment at Oak Ridge Na tional
lab o ra tory (Beam line: HB-3A). Mag netic Bragg re flec -
tions ap pear only H + K + L = even con di tion, which dem -
on strate the bcc con di tion of mag netic struc ture. Whole
mag netic struc ture is de ter mined to be or thogo nal Ising
model with the net mag netic mo ment is par al lel to [1 1 1]
di rec tion. This mag netic model is ex plained by strong mag -
netic ani so tropy along [1 0 0] di rec tion rather than the mag -
netic RKKY in ter ac tions. Strong mag netic ani so tropy will
ex plain the un sat u rated mag ne ti za tion be hav iour of
Au-Si-(Tb, Dy, and Ho). More over, this re sult spec u late
the ex is tence of (lo cal) or thogo nal Ising spin struc ture in
other Tsai-type ap proxi mants as well as i-QCs, be cause
they also have rare-earth icosahedral clus ter.
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Sci en tific User Fa cil i ties, Of fice of Ba sic En ergy Sci ence,
De part ment of En ergy (DOE), USA. This work was sup -
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Tsai-type 1/1 ap proxi mant crys tals in the RE(13.64 to
15.29)Au(69.47 to 70.08)Si(14.63 to 16.9) sys tems (RE =
Tb and Ho) have been syn the sized us ing var i ous ap -
proaches of high tem per a ture solid state syn the sis tech -
niques. Few mil li me ters sizes of fac eted crys tals were
grown us ing Au(79)Si(21) bi nary al loy as a flux [1]. The
atomic struc tures of the com pounds have been de ter mined
us ing X-ray and neu tron dif frac tion data [2]. The ap proxi -
mants are es sen tially iso-struc tural and their atomic struc -
tures are de scribed with con cen tric poly he dral clus ter units
made up of dis or dered tet ra he dron, dodecahedron,
icosahedron, icosi-dodecahedron and (de fected) triacon -
tahedron, re spec tively from the in side to out. More over, it
is ob served that an ad di tional RE atom could par tially or
fully re place the in ner most dis or dered tet ra he dron. The
rel a tive ra tio of the cen tral RE atom to the dis or dered tet ra -
he dron have been con trolled dur ing the syn the ses and con -
se quently 1/1 ap proxi mants with dif fer ent oc cu pancy of
the cen tral RE atom have been syn the sized. The mag netic

prop er ties of the com pounds have been stud ied us ing mag -
ne ti za tion, spe cific heat and neu tron dif frac tion mea sure -
ments on polycrystalline and/or sin gle-do main-crys tal
spec i mens. The mea sure ments re vealed that the com -
pounds or der mag net i cally at low tem per a tures; the or der -
ing tem per a ture and the mag netic be hav iors de pend on
both the chem i cal na ture of the RE atom and the oc cu pancy 
of the cen tral RE atomic po si tion. It is ob served that the
pres ence of the cen tral RE atom at the clus ter cen ter shifts
the mag netic tran si tion tem per a ture to lower tem per a ture
val ues for ap proxi mants which have the same chem i cal
com po nents [1]. The mac ro scopic mag netic prop erty mea -
sure ments have been fur ther con firmed by de ter min ing the
mag netic struc tures of some of the com pounds by us ing
neu tron dif frac tion mea sure ments [2].
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Mat ter 26 (32), 322202 (2014).

Ó Krystalografická spoleènost

236 Aperiodic 2015 - Ses sion IV Ma te ri als Struc ture, vol. 22, no. 4 (2015)



S4-L5

PHASONS AND AMPLITUDONS IN INCOMMENSURATE FERROELECTRICS,
MAGNETOELECTRICS, NANOTWINNED FERROELECTRICS AND RELAXORS

J. Hlinka

In sti tute of Phys ics, Czech Acad. Sci., Na Slovance 2, 18221 Prague 8, Czech Re pub lic
hlinka@fzu.cz

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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