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SYNTHESIS AND CHARACTERISATION OF HIGH-PERFORMANCE
FERROELECTRICS

Mi lan Klicpera

Fac ulty of Math e mat ics and Phys ics, Charles Uni ver sity, Prague

The de vel op ment of lead-free ferro elec tric ma te ri als with
com pet i tive func tional per for mance re mains a key ob jec -
tive in con densed mat ter phys ics and ma te ri als sci ence. Al -
though perovskite-based solid so lu tions pro vide a ver sa tile
plat form for tun ing elec tro me chani cal re sponse, their prac -
ti cal uti li sa tion is fre quently hin dered by lim ited con trol
over compositional ho mo ge ne ity, short-range struc tural
cor re la tions, and syn the sis reproducibility.

Here, we in tro duce a crys tal-growth-based syn the sis
strat egy en abling the prep a ra tion of high-qual ity ce ram ics
and sin gle crys tals of com plex Pb-free ferro elec trics with -
out re li ance on con ven tional multi-step solid-state pro cess -
ing. Float ing-zone and ped es tal growth tech niques are
em ployed to achieve en hanced compositional uni for mity
and con trolled lo cal struc tural or der, both crit i cal for sta bi -
lis ing func tional phases and maxi mis ing mac ro scopic re -
sponse.

The ap proach is il lus trated on rep re sen ta tive sys tems,
in clud ing (Ba,Ca)TiO3-based com pounds and rare-earth
RE2(Ti,Zr)2O7 ox ides. Dif frac tion meth ods com bined with
high-res o lu tion mi cros copy re veal a high de gree of struc -
tural ho mo ge ne ity and well-de fined crys tal lo graphic fea -
tures. These struc tural im prove ments trans late into
re pro duc ible and ro bust func tional prop er ties, com pa ra ble
to or sur pass ing those of ma te ri als pre pared by stan dard
routes.

More gen er ally, the pro posed syn the sis con cept pro -
vides a trans fer able frame work for the de sign and in ves ti -
ga tion of ad vanced ferroic sys tems. It sup ports sys tem atic
ex plo ra tion of com po si tion–struc ture–prop erty re la tion -
ships, par tic u larly in re gimes where lo cal dis or der and
struc tural com plex ity ex tend be yond the scope of con ven -
tional crystallographic descriptions.
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Mag net i cally in duced re ori en ta tion in Ni–Mn–Ga-based
sin gle crys tals rep re sents a unique par a digm of ma te rial de -
for ma tion, where the crys tal microstructure is ma nip u lated
through mag net i cally driven twin bound ary mo tion, re sult -
ing in a gi ant mag netic-field-in duced strain. The ex traor di -
nary mo bil ity of twin bound aries in its martensitic phases,
par tic u larly high in the five-lay ered mod u lated martensite
[1], fun da men tally re lies on the com plex struc ture. Tra di -
tion ally, the Ni–Mn–Ga martensite struc ture has been
viewed through two con trast ing de scrip tions: tra di tional
con tin u ous wave mod u la tion [2] and dis crete adap tive
(nano)twinning [3]. Re cently, we have built a uni fied struc -
tural frame work that seamlessly bridges both dis tinct per -
spec tives.

Us ing sin gle-crys tal neu tron and X-ray dif frac tion, we
tracked the struc tural evo lu tion with tem per a ture in sev eral 
off-stoichiometric Ni–Mn–Ga al loys. We re vealed that the

mod u la tion is an har mon ic - ev i denced by an un usu ally

rich spec trum of high-or der sat el lite re flec tions - and
evolves con tin u ously from a com men su rate five-lay ered
state near the martensitic trans for ma tion to an in com men -
su rate state upon cool ing [4]. Im por tantly, this evo lu tion is
ac com pa nied by dra matic changes in shear sta bil ity: the
shear elas tic con stant ex hib its anom a lous be hav iour, in di -
cat ing an ex traor di nary soft ness to the forces per pen dic u lar 
to the mod u la tion vec tor. Near the martensitic trans for ma -
tion, Ni–Mn–Ga is one of the most anisotropic me tal lic ma -
te ri als ever re ported [5]. 
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By map ping the dif frac tion-val i dated, com plex an har -
mon ic mod u la tion onto a dis crete basal-plane stack ing se -
quence, we dem on strate that the evolv ing inco m men-
 surability nat u rally pro duces pe ri odic nanodomains. Fur -
ther more, upon cool ing, the in com men su rate mod u la tion
locks into var i ous sta ble long-pe riod com men su rate states,
whose orthorhombic unit cells si mul ta neously in cor po rate
the a/b-nanotwin bound aries [6]. 

Since sub tle dy namic shifts in the mod u la tion phase
pro ject di rectly onto dis crete microstructural changes in
Ni–Mn–Ga, our find ings also sug gest that phasons—col -
lec tive acous tic-like ex ci ta tions in in com men su rate crys -
tals—can me di ate the microstructural re ar range ments with
min i mal re quired en ergy. Ul ti mately, our work not only re -
solves the long-stand ing mod u la tion-nanotwinning du al -
ity, but also points to wards the phason-driven lat tice
dy nam ics as a po ten tially cru cial in gre di ent in the fun da -
men tal mech a nism un der ly ing the ex cep tional twin-bound -
ary mo bil ity in Ni–Mn–Ga-based func tional ma te ri als.
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pean Un ion.

L24

IN SITU SYNCHROTRON X-RAY DIFFRACTION STUDY OF THE EVOLUTION OF w
PARTICLES AND THE b ® w TRANSITION REGION DURING HEATING

J. Šmilauerová, J. Kozlík, J. Dittrich, V. Holý

Fac ulty of Math e mat ics and Phys ics, Charles Uni ver sity, Ke Karlovu 5, 121 16, Prague, Czech Re pub lic

jana.smilauerova@matfyz.cuni.cz

The b ® w trans for ma tion in metastable b-Ti al loys plays a 
cen tral role in con trol ling me chan i cal prop er ties and lat tice

in sta bil i ties. Nanoscale w par ti cles form by a shuf fle mech -
a nism that can be for mally de scribed as a col lapse of two

neigh bour ing (111)b planes of the body-cen tred cu bic b
ma trix toward their in ter me di ate po si tion, while the next
(111)b plane re mains un changed. Re peat ing this shuf fle

pat tern gives rise to the hex ag o nal struc ture of the w phase

par ti cles [1]. At el e vated tem per a tures, the w phase evolves 
fur ther via a dif fu sion-as sisted, dis place ment-con trolled

pro cess in which al loy ing el e ments are re jected from the w

par ti cles into the sur round ing b ma trix, while the col lapse
of the (111)b planes pro ceeds si mul ta neously [2]. An im -

por tant as pect of the b ® w trans for ma tion is that the in ter -
face be tween the two phases is not sharp; in stead, the
de gree of (111)b plane col lapse pro gresses grad u ally in the

tran si tion re gion be tween w and b. Ear lier work has shown

that spe cific re flec tions are sys tem at i cally ab sent in both b

and ideal w lat tices but are al lowed in re gions of in com -

plete col lapse, pro vid ing dif frac tion sig na tures of the  b ®

w  tran si tion re gion.
Us ing in situ high-en ergy syn chro tron X-ray dif frac -

tion, we track the evo lu tion of w and tran si tional-phase

peaks dur ing con trolled heat ing of a sin gle-crys tal line b-Ti
sam ple (Ti-15 wt.% Mo). By ana lys ing in te grated in ten si -
ties and peak shapes in se lected re gions of re cip ro cal space

(see Fig ure 1), we de ter mine tem per a ture-de pend ent w par -
ti cle sizes and quan tify the rel a tive thick ness of the tran si -

tion re gion us ing a model based on el lip soi dal w par ti cles
with a dif fuse in ter face, in which the de gree of col lapse

changes smoothly from ideal w to ideal b struc ture.

The ther mal evo lu tion of the w phase pro ceeds in sev -
eral dis tinct stages. Be tween room tem per a ture and ap -

prox i mately 250 °C, the w phase par tially dis solves, as
in di cated by a si mul ta neous de crease in both the num ber

and size of w par ti cles. In the tem per a ture range from about 

250 °C to 420 °C, the re main ing w par ti cles un dergo pro -
nounced growth while their to tal num ber con tin ues to de -

crease, re sult ing in a sharp in crease in the in te grated w
in ten sity. Be tween 420 °C and 530 °C, the par ti cle sizes re -
main ap prox i mately con stant, but the on go ing re duc tion in
par ti cle num ber leads to a grad ual de crease in the in te -

grated in ten sity. Above roughly 530 °C, as the w phase ap -
proaches its solvus tem per a ture, a rapid re duc tion in

par ti cle size sig nals the fi nal dis so lu tion of w.

The evo lu tion of the b ® w tran si tion re gion is more
dif fi cult to quan tify due to the in trin si cally weak in ten sity
of the cor re spond ing dif frac tion peaks. Nev er the less, the
in te grated in ten sity of the tran si tion-re gion peaks re mains
ap prox i mately con stant over most of the tem per a ture
range, with a mod est in crease ac com pa ny ing the rapid

growth of w par ti cles and a pro nounced de crease co in cid -
ing with their dis so lu tion above 530 °C. Anal y sis of the

tran si tion-re gion width rel a tive to the w-par ti cle size re -
veals an ini tial broad en ing dur ing the low-tem per a ture dis -



Ó Krystalografická spoleènost

124 Struktura 2026 - Lec tures Ma te ri als Struc ture, vol. 32,  no. 2 (2026)

so lu tion stage, fol lowed by a nar row ing that co in cides with 

the tem per a ture in ter val of rapid w-par ti cle growth.
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This work was sup ported by a pro ject of the Czech Sci ence
Foun da tion (GACR) pro ject no. 23-09637L. Sin gle crys tal
growth was per formed in MGML (http://mgml.eu/), which
is sup ported by the Czech Re search In fra struc tures pro -
gram (pro ject No. LM LM2023065). The au thors would
like to ac knowl edge ESRF for pro vid ing beamtime through 
the ex per i ment MA6531
(https://doi.org/10.15151/ESRF-ES-2243238109) and
beamline staff at ID11 beamline for as sis tance dur ing the
ex per i ment.

Fig ure 1. An ex am ple of the re cip ro cal-space maps ana lysed in this study. (a) De tec tor im age re corded at room tem per a ture; black and

red rect an gles in di cate the re gions of in ter est round w and tran si tion-re gion peaks, re spec tively. (b) Cal cu lated po si tions of b, w and

tran si tion-re gion peaks. The four colours of the w and tran si tion max ima cor re spond to four crys tal lo graphi cally equiv a lent w fam i lies.

http://dx.doi.org/10.15151/ESRF-ES-2243238109
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This study in ves ti gates phase equi lib ria within
the Al–Ti–Nb–Zr–Ta re frac tory com plex con cen trated al -
loy (RCCA) sys tem us ing a high-through put com bi na torial 
ex per i men tal ap proach. A pseudo-ter nary sec tion was fab -
ri cated via a hon ey comb-type pow der met al lurgy de sign,
con sol i dated through spark plasma sintering (SPS), and
sub jected to ho mog e ni za tion at 1400°C for 168 hours.
Phase con sti tu tion and chem i cal par ti tion ing were char ac -
ter ized us ing an in te grated suite of SEM/EDS, EBSD, and
TEM, sup ported by a cus tom EDS phase-clus ter ing
workflow [1]. Struc tural anal y sis was fur ther re fined
through X-ray dif frac tion (XRD) uti liz ing both 1D lin -
ear and 2D area de tec tors; the lat ter proved es sen tial for
iden ti fy ing sig nif i cant pref er en tial ori en ta tion (tex -
ture) and grain coars en ing in duced by the pro longed
high-tem per a ture an neal ing.

Equi lib rium micro struc tures across the sam pled com -
po si tions con sisted pri mar ily of BCC and B2 phases, with
nanoscale pre cip i tates form ing in Zr- and Ta-rich re gions.
Ex per i men tal phase com po si tions were com pared
with CALPHAD pre dic tions, re veal ing con sis tent sys tem -
atic de vi a tions that high light cur rent lim i ta tions in
multicomponent ther mo dy namic da ta bases. These re sults
pro vide crit i cal in sights into the phase sta bil ity and
microstructural trends of the Al–Ti–Nb–Zr–Ta sys tem
while dem on strat ing the ef fi cacy of high-through put meth -
ods and mul ti di men sional XRD anal y sis in map ping com -
plex al loy spaces.

[1] J. Kozlík, E. Jaèa, M. Vilémová, F. Lukáè, T. Chráska, J.
Stráský, Hon ey comb sam ple de sign for high-through put
prep a ra tion of RCCAs, Ma ter. Lett. 398 (2025) 138957.
https://doi.org/10.1016/j.matlet.2025.138957.
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The or ganic charge trans fer salts are in tensely stud ied com -
pounds for their unique phys i cal prop er ties, in par tic u lar
the sin gle-band Mott metal-in su la tor tran si tion and frus -
trated mag ne tism. This is the rea son why these com pounds
serve as an ex per i men tal play ground for the the o ret i cal in -
ves ti ga tion of Hub bard model on the half-filled tri an gu lar
lat tice of quan tum-spin-liq uid can di dates [1]. The lay ers of
cat ions and an ions with weak bond ing cre ate the quasi-2D
char ac ter and en able large com press ibil ity which al lows
mod i fi ca tion of their phys i cal prop er ties in a large area in
the phase di a gram. It can be re al ized by ap pli ca tion of hy -
dro static or uni ax ial pres sure or by chem i cal sub sti tu tion.
While these me chan i cal prop er ties are ad van ta geous for
tun ing the phys i cal prop er ties, on the other side the per for -
mance of such ex per i ments is very chal leng ing be cause
these com pounds are also very brit tle. Only very re cently

the in situ uni ax ial-strain tun ing of cor re la tions and frus tra -
tion strength within a sin gle crys tal be came ac ces si ble [2].

      Here we re port the first con trolled tun ing of the Mott
tran si tion via uni ax ial strain on free-stand ing or ganic sin -
gle crys tals in a pi ezo elec tric strain cell. This ver sa tile tool
en ables us to tune through the metal-in su la tor tran si tion in
a quasi-con tin u ous fash ion at cryo genic tem per a tures, as
shown in Fig. 1. Due to neg a tive chem i cal pres sure upon
sub sti tu tion of 1H by 2D this com pound ex hib its Mott-in su -
lat ing be hav iour with an antiferromagnetic ground state at
am bi ent pres sure [3]. Here, we mod i fied the strength of
elec tronic cor re la tions by uni ax ial com pres sion, yield ing
me tal lic and super con duct ing prop er ties (Fig. 1a,b).

1. A. Pustogow, M. Bories, A. Löhle, R. Rösslhuber, E.
Zhukova, B. Gorshunov, S. Tomiæ, J. A. Schlueter,
R. Hübner, T. Hiramatsu, Y. Yoshida, G. Saito, R. Kato,
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Helicenes are a class of in her ently chiral, p-con ju gated
polycyclic ar o matic hy dro car bons char ac ter ized by their
he li cal struc tures and unique chiroptical prop er ties [1].
Their rigid yet non-pla nar ge om e try makes them valu able
model sys tems for in ves ti gat ing the re la tion ship be tween
mo lec u lar shape and crys tal pack ing [2]. In the solid state,
sub tle vari a tions in intermolecular in ter ac tions can lead to
poly mor phism, which can sig nif i cantly in flu ence the phys -
i cal prop er ties of these ma te ri als. De spite ex ten sive crys tal -
lo graphic stud ies of helicenes [3], poly mor phism in shorter 
homo logues such as [4]- and [5]-helicene re mains in suf fi -
ciently ex plored. 

New poly morphs of [4]-helicene and [5]-helicene were
iden ti fied by dif fer en tial scan ning cal o rim e try (DSC, TA
Q2000) and char ac ter ized by vari able-tem per a ture pow der
X-ray dif frac tion (VT-PXRD; Anton Paar XRDynamic
500 equipped with a TTK600 tem per a ture cham ber, ro tat -
ing 0.5 mm cap il lary). Tem per a ture-de pend ent PXRD
mea sure ments were used to mon i tor phase tran si tions and
iso late the new forms. Crys tal struc tures were de ter mined
from pow der data by in dex ing and struc ture so lu tion us ing
FOX, fol lowed by Rietveld re fine ment in Jana2020.

Fig ure 1. a), b) Elec tri cal re sis tiv ity of d[4,4]-k-Br un der uni ax ial strain. c) The re sult ing phase diagram.

Fig ure 1. Com par i son of crys tal pack ing in dif fer ent poly morphs
of [4]-helicene.

Fig ure 2. Com par i son of crys tal pack ing in dif fer ent poly morphs
of [5]-helicene.
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An over view of pre vi ously re ported and newly iden ti -
fied poly morphs is given in Ta ble 1. While the mo lec u lar
con for ma tion re mains un changed across all struc tures, sig -
nif i cant dif fer ences are ob served in crys tal pack ing (see
Fig ures 1 and 2). These pack ing vari a tions cor re late with
dif fer ences in melt ing tem per a ture, sug gest ing changes in
lattice stability between polymorphs.

These find ings ex tend the known struc tural di ver sity of
helicenes and sup port their use as model sys tems for pack -
ing-driven poly mor phism in rigid ð-con ju gated mol e cules.

1. M. Cei, L. Di Bari, F. Zinna, Chirality, 35, (2003), pp.
192-210.

2. Y. Shen, C. Shen, Chem. Rev., 112, (2012), pp. 1463-1535.

3. J. A. Schmidt, E. H. Wol pert, G. M. Sparrow, E. R. John -
son, K. E. Jelfs, Cryst. Growth Des., 23, (2023), pp.
8909-8917.

We ac knowl edge fi nan cial sup port from the Czech Sci ence
Foun da tion (pro ject No. 24-15057L). We would like to
thank Michal Šámal from UOCHB for the syn the sis of
Helicene sam ples.

po ly mor phb a / C b / C c / C b / ° Z Spa ce group Tmelt / °C

[4] he li ce ne

BZPHAN 14.660 14.157 5.785 90 4 P212121 66

New 14.497 10.400 8.025 90 4 Pbc21 45

[5] he li ce ne

DPHEN02 5.815 14.178 17.498 94.41 4 P21/c 155

DPHEN03 26.013 8.898 19.494 103.94 12 A2/a 178

DPHEN05 20.307 8.977 7.756 90 4 Pbcn n.d.c

New 9.924 17.536 8.395 90 40 Pna21 162

Ta ble 1. Pa ram e ters of pre vi ously known and newly de ter mined struc tures of [4]-helicene and [5]-helicene.a

a pa ram e ters a and g are 90° in all cases. b = 90° in di cates an orthorhombic cell.

b iden ti fied by the CSD refcode, if avail able.

cn.d. stands for not de ter mined.
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Lime stone cal cined clay ce ments (LC3) are sup posed to be
per spec tive low-car bon al ter na tive to con ven tional or di -
nary Port land ce ment (OPC) and blended ce ments. [1] LC3

ce ments typ i cally con tain 50 % (or less) of Port land
clinker, 30 % of cal cined clay (here metakaolin), 15 % of
fine ground lime stone and 5 % of gyp sum. The re duced en -
vi ron men tal im pact lies ob vi ously in the lower con tent of
Port land clinker but con trary, the low con tent of clinker is
re spon si ble for the slower con crete strength gain which is
highly un fa vour able prop erty in the cur rent con struc tion
in dus try. Hence a way for ac cel er a tion of LC3 hydration
and strength en ing is searched. There is a lot of ac cel er a tion
ad mix tures well es tab lished in OPC based con crete such as
CaCl2, Ca(NO3)2 or wa ter glass. [2] How ever, their ap pli -
ca bil ity in LC3 sys tems may be lim ited com pared to OPC. 

The pres ent re search aims to eval u ate the pos si ble
hydration ac cel er a tion in LC3 by means of fine grained
quartz (Q) and amor phous nanosilica (nS). These ad mix -
tures were dosed in amount of 3 % by clinker mass to LC3

sys tem of the com mon com po si tion given above. The ef -
fect of ad di tion of these ad mix tures was eval u ated by iso -
ther mal cal o rim e try (20 °C), by de ter mi na tion of comp-
ressive strength in the age of 1 day (paste w/c 0.37, wa ter
re duc ing ad mix ture was used to main tain proper
workability) and fi nally by in situ XRPD ob tained on the
fresh paste, placed on PEEK foil, and mea sured in re flec -
tion mode in 1 hour pe riod. 

The shape of iso ther mal cal o rim e try heat flow curve of
plain LC3 (Fig. 1) is very sim i lar to con ven tional OPC sys -
tems; the strongly exo ther mic C3A hydration starts im me -
di ately af ter add ing of wa ter (time 0), then an in duc tion

(low heat flow) pe riod ap pears and at about 3 hours, in ten -
sive heat evo lu tion caused by C3S hydration starts. When
quartz was added, the heat flow curve fea tured just a small
change while nanosilica caused more pro nounced in crease
of hydration heat as well as cer tain short en ing of the in duc -
tion pe riod. This be hav iour was con firmed also by the com -
pres sive strength mea sure ment (Tab. 1) – quartz sys tem
reached the same value as plain LC3, while nanosilica
caused sig nif i cant increase of the 1-day strength.

The in situ XRPD was used in or der to ex plain how the
quartz and nanosilica ad mix tures in flu ence the hydration
course. The XRPD pat terns ob tained in time of hydration 4
hours (ini tial part of main hydration peak; Fig. 2) are prac -
ti cally equal; the only ob served crys tal line hydration prod -
uct in all sys tems was AFt phase (ettringite is the most
prom i nent rep re sen ta tive of AFt). Other ob served phases
come from the raw ma te ri als of LC3. Af ter 12 hours (Fig. 3; 
in ten sive hydration heat flow) portlandite (Por, Ca(OH)2)
ap peared as an other im por tant hydration prod uct.
Portlandite is re lated to the C3S hydration. The in ten sity of

portlandite dif frac tion at 21°2q was the high est in the plain
LC3, while the both ad mix tures re duced sig nif i cantly its
height. It im plies that si li ceous ad mix tures pro moted the
con sump tion of portlandite in the pozzolanic re ac tion with

Sam ple LC3 LC3+Q LC+nS

Com pres si ve stren gth
(MPa)

4.5 4.7 7.9

Ta ble 1. Com pres sive strength in 24 hours.

Fig ure 1. Hydration heat flow. Fig ure 2. XRPD pat terns in 4 hours.



metakaolin, when com pared with the plain LC3. There are
also ob serv able changes in gyp sum (Gp) and AFt dif frac -
tions – SiO2 ad di tives seems to re duce the AFt for ma tion.
The 24 hours data (end of the main hydration peak; Fig. 4)
con firmed these trends, in ten sity of portlandite dif frac tion
was again much higher in ref er ence LC3 with out ad di tives.
AFm phase (ge neric for mula 3CaO·(Al,Fe)2O3·
CaXy·nH2O) ap peared at 24 h as prod uct of AFt par tial
con ver sion (the peak at main hydration peak is sup posed to
be re lated to the AFm crys tal li za tion).

It can be con cluded that both SiO2 ad mix tures pro -
moted the pozzolanic re ac tion be tween Ca(OH)2 and
metakaolin in LC3 but only nanosilica caused sub stan tial
in crease of com pres sive strength. It may be due to the in -
volve ment of nanosilica in the pozzolanic re ac tion by it self
(be sides ac cel er at ing the re ac tion be tween Ca(OH)2 and
metakaolin). The con tent of nanosilica is low com pared to
metakaolin but it may be as sumed that it is much more re ac -
tive thank to its high spe cific sur face area and low par ti cle
size.  
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Fig ure 3. XRPD pat terns in 12 hours. Fig ure 4. XRPD pat terns in 24 hours.


