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Ses sion VI - Tues day, Sep tem ber 1 - late af ter noon
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Ferecrystals are mis fit layer com pounds with ex ten sive ro -
ta tional dis or der be tween the con stit u ent lay ers de scribed
by the gen eral for mula [(MX)1+x]m[TX2]n, where X = Se or
Te, M = Sn, Bi, Pb, or a rare earth metal, and T = Ta, W, Nb, 
V, Mo and Ti. The mod u lated el e men tal re ac tant has en -
abled us to pre pare se ries of com pounds with tar geted m
and n val ues and spe cific nanoarchitectures. When n is
larger than one, turbostratic dis or der also can oc cur be -
tween the X-T-X trilayers. The in di vid ual MX and TX2

lay ers are crys tal line within the planes with grain sizes on
the or der of 10 to 100 nm. There are struc tur ally abrupt in -
ter faces be tween the two struc tures but layer-to-layer
miss-ori en ta tion pre vents long-range or der. In gen eral,

ferecrystals are poised be tween the crys tal line and amor -
phous state con sist ing of in de pend ent lay ers, but there are
sev eral ex am ples where long range or der in small re gions
has been ob served.

The talk will pres ent our cur rent un der stand ing of the
mech a nism of for ma tion and a sum mary of the struc tural
data col lected on these com pounds us ing both x-ray and
elec tron mi cros copy tech niques. The con nec tion be tween
the un usual struc ture, elec tronic struc ture and phys i cal
prop er ties will also be summarized.

I ac knowl edge sup port from the Na tional Sci ence Foun da -
tion un der grant DMR-1266217.

S6-L1

STRUCTURE ANALYSIS OF FERECRYSTALS BY ADVANCED METHODS OF
TRANSMISSION ELECTRON MICROSCOPY: POSSIBILITIES AND LIMITATIONS

W. Neumann1,3, C. Grosse1, I. Häusler2, R. Atkins3, D. B. Moore3, J. Ditto, 
M. Beekman4, D.C. John son3

1In sti tute of Phys ics, Humboldt Uni ver sity Berlin, Newtonstr. 15, 12489 Berlin, Ger many
2BAM Fed eral In sti tute for Ma te rial Re search and Test ing, Unter den Eichen 87, 12205 Berlin, Ger many

3De part ment of Chem is try, Uni ver sity of Or e gon, Eu gene, Eu gene OR 97401-3753 USA
4De part ment of Nat u ral Sci ences, Or e gon In sti tute of Tech nol ogy, Klamath Falls, OR 97601 USA

wolfgang.neumann@physik.hu-berlin.de, wsn@uoregon.edu

Ferecrystals (FCs) [1] are a spe cial class of mis fit layer
com pounds (MLCs) [2] de scribed by the gen eral for mula
[(MX)1+x]m[TX2]n, where X = Se or Te, M = Sn, Bi, Pb, or a
rare earth metal, and T = Ta, W, Nb, V, Mo and Ti. FCs are
a state of mat ter be tween crys tal line and amor phous hav ing 
in com men su rate inter growth struc tures with in-plane
crystallinity, abrupt in ter faces, layer-to-layer mis -
orientation, and turbostratic dis or der. The Mod u lated El e -
men tal Re ac tants (MER) method [3] en ables the
prep a ra tion of FCs for ar bi trary n and m. 

We will il lus trate the pos si bil i ties and lim i ta tions of
high- res o lu tion trans mis sion elec tron mi cros copy
(HRTEM) and high-res o lu tion scan ning trans mis sion elec -
tron mi cros copy (HRSTEM) for the anal y sis of the crys tal
struc ture and crys tal im per fec tions of var i ous FC-sys tems
on the atomic scale. For the in ter pre ta tion of the HRTEM
im ages, com puter sim u la tions as a func tion of the mi cro -
scope and spec i men pa ram e ters are nec es sary [4]. An im -
por tant task of the struc ture anal y sis of FCs is the
mea sure ment of the misorientation of the in di vid ual grains

within the lay ers. It will be dem on strated how pre ces sion
trans mis sion elec tron dif frac tion (PED), nanobeam trans -
mis sion elec tron dif frac tion (NBED) and scan ning NBED
(SNBED) can be ap plied for the automatic phase and
orientation analysis of the crystallites in the layers [5-7].
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Lead ziconate (PZO) has re cently re gained at ten tion with
new ideas re volv ing around the mech a nism of anti ferro -
electric (AFE) phase tran si tion (PT) ob served for this com -
pound. Since there is no di rect link be tween the paraelectric 
cu bic and orthorhombic phases, the ex pla na tion of the
emer gence of low-tem per a ture  AFE or der is not straight -
for ward. To solve a puz zle one has to find a re la tion ship be -
tween three lat tice in sta bil i ties ob served across the PT – 
antiparallel dis place ments of Pb at oms and two ro ta tion
(tilt ing) modes of ox y gen octahedra. 

Re sults of X-ray in elas tic as well as Brillouin scat ter ing 
ex per i ments has di rected Tagantsev et al. to pro pose a
flexoelectric cou pling to be the main phys i cal mech a nism
be hind the AFE PT [1]. In this pic ture the dom i nat ing in sta -
bil ity is of the ferro elec tric type and it is ‘trans formed into
an antiferroelectric phase tran si tion’ due to strain-gra di ent
– po lar iza tion cou pling. Octahedra ro ta tions are in duced by 
lead dis place ments. It is pointed out that the AFE phase can 
be treated as a ‘missed in com men su rate phase’ as in the ab -
sence of the fourth-or der an har mon ic terms, the flexo elec -
tric cou pling would induce an incommensurate instability.

On the other hand, Hlinka et al. on the ba sis of in -
fra-red, Raman and THz spec tros copy as well as group the -
ory con sid er ations pro posed an al ter na tive pic ture of the
PT mech a nism where soft ferro elec tric branch is cou pled
by a trilinear term to two ox y gen octahedra tilt modes [2].
Im por tantly in this pic ture the flexoelectric cou pling is not
a nec es sary con di tion for the antiferroelectricity, but it is
the cou pling to octahedra tilts that is es sen tial for the
transition mechanism.

We en ter this dis cus sion with ex tended dif fuse scat ter -
ing (DS) ex per i men tal re sults (see Fig. 1) and atomistic
mo lec u lar dy nam ics sim u la tions. The shell model that we
are us ing was al ready proven to give very good agree ment
be tween mod eled and ex per i men tal DS in ten si ties (com ing 
mostly from phon ons) [3]. This as sures that the model cor -
rectly de scribes dy nam ics of the sys tem (in cludes all im -

por tant in sta bil i ties). We trace tem per a ture changes of the
re cip ro cal space fea tures re lated to po lar cor re la tions and
octahedra ro ta tions. Ac cord ing to our model the latter ones
are observed at temperatures well above the PT.
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Fig ure 1. Ex per i men tal X-ray dif fuse scat ter ing from cu bic
PbZrO3 on hk0.5 plane.
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Dif fuse scat ter ing anal y sis pres ents a unique tool which al -
lows to in ves ti gate var i ous types of non pe ri odic crys tals,
in clud ing crys tals or dered in less three di men sions. In the
cur rent con tri bu tion the one-di men sional para-crys tal line
sublattice of alkane in urea-in clu sion com pound is in ves ti -

gated us ing  3D-DPDF ap proach.
Urea in clu sion com pounds are host-guest com pos ite

ma te ri als. Urea forms a well-or dered host sublattice with
hex ag o nal chan nels which can be oc cu pied by lin ear
alkane mol e cules. The pe ri od ic ity of in clu sion mol e cules is 
not com pat i ble with the host, and also the host and the
guest are con nected only through weak Van-der-Waals in -
ter ac tion, which gives rise to ex tremely com pli cated be -
hav iour man i fested e.g. in a wide va ri ety of phase
tran si tions to three- four- and five-di men sional phases as a
func tion of temperature and alkane length [1].

In the pres ent study we re port the 3D-DPDF anal y sis of
dif fuse scat ter ing pre sented in the hex ag o nal three di men -
sional phase of urea in clu sion com pounds. It is shown that
the  dif fuse scattering can be ex plained by a sim ple model
of one-di men sional para-crys tal. The alkane mol e cules in
one chan nel show only very small in ter ac tion with the host
lat tice around them and also with the mol e cules in the next
chan nel. The re la tion be tween lo cal or der and the or dered
lower phases is dis cussed.

1. Mariette, Céline. Brisures de symétrie dans des
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dynamiques. Diss. Rennes 1, 2013.
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Fig ure 1. Urea-alkane in clu sion com pound, h0lm layer

Fig ure 2. Urea-alkane in clu sion com pound, hk01 layer
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Quasicrystals and their ap proxi mants have tra di tion ally
shown quite sim i lar op ti cal con duc tiv i ties. In early work,
the op ti cal con duc tiv i ties did not have a Drude peak and
have shown, with pho ton en er gies up to 1 eV, a lin ear rise

from near zero to sev eral thou sand (Wcm)-1 [1]. In our
study of the quasicrystal i-GdCd7.98 and the ap proxi mants
GdCd6 and YCd6, we do not see this rigid lin ear con duc tiv -
ity and, in fact, we see a dra matic dif fer ence be tween a
quasicrystal and its ap proxi mants.

GdCd6 and YCd6 are both good ap proxi mants to
i-GdCd7.98 as their stoichiometries and atomic clus ters are
sim i lar to the quasicrystal. Fur ther, they also have large
unit cells and pseudo 10-fold dif frac tion pat terns as re -
quired of a quasicrystal ap proxi mant [2]. Thus, these ap -
proxi mants are ex pected to have sim i lar op ti cal con duc-
 tivities to the quasicrystal. The quasicrystal i-GdCd7.98, like 
other quasicrystals, does not have a Drude peak, but in stead 
of a lin ear op ti cal con duc tiv ity, it starts at a small pla teau
and then monotonically rises to what ap pears to be an

interband tran si tion above 1 eV. The ap proxi mants sur pris -
ingly show Drude-like peaks, be low 200 meV, which are
un ex pected given the be hav iour in the pre vi ous types of
quasicrystals approximants (Fig. 1).

Fit ting the con duc tiv i ties us ing Mayou’s gen er al ized
Drude model [3], which ac counts for elec trons trav el ing
dif fus ively ac cord ing to L t t( ) µ b , we put bounds on the

dif fu sion ex po nent b. We find that elec tron prop a ga tion in
a quasilattice and a crys tal line lat tice are sig nif i cantly dif -
fer ent in this sys tem. Spe cif i cally, elec tron wave pack ets
are trav el ling sub-bal lis ti cally in the ap proxi mant and are
trav el ling sub-dif fus ively in the quasilattice.
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Fig ure 1. Op ti cal con duc tiv ity of i-GdCd7.98, GdCd6, and YCd6 from reflectance mea sure ments.


