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Abstract

A preliminary transmission electron microscopy study of the Y Cr,S; phase has been performed. The compound crystallises with an
orthorhombic average structure, space group Pmnb, a=3.485 (2) A, b=10.847 (3) A, c=12.701 (3) A. The average crystal structure can
be related to the CaFe,O,-type. In addition, the electron diffraction patterns show a three-fold superstructure along the a axis due to an
ordered occupancy of the trigonal prismatic environment position by the yttrium atoms. In some cases it has been found that the
modulation is slightly incommensurate. The presence of disorder giving rise to layers of diffuse intensity perpendicular to a* is related to
the electron beam interaction as well as changes in the phase of the structure modulation. [ 2001 Elsevier Science BV. All rights

reserved.
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1. Introduction

Ternary chalcogenides (X=S, Se, Te) made from rare
earth (Ln,S;) and some transition (Cr, Mn, Fe) or alkaline
(Mg, Ca, Sr) metas form a very large group of compounds
that present a great interest to modern solid state physics
and chemistry due to their many stoichiometries, structural
variety and its associated properties, mainly magnetic and
optical ones [1,2]. One of the most studied stoichiometries
is ALn,X,, where A can be afirst row transition metal or
an akaline earth metal. Hyde and Andersson [3] used the
crystallographic operation of twinning at the unit cell level
in order to describe some of those structures, thus when A
is a small cation such as Mg, Mn, Cr and Ln is a heavy
lanthanide, three structure types have been reported [3]: (i)
CaTi,O ,-type, a twinned ccp- - -(4, 4)- - - anion array. A
very deep TEM study of new phases related to this
structure type has been done recently [4]. (ii) CaFe,O,-
type, here the twinning is by glide reflection in a mixed
hcp—ccp anion array. (iii) Yb,S,-type, related to the
mineral warwickite, can be described as ribbons of edge
sharing octahedra (1x4x%) occupied by Yb>" ions; the
ribbons are joined by corner-sharing and related by glide
reflection twinning [5].

For Ln,X, compounds where Ln is a light lanthanide
and ALn,X, where A=Ca, Sr, Ba, the structure formed is
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Th,P,-type. In this structure the Th atoms are in eight
coordinated positions inside distorted bisdisphenoids which
share edges and faces [6,7].

More complex structures can also be formed when the
transition metal is Ti, V or Cr. The prototype is the
=~LaCrS, (La,,CrqS;s,) compound which has a
semicommensurate misfit layer structure [8,9]. During the
synthesis of the yttrium analogue compound, =YCrS;, a
phase with composition =YCr,S, was formed. It is the
purpose of this work to make a TEM characterisation of
this phase.

2. Experimental methods

The sample was prepared by reaction of Y ,S, (prepared
by sulphurization of Y ,0,), Cr (5N) and S (5N) in amolar
ratio of Y ,S;:2 Cr:3S. The mixture of reactants was heated
at 950°C during 7 daysin an evacuated silica tube (P~10"°
Torr). The product of this reaction was annealed at 1100°C
in a new evacuated silica tube. The fina product is a grey
coloured microcrystalline powder.

The samples for the transmission electron microscopy
(TEM) studies were ground under n-butanol and a drop of
the suspension was left to evaporate on copper grids coated
with holey carbon support film. A JEOL 2000FX electron
microscope (double tilting =45° holder) was used for the
selected area electron diffraction (SAED) and convergent
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beam electron diffraction (CBED) studies. The crystals
were analysed in the TEM by X-ray energy dispersive
spectroscopy (XEDS) (Si(Li) detector, LINK ISIS 300
microanalysis system), the validity of the k factors used
was checked by analysing several crystals of Y,S; and
Cr,S,. High resolution transmission electron microscopy
(HRTEM) imaging was carried out using a JEOL 4000EX
electron microscope (Cs=1.2 mm).

3. Results

The examination of the sample in the transmission
electron microscope showed the presence of crystals with
lamellar morphology and composition ~YCrS,. Their
SAED patterns showed unequivocally the characteristic
features of the diffraction patterns of composite structures
[8,9]: two sublattices of main reflections and satellite
reflections due to the modulation of each subsystem by the
another one and vice versa. The chemical composition and
SAED data agree very well with the (YS), ,4CrS, phase
[10,11]. Besides, other crystals with composition ~Y Cr,S,
were also present as mgjor constituent of the sample.

For an unknown phase it is possible to determine the
Bravais lattice and the approximate unit cell parameters
from a series of SAED patterns taken with a common row
of reflections. The tilted angle between consecutive SAED
patterns has to be measured from the goniometer readings
in order to reconstruct the three-dimensional reciprocal
lattice. By using this method, we have found for the
~YCr,;S; phase a primitive orthorhombic lattice with unit
cell parameters a~35 A b~10.8 A c~12.7 A. In addition
to this basic lattice, the SAED patterns (see Fig. 1) show
weaker superlattice reflections which correspond to a
three-fold superstructure along a* with a;~3x3.5 A=10.5
A. This data agree with the Y Cr,S, phase firstly studied by
Takahashi et a. [12] and Rustamov et al. [13], who
synthesised different LnCr,S, compounds and determined
their unit cell parameters from X-ray diffraction data
However they did not carried out a microstructural study
of these compounds.

The point group symmetry of the structure can be
determined by analysis of the symmetry of microdiffrac-
tion and CBED patterns [14—17]. This symmetry together
with the determination of extinction conditions can provide
[14—20] a unique space group for the structure. Due
mainly to the big unit cell parameters, i.e. to the close
spacing between reflections, we have been obliged to use
mainly the microdiffraction technique which requires more
zone axes than CBED to determine the space group.

Figs. 2-4 show microdiffraction patterns of the
~Y Cr,S; phase taken along the three main crystallographic
directions. In order to show more clearly the whole pattern
symmetry for every zone axis the crystal was dightly tilted
away by rotating around every main row of reflections
(h00 or OkO or 041) to excite the high order Laue zones

Fig. 1. (a—f) SAED patterns along the main zone axis of the YCr,S,
phase.

(HOLZ). This is important since the whole pattern (WP)
symmetry of a microdiffraction pattern which shows
HOLZ rings gives 3-dimensiona information about the
symmetry of the crystal. The WP symmetry for the basic
sublattice is Z2mm for the three zone axis patterns, leading
to a point group symmetry mmm for the sub-structure. The
[100] zone axis (Fig. 2a) shows Gjgnnes—Moodie lines
along b* and c* in the OkOk=2n+1 and 0Q:1=2n+1
reflections. The [010] zone axis (Fig. 38 shows the
complete absence of the reflections hdl:h+I=2n+1 while
the hll reflections are visible in the first order Laue zone
(FOLZ), see Fig. 3b,c. The extinction conditions for the
basic substructure observed in Fig. 4a—c are more difficult
to determine due to the strong interaction of the superlat-
tice with the sublattice. Thus the OkO:k=2n+1 forbidden
reflections (see the Gjgnnes—Moodie lines in Fig. 28) are
present due to the multiple diffraction of the superlattice
reflections. Excluding these multiple diffraction reflections
and paying attention only to the more intense substructure
basic reflections the extinction condition deduced from this
orientation is hkO-k=2n+1. Summarising, the observed
extinction conditions for the average sublattice are then:
hah+l1=2n+1 and hkOk=2n+1 They lead to the
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Fig. 2. (8 CBED pattern aong [100]; (b, c) CBED patterns tilted away
from [100] around [010]* and [001]* respectively.

extinction symbol P—nb [20], and together with the point
group mmm, provide a Pmnb (no. 62) space group for the
basic substructure with a,,,.=a/3~3.5 A.

The determination of the space group of the modulated
structure became impracticable due to the nature of this
modulation. Actually, from our TEM observations it does
not seem correct to consider it as a three-fold superstruc-
ture but more as a structure modulation which sometimes
is commensurate and sometimes slightly incommensurate,
changing the position and amplitude of satellite reflections
from crystal to crystal or even inside a particle. In Fig. 5
we show a SAED pattern where the splitting of some of
the ‘superlattice reflections' reveals the incommensurate
nature of the structure modulation. Besides, we have some
indications about a change of the modulation amplitude
due to the electron beam interaction. Because of the need
to use microdiffraction technique and of the orthorhombic
symmetry of the crystals we need microdiffraction patterns
along the three main zone axes which are 90° of tilting
away from each other so it is impossible even to get two
main zone axes from the same crystal. For all these reasons

Fig. 3. (& CBED pattern along [010] and off-tilted patterns.

it has not been possible to determine the extinction
conditions of the modulated structure. Moreover, the
determined space group for the basic substructure is
somewhat idealised considering no interaction between
substructure and superstructure, mainly because of the WP
symmetry observation along [001].

The superstructure unit cell parameters refined from the
powder X-ray diffraction data are: a=10.455 (2) A, b=
10.847 (3) A, c=12.701 (3) A and the unit cell parameters
of the basic substructure are then a=3.485 (2) A b=
10.847 (3) A ¢=12.701 (3) A. The SAED patterns of
most of the crystals show different degrees of streaking
running perpendicular to the a* axis through well defined
satellite reflections, see Fig. 6. The tilting experiments
reveal that this diffuse intensity corresponds to the inter-
section with the Ewald sphere of layers of diffuse scatter-
ing planes perpendicular to a*. The layers are absent for
the (3h k I) reciprocal planes of the basic sublattice. The
coexistence of well defined satellite reflections and satellite
planes of diffuse intensity can be explained by the pres-
ence of domains of well ordered material related by a shift
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Fig. 5. Enlargement of a SAED pattern taken along [001], the splitting of
the satellite reflections along a* indicates a deviation from the com-
mensurate character of the structure.
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Fig. 6. SAED pattern showing streaking perpendicular to a* probably
due to a/3 shifts in the atomic modulation wavefunctions.

$E A B R A R

_ ‘
L-;.-.nn‘-\

n\.“‘«‘\\‘\u
» A A .

' kR ALE LA LR RN W e N "
ahut\nn\p...\n.q--\.- P T
" W w0 Nt b e e
‘-.nlfnhh'tﬂlllh\\-l-.!\hn.Aml,
] L . o et
..pﬂ.‘ﬁl‘ﬂnhnlll(...n»"ll.tv‘h-'l&i"'.

SRR w N - . N T e e N W M LR A b
SARS AR ANs ey -n..--qln--nh<

e B B B AT R R " VR .

.-»s-lnnn~‘.\,.n ls.l..‘-ln.\...‘

LA Al A « Y ks T
.»‘D\-’tlﬁhw‘l‘rl‘DQ"P'h-‘-~"hl'~lQAD.
o e B A L] \ N

A,.uppnp--n,Aop.‘p'-!‘h-pl’p-nn q..ha

o . ~ T

D‘D‘ﬁ'ﬁﬁ'ﬁﬁbh-"}'ﬁﬁ,""-‘l.) v'ﬁbl.ll"ll
4 R R
’aln’ 'O'.'l’;""n‘r"l‘ﬂllﬂﬁhilpuhDA
‘ i ¥ L T -
-nuat;.-‘»».-to!-unrnulnp—raq

- .
Dlt --'.bﬁ"»r»’nllrlrvulbppﬁﬁﬂlf

g b

‘.
’.P"""ll“l'0”'3’("‘.’.'&'!"!,!!

Fig. 7. HRTEM image of a crystal orientated along [010].

of =1/3 a=ay,q.. High resolution micrographs taken at
400 kV, see Fig. 7, provide structural images at the atomic
level resolution, but the crystals are very sensitive to the
electron beam. The radiation damage is demonstrated by a
increase of diffuse intensity between satellite reflections in
the ED patterns. The superstructure finaly disappears and
the SAED patterns only show the basic reflections (see Fig.
8).

Our results show that YCr,S; has an average structure
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Fig. 8. (@) SAED pattern of one crystal of the YCr,S, phase taken along

[010] before; and (b) after irradiation with the 400 kV electron beam, note
that the satellite reflections have vanished now when compared (a).

related to the CaFe,O, type [3] (see Fig. 9), they also
indicate that by analogy with SmCr,S; and GdCr,S,
compounds [21,22], the structural modulation is originated
by an ordered occupation along the a axis of the trigonal
prism co-ordination polyhedra by the yttrium atoms:
Y ,,5,,3Cr,S,EYCr,S;. The mobility of the yttrium
atoms in this trigonal prisms seems to be very high since
the electron beam interaction breaks easily their order
along a* while the basic structure remains completely

Fig. 9. The structure of CaFe,O, projected along [100] in the non-
standard Pmnb setting of space group Pnma.

unaltered. Further work aims to study the superstructure
behaviour of the superlattice reflections with the tempera-
ture: commensurate—incommensurate—di sordered—random.
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