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Abstract

La,Ti,O, with the monoclinic space group P2, trans-
forms its structure into one with the orthorhombic
space group Cmc2, at approximately 1053 K. The
orthorhombic structure at 1173 + 10 K with a —
3-954 (2), b =25-952(8) and ¢ = 5-607 (2) A and Z =
4 has been determined from three-dimensional X-ray
diffraction data and refined to a conventional R value
of 0-066 for 766 observed reflexions. The crystal is
essentially isostructural with that of Sr,Nb,0,. in which

* To whom correspondence should be addressed.
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all atoms are on the mirror plane at x = 0 or 0-5 and
the corner-shared BOg octahedra and 4 atoms with
twelve coordination form perovskite-type slabs. The
structural change between the orthorhombic and
monoclinic modifications is characterized by displace-
ments of La atoms taking place within the respective
planes perpendicular to the a axis on which the relevant
La atoms lie. and by rotations of TiO4 octahedra
around axes parallel to the b axis and running through
the respective Ti atoms. No significant displacement of
the Ti positions occurs. Half of the mirror planes in the
orthorhombic modification are lost on the phase
transition and the remaining half survive as local mirror

© 1982 International Union of Crystallography
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planes in the slabs, giving partial enhancement of the
diffraction symmetry in the monoclinic low-tempera-
ture modification.

Introduction

Recently several ferroelectric 4,B,0, compounds,
including Sr,Ta,0,, Sr,Nb,0,, La,Ti,O0, Ca,Nb,O,
and Nd,Ti,0,, were shown to form a structural family
characterized by a perovskite-type slab. Various
structural modifications of these compounds were
analysed. Crystals of La,Ti, 0, and Ca,Nb,O, have
two modifications, one of which has the symmetry of
P2, (Gasperin, 1975; Ishizawa, Marumo, Iwai, Kimura
& Kawamura, 1980) and the other of Pbn2, (Scheun-
emann & Miiller-Buschbaum, 1974, 1975). Both
modifications have primitive unit cells and approxi-
mately the same a and c¢ lengths (the first setting is
employed for the monoclinic cell), while the cell volume
of the monoclinic one is half that of the orthorhombic
one. The orthorhombic structure can be obtained by
stacking the unit cells of the monoclinic one along the b
axis with the operation of an n glide plane parallel to
(010) (Ishizawa et al., 1980). The structure of Sr,Ta,0,
with the space group Cmcm can be taken as the
prototype of this family (Ishizawa, Marumo,
Kawamura & Kimura, 1976). The structural changes
between the Cmcm and Cmc2, modifications were
investigated for Sr,(Ta,_,Nb,),0, (x ~ 0-12) and
Sr,Ta,0; (Ishizawa, Marumo & Iwai, 1981). Both
modifications with the base-centred unit cells have
approximately the same cell dimensions. The a lengths
of these modifications are half of those with the
symmetries P2, and Pbn2,. The transitions between the
base-centred and the primitive ones, however, were not
known. Recently anomalies in the electromechanical
coupling factors were found in La,Ti,O, at 993 and
1053 K (Kimura, 1977). The structural investigation of
La,Ti,0, at elevated temperatures was, therefore,
undertaken to afford information about respective
A,B,0, compounds with perovskite-type slabs.

Experimental

Single crystals of La,Ti, O, were synthesized with the
floating-zone technique on an image furnace
(Nanamatsu, Kimura, Doi, Matsushita & Yamada,
1974). Crystals were transparent and colourless with
micaceous cleavage parallel to (010). A Weissenberg
camera equipped with a small platinum heater (Iwali,
Tagai, Kato & Shimamune, 1971) was used to take the
diffraction photographs of the specimen at various
temperatures ranging from room temperature to
approximately 1200 K. Crystals at temperatures below
993 K have partially enhanced diffraction symmetries.
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If only the hkl reflexions with # even are taken into
consideration, the symmetry is base-centred ortho-
rhombic and identical to that of the prototype structure
of this family. The reflexions with # odd are relatively
weak and show monoclinic symmetry. The extinction
rule is 00 for k odd, and the space group is restricted
to P2, from the ferroelectric property of the crystal.
With increasing temperature, the reflexions with 4 odd
become weaker and finally disappear at a temperature
in the region 993 to 1053 K. The space group above
1053 K was confirmed to be Cmc2, on consideration of
the fact that the crystal is ferroelectric below 1773 K
(Nanamatsu et al., 1974). The relation between the P2,
and Cmc2, unit cells is

a 2 0 O\ /a
b =|-05 05 O}
c /P2, 0 0 1/\c/Cmec2,.

With decreasing temperature in the region from 1053 to
993 K, the monoclinic reflexions again appear and
become stronger. No detailed information was obtained
about the structure in the region 993—-1053 K. The
reflexions with & even seemed scarcely affected by the
phase transition. The existence of the Pbn2,
modification was not recognized with the present
La,Ti,0, crystals throughout the experiments.

Intensity collection and the determination of the cell
dimensions at 1173 + 10 K were carried out using a
four-circle diffractometer (Rigaku) equipped with a
high-temperature apparatus (Ishizawa, Miyata, Minato
& Iwai, 1978). A crystal with dimensions 0-25 x 0-01
x 0-025 mm was mounted on the top of a silica-glass
capillary. The Pt—Pt(13%Rh) thermocouple was placed
in the capillary at a position 0-3 mm from the
specimen. Mo Ka radiation monochromated with
pyrolitic graphite was used, with the crystal placed at
the centre of a thin silica-glass ball (10 mm in diameter
and approximately 0-1 mm thick) which was supplied
with hot N, gas. Cell dimensions were determined from
10 28 values of the reflexions in the range 0-2 < sin 6/4
< 0-5A-" with the least-squares procedure. Crystal
data of La,Ti,O, are given in Table 1. Intensity data
were collected in the range sin /4 < 0-904 A~!

Table 1. Crystal data of La,Ti,0,

Room temperature At 1173 K
Crystal system  Monoclinic*  Orthorhombict  Orthorhombic
Space group P2, Pbn2, Cinc2,
a(A) 7-800 (3) 7-810 3-954 (2)
b (A) 13-011 (4) 25-745 25-952 (8)
c(A) 5-546 (2) 5-547 5-607 (2)
7 (°) 98-60 (2)
zZ 4 8 4

* Gasperin (1975).
t Scheunemann & Miiller-Buschbaum (1975).
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employing the w-28 scan technique with a scan speed
of 2° min~' in  and the scan width determined from
the formula 1-5° + 0-5° tan 6. Lorentz, polarization
and absorption corrections were carried out assuming
the crystal to be a rectangular parallelepiped. 766
independent reflexions were obtained whose | F,|’s were
larger than 3o (I F,1).

Since the Patterson maps calculated from the
reflexion data were quite similar to those for Sr,Nb,0,
(Ishizawa, Marumo, Kawamura & Kimura, 1975), the
refinement of the structure was carried out with the
full-matrix least-squares program LINUS (Coppens &
Hamilton, 1970) using the positional parameters of
Sr,Nb,O, for the starting values. Anisotropic tem-
perature factors were used for the metal atoms and
isotropic ones for the O atoms. Unit weight was allotted
for all the reflexions. Atomic scattering factors and the
real and imaginary dispersion terms were taken from
International Tables for X-ray Crystallography (1974).
The final R value was 0-066. Final positional

Table 2. Positional and thermal parameters for
La,Ti,O, at 1173 K, with their estimated standard
deviations in parentheses

BEQ/B

X v z (AY)
La(l) 0 0-44609 (6) 0-75 2-18 (4)*
La(2) 0 0-29808 (8) 0-1757 (5) 3.05 ()*
Ti(l) 0-5 0-4404 (1) 0-2452 (1) 1-55 (8)*
Ti(2) 0-5 0-3370 (1) 0-7095 (8) 1-58 (11)*
o(l) 0-5 0-5088 (9) 0-475 (5) 3.2(5)
0(2) 0-5 0-4077 (8) 0-542 (4) 2:3(3)
0(3) 0-5 0-2964 (8) 0-458 (5) 2:8(4)
04 0 0-4511 (8) 0-255(7) 2:9(3)
0(5) 0 0-3472(7) 0-720 (5) 3-04)
0(6) 0-5 0-3891 (10) 0-039 (6) 3.6 (5)
o7 0-5 0-2818 (8) 0-935 (4) 2:2(3)

* By, =812 (U + Uy + Uyy)/3.

Table 3. Selected interatomic distances (A)

Ti(1)-0(1) 2-19(3) Ti(2)-0(2) 2:06 (2)
Ti(1)-0(1}) 2.01(3) Ti(2)-0(3) 1-76 (3)
Ti(1)-0(2) 1-87(2) Ti(2)-0(5) 1:996 (3) x2
Ti(1)-0(4) 1.997 (3) x2 Ti(2)—0(6 2-29(3)
Ti(1)-0(6) 176 (3) Ti(2)-0(7) 1-91(2)
La(1)—0O(1) 2:99 (2) x2 La(2)—0(3) 2-53(2) x2
La(D)-O(1*)  2-62(2) x2 La(2)-0(3%)y 2.74 (2)
La(1)-0(2) 2-50 (1) x2 La(2)-O(5") 2-86 (3)
La(1)-O(4)  2.78(4) La(2)-0O(7%)  2-53(2)
La(1)-O(4") 2.83(4) La(2)—O(7") 243 (1) x2
La(1)-0@4*)  2:67(2)

La(1)—O(5) 2.57(2)

La(1)-O(6")  2-95(2) x2

Symmetry code

None x, » z (iii) j—xo -z
(i) X, 1=y, z-1% (iv) X. roz—1
(ii) X, vz+l (v) xol—ypoz+4

COMPOUNDS WITH PEROVSKITE-TYPE SLABS. V

parameters are given in Table 2.* Selected interatomic
distances are given in Table 3.

Discussion

The crystal structure of La,Ti,O, at 1173 K is shown
in Fig. 1. All atoms are on the mirror planes at x = 0
and 0-5. The perovskite-type slab contains TiO,
octahedra and La(l) atoms which are surrounded by
twelve O atoms. Neighbouring slabs are joined by the
La(2) atoms located at the boundary of the slab. The
interatomic distances range from 1-76 (3)to 2-19 (3) A
for Ti(1)—O, from 1-76 (3) to 2:29 (3) A for Ti(2)-O
and from 2-50 (1) to 2-99 (2)A for La(1)—O. The
La(2) atom has five neighbouring O atoms in the same
slab and two in the adjacent slab at distances ranging
from 2.43 (1) to 2-86 (3) A. The positional parameters
approximately coincide with those for Sr,Nb,0,
determined at room temperature (Ishizawa er al.. 1975)
after taking their origins at an appropriate position on
the twofold screw axis. The thermal parameters for
La,Ti,O, at 1173 K are twice to three times larger than
those for Sr,Nb,O, at room temperature. The struc-
tural difference between the Cmc2, and the P2,
modifications in La,Ti,O, viewed along the b axis is
illustrated in Fig. 2. The displacements of the con-
stituent atoms after the phase transition from the
Cmc2, to the P2, modification are given in Table 4;
these are calculated from the values of the cell
dimensions at 1173 K and the positional parameters at
room temperature (Gasperin, 1975) and those at 1173
K, by shifting the origin of the former structure along
the ¢ axis to yield the same z parameter for the La(l)
atom as that in the latter structure. The structural
change is summarized as: (1) the La atoms move only
within the planes x = 0 and x = 0-5, (2) the O atoms
move in such a way that the TiO, octahedra rotate
around axes parallel to b and running through the
respective Ti atoms, and (3) displacements of the Ti
atoms are negligible. At room temperature, the TiO,
octahedra are rotated by approximately 10° from the
orientation in the Cmc2, modification. The magnitudes
of the displacements of the La and O atoms are
approximately 0-3 A on average. The displacements of
the La atoms are well accommodated to the rotation of
the TiOg4 octahedra. These characteristics are quite
different from those previously reported for the
ferroelectric phase transition between the ortho-
rhombic Cmcem and Cmc2, modifications of
Sr,(Ta,Nb),0, (Ishizawa et al., 1981). In the ferro-
electric phase transition, the B atoms move on the

* Lists of structure factors and anisotropic thermal parameters
have been deposited with the British Library Lending Division as
Supplementary Publication No. SUP 36336 (8 pp.). Copies may be
obtained through The Executive Secretary. International Union of
Crystallography. 5§ Abbey Square, Chester CH1 2HU. England.
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planes at x = 0 and 0.5, destroying the mirror planes
perpendicular to the ¢ axis and accompanying a
deformation and slight rotation of the BO, octahedra
around axes parallel to a. In the Cmc2, modification,
the spontaneous polarization appears along the ¢ axis
chiefly due to the asymmetric deformation of BO
octahedra. On the other hand, the Cmc2,—P2, transi-
tion of La,Ti,0, scarcely changes the magnitude of the
dipole moment in respective BO, octahedra, since the
rotation occurs around axes passing through the B
cations without deforming the shapes of the octahedra.

There are two kinds of mirror planes in the
perovskite slab of the Cmc2, modification. Owing to
the shifts of the constituent atoms on the phase
transition from the Cmc2, modification, the mirror
planes on which the Ti atoms lie are lost and those on
which the La atoms lie are retained in a slab of the P2,
modification. The surviving mirror planes act as local
symmetry elements in the crystal. This is illustrated in
Fig. 3. The symmetry change from Cmc2, to P2, in
La,Ti,0, is described as follows.

Fig. 1. The structure of the Cmc2, modification of La,Ti,O, at
1173 K projected along the a (upper) and ¢ (lower) axes.

Fig. 2. The linkages of TiO4 octahedra ir the P2, (solid) and the
Cme2, (dotted) modifications projected on the (010) plane.
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Table 4. Atomic displacement (A) after the phase

transition

x* P2t Cme2, O, 3, é,

0-75  Ti(1) Ti(1) —0-02 ()T 0-00 ()i +0-05 ()}
Ti(2) Ti(2) +0:02()F  +0-04 (1)f  +0-02 ()i
o(l) O(1) -0-21(2) +0-02 (5)1 —0-01 (3)%
0(2) 0(2) -0-33(2) —0-05(5)F +0.06 (3)}
O(6) 0O(6) +0-11(2) —-0-03(5) +0-02 ()t
o7 0(7) +0-11 (3) -0-02(5)f +0-05(3)1
0(3) 0@ -0-10(2) +0.06 (5)F  +0-06 (2)i

0-5 La(l) La(l) 0-00 (1) —0.08(1) 0
La(2) La(2) —0-02 ()T +0-17 (1) —0-12 (1)
O@4) 0O(4) —0-02 (3)t  +0-10(5) -0-32(3)
O(5) O(5) +0-01 (2)F —0-09(3) +0-22 (2)

0-25 Ti(3) Ti(l) +0-02 ()  —0-01(I)f  +0-03 ()}
Ti(4) Ti(2) —0-01 (1)} 0-00 () +0.04 (1)}
O(8) O(1) +0-21(2) —0-03 (5)t +0-01 (3)}
09) 0(2) +0-32(2) —0-09 (5)}  +0-03 (3)%
O(13) 0O(6) 0-09 (2) 0-05(5)t  —0-01 (2)F
0O(14) O(7) -0-11(2) +0.13(5)F +0-13(3)F
O(10) 0O(3) +0:09 (2) —0-05 (5)% +0-12 (2)}

0 La(3) La(l) —0-01 (1)L +0-11 (1) +0-02 (1)
La(4) La(2) +0-01(2)f —0-16(1) +0-09 (1)
O(11) 0@) +0-01(2)F —0-15(5) +0-25(3)
0O(12) O(5) 0-00 () +0-07(5) —0-35(2)

* Approximate heights referred to the doubled a axis of the
Cmc2, modification.

+ The labels of the atoms are different from those given by
Gasperin (1975) but identical to those given for the P2, modifi-
cation of Ca,Nb,0, (Ishizawa et al.. 1980).

T Values should be O if the structural change occurs schemati-
cally as is illustrated in Fig. 4.

Fig. 3. A schematic drawing of the structural change from the
Cmc2, (upper) to the P2, (lower) modification.

(1) The a length becomes doubled, making the
unit-cell volume of the P2, modification twice that of
the primitive cell of the Cmc2, modification.

(2) Half of the twofold screw axes in the Cmc2,
modification are lost.

(3) Half of the mirror planes in the Cmc2,
modification are lost and the remainder survive as local
symmetry elements which retain their efficiency only
within a slab.
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(4) The c glide planes of the Cmc2, modification can
be regarded as the secondary symmetry elements
generated from the mirror planes and twofold screw
axes. Correspondingly, the local » glide planes in the
P2, modification are generated from the local mirror
planes and the twofold screw axes.

The symmetry elements of the Cmc2, and P2,
modifications are illustrated in Fig. 4. The existence of
local symmetries is known to provide partial enhance-
ment of the diffraction symmetry (Iwasaki, 1972). The
partial orthorhombic symmetry found in kil reflexions
with & even of the P2, modification originates in the
local mirror planes perpendicular to the a axis in each
slab.
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Fig. 4. The symmetry elements of the Cmc2, (upper) and the P2,
(lower) modifications. The mirror and the n glide planes in the
P2, modification are local symmetry elements effective only
within a slab.
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Computations were carried out on HITAC M180
and M200H computers at the Computer Center of
Tokyo Institute of Technology.
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Abstract

The crystal structure of a fifteen S-atom plane polytype
of 3R Fe,Ga,S, [a=3-6508 (7),c=44.843 (2)A.Z=
3, space group R3m, d,, = 3-85,d, =3-95Mgm3. u =
13-64 mm~! (Mo Ka)] was refined by the least-squares
method to a final R = 0.-048 for 324 reflexions. This
structure is built up of a double layer of FeS, octahedra
enclosed between two single layers of GaS, tetrahedra.

0567-7408/82/020372-04801.00

The fifth plane of S atoms has metal vacancies. A
comparison with other MM} X, (M.M' = metal: X =
non-metal. S.Se) and MM/, X, structures is made.

Introduction

L’¢tude du diagramme de phases du systéme Ga,S;—
FeS nous a permis d’identifier huit phases inter-

© 1982 International Union of Crystallography



