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(La&a2)T&,0B and (Nd4Ca$&,020, members n = 6 of the AnBmOL+2 family can be prepared in an 
incommensurate form, the thermal stability of which was studied by X-ray diffraction. The lattice 
modulation observed is a displacive type. We interpreted that by means of a four-dimensional 
space. 8 1986 Academic Press, Inc. 

1. Introduction pose an interpretation of the observed lat- 
tice modulation. 

The AnB,03,+* phases we investigated in 
the Ln2Ti207-CaTi03 (Ln = La, Nd) and 
CazNb207-CaTi03 systems were reported 

2. Experimental Techniques 

in previous papers (I, 2). Their structure is Single crystals were isolated after crush- 
derived from a perovskite structure (p) by ing melted specimens into fragments in an 
periodic crystallographic shears delimiting agate mortar. Their X-ray diffraction pat- 
structural slabs n octahedra in width. terns were taken with a precession camera 
Among these different phases, only those equipped with a heating device using hot 
with n = 6, (La.,Ca2)T&Oz0 and (Nd4Caz) gas. The temperature range was lOO- 
T&020, were obtained in an incommensu- 1000°C and the accuracy about 1°C (heating 
rate form and that after melting, by means rate: 200OWhr) (29). 
of an image furnace, and quenching at room For each experiment, the crystal sample 
temperature. was held 1 hr at the experimental tempera- 

The thermal stability of these new modu- ture and then the corresponding diffraction 
lated structures was studied. Their X-ray photograph was taken at the same tempera- 
diffraction patterns depicted with a four-di- ture. 
mensional space have allowed us to pro- In addition, powder samples of these two 
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phases were observed in CL-DTA from room 
temperature to 1400°C. 

3. Description of the Diffraction Patterns 

The test for second harmonic generation 
on powder samples of (La&a2)Ti6020 and 
WdWTi6020, prepared as described, 
showed that they are noncentrosymmetric 
at room temperature. Their single-crystal 
patterns exhibit a set of reflections which 
can be expressed by the formula 

H = ha* + kb* + lc* + mq*, 

h, k, 1, and m being integers. 
The main reflections (m = 0) are intense 

and located at orthorhombic lattice points. 
They characterize the basic structure (BS) 
and they satisfy the reflection conditions 
expected from the space group Cmc21. 

The satellite reflections (m = 2 1) show a 

weaker intensity. They are derived from 
the preceding positions by the q* = qa* 
wave vector and are in zig-zag lines along 
the [OlO]* direction, They are characteristic 
of the lattice modulation occurring in the 
basic structure (Fig. 1). The value of q is 
irrational and close to 0.49. 

In the case of the lanthanum compound, 
diffuse streaks linking the satellite spots are 
observed (Fig. 2) . 

These different observations are to be 
compared with those of Yamamoto relating 
to the term it = 4, Sr2Nb207 (3). 

4. Thermal Stability 

4.1. (La&aJTi6020 Compound 

Our observations are as follows. 
-Up to 3OO”C, diffraction patterns were 

the same as those taken at room tempera- 

FIG. 1. Precession photograph of (NdJZa,)TiiO,: reciprocal plane hk0; A, MoKa; room temperature; 
exposure time, 16 hr. 
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ra 
FIG. 2. (La&adT&Om: diiuse streaks between satellite spots. Reciprocal plane h&0, unfiltered MO 

rdiation, room temperature, exposure time 40 hr. 

ture. The satellite reflections are linked by 
diffuse streaks. 

-Above 3OO“C, a gradual stretch of the 
satellite reflections is observed as well as a 
decrease of their intensity and of the inten- 
sity of the streaks that link them, when tem- 
perature is increasing. 

When compared with the works of 
Schneck and Denoyer upon a barium so- 
dium niobate (4), our observations suggest 
that the transition has already occurred and 
that we are in presence of a soft mode. 

-At 45O”C, only diffuse scattering re- 
mains on the X-ray diffraction patterns. 
The latter vanishes completely when the 
temperature rises to 550°C. Then, the ob- 
served photograph is similar to that of the 
BS (Fig. 3). 

When returning to room temperature, the 
modulated structure reappears. The inten- 
sity condenses at the satellite reflection po- 
sitions and a simultaneous reappearance of 
the diffuse streaks linking these satellite 
spots occurs. If these streaks have the same 
origin as those investigated in Sr2Nb207 
compound, they are related to faults having 
an effect upon the modulation as shown by 
Yamamoto (5). 

A photograph of the (La&a2)Ti6020 com- 
pound, taken at -lOO”C, is similar to the 
room-temperature one. 

4.2. (Nd&a2)TiaO20 Compound 

The results of experiments are as fol- 
lows. 

-Between room temperature and 850°C 
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FIG. 3. (La&a3T&020: vanishing of the modulation. Reciprocal plane hk0, unfiltered MO radiation, 
temperature 55O”C, exposure time 48 hr. 

the diffraction photographs show no 
change. 

-Above 850°C a decrease of the satel- 
lite reflection intensity is observed together 
with the appearance of weak diffuse streaks 
like those observed with the lanthanum 
compound at room temperature. 

-At lOOC”C, the incommensurate form 
has disappeared from the precession photo- 
graph and is replaced by a monoclinic 
form (space group P112,) isomorphic with 
those observed for the term n = 6, Ca,j 
(Nb4Ti2)Oz0 (2). This transition is irrevers- 
ible. 

Annealings at temperatures higher than 
lOOO”C, followed by a rapid quenching, 
have shown that the monoclinic form is sta- 

ble up to 1350°C. Above this temperature, 
the incommensurate form obtained by melt- 
ing and quenching reappears. 

These different observations show that 
the monoclinic form is the stable one for 
this compound between room temperature 
and 1350°C and that the modulated form, at 
room temperature, is in a metastable state, 
its domain of stability being set above 
1350°C. 

This incommensurate form can be either 
stable until melting point or change into BS 
before melting. We cannot give precise de- 
tails about that fact because we could not 
obtain single-crystal photographs at such 
high temperatures. 

For (Nd&a2)TkOU, and (La&a2)T&Oza, 
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(a) 

(b) 

FIG. 4. Oxygen octahedra disposition in single lay- 
ers: orthorhombic symmetry. (a) Space group Cmcm, 
(b) space group Cmc2,. 

p-DTA graphs did not reveal any signal be- 
tween room temperature and 1400°C. 

For these two compounds-and that in 
the limits of accuracy of our measure- 
ments-no variation of q coefficient oc- 
curred within the explored domain of tem- 
perature. 

5. Interpretation of the Modulation by 
Means of a Four-Dimensional Space 

This structural study of A,JSnOjn+2 phases 
suggests that the observed modulation is of 
a displacive type because of the natural dis- 
position of the perovskite structure of the 
slabs to be distorted. 

The octahedra layers constituting the 
structural slabs of AnBn03n+2 can be as fol- 
lows. 

-Either of a single type (6-8). In this 
case, the observed symmetry is orthorhom- 
bit and the possible space groups are 
Cmcm (Fig. 4a) and Cmc21 (Fig. 4b). The 
base plane of the oxygen octahedra is per- 
pendicular to the [IOO] direction. 

-Or of two types X and Y (9-22). The 
structural slabs can take two types of dis- 
position, the first is consistent with an 
orthorhombic symmetry (space group 
Pbn2i), the second with a monoclinic sym- 
metry (space group P112J (Fig. 5). 

In comparison with the single slab, these 
two dispositions are differentiated by a dis- 
placement of cations and a rotation of the 

x I 

Y 
I 

X 
I 

(b) 

FIG. 5. Oxygen octahedra disposition with two types of layers. (a) Orthorhombic symmetry (space 
group PbnZI), (b) monoclinic symmetry (space group P112,). 
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oxygen octahedra around [OlO]* direction. 
The differences between X and Y layers are 
due in particular to the sense of this rota- 
tion. 

In a 3-dimensional space (E3), the investi- 
gated modulated structure is not a true peri- 
odic structure. However, if depicted using 
a 4-dimensional space (E4), it becomes peri- 
odic . 

In such a depiction, as well described by 
de Wolff (13), the whole set of spots ob- 
served on the diffraction patterns may be 
expressed by the relation 

I&,,,4 = ha* + kb* + lc* + m(e4 + q*) 

in which e4 is the unit vector orthogonal to 
space E3; a*, b*, c* are the reciprocal vec- 
tors of the BS; and q* = qa*. 

In the superspace E4, the reciprocal 
lattice of the modulated crystal is de- 
fined by the four vectors a*, b*, c*, and 
e4 + q*. 

Under these conditions, the observed 
reflection conditions of the set of spots 
(main + satellites) are 

1 in E4 
1 

1 

1 

1 

1 in E3 

2 in E4 
i 

1 

1 

i 

m in E3 

hklm h + k = 2n 

hOlm 1 + m = 2n. 

The reciprocal lattice of the crystal being 
known in E4, the direct lattice is easily ob- 
tained. It is expressed by four vectors a’ = 
a - qe4, b, c, and e4. a, b, c are the direct 
vectors of the BS. 

The reflection condition h + k = 2n, cor- 
responding to hklm reflections, shows that 
the face (xy) is centered. 

These relations show that the crystal be- 
longs to system 4 of family IV and to Bra- 
vais type 9 (face S( 1 - 2) centered), accord- 
ing to the Wondratschek et al. classification 
(14). 

The mm2 orientation symmetry of the BS 
being of order 4, the point-symmetry group 
for the crystal in E4 must also be of order 4. 
Consequently, among eight generators de- 
fined by Wondratschek et al. for the holo- 
hedry of family IV, only four must be se- 
lected. The latter allow one to find the 
point-symmetry operations of the BS again 
if returning in E3 space. 

In the x, y, z, t basis, they are repre- 
sented by the four matrices 

m in E4 
1 

i 
1 

1 

m in E3 

7, in E4 
i 

i 
1 

i 
2 in E3 

The names given to these symmetry op- 
erations in E4 are according to Weigel et al. 
(0). When referring to the classification es- 
tablished by these same authors for crystal- 
lographic point groups of a 4-dimensional 
Euclidean E4 space it results that, in E4, 
the crystal belongs to the point-symmetry 
group written as 2/m. 

served for hOlm reflections induces that the 
m hyperplane is a mirror with glide 

c + e4 
2 

and that it is the same for i3 inversion. 
Thus, the superspace group of the crystal 

The reflection condition 1 + m = 2n ob- can be written as 
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w - Wk,, Its operations modulo the translations 
2 

(or P”‘$’ with De Wolff notation (16)). 

S(1 - 2) are the following ones. 

1 in E4 

1 

1 

1 

1 

2 in E4 m,+, in E4 - 
2 

1 

i 

i3e+e, in E4 
2 

i 
i 

1 
i 

0 0 0 0 0 0 0 0 

1 in E3 m in E3 c in E3 2, in E3 

This gives the following Wyckoff general 
positions 

XY z t 

zy 2 t 

x y z+t t+t 

x y z+B i+t 

The structural study of the AnBn03n+2 
phases belonging to the same Cmc2, space 
group as the BS shows that, in the latter, all 
the atoms are in special position, i.e., in m 
mirror. It follows that, in E4 space, the 
atoms are also in special positions in (yz) 
plane. These Wyckoff special positions can 
be written as 

(oooo), c&w + 

oy z 0 

0 y z+* f 

For the studied modulated structure, the 
zero values of x and t require that the string 
corresponding to each independent atom 
passes through the origin. 

For a displacive-type modulation, de 
Wolff has shown that the coordinates of an 
atom in E4 are function of one variable r 
and can be expressed by 

f, j, and z^ are the coordinates of the atom 
in the BS and u, u, w the coordinates of the 
modulation. 

The variable r is the fourth coordinate t 
of the average position PO of the P atom 
considered: 

7 = t(P,). 

In the case of the harmonic approxima- 
tion, very appropriate to the sample studied 
here because of the absence of satellites of 
order superior to one on the patterns, Ui, vi, 
and Wi displacements of any independent 
atom of the nth unit cell of the BS can be 
given by the relation (17) 

i 

Ui(7) = iLli sin 27rqr = Vi sin 2mq(lii + n) 

ZJi(T) = Vi COS 27TqT = Vi COS 2Tq(kTi + n) 

Wi(T) = Wi COS 2TqT = Wi COS 2Tq(i?i + n) 

Ui, Vi, and Wi corresponding to maxima 
amplitudes of the displacements along Ox, 
Oy, and Oz. In the case studied qi = 0. 

From the Wyckoff positions expressed in 
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E4 space, one may deduce the Wyckoff 
“modulated” positions in E3. For the unit 
cell n = 0 they can be written as 

The 
lated” 
phase 
ments 
operations of the BS. 

u(0); p + u(0); 2 + w(0) 
u(i); -9 - 48; z* + i + w(4) 
knowledge of the Wyckoff “modu- 
positions allows one to find the 
difference between the displace- 
of atoms related by the symmetry 

w-w, am + 

For the first atom r = 0 and for the sec- 
ond one, related to the latter by c mirror in 
the BS, 7 = l/2. 

Our conclusions are reported in Table I. 
Along [lo01 direction, the phase differ- 

ence from a BS unit cell to the following 
one is equal to 0.98 n. 

We have seen that the BS, where the 
modulation occurs, belongs to the Cmc2, 
space group. Consequently, it consists of 
oxygen octahedra layers of one type, the 
base planes of the latter being all perpendic- 
ular to the [lOO] direction. 

To find the possibilities of displacement 
of the BS independent atoms, we compared 
the structures of two orthorhombic forms 
identified for the term it = 4, Ca2Nb207 (8, 
9). The one is isostructural with the BS, the 
other belongs to Pbn2t and is constituted of 
X- and Y-type octahedra layers. 

The displacements of atoms are preferen- 
tially along the Oz direction for cations, the 

TABLE 1 

PHASE DIFFERENCE BETWEEN THE ATOM 
DISPLACEMENTS 

Atoms related Atoms related by 
by the c mirror the C lattice translation 

ox oy oz ox oy oz 

?r 0 T 0.49 ?7 0.49 T 0.49 77 

TABLE II 

PHASE DIFFERENCE BETWEEN OCTAHEDRA 
ROTATIONS 

Octahedra related 
Independent Octahedra related by the C lattice 

octahedra by the c mirror translation 

l-2 # ?r l-6 rr l-l’ 0.49 ?7 
l-3 # 0 2-5 77 2-2’ 0.49 P 
2-3 # T 3-4 n- 3-3’ 0.49 T 

Ox direction for oxygen ions of the base 
plane of the octahedra, and the Oz direction 
for oxygen ions on both sides of each base 
plane. Inside X and Y layers, rotations of 
two octahedra sharing a same corner are 
closely related in amplitude but are in an 
opposite sense. 

The latter data, associated with those 
concerning the different phases between 
the atoms related by the symmetry opera- 
tions of Cmc21 group, led us to fix the phase 
difference exhibited by the rotations of the 
12 octahedra of the BS unit cell. Among the 
latter, only three are independent. Our con- 
clusions are reported in Table II and illus- 
trated in Fig. 6. The BS unit cell is drawn 
on this figure so that the amplitude of dis- 
placement is a maximum for half of the at- 
oms and practically zero for the other half. 

This depiction of the modulated structure 
of (La&a2)Ti60Z0 and (Nd&aZ)Ti6020 com- 
pounds leads to results similar to Yama- 
moto’s ones upon term n = 4, Sr2Nb207, 
obtained by different ways (28). 

FIG. 6. Displacement along Ox of the base plane of 
oxygen ion octahedra in a unit cell of the basic struc- 
ture. 
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6. Conclusion 

Our X-ray diffraction study has allowed 
us to determine the stability versus temper- 
ature of the investigated incommensurate 
form of the two terms n = 6, (La&a2)Ti60z0 
and (Nd4Ca2)Ti60z0. 

In order to explain the observed modula- 
tion, we made use of a 4-dimensional space. 
In this space, the modulated structure of 
the two considered terms n = 6 becomes a 
true periodic structure. Thus we estab- 
lished: the reflection conditions consistent 
with the set of reflections; the point-sym- 
metry group and the superspace group of 
the crystal; the Wyckoff positions in E4 and 
consequently the “modulated” Wyckoff 
positions in E3. From “modulated” Wyck- 
off positions in E3 were deduced the phase 
differences between the displacements of 
atoms related by the BS symmetry opera- 
tions . 

The deformation study of the perovskite 
structure of the slabs in the other AnBn03n+~ 
phases has allowed us to predict the dis- 
placement possibilities of each independent 
atom. 

The refinement of the modulated struc- 
ture of (Nd4Ca2)T&Oz0 compound will soon 
be completed. 
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