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The large nonstoichiometric domain, observed in the
La4Ti3O12-rich part of the La4Ti3O12+BaTiO3 system, has been
shown to correspond to a continuous series of cation-de5cient
perovskite-related (Ba, La)nTin2dO3n (n54d) microphases. The
crystal structures of these microphases have been analyzed by
electron di4raction and high-resolution electron microscopy.
They can be described as coherent intergrowths of P-perovs-
kite-like blocks La4Ti3O12 and Q-perovskite-like blocks
BaLa4Ti4O15, respectively, constitutive of the simple basic terms
n 5 4 and n 5 5 of the previously identi5ed (Ba, La)nTin21O3n

series. The corresponding BaQLa4(P1Q)Ti3P14QO12P115Q micro-
phases can thus be denoted by 4P5Q in a compact form. In fact,
only the 4P51 intergrowth sequences have been observed. Eight of
these are clearly shown by direct imaging. No intergrowth terms
were observed for compositions ranging from BaLa4Ti4O15

(n 5 5) to Ba2La4Ti5O18 (n 5 6). The ability of the system to
develop coherent intergrowths has been discussed in the light of
information provided by an accurate analysis of crystal struc-
tures of the basic members of the series: La4Ti3O12 (n 5 4),
BaLa4Ti4O15 (n 5 5), and Ba2La4Ti5O18 (n 5 6). ( 1999 Academic

Press

Key Words: intergrowths; HRTEM; cation-de5cient perov-
skite; dielectric materials.

INTRODUCTION

Complex oxides with cation-de"cient perovskite-related
structures and the general formula A

n
B
n~1

O
3n

(n53) have
been synthesized in numerous systems with A"Ca, Sr, Ba,
La and B"M II (Mg, Zn, Cd, Ni, Co), M III (B, Fe, Ti), MIV

(Ti, Ru), MV (Nb, Ta), and MVI (W, Re) (1}21). Most of them
are part of a homologous series of trigonal structures which
can be described as being derived from the perovskite struc-
ture by the periodic introduction of intrinsic stacking faults
in the cubic close packing of AO

3
mixed layers. In these

structures, slabs of normal cubic perovskite are intergrown
with regions stacked in hexagonal close packing of the type
1To whom correspondence should be addressed.
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found in the hexagonal perovskite BaNiO
3
. The change in

composition from the ideal ABO
3

is brought about by
layers of empty octahedra in the center of the hexagonal
slabs, which could be "lled with B cations in the
stoichiometric perovskite. For a given composition
A

n
B
n~1

O
3n

(n53), the number of AO
3

mixed layers in each
perovskite slab is n, and that of occupied B layers is (n!1).
Bontchev et al. (15) and Van Tandeloo et al. (19) have
shown, in the case of the La

4
Ti

3
O

12
}LaTiO

3
system, that

slabs of di!erent thicknesses (n"4 and 5 or n"5 and 6, for
example) can be coherently intergrown to constitute a more
general series La

n
Ti

n~dO3n
(n54d; d51) of complex com-

mensurate or incommensurate superstructures (complex
perovskite-related polytypoids). Six di!erent ordered stack-
ing sequences have been observed by electron microscopy
direct imaging. Some disordered intergrowths of simple
members (54n47) of the Sr

n
(Nb, Ti)

n~1
O

3n
series have

recently been found in the Sr
5
Nb

4
O

15
}SrTiO

3
line of the

SrO}Nb
2
O

5
}TiO

2
system (22).

We asked the question whether similar intergrowths
could exist when two kinds of cations A, which are very
di!erent in size, are present. In response, we decided to
reinvestigate the La

4
Ti

3
O

12
}BaTiO

3
system previously

studied by Saltykova et al. (1). As shown by the equilibrium
phase diagram proposed (Fig. 1), they found only the
simplest members, n"4, 5, 6, and 8 of the (Ba,
La)

n
Ti

n~1
O

3n
series. In fact, and contrary to these "rst re-

sults, coherent intergrowths of n"4 and n"5 simple basic
members do exist and we have synthesized them (23, 24).
They will be described in the second part of this paper. In
contrast, no intergrowth was observed for the n"5 and
n"6 basic members. This problem will be discussed in the
last part of our paper. A good understanding of the struc-
tural stability of such superstructures requires a detailed
analysis of the crystal structures of their basic building
units, i.e., of the simple members (n"4, 5, 6) of the
(Ba,La)

n
Ti

n~1
O

3n
series. Since previous studies did not give

su$cient information in terms of oxygen atom coordinates
and the possible cation ordering, we have undertaken the



FIG. 1. Equilibrium phase diagram in the La
4
Ti

3
O

12
}BaTiO

3
system, according to Saltykova et al. (1).
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determination of the crystal structure of these three com-
pounds. The "rst part of the paper is devoted to a detailed
and comparative description of the structure of the three
structures.

STRUCTURAL CONSIDERATIONS ON THE MEMBERS
n 5 4, 5, AND 6 OF THE (Ba, La)nTin+1O3n SERIES

The main crystal data of these phases are given in Table 1.
The detailed results concerning the n"6 member,
Ba

2
La

4
Ti

5
O

18
, and the n"5 member, BaLa

4
Ti

4
O

15
, were

obtained from single-crystal X-ray di!raction experiments
and have already been published (25, 26). Those concerning
the n"4 member, La

4
Ti

3
O

12
, correspond to a Rietveld full

pro"le analysis of a neutron powder di!raction pattern
registered on the D2B instrument, at ILL (Grenoble,
France). They will be published elsewhere. They are accu-
rate enough to be signi"cantly compared to the others. The
re"ned atomic coordinates and thermal parameters are re-
ported in Table 2.

The three structures correspond to a close packing of
AO

3
mixed layers. Within the layers the A and O atoms are

ordered in the way shown in Fig. 2a. Each A atom is
surrounded by six oxygen atoms, whereas each oxygen
atom has two A atoms linearly coordinated to it among its
six nearest neighbors. To avoid any direct A}A connection,
successive layers are shifted one from another by
1/3S0111 0T

H
vectors, so that A atom positions in one layer

project in the center of a triangle formed by the A atoms in
the adjacent layers (position 1 or 2 in Fig. 2a). One quarter
of the octahedral interstices between two such layers are
surrounded exclusively by oxygen atoms. They are occupied
by titanium atoms (small open circles on Figs. 2b}2d). The
a
H

parameter is determined by the hexagonal sublattice of
A atoms and remains nearly constant (+5.6 As ) for each
structure. In contrast, the c

H
parameter which depends on

the stacking sequence of AO
3

layers strongly changes from
one structure to the other (Table 1). We can see the three
stacking sequences in Fig. 3. All oxygen octahedra located
within the cubic-close-packed (ccp) part of the sequence are
corner-sharing and occupied by titanium atoms. In each
triplet of face-sharing octahedra, characteristic of the hexag-
onal-close-packed (hcp) part of the sequence, the central
octahedra are vacant. As a consequence, in each structure,
identical perovskite-like slabs of n AO

3
layers are separated

by titanium vacancy layers, each slab being shifted from its
neighbor by a 1/3S0111 0T

H
vector. Van Tandeloo et al. (19)

have shown that if the number n is a multiple of 3 !1, the



TABLE 1
Main Crystallographical Characteristics of the First Three

Members of the (Ba, La)nTin 2 1O3n Series

Ba
2
La

4
Ti

5
O

18
BaLa

4
Ti

4
O

15
La

4
Ti

3
O

12
n"6 n"5 n"4

Space group R31 P31 c1 R31

Unit cell
parameters

a"5.584(1)
c"41.176(8)

a"5.5720(10)
c"22.500(2)

a"5.55086(3)
c"26.17799(19)

Polytypoid
symbol 18R 10H 12R

Z 3 2 3

Re"nement
method

Single-crystal
X-ray di!raction

data (25)

Single-crystal
X-ray di!raction

data (26)

Rietveld analysis of
neutron powder

di!raction pattern
(this work)

Reliability
factors

R
1
"0.0285

wR
2
"0.0671

R
1
"0.0336

wR
2
"0.0777

R
B
"2.32%

R
P
"8.48%

Rw
P
"9.09%

s2"2.11%
GOF index"1.4
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resulting stacking has a repeat period, along the direction
normal to the layers, which contains a single perovskite-like
block, and the Bravais system is hexagonal. If the number
n is a multiple of 3, or a multiple of 3 #1, the stacking only
repeats after three blocks and the Bravais system is rhom-
bohedral. Indeed, as we can see in Table 1 and in Fig. 3, the
space group is R31 for La

4
Ti

3
O

12
(n"4) and Ba

2
La

4
Ti

5
O

18
(n"6) with the respective stacking sequences
ABCBCABAB2 or (chhc)

3
(12R polytypoid) and

ABCBCABCACABCABABC2 or (chhccc)
3

(18R poly-
typoid), whereas the space group is P31 c1 for BaLa

4
Ti

4
O

15
(n"5) with the stacking sequence ABCB@C@A@B@C@BC2 or
(chhcc)

2
(2]5H"10H polytypoid). For BaLa

4
Ti

4
O

15
, the

doubling of the expected stacking sequence is, as we will see
below, the consequence of a cooperative tilting of TiO

6

TABLE 2
Re5ned Positional and Thermal Parameters of La4Ti3O12

Position x y z B (As 2)

La(1) 6(c) 0 0 0.13401(7) 0.49(3)
La(2) 6(c) 2/3 1/3 0.04559(9) 0.35(2)
Ti(1) 6(c) 0 0 0 0.05(5)
Ti(1) 3(a) 1/3 2/3 0.09149(15) 0.63(6)
O(1) 18(f ) 0.56639(30) 0.00711(36) 0.12225(6) 0.53(2)
O(2) 18(f ) 0.22089(30) 0.88808(28) 0.04119(8) 0.62(2)

Note. The e.s.d.'s are given as the last digit in parentheses.
octahedra within the perovskite blocks (A, B, and C not
exactly superposed with A@, B@, and C@ AO

3
layers in

Fig. 3).
In more detail, and for a good understanding of the

complex superstructures described in the last section, two
main features, mainly concerning the cation sublattice on
the one hand and the anion sublattice on the other hand, are
worth pointing out.

Cationic Sublattice

The anion and cation sublattices within each perov-
skite block are, electrostatically speaking, respectively
under tension and under compression because of the cation
de"ciency at the center of the hcp part of each structure.
The resulting strain energy is relieved in each structure
by a cooperative movement visualized, in the case of
the Ba

2
La

4
Ti

5
O

18
compound, by vertical arrows in

Fig. 3a.
An important consequence of this uniaxial distortion is

that all the AO
12
&&twinned cuboctahedra,'' characteristic of

the hcp part of the structure, are strongly expanded with
respect to the normal ones, characteristic of the perovskite
slabs (25,26). It is therefore highly probable that these &&twin-
ned cuboctahedra'' are preferentially occupied by Ba atoms
when Ba and La atoms are both present in the structure.
This ordering is all the more probable since it is the simplest
way to minimize the electrostatic repulsion that would gen-
erate the short A}A distances created in the hcp part of the
structure by both the 1/3S0111 0T

H
shift of successive perov-

skite blocks and the cation displacement along the c-direc-
tion.

A second consequence of the cationic relaxation is the
reconstitution of the body-centered cubic (bcc) cationic
subcell characteristic of the ideal perovskite structure
(in fact, a CsCl-type subcell) which was destroyed by
the 1/3S0111 0T

H
shift (1/3S211 11 T

C
in the perovskite cell)

of perovskite slabs. As we can see in Fig. 4a and 4b, the 1/3
[0111 0]

H
shift brings the A atoms of a shifted perovskite

block to the center of the trigonal faces of the TiO
6

oc-
tahedra of the adjacent perovskite slab. The A}Ti distances
thus created are too short and so unacceptable. Conse-
quently, the Ti atoms disappear, justifying the cation de"-
ciency with respect to the ideal perovskite. The
corresponding vacancies are eliminated by the cation
relaxation and a slightly distorted bcc cationic subcell
is reconstituted (Fig. 4c). It should therefore be noted
that if it is convenient to describe these perovskite-related
structures as consisting of perovskite slabs separated
by cation vacancy layers, such vacancies in fact do not
exist with respect to the ideal perovskite structure. They
are purely formal, and the persistence of a bcc cationic
subcell is surely the key factor for the stability of these
structures.



FIG. 2. Schematic views of the AO
3

mixed layers packing in (Ba,La)
n
Ti

n~1
O

3n
(n"4, 5, and 6) basic members: (a) Arrangement of A and O atoms

in the AO
3

mixed layers. (b) Stacking of two adjacent AO
3

layers showing the TiO
6

octahedra. (c) View of this stacking along [1011 0]
H
, an

equivalent direction of the S0111 0T
H

form. (d) View of this stacking along [1121 0]
H
, an equivalent direction of the S211 11 0T

H
form. (e) The distorted AO

3
layers observed in the La

4
Ti

3
O

12
and BaLa

4
Ti

4
O

15
structures. r and l visualize respectively the clockwise and counterclockwise rotation of

corner-sharing octahedra.
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Anionic Sublattice

The oxygen sublattice, within each AO
3

mixed layer,
remains perfectly planar and is almost regular for the three
structures. The O}O distances are not very di!erent from
the average value (SO}OT+2.8 As ). In fact, the oxygen
sublattice is perfectly regular for the Ba

2
La

4
Ti

5
O

18
struc-

ture (Fig. 2a), but it is slightly distorted for the two other
members (La

4
Ti

3
O

12
and BaLa

4
Ti

4
O

15
) as can be seen in

Fig. 2e. The A cation lattice remains perfectly hexagonal in
the three structures.

The oxygen sublattice distortion corresponds to
a cooperative rotation of all the TiO

6
octahedra around the

c axis. As shown in Fig. 2e, 3b, and 3c, TiO
6

octahedra
which share corners within a perovskite block rotate in
opposite senses (r and l in Figs. 2e, 3b, and 3c) from one
layer to the other, whereas they rotate in the same sense in
the hcp part of the structure. In the BaLa

4
Ti

4
O

15
structure,

two successive perovskite blocks (the ABCAB sequence and
the A@B@C@A@B@ sequence in Fig. 3b) give a global reverse
rotation. The c-parameter is then doubled compared to that
observed for example in the Ba

5
Ta

4
O

15
homologous phase

(11,12) for which the oxygen sublattice is not distorted (see
Table 3: the space group is P31 m1 instead of P31 c1 for
BaLa

4
Ti

4
O

15
). The global reverse rotation allows the co-

ordination of the A cation to be decreased from [12] to
[6#3], without distorting the TiO

6
octahedra, when the

average cation size is reduced (see Table 3). This cooperative
rotation of the TiO

6
octahedra, noted a~a~a~ in the Glazer

tilt systems (27), is observed in perovskite-related structures
as soon as the Goldschmidt tolerance factor t (28) is less
than 1 (see Table 3). This doubling of the c-parameter



FIG. 3. Schematic representation of (Ba,La)
n
Ti

n~1
O

3n
(n"4, 5, and 6) member structures as viewed along [211 11 0]

H
. The rotations of TiO

6
octahedra

around the c axis are represented by r"clockwise and l"counterclockwise.
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resulting from the global reverse rotation can occur only if
the number (n!1) of Ti layers is even (19), which is the case
for the BaLa

4
Ti

4
O

15
structure ((n!1)"4).

(Ba,La)nTin2dO3n INTERGROWTH MICROPHASES

Experimental

The chemical composition of the samples was adjusted to
form various intergrowths of stable basic members n"4, 5,
and 6 of the (Ba,La)

n
Ti

n~dO3n
homologous series. All the

samples were prepared by a solid-state reaction, under an
air atmosphere, of high-purity (more than 99%) commercial
La

2
O

3
, TiO

2
, and BaCO

3
. Appropriate amounts of these

starting products were carefully mixed and ground in an
agate mortar and calcinated in an alumina crucible at
12003C for 12 h. After an intermediate grinding the resulting
powders were pressed into pellets. These pellets were then
sintered at temperatures ranging from 1450 to 16003C for
24 h. Because of the very high melting temperature of these
compounds, perfect long-range ordering of microphases is
di$cult to reach, and longer annealing time (up to 60 h) was
often required. The e$ciency of the heat treatment was
ascertained by the shape of di!raction spots (stretching
along the c* direction must not be observed) in the selected
area electron di!raction (SAED) patterns obtained by elec-
tron di!raction.

Bulk structural analysis was carried out by X-ray powder
di!raction (XRPD) using a Siemens D5000 di!ractometer
and CuKa radiation.
High-resolution transmission electron microscope
(HRTEM) observations were performed with a JEOL 2010
microscope operating at 200 kV with a point resolution of
2.3 As . The specimens consisted of freshly crushed samples
deposited on copper grids covered with very thin and holey
carbon "lms. The simulated images were computed using
the EMS suite of multislice programs (29), with a spherical
aberration constant of 1 mm, focus spread of 10 nm, beam
divergence semiangle of 1 mrad, and objective aperture dia-
meter of 14.4 nm~1.

Results and Structural Approach

No microphases resulting from coherent intergrowth of
n"5 and n"6 members could be synthesized under our
experimental conditions. Whatever the thermal treatment
the XRPD patterns of the samples studied systematically
corresponded to mixtures of Ba

2
La

4
Ti

5
O

18
and

BaLa
4
Ti

4
O

15
phases.

On the other hand, the XRPD patterns of samples whose
composition ranges from n"4 (La

4
Ti

3
O

12
) to n"5

(BaLa
4
Ti

4
O

15
) were far more complex. The chemical com-

positions of these samples can be formulated as
PLa

4
Ti

3
O

12
#QBaLa

4
Ti

4
O

15
or Ba

Q
La

4(P`Q)
Ti

3P`4Q
O

12P`15Q
. Each expected intergrowth would then consist of

the juxtaposition of P perovskite-like blocks La
4
Ti

3
O

12
(n"4) and Q perovskite-like blocks BaLa

4
Ti

4
O

15
(n"5),

and so structurally formulated in compact form, 4P5Q. The
chemical compositions of the di!erent samples studied and



FIG. 4. Schematic diagram illustrating how the bcc cationic subcell characteristic of the perovskite structure is preserved in the (Ba,La)
n
Ti

n~1
O

3n
structures: (a) The bcc cationic subcell of the perovskite structure. (b) The cationic subcell after the 1/3 [211 11 ]

C
(1/3 [0111 0]

H
shift). (c) The slightly distorted

bcc subcell after cation relaxation.
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TABLE 3
Relation between Tilting of [TiO6] Octahedra and Calculated

Goldschmit Tolerance Factor t for Some ABO3 Perovskites and
AnBn 2 1O3n (n 5 4, 5, and 6) Cation-De5cient Perovskite-
Related Structures (t 5 (SrAT 1 SrOT)/J2(SrBT 1 SrOT) with
SrOT 5 1.4 As

Tilting of
[TiO

6
]

Ref. Sr
A
T Sr

B
T t Space group octahedra

BaTiO
3

31 1.61 0.605 1.06 P6
3
/mmc No

BaRuO
3

7 1.61 0.62 1.05 R31 m No
Ba

4
Nb

2
WO

12
10 1.61 0.63 1.05 R31 m No

Ba
3
LaNbO

12
10 1.55 0.64 1.03 R31 m No

Ba
5
Ta

4
O

15
11,12 1.61 0.64 1.04 P31 m1 No

Ba
2
La

4
Ti

5
O

18
25 1.44 0.605 1.00 R31 No

BaLa
4
Ti

4
O

15
26 1.41 0.605 0.99 P31 c1 Yes

BaLa
4
Ti

3
RuO

15
14 1.41 0.605 0.99 P31 m1 Yes expected

La
5
Ti

4
O

15
5 1.36 0.61 0.97 P31 c1 Yes

SrLa
4
Ti

3
RuO

15
14 1.375 0.61 0.98 P31 m1 Yes expected

SrLa
4
Ti

4
O

15
4 1.375 0.605 0.98 P31 m1 Yes expected

CaLa
4
Ti

4
O

15
4 1.365 0.605 0.98 P31 m1 Yes expected

La
4
Ti

3
O

12
This
work 1.36 0.605 0.97 R31 Yes

CaLa
4
Ti

3
RuO

15
14 1.356 0.61 0.97 P31 m1 Yes expected

LaTiO
3

32 1.36 0.61 0.96 Pnma Yes

TABLE 4
Chemical Compositions and Expected Intergrowths for the
Samples Studied in the La4Ti3O12}BaLa4Ti4O15 Domain

Expected
Chemical La

4
Ti

3
O

12
BaLa

4
Ti

4
O

15
intergrowth

Domain composition mol (P) mol (Q) (4P5Q)

B Ba
6
La

28
Ti

27
O

102
1 6 (4156)

Ba
5
La

24
Ti

23
O

87
1 5 (4155)

Ba
4
La

20
Ti

19
O

72
1 4 (4154)

Ba
3
La

16
Ti

15
O

57
1 3 (4153)

Ba
2
La

12
Ti

11
O

42
1 2 (4152)

A BaLa
8
Ti

7
O

27
1 1 (4151)

BaLa
12

Ti
10

O
39

2 1 (4251)
BaLa

16
Ti

13
O

51
3 1 (4351)

BaLa
20

Ti
16

O
63

4 1 (4451)
BaLa

24
Ti

19
O

75
5 1 (4551)

BaLa
28

Ti
22

O
87

6 1 (4651)
BaLa

32
Ti

25
O

99
7 1 (4751)

BaLa
36

Ti
28

O
111

8 1 (4851)
BaLa

40
Ti

31
O

123
9 1 (4951)

BaLa
44

Ti
34

O
135

10 1 (41051)
BaLa

84
Ti

64
O

255
20 1 (42051)
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the corresponding expected 4P5Q intergrowths are given in
Table 4. The XRPD patterns are shown in Fig. 5 and call for
two main comments:
* All patterns exhibit great analogies.
* Two domains called A (from La

4
Ti

3
O

12
up to

BaLa
8
Ti

7
O

27
) and B (from BaLa

8
Ti

7
O

27
up to

BaLa
4
Ti

4
O

15
) can, however, be distinguished in Fig. 5 and

Table 4. For domain A the pattern pro"les are dominated
by the La

4
Ti

3
O

12
pattern, whereas for domain B they are

dominated by the BaLa
4
Ti

4
O

15
pattern. In domain A, it is

noticeable that some di!raction peaks are slightly and con-
tinuously moving in the 2h position with composition (see
arrows in Fig. 5). This behaviour is characteristic of a micro-
phase system. Of course, all attempts to derive unit cell
parameters of such microphases were unsuccessful. We
therefore had a recourse to high-resolution electron micros-
copy. Van Tandeloo et al., have shown in the case of
La

n
Ti

n~dO3n
microphases (19) that the application of a vari-

ant of the &&cut and projection'' method (30) makes it pos-
sible to deduce not only the stacking sequence of
microphases but also the main features of their di!raction
patterns for given values of n and d. They also showed that
these various stacking sequences could be con"rmed and
visualized by direct imaging.

The most informative di!raction patterns and high-res-
olution images are those along the S0111 0T

H
and S211 11 0T

H
zone axes (see Figs. 2 and 3). Figures 6 and 7 show the
HRTEM images and SAED patterns obtained with the
La

4
Ti

3
O

12
and BaLa

4
Ti

4
O

15
samples, respectively.

On the di!raction patterns, examination of re#ections
along the c* direction allows a perfect identi"cation of the
stacking sequence:
* The distance between the more intense (basic) spots

corresponds to the thickness of an octahedral sheet
(+2.2 As ). For example, for La

4
Ti

3
O

12
(Fig. 6e) basic spots

are the transmitted beam on the one hand and the 00012
re#ection on the other hand.
* The number of spots counted from the origin spot to

the "rst basic spot gives the number n of AO
3

layers in
a perovskite block.
* The distance between two successive spots corres-

ponds to the thickness of a perovskite block (+n]2.2 As ).
* The l index of the "rst basic spot gives the total

number of AO
3

layers in the unit cell.
High-resolution images obtained along the S211 11 0T

H
axes

can be interpreted in the light of simulated images cal-
culated for various defocus and sample thickness values.
For La

4
Ti

3
O

12
, exhaustive simulations indicated that the

best "t between experimental and calculated images (Fig.
6a) is obtained for a defocus value of !94 nm and for
a sample thickness of about 16.5 nm. An enlargement of the
calculated image is shown in Fig. 6c. The analysis of the
projected potential shown in Fig. 6d clearly reveals that the
bright dots correspond to the position of the La columns.
By analogy, we suggest that, in all the high-resolution im-
ages obtained as well for the two other basic terms (Fig. 7a)



FIG. 5. X-ray di!raction patterns of powder samples reported in Table 4. In the A domain, the arrows indicate the di!raction peaks which are slightly
shifted in 2h in response to chemical changes.
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as for the intergrowth sequences (Figs. 8b and 9), this very
speci"c contrast corresponds to the contribution of the
A columns. Whereas in the cubic perovskite structure these
A-containing columns would form series of straight lines, in
the La

4
Ti

3
O

12
and BaLa

4
Ti

4
O

15
structures they form dis-

continuous lines because of the periodic 1/3S0111 0T
H

shift.
The number n of aligned white dots gives the number of
AO

3
layers within each perovskite block: n"4 in the case

of La
4
Ti

3
O

12
and n"5 for BaLa

4
Ti

4
O

15
. The HRTEM

image of Fig. 7a shows that even when the sample is slightly
misaligned with the electron beam, the periodicity of the
stacking sequence is clearly evidenced.

Figure 8 shows the HRTEM image and the SAED pat-
tern obtained with a crystal of the BaLa

16
Ti

13
O

51
sample.

The image con"rms the expected ordered intergrowth 4351.
The SAED pattern also allows an unambiguous determina-
tion of the intergrowth sequence and of the unit cell charac-
FIG. 6. TEM observations of La
4
Ti

3
O

12
: (a) HRTEM image obtained a

a defocus value of }94 nm and to a thickness of 16.5 nm. The white dots (enci
the corresponding structure (Ti atoms are represented by empty circles, T
Enlargement of the calculated image. A schematic projection of the crystalline
Projected potential reconstructed by crystallographic image processing. The
points represent oxygen atoms, the medium ones are titanium atoms, and th
pattern. (f ) [0111 0]

H
zone axis di!raction pattern.
teristics. More generally, if we consider a 4P5Q sequence, the
repeat unit is composed of n"(4P#5Q) AO

3
layers, of

(n}d) TiO
6
octahedral sheets, of d"(P#Q) perovskite-like

blocks respectively characteristic of the two end members
and of d vacancy containing layers. In real space n/d repres-
ents the average spacing between vacancy layers and is
equal to the average number of AO

3
layers per perovskite

slab (44n/d45). As shown by Van Tandeloo et al. (19), in
the reciprocal space d/n corresponds to a modulation vector
that determines the separation, along the central di!raction
row c*, of the "rst relatively intense spot (noted A in Fig. 8a)
from the basic spot (noted B in Fig. 8a). As for n, it corres-
ponds to the number of intervals between two basic spots
B (n"17 in the pattern of Fig. 8a), whereas d is the number
of intervals counted between an A spot and the closest
B spot (d"4 in the pattern of Fig. 8a). So an accurate
examination of a [211 11 0]

H
zone axis pattern provides the
long the [211 11 0]
H

zone axis. The simulated image (inserted) corresponds to
rcled in the simulated image) are La atoms. (b) Schematic representation of
i-free octahedra by empty squares, and La atoms by "lled circles). (c)
structure in which only the La atoms are shown (black dots) is inserted. (d)

crystalline structure, with unit cell indicated, is superimposed. The smallest
e big black dots represent the lanthanum. (e) [211 11 0]

H
zone axis di!raction
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FIG. 7. TEM observations of BaLa
4
Ti

4
O

15
: (a) HRTEM image obtained along the [211 11 0]

H
zone axis and the schematic representation of the

corresponding structure (Ti atoms are represented by empty circles, Ti-free octahedra by empty squares, and La atoms by "lled circles). (b) [211 11 0]
H

zone
axis di!raction pattern. (c) [011 11 0]

H
zone axis di!raction pattern. (d) HRTEM image obtained along the [0111 0]

H
zone axis, showing the doubling of the

c parameter.
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FIG. 8. TEM observations of BaLa
16

Ti
13

O
51

: (a) SAED pattern with
[211 11 0]

H
zone axis. (b) HRTEM image obtained along the [211 11 0]

H
zone

axis which visualizes the ordered 4351 intergrowth.
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necessary information to establish the P and Q values of any
4P5Q intergrowth sequence. For each microphase, the char-
acteristic 4P5Q sequence corresponds to a repeat unit along
the c axis. Indeed, for a general model, the determination of
the c parameter of the di!erent microphases requires one to
take into account the two following points.

First, the Bravais lattice of the structure is determined by
the number n of AO layers in the 4P5Q repeat unit. As was
/A
1
BCA/CABC/BCAB/ABCAB/A@B@C

4a 4a 4a 5a 4b

SCHEM

3

the case for the simple terms of the A
n
B

n~1
O

3n
series (see the

beginning of the second section), when n is a multiple of 3 or
a multiple of 3 #1, the Bravais lattice is R and the periodic-
ity along c requires three 4P5Q repeat units.

Second, because of the rotation of the octahedra within
the BaLa

4
Ti

4
O

15
perovskite blocks (see the end of the

second section), the number of these blocks in the unit cell
for any microphase has to be even.

These two conditions result in complex intergrowths in-
volving various numbers of 4P5Q repeat units.

As an example, consider a series for which Q"1 (4P51

intergrowth terms; see Table 5),
* When P is a multiple of 3 (4351 or 4651 intergrowths,

for example), n is obviously a multiple of 3 !1, and the
lattice parameter is twice the thickness of the repeat unit
and the lattice mode is P (H polytypoid). For 4351 inter-
growth, for example, the unit cell contains 2]n"34 AO

3
layers, the lattice mode is P and the full stacking sequence
corresponds to Scheme 1.
* When P is not a multiple of 3 (4251 or 4451 inter-

growths, for example), n is a multiple of 3 or 3 #1, and the
lattice parameter is 6 times the thickness of the repeat
unit. The resulting structure is rhombohedral (R mode).
For example, for the 4151 microphase the stacking of the
54 AO

3
layers corresponds to Scheme 2, and the lattice

mode is R.

The Observed Intergrowths

TEM observations were carefully carried out on all the
samples reported in Table 4. They con"rmed the separation
in two domains indicated by the previous XRD study.

Domain A. For all the samples of this domain, perfectly
ordered intergrowths were observed. As clearly indicated by
both HRTEM images (Fig. 9) and SAED patterns (Fig. 10)
only 4P51 sequences could be synthesized.

The ease of obtaining them is strongly dependent on their
chemical composition: the simplest 4151 intergrowth is sel-
dom observed even after very long annealing (72 h) at high
temperature (16003C), whereas the more complex 4451 and
particularly 4351 sequences are easily formed. The percent-
age of ordered parts of crystals, roughly estimated on the
basis of a statistical TEM approach, is 5% for P"1, 20%
for P"2, 40% for P"5, 70% for P"4, and 90% for
P"3. For samples with a composition corresponding to
higher P values (P'6) long-range ordering is very di$cult
to reach. However, after three successive thermal treatments
@A@/C@A@B@C@/B@C@A@B@/A@B@C@A@B@/A
1

4b 4b 5b

E 1



FIG. 9. HRTEM image obtained along the [211 11 0]
H

zone axis for di!erent microphases: (a) BaLa
8
Ti

7
O

27
: 4151. (b) BaLa

12
Ti

10
O

39
: 4251. (c)

BaLa
16

Ti
13

O
51

: 4351. (d) BaLa
20

Ti
16

O
63

: 4451. (e) BaLa
24

Ti
19

O
75

: 4551. (f ) BaLa
28

Ti
22

O
87

: 4651. (g) BaLa
32

Ti
25

O
99

: 4751. (h) BaLa
36

Ti
28

O
111

: 4851.
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of 24 h at respectively 1620, 1630, and 16403C, interspersed
by a meticulous grinding of the samples, extended domains
of ordered 4751 and 4851 sequences could be observed. The
corresponding images are shown in Figs. 9g and 9h. Never-
theless, these samples are not ordered enough to produce
coherent and representative SAED patterns. The main
structural characteristics of the observed microphases are
reported in Table 5.

Domain B. In contrast to domain A none of the expected
ordered sequences in domain B indicated in Table 4
/A
1
BCA/CABCA/C@A@B@C@/B@C@A@B@C@/BCAB/ABCAB/A@B

4a 5a 4b 5b

1

4a 5a 4

2

SCHEM
could be observed, despite a very long time of annealing at
high temperatures of the corresponding samples. Most of
the samples display crystalline areas characterized by 4P51

sequences (mainly 4351 and 4451) together with large do-
mains of BaLa

4
Ti

4
O

15
, the simple term (51). These observa-

tions are in agreement with the previous XRD study.
Indeed, as shown in Fig. 5 the B domain is mainly domin-
ated by the di!raction pattern of the BaLa

4
Ti

4
O

15
member.

The TEM investigation con"rms that no long-range or-
dered 4P5Q intergrowth can be formed when Q is higher
than 1.
@C@A@/C@A@B@C@A@/CABC/BCABC/B@C@A@B@/A@B@C@A@B@/A
1

b 5b 4a 5a 4b 5b

3

E 2



FIG. 10. SAED pattern for di!erent microphases: (a) and (b): [211 11 0]
H

and [0111 0]
H

zone axis patterns of a 4151 intergrowth. (c) and (d): [211 11 0]
H

and
[0111 0]

H
zone axis patterns of a 4251 intergrowth. (e) and (f ): [211 11 0]

H
and [0111 0]

H
zone axis patterns of a 4351 intergrowth. (g) and (h): [211 11 0]

H
and

[0111 0]
H

zone axis patterns of a 4451 intergrowth. (i) and ( j): [211 11 0]
H

and [0111 0]
H

zone axis patterns of a 4551 intergrowth. (k) and (l): [211 11 0]
H

and [0111 0]
H

zone axis patterns of a 4651 intergrowth.

690 TROLLIARD ET AL.



FIGURE 10*Continued
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DISCUSSION AND CONCLUSIONS

In the present study we have shown that in the part of the
La

4
Ti

3
O

12
}BaTiO

3
system not yet investigated (see Fig. 1),

the large nonstoichiometric domain observed can be justi-
"ed by the formation of a continuous series of complex
microphases which correspond to coherent intergrowths of
the La

4
Ti

3
O

12
and BaLa

4
Ti

4
O

15
members. All the ob-

served sequences are uniform and thus produce sharp dif-
fraction spots. They all correspond to the general formula



TABLE 5
Structural Characteristics of the 4P51 Microphases

Chemical composition of samples BaLa
8
Ti

7
O

27
BaLa

12
Ti

10
O

39
BaLa

16
Ti

13
O

51
BaLa

20
Ti

16
O

63
BaLa

24
Ti

19
O

75
BaLa

28
Ti

22
O

87

Results of the electron di!raction study
n 9 13 17 21 25 29
d 2 3 4 5 6 7
P 1 2 3 4 5 6
Q 1 1 1 1 1 1

(4P5Q) intergrowth observed (4151) (4251) (4351) (4451) (4551) (4651)
q q q q q q q

Resulting chemical composition: BaLa
8
Ti

7
O

27
BaLa

12
Ti

10
O

39
BaLa

16
Ti

13
O

51
BaLa

20
Ti

16
O

63
BaLa

24
Ti

19
O

75
BaLa

28
Ti

22
O

87

Structural characteristics
Thickness of a 4P5Q sequence (nm) 1.99 2.85 3.71 4.52 5.46 6.33
Lattice mode R R P R R P
Number of 4P5Q sequences per unit cell 6 6 2 6 6 2
Number of AO

3
planes per unit cell 54 78 34 126 150 58

Polytypoid 54R 78R 34H 126R 150R 58H
c-parameter (nm) 11.94 17.14 7.42 27.15 32.74 12.66

692 TROLLIARD ET AL.
Ba
Q
La

4(P`Q)
Ti

3P`4Q
O

12P`15Q
and can be denoted, in

a compact form, by 4P5Q, but only those corresponding to
Q"1 seem to be stable (Table 5). In domain B, for which
415Q intergrowths could be expected, it is mainly the most
stable 4351 intergrowth which is observed together with
BaLa

4
Ti

4
O

15
(51). Moreover, for compositions ranging

from BaLa
8
Ti

7
O

27
(4151) to La

4
Ti

3
O

12
(41), 52 sequences

are never observed, even for complex intergrowths for
which various distributions of the P La

4
TiO

12
and

Q BaLa
4
Ti

4
O

15
blocks are possible. For example, with

a Ba
2
La

36
Ti

29
O

114
sample, which corresponds to a half

and half mixture of the BaLa
16

Ti
13

O
51

and BaLa
20

Ti
16

O
63

compounds (see Table 4), in principle 4752 as well as
43514451 sequences could be expected. It is systematically
the latter which is observed (Fig. 11) and complex inter-
growths of di!erent 4P51 sequences are preferentially de-
veloped. Such observations can be easily justi"ed if we
consider that the absence of titanium cations along the
FIG. 11. HRTEM image obtained along the [211 11 0]
H

zone axis of a c
combination of 4351 and of 4451 intergrowth terms.
interfaces (i.e., at the center of the hcp part of these super-
structures) leads to a repulsive Coulomb-type interaction
between successive parallel interfaces. Van Tandeloo et al.
(19) have shown that the best con"guration for a set of
parallel interfaces, interacting by repulsive forces, is the
equidistant arrangement. Therefore, it is evident that the
intercalation of BaLa

4
Ti

4
O

15
perovskite blocks (51 ) be-

tween several La
4
TiO

12
blocks (41) is, in contrast to the

reverse process, a stabilizing factor. Moreover, it obviously
allows a more uniform (equidistant) distribution of both
interfaces and perovskite blocks with opposite octahedra
tilting (blocks noted (BCABC) and (B@C@A@B@C@) in
Fig. 3b).

In agreement with the observations of Saltykova et al. (1),
no 5P6Q intergrowths were observed in the Ba

2
La

4
Ti

5
O

18
}

BaLa
4
Ti

4
O

15
part of the diagram (Fig. 1). A comparison of

the crystal structure of these two basic members could
provide a reasonable explanation for this phenomenon. In
rystal displaying a complex and well-ordered intergrowth based on the
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fact, in the Ba
2
La

4
Ti

5
O

18
structure, the quantity of La

atoms is not su$cient to induce any rotation of TiO
6

octahedral within the perovskite blocks. Therefore, each
possible 5P6Q intergrowth would lead to small mis"ts be-
tween the distorted AO

3
layers at the interfaces of the

BaLa
4
Ti

4
O

15
perovskite blocks and the undistorted AO

3
layers of the Ba

2
La

4
Ti

5
O

18
perovskite blocks. The corres-

ponding strains induced could thus destabilize the structure.
It could be interesting, from this point of view, to try to see
what really happens at high temperature in the
Ba

4
La

4
Ti

7
O

24
}Ba

2
La

4
Ti

5
O

18
part of the system and also

to study the SrTiO
3
}La

4
TiO

12
system, for which all

basic members are expected to present undistorted perov-
skite-like blocks. This will be the subject of forthcoming
studies.
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