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The effect of careful control over metal and oxygen stoichiometry on the structures of various

M, M, . 0Os,.s phases (M = La and/or Sr, M’ =

Ti and/or Nb} has been studied by transmission

electron microscopy. In addition to the previously reported # = 3 and 4 layered phases and the n =
= parent perovskite, ordered and disordered intergrowth structures comprising the n = 2, 3, 4, and =
members have been characterized. The effects of in siti reduction in the electron microscope were

studied. ® 1993 Academic Press. Inc.

1. Intraduction

The titanates La,Ti,0, and Nd,Ti,0,
(/) and the alkali-metal niobates such as
Sr,Nb,O; (2) and the Ca analogue are iso-
morphous and have layered structures
belonging to a homologous series,
M, M 0., 0 =n=<=x derived from

* To whom correspondence should be addressed.
t Present address: VARTA Batterie AG, R&D Cen-
ter, 6233 Kelkheim, Germany.
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the perovskite archetype (3). Many of these
fully oxidized, » = 3 materials M, M0, (=
M,M;0,,) are high transition-temperature
ferroelectrics. By reduction of the n = 3
phases, n = 4 compounds are formed, e.g.,
LaTi;O,; and CasNb;O -, which are semi-
conductors between room temperature and
4 K and have similar layered structures (4,
5). The parent n = x structure of the LaTiO,
compounds, the orthorhombic perovskite
LaTiO,,, is a weakly ferromagnetic semi-
conducter (4, 6—8). Compounds with these
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structures are therefore of considerable in-
terest to the solid state chemist, as both
the structure and the physical properties are
determined largely by the oxygen stoichi-
ometry and hence the transition metal elec-
tronic structure (4, 5).

Compared with the profusion of homolo-
gous {100} perovskite layered structures
M, M .05 .. 0= n==(exemplified by
the Ruddlesden-Popper phases Sr,TiO,,
Sr;T1,0; and, with some modifications, by
very many of the high-T, superconductors
based on copper oxide perovskitic struc-
tural elements), surprisingly few com-
pounds have been reported with these {110}
perovskite structures. Although the number
of perovskitic slabs per layer repeat unit (I
or 2 in the integral » members) and the unit
cell symmetries (orthorhombic or mono-
clinic at room temperature in most cases)
vary between homologues, their structures
can be idealized to {110} slabs of the perov-
skite structure of different thicknesses (9).
The n = 0 and 2 members of this family have
not been previously reported, but a range of
# = 1 ABF, compounds (A = Ba, Sr; B =
Mg, Mn, Fe, Co, Ni, Zn) (/0—12) and the
quaternary oxyfluoride NaNbO,F, (/3) are
known. These compose single crenellated
BX, octahedral layers bounded by a zigzag
fayer of A cations. The A cation-deficient
structure of Bi,Nb;OF (/4) can be de-
scribed as the n = 1 structure BiNb(O,F),,
with an additional row of [NbO,] octahedra
in alternate layers. The perovskitic A sites
in the thicker [BiNb,O,] octahedral layers
are empty, but otherwise these alternate
thicker layers have the n = 2 structure type.
This is a perfectly ordered intergrowth
phase of n = 1 with A-deficient n = 2.
La,Ti,O, (= La,Ti,0,,) and La;Ti;O; typify
the most well-characterized, n = 3and n =
4 materials in the family, respectively. In
the LaTiO, system, only the n = 3, 4, and
n = « members exist as single phases (4, 9).
Other workers have reported more or less
disordered phases with » higher than 4 in
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(mainly) transmission electron microscope
(TEM) studies (15, /6), for example a lattice
fringe TEM image of n = 5, (Na,Ca,)Nb;O,,
ordered over a large region of crystal in Ref.
{15), but 4 seems to be the upper x limit for
the truly ordered homologues in the systems
studied to date. As well as the occasional
observation of lamellae of material with n >
4, TEM lattice fringe studies of Ca-Nb-0O
(!7) and high-resolution imaging of Sr
NbO, 4 (3) revealed quite well-ordered in-
tergrowth of the # = 3 and 4 matenal, giving
n=35.

It was thus of interest to us, as a part of a
continuing study of these layered titanates
and niobates, to attempt the preparation and
structural characterization of new members
of this homologous family. We were particu-
larly interested in determining whether care-
ful control of oxygen stoichiometry alone
during the synthetic procedure was suffi-
cient to form well-ordered intergrowth
phases between # = 3 and 4, and » members
between 4 and the perovskite. We report
below on some results of this study, mainly
by transmission electron microscopy
(TEM), and also on attempts to prepare a
single oxide phase with the missing #» = 2
structure type by partial substitution of
Nb** for Ti'*. The studies reported here
concern primarily the ternary La-Ti—O and
quaternary La—(Ti,Nb)-O and (La,Sr)-
Nb-O systems.

2. Experimental

All the samples were prepared by solid
state reaction in argon or air involving ap-
propriate mixtures of high-purity metals, bi-
nary oxides, and carbonates followed by
crystal growth using a zone-melting method
in argon or air (4, 5, 9). A wide range of
compositions were prepared and only some
of these are discussed here. The experimen-
tal technique used for Sr,_,L.a,NbO, has
been described previously (5 ). We at-
tempted to prepare an 1 = 2 phase by adopt-
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ing a mixed B cation system. With fully oxi-
dized metals and using La as the A cation,
the B cation valence for a phase La(B),0,,
with the n = 2 structure is +44. We used a
mixture of 2Ti*" + Nb** in order to achieve
this B valence. Thermogravimetric analysis
(TGA) was done on all the as-melted sam-
ples in order to determine the degree of re-
duction, as described previously (¢, 5, 9),
and the oxygen compositions for the prod-
ucts reported below were those determined
experimentally. These oxygen stoichiome-
tries are relevant for the bulk products; i.e.,
they may result from domain structures
adopting different, but structurally well-
defined fragments.

Samples were examined in a Siemens D
500 diffractometer using CuKe, radiation to
ascertain the presence or absence of impuri-
ties such as unreacted La,0O and unwanted
ternary products, but the powder diffraction
data were not usually used further. It was
found that indexing the patterns of the larger
unit-cell phases unambiguously was ex-
tremely difficult, due to mixed-phase prod-
ucts, the strong perovskitic subcells, and
the qualitative similarities of patterns from
the different homologues. The unit-cell in-
formation given below was therefore ob-
tained by electron diffraction.

TEM specimens were prepared by crush-
ing the products under ethanol in an agate
mortar and collecting some of the resulting
suspensiononaholey-carbon-coated copper
mesh. These samples were examined mainly
in the NAMAC'/CSIRO Philips CM30
equipped with a TWIN lens (spherical aber-
ration coefficient C, = 2 mm) and double-tilt
holders, operated at 300 kV. The La;Ti,
NbO,, sample was alsoexamined inthe ETH
Ziirich Philips SUPER-TWIN CM 30 (C, =
1.2 mm). Both machines were also equipped
with energy-dispersive X-ray (EDX) spec-
trometers for elemental analysis.

I National Advanced Materials Analytical Centre,
Locked Bag 33, Clayton 3168, Victoria 3168, Australia.
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3. Results and Discunssion

Although in most cases images and se-
lected-area diffraction patterns (SADP)
were obtained from a wide variety of zone
axis orientations, we consider in detail only
the results from the [100] zones below. We
found that this zone provided the most use-
ful information regarding the layer struc-
tures, as the fragments were usually much
thinner than those from the [010] or other
zone-axes. As in the phases La,Ti,O; and
La,;Ti;O, (9}, the angle 3 was found to be
#90° in the intergrowths of these phases
also; as nearly as we could determine « and
vy are 90°, We therefore deduce that the inter-
growths, like the parent materials, are of
no higher than monoclinic symmetry in the
La-Ti—O system, The unit cells thus have
approximately the same a (~7.8 A) and b
(~5.5 fk) parameters in all cases: the layer-
repeat, ¢ parameters were estimated from
the images and diffraction patterns. The
Sr—Nb-0O n = 3 and 4 members, on the other
hand, are of orthorhombic symmetry (2, 5)
and this appears to be the case for the inter-
growths described below. These phases
have a halved « repeat (~3.9 A) and the
same b (~5.5 A) as the La-Ti-O com-
pounds. But accurate determination of the
cell angles and symmetries for all these very-
long-period intergrowths is somewhat diffi-
cult and is the subject of continuing work.

3.1. La-(Ti, Nb)-O Svystem

In an attempt to prepare a phase with the
n = 2 structure, a sample of nominal compo-
sition La,Ti,NbQ,, was zone-melted in air.
However, due to incongruent melting, the
product obtained was polyerystalline. Pow-
der X-ray examination of the light straw-
colored, insulating product showed the
presence of strong lines attributable to the
phase LaNbQ,, which has the fergusonite
structure, a monoclinic distortion of the
scheelite CaWQ, structure type (/8). The
remainder of the pattern was qualitatively
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FiG. la. HRTEM image and corresponding SADP (inset) from a crystal of Lay(Ti,Nb),O,, . This crystal
contains a high density of layers with the n = 2 structure type disordered in an n = 3 matrix. Inset in
the image is a structure drawin'g which shows two n = 2 and one n = 3 layers which correspond to the
underlying image. At the thin edge of the crystal, the cation positions are clearly resolved as dark spots
of two sizes and the interlaver boundary is visible as a zigzag band between the layers. The SADP
shows some streaking of 00/ reflections but no evidence for ordering.

similar to patterns from La,Ti,0,, indicating
that the sample also comprised a layered
phase. TEM, combined with EDX analyses,
showed that the fergusonite-like phase con-
stituted the majority of the sample (50 ~
75%), but that the remainder was a layered
perovskite-related material. Figure la
shows a high-resolution transmission elec-
tron microscope (HRTEM) image from the
latter together with the corresponding
SADP. From this and other images and
SADPs not shown, the orientation in Figure
la was deduced to be the [100] zone of the
La,Ti,0, structure, paratlel with the ~7.8 A

axis of the cell. The image shows a charac-
teristically layered structure, comprising re-
peat lamellae of two sorts. The first, and the
majority in all of the crysials examined, are
~13 A thick, which corresponds to the n =
3 structure type of La,Ti,0;. As may be
seen in the inset structure drawing in the
figure, these n = 3 layers are four corner-
sharing TiO, octahedra wide with La in the
usual perovskitic A sites as well as the inter-
layer region. The second, minority layers
are apparently thinner by one octahedral
unit, and thus have the n = 2 structure type.
We estimate from EDX analyses that
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FiG. 1b, HRTEM image from an Lay{Ti,Nb),0,; crystal which shows (in the lower left part) partial
ordering of # = 2 and 3 layer types. This is confirmed by the SADP (inset) which shows sharp
superlattice reflections corresponding to a ¢ repeat of ~46 A. The b repeat remains that of the matrix
La,Ti,(; at ~3.5 A. The enlarged inset is of the edge of this crystal, with the structure drawing overlaid
for comparison.

-crystals such as that shown in Fig. la
were of approximate composition La;,
(TiysNby »);0,,. somewhat Ti-rich com-
pared with the starting composition. The ex-
cess LaNbQ, phase apparently forms freely
under these preparation conditions and re-
duces the Nb/Ti ratio in the layered perov-
skitic phase, encouraging the preferential
formation of the n = 3 phase. Figure 1b
shows a crystal from this sample showing
good ordering of the = 2 and 3 layer types.
The inset zone-axis diffraction pattern
{(shown enlarged in Fig. 4a) suggests a layer
repeat of ~46 A, which results from the
intergrowth of ~13 A thick n = 3 with ~10

A thick n = 2, repeating every second pair
of layers. This was the only crystal out of
very many examined which showed any ex-
tended ordering of the layers, and the corre-
sponding EDX analysis suggests a Nb/Ti
ratio of about 1/4.4. As a comparison, 1:1
ordering of » = 3 La,Ti,0O,, and hypotheti-
cal n = 2 La,Ti,NbO,, yields a ratio of
Nb/Ti = 1/6. The Nb-rich observed compo-
sition may be due to some replacement of
Ti by Nb in the n = 3 layers.

3.2. LaTiO, System

We have reported elsewhere (4, 9) on the
stability of the n = 4 phase La,Ti;(; against
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F1G. 2. HRTEM image and SADP from a sample of composition LaTiO; 5, . As well as the n = 4 phase,
appreciable quantities of perovskite are present as broad, intergrowth bands: two such bands are
indicated by P in the image. The perovskite intergrows readily with the matrix layered material in
bands of up to a few 100 A in thickness. The perovskite bands generate additional reflections P in the
SADP.

reduction and for compositions of LaTiO,
with 3.40 = x = 3.42, an apparently single
phase n = 4 product forms. Powder X-ray
diffraction patterns from preparations with
x < 3.40 contain, in addition to peaks from
LasTi;O,, increasing intensity in the posi-
tions expected for the orthorhombic LaTiO,
archetype. However, the positions and in-
tensities of peaks attributable to the layered
n = 4 phase do not alter sufficiently to sug-
gest that a different layered phase is form-
ing. Down to x = 3.29 only n = 4 phase, and
very rarely perovskite, fragments can be de-
tected in the TEM. In samples with 3.20 <
x = 3,28, we frequently observed the coexis-

tence of n = 4 and the perovskite in the
form of disordered intergrowths, a typical
example of which is shown in the TEM im-
age of Fig. 2, a fragment from a preparation
with x = 3.22. Therefore we assume that in
the ternary system n» members above 4 are
not stable under these preparation condi-
tions.

Several preparations were made with
compositions between n = 4 and n = 3
(3.42 < x < 3.30), the composition being
controlled by careful variation of the TiO,
to TiO or Ti ratio in the starting material.
Although TGA of the product showed that a
small uptake of oxygen invariably occurred,
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FiG. 3. A sample of composition LaTiO, ,, comprised an almost perfectly ordered intergrowth of the
n = 3 and 4 homelogues, in the sequence —[3-3-4-3-3—4]|-. The resulting unit cell, « = 7.8 A, b = 5.5
A, ¢ = 85 A, is outlined on the image. Sharp supercell reflections in the SADP (inset} confirm the

perfection of the ordering.

we could prepare samples with composi-
ttons of 3.42 < x < 3.50 as determined from
TGA. X-ray diffraction patterns from these
materials suggested largely similar struc-
tures to the n = 4 (3.40 = x = 3.42) phase,
but with significantly altered positions and
intensities for some peaks. Fragments from
these samples were examined in the TEM
in several zone axis orientations. Figure 3
shows a crystal from a sample with composi-
tion LaTiO; 4 in the [100] orientation, This
image shows a region containing well-
ordered intergrowth of single ~16-A-wide
n = 4 lamellae with pairs of ~13-A-wide
n = 3 lamellae. Although not visible in this

image, the ordering was occasionally dis-
turbed by either 1 less or 1 more n = 3
lamella, but apparently maintaining the
overall composition. Electron diffraction
patterns from this material (inset in Fig. 3
and enlarged in Fig. 4¢) suggest a layering
(c) repeat of ~85 A, which corresponds to
a repeat unit consisting of 2 X [2 X (n =
3) + (n = 4)], Well-ordered regions of this
crystal are thus of composition LaTiO, 4, if
the maximal oxygen stoichiometries, x =
3.42 and 3.50, respectively, are assumed for
the n = 4 and 3 layer types. The origin of
the doubled ¢ repeat is revealed by the TEM
images, and is due to the displacement of
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FiG. 4. Enlargements of [100] zone-axis SADPs from (a) Lay(Ti,Nb)O|, (Fig. Ib), (b) SrNbO, 4 (Fig.
5), and (c) LaTiO, 4, (Fig. 3), comparing the three types of ordered layer superstructures in these
materials. In each pattern the supercell is stippled and the reflections are indexed according to this
supercell; also the position of the 002 reflection from the » = 3 structure type is indicated. There are
no systematic absences of reflections from these three large structures.

alternate n = -4 layers by b/2, a stacking
requisite of the symmetrical, five-cation-
layers-thick n = 4 layers.

3.3. Sr—La-Nb=0O System

Results obtained from the Sr—Nb-0 sys-
tem are comparable with those from the
La-Ti-O system over a large range of oxy-
gen composition. Reduction of the ferro-
electric phase Sr,Nb,O, = SrNbO, ; results
in the formation, at the composition SrNb
O, ,with3.40 = v =13.42, ofann = 4 layered
phase which is isostructural with LaTiO;,
{5) but on further reduction our present
XRD and TEM studies indicate the forma-
tion of an unknown and probably nonperov-

skitic phase rather than the perovskite par-
ent. Between x = 3.42 and 3.50, SINbO,
forms two kinds of well-ordered intergrowths
of the n = 3 and n = 4 structures. Fig-
ure 5 is a high-resolution TEM image from
a sample with nominal composition Sr
NbO, ,;, which shows perfectly-ordered al-
ternation of individual # = 3 and n = 4 layer
types. However, the e¢lectron diffraction
pattern (inset in Fig. 5 and enlarged in Fig.
4b) reveals the repeat in the layer-stacking
direction ¢ to be about 59 A, which suggests
that the basic layer-pair sequence repeats
twice per unit cell, as we observed for the
LaTiO, 4, sample described above, giving
—[3-4-3-4]- stacking. By reference to the
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Fic. 5. HRTEM [100] zone-axis image from a fragment of SrNbO, ;s showing perfectly ordered
intergrowth of # = 3 and 4 layers. The inset enlargement of the image shows the unit cell, which
comprises four layers; the SADP is indexed according to this cell, Note that at the extreme edge of
this ¢rystal some reduction has started to take place, resulting in thickening of the layers.

inset enlargement in Figure 4, the origin of
this doubling is revealed to be the b/2 shift
of alternate # = 4 layers, as is the case in the
parent n = 4 structure of LaJTi;O; (9) and
also both the —[3-3-4-3-3—-4]- intergrowth
structure of LaTiO, 4 (Fig. 3) and the partly-
ordered —[2-3-2-3]- intergrowths in Fig.
tb. Although more easily seen in Fig. la and
the inset enlargement of Fig. 5, the even-
numbered # layers of this structural type, ei-
ther in the pure phase (for n = 4) or where
they occur asintergrowths, also show asmall
amount of *‘canting,”’ the canting beinginop-
posite directions in alternate layers. Figure 6
illustrates schematically these three types of
ordered infergrowth structures, with the

“‘canting”’ of the even n layers exaggerated
slightly for clarity.

Figure 7 shows a TEM image from a crys-
tal of the sample Sryqla,.NbO;;; the
fully oxidized composition would be
Srpglag -NbQ, . This sample was black in
color and semiconducting between toom
temperature and 4 K. Although XRD exami-
nation of the product suggested a pure n =
3 phase, the TEM images from this material
showed a low, but easily detected density
of n = 4 lamellae intergrown in the n =
3 matrix. These n = 4 layers presumably
account for both the color and the electrical
properties of the sample. Three quite closely
spaced n = 4 layers are indicated in Fig. 7.
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n=4 =3

n=23

n=4

n=3 n=3 n=4

F1G. 6. Schematic drawings of the observed ordered intergrowth structures projected down [ 100]. (a}
The -[2-3-2-3]- type found in LaJdTi,Nb}xO, . (b) The —[3-4-3-4]- type found in SrNbO; ;. (c)
The —[3-3-4~3-3-4]- type found in LaTi0O, 4. The canting of the even-numbered layers has been
exaggerated for clarity and the unit cells are outlined. Large filled and open circles: A site cations
{La, Sr); ruled polyhedra: B site {Ti,Nb) metal-oxygen oclahedra. Alternate layers are displaced by

half an octahedron height in the [100] direction.

Although the La—Ti—0 materials were al-
ways completely stable in the electron mi-
croscope, the Sr-Nb-0 samples were quite
rapidly reduced by irradiation with 300 kV
electrons in the microscope vacuum. This
offered an opportunity to study the further
reduction of the n = 3 and n = 4 phases in
this system, as only the n = 4 phase could
be prepared as a bulk material. Figure &

shows two images from a crystal of the same
Sry 3Lay -NbQ; 5, sample as Fig. 7: the main
part of the figure shows the later state of the
crystal after irradiation, with a band {(ar-
rowed **2°) about 320 A long of thick, per-
ovskite-like structure formed by the reduc-
tion of two adjacent n = 3 and n = 4
lamellae. Inset above is an image showing
the state of the crystal about 15 seconds

Fic. 7. [100] zone-axis image and SADP from Sry3Lag -Nbg; ¢; showing the occasional = 4 layers (3
of which are arrowed) occurring from reduction of the » = 3 matrix. Fully oxidized material would

have the composition Sry Lag.NbO; 4.

Fi1G. 8. The effects of ix situ reduction of these materials are clearly illustrated in these HRTEM images
of SrygLlay :Nbs 5. Approximately 15 sec elapsed between the two photographs, during which time a
band of n = 8 material formed from adjacent n = 3 and 4 layers has advanced a further ~120 A into
the crystal from | to 2. The reduction process taking place is curiously similar to the **zipper’ fastener,
as adjacent layers are moving both closer together, eliminating oxygens in the interlayer region, and
also slightly up (or down) in the [100] direction. Eventually the entire region under observation is
transformed to material of near-perovskite composition but highly strained and disordered.
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carlier, and the reduced band (1) has here
only advanced about 200 A from the crystal
cdge, where the in-beam reduction process
always initiates. Reduction in this material
is not limited to regions containing n = 4
layers, as there is a second reduced band
beginning to attack the crystal immediately
above the main one, comprising two n = 3
layers. Also visible in these images is the
marked contraction of the layers in the ¢
direction after reduction, giving the general
appearance of a “‘zipper’’ advancing into
the crystal. This most easily seen by viewing
along the layers. Eventual formation of ex-
tensive but highly distorted perovskite is-
lands occurs after lengthy irradiation.

4. Conclusions

Our present results show that preparation
of perfectly ordered intergrowth phases
comprising the homologous n = 3 and 4 lay-
ered structure types in these transition-
metal oxide systems can be achieved by
zone-melting under controlled conditions,
and that transmission electron microscopy
combined with accurate thermal analysis
can usefully elucidate the structures
formed. The ordered intergrowths have, in
some cases, exceptionally long unit-cell re-
peats which in combination with the pro-
nounced subcells would hinder X-ray strue-
ture examination. By control of the
perovskite B cation stoichiometry it was
possible to produce partially ordered inter-
growth of the first » = 2 member of this
homologous series in an n = 3 matrix, in
the La—(Ti,Nb)-O system. We have been
unable to produce #» members between 4 and
w gxcept as broad layers of near perovskite
composition (~0O; ) in nominally » = 4 ma-
trices.
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