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Abstract

Orange-red lead titanate thin films are examined by high-resolution transmission
electron microscopy and diffraction. It is remarkable that the structure is based on
that of tetragonal-tungsten-bronze (TTB) rather than perovskite-type. The chemical
basis for this result is examined, it is deduced that the TTB structure is stabilized
by inclusion of hydroxyl ions during synthesis by a sol-gel route involving hydrolysis
of n-Butyl titanate.
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Introduction

There are two well known crystalline forms of PbTiOs; namely cubic and tetrag-
onal structures based on the perovskite structure type. Single crystals are typically
transparent whereas ceramic specimens are white in colour. The tetragonal form is
noted for its ferroelectric properties. In this paper we describe a new lead titanium
oxide preparation which is a bright orange-red in colour and was found to have struc-
ture derived from the well known tetragonal-tungsten-bronze (TTB) structure type.
The structure is examined by high-resolution transmission electron microscopy and
diffraction and the stoichiometry determined using the observed pentagonal tunnel
occupancies and chemical arguments.

Experimental

The following results refer to specimens prepared by a sol-gel route involving
hydrolysis of n-Butyl titanate. Normally, after hydrolysis at greater than 550°C one
obtains essentially pure cubic or tetragonal PbTiOs, depending on the final particle
size (see e.g.1'2). However, as in the present case, hydrolysis at 350°C for 1 hour
resulted in a bright orange-red film.

Portion of the surface of this film was removed using a scalpel blade and the
orange-red powder was finely ground using an agate mortar and pestle and deposited
onto a 400 mesh specimen support grid and examined using a JEOL-4000EX high-
resolution transmission electron microscope operated at 400 keV. The spherical aber-
ration coefficient was Cs = 0.94mm and the effective Scherzer or interpretable image
resolution was 0.17nm. The specimen height was carefully adjusted to an optimum
focussing current, when the objective lens astigmatism, as well as the optical align-
ment parameters could be set precisely against calibrated values. Images showing
atomic resolution were obtained at the optimum objective lens defocus of -45nm.

Computer-simulated images were obtained using our MEDIS (Multi-slice Electron
Diffraction Image Simulation) software3 running on an IBM RISC 6000 workstation.

Results

Figs.la,b show two electron diffraction spot patterns, showing spot positions
typical of the [001] zone axis of a TTB-type structure. Note that there is a set
of strong subcell reflections, corresponding to a tetragonal unit cell in real space
having a = 1.225 nm, c = 0.4 nm. Two types of superlattice patterns occur, one
showing relatively diffuse spots (Fig.la) implying a cell enlarged to a' =\/2a, c' = c,
the second showing relatively sharp superlattice spots implying an orthorhombic cell
with a" = 3a, b" = a, c" = c. Two orthogonal orientations of the latter are present



in Fig.lb.
Fig.2a is a HRTEM image from a thin crystal which showed an electron diffraction

pattern as in Fig.la. This was recorded at the Scherzer defocus (-45nm). Note the
array of black spots; close inspection shows many centered pentagonal groups and
many square groups. Overlaying a drawing of the TTB-type structure, in particular
the [TiOe] octahedral framework, as shown in Fig.2b, readily alllows the occupied Pb
and Ti sites to be identified. Fig.2b shows an area containing 3a x 4a unit cells, with
the occupied sites indicated. Note that there appear to be many empty pentagonal
tunnel sites and most of the square tunnel (cubo-octahedral) sites are empty.

By way of comparison Fig.3a shows a HRTEM image of the well known TTB
structure of (Na,K)Sri_IBaINb2O6 (x = 0.15); note that in this case all of the
square and pentagonal tunnel sites are occupied.

Computer simulated images were obtained using the crystallographic data listed
in Table 1 (see e.g. ref.4). Initially, we adopted the coordinates for Ba3TiNb4Ois5,
making the calculated stoichiometry PbeTiioOao, as expected for a pure TTB struc-
ture having maximum occupancy of the pentagonal and square tunnel sites. Note
that in order to achieve this stoichiometry only one-third of the lead sites would have
to be occupied by Pb2+ ions with the remainder occupied by Pb4+ ions. (This is
not of course a realistic structure for a TTB lead titanate structure, where all of the
lead sites would normally be Pb2 + ions.) Note that whereas the simulated structure
image (Fig.3b) does essentially reproduce the experimental image contrast shown in
Fig.3a for (Na,K)Sri_xBaxNb2C>6 (x = 0.15), it does not reproduce the empty pen-
tagonal and square tunnel sites we observed for the lead titanate imaged in Fig.2a.
Thus the latter clearly does not have stoichiometry PbTiO3.

Discussion

Before discussing the origin of the TTB structure in this case it is first necessary to
deduce the stoichiometry of the structure imaged in Fig.2a. By counting the occupied
pentagonal tunnel sites in Fig.2a we found the average occupany was 75/100; thus,
for each 1.225 nm square cell of the image we found typically 2 or 3 out of the 4
pentagonal tunnels were occupied. No such cells contained less than 2 out of 4 and
only rarely did we find 4 out of 4 occupied. Furthermore few of the square tunnel
sites were occupied. This is not what we expect for stoichiometric PbTiOa; which
may be written as PbioTi1003o. This could not be accommodated in the TTB-type
structure which has only 2 12-coordinated and 4 9-coordinated sites per TTB cell
available to accommodate only 6 Pb ions per cell. From the images we deduce that
only 4 x 0.75 + 0 x 2 = 3.0 Pb ion sites per cell are occupied. Using this figure would
yield stoichiometry Pb3Tii0020) assuming Pb2 + and Ti4+ , which is impossible since



the oxygen framework requires 30 oxygens. This stoichiometric problem may be
solved if an appropriate number of oxygen ions are replaced by hydroxyl ions OH1",
yielding Pb3TiioOi6(OH)i4 which recovers the oxygen framework and satisfies charge
balance. An alternative formulation is Pb3Tii0O23.7(H2O). We propose to use this
as an approximate solution for the stoichiometry. The fact that only about 3 of the
10 Pb sites per cell are occupied implies that the 3 x a superstructures evident in
Fig.lb are probably due to ordering of the filled Pb pentagonal tunnel sites which
are approximately 3/4 occupied. None of the experimental HRTEM images showed
a 3 x superstructure (for the extremely thin edges required for directly interpretable
structure images at least) so we cannot give a definitive model for this ordering.

Electrical conductivity measurements and Fourier transform infrared spectroscopy
on BaTiC>37 ceramics confirm that hydrogen may dissolve forming OH ions, which
substitute at regular oxygen sites; the H sitting between two oxygens forming the
edges of TiO6 octahedra. We suggest this is also likely to be the case for our speci-
men.

Fig.2c shows a calculated image match for the 3 x 4 unit cell slab of Fig.2b.
Note that all the filled pentagonal tunnel sites are reproduced, as expected. Tenta-
tive models for the a' and a" cells referred to above may be derived but these are
not definitive at this stage. X-ray structural studies of homogeneous single-phase
materials are required to completely solve the structures.

The red nanocrystalline PbTiO3 obtained by hydrolysis clearly has a structure
derived from that of TTB-type (Fig.4a), rather than from the expected perovskite-
type (Fig.4b). Consider the square net (44 of atoms in Fig.4b. Rotate one square
of four octahedra by 7r/4 radians. Note the appearance of four pentagonal tunnels
and four smaller triangular tunnels. Repetition of a similar operation for the a =
1.225 nm tetragonal cell generates the TTB structure-type; this rotation operation
structural relationship was first realized by Bursill and Hyde5. Despite this close
topological relationship, examples of materials possessing both these structures are
rare, which makes the above observations for PbTiOa very interesting.

The intense red-orange colour of this material is also interesting from the point
of view of optical displays.
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FIGURE CAPTIONS

Figure 1. Electron diffraction patterns, showing spot positions typical of the [001]
zone axis of a TTB-type structure. Two distinct types of superlattice patterns ap-
pear in (a) and (b) (see text for details).

Figure 2 (a) HRTEM image from a very thin crystal; note the array of pentagonal
and square groups of black spots, (b) shows an area of 3 x 4 unit cells from (a) with
the Pb ions located in the TTB framework, (c) is the calculated image match for
the 3 x 4 unit cell slab of Figs.2a,b.

Figure 3 (a) HRTEM of (Na,K)Sr!_rBaxNb206 (x = 0.15); in this case all the pen-
tagonal and cubo-octahedral sites are occupied, (b) Computer-simulated image for
(a).

Figure 4 Rotational structural relationship between TTB-type (a) and perovskite-
related (b) structures.



Structure
Type

Tetragonal
Tungsten

Bronze

Table 1: Crystallographic data
Crystallographic

Data
Tetragonal

P4bm
S.G. No.100
a=1.125 nm
c=0.400 nm

(a = p = 7 = 90°)

Atomic
Coordinates

2(a)
4(c)
2(b)
8(d)
2(b)
4(c)
8(d)
8(d)
8(d)

for Pb6Tiio030

Pbl: (0.0000,0.0000,0.9937)
Pb2: (0.1721,0.6721,0.9839)
Til: (0.0000,0.5000,0.4817)
Ti2: (0.0748,0.2159,0.4562)
0 1 : (0.0000,0.5000,0.0210)
02: (0.2790,0.7790,0.5000)
03: (0.0640,0.2180,0.0000)
04: (0.3450,0.0070,0.5000)
05: (0.1460,0.0660,0.5000)
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