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Abstract

The perovskite-related layered structure of La,Ti>O5 has been studied at pressures up to 30 GPa using synchrotron radiation powder
X-ray diffraction (XRD) and Raman scattering. The XRD results indicate a pronounced anisotropy for the compressibility of the
monoclinic unit cell. The ratio of the relative compressibilities along the [100], [010] and [001] directions is ~1:3:5. The greatest
compressibility is along the [001] direction, perpendicular to the interlayer. A pressure-induced phase transition occurs at 16.7 GPa. Both
Raman and XRD measurements reveal that the pressure-induced phase transition is reversible. The high-pressure phase has a close
structural relation to the low-pressure monoclinic phase and the phase transition may be due to the tilting of TiO4 octahedra at high

pressures.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Perovskite and materials with perovskite-related struc-
tures display a broad range of structural, chemical and
physical properties [1-4]. Several compounds with the
formula A4,B,0;, such as La,Ti,O,; Ca,Nb,O,; and
Nd,Ti,O5, do not form the expected isometric pyrochlore
structure-type, as is typical for many of the heavy-rare
earths and transition metal oxides, but rather form a
layered structure comprised of slabs of the ABO;
perovskite structure [5-7]. The layered perovskite 4,B,0-
belongs to the homologous series A4,,B,05,+, with n = 4.
Fig. 1 shows the schematic crystal structures of La,Ti,O
projected along the [100] and [010] directions, respectively.
The perovskite ‘“‘slab” contains four layers of corner-
sharing BOg¢ octahedra. The octahedra in different slabs are
separated by two layers of A-site cations, La3 and La4.
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Lanthanum titanates in this homologous series exhibit a
strong piezoelectric and electro-optic effect [1]. In addition,
La,Ti,O is ferroelectric with a high Curie temperature
(T, =1500°C) and has a high dielectric constant
(e, = 42-62) with a low-temperature coefficient and a low
dielectric loss at microwave frequency [8,9]. Recently,
La,Ti,O; and other layered perovskites have received
considerable attention because of their good photocatalytic
activity in the water-splitting reaction, which has potential
applications in fuel cell and other energy conversion
technologies [10].

The room temperature structure of La,Ti,O; is mono-
clinic, P2; [6,11]. At ~780°C, the structure becomes
orthorhombic, Cmc2; [5] and at 1500 °C, it transforms
into the paraelectric Cmcm phase. Resistivity measure-
ments at low temperature for some of these layered
perovskites along the a-, b- and c-axis, revealed a highly
anisotropic conductivity [5,12], and they are quasi one-
dimensional metals that display temperature-driven,
metal-semiconductor transitions at lower temperatures.
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Fig. 1. The crystal structure of monoclinic La,Ti,O; can be represented
by slabs of corner-sharing TiOg octahedra.

External pressure can be used to “tune” the structure and
properties of materials. Pressure effects on LaTiOjz g4,
which belongs to the n = 5 of the homologous series, have
been recently studied [13] and unusually anisotropic
compressibilities and a pressure-induced phase transition
were reported. In this paper, we report the structural
behavior of the monoclinic La,Ti,O; at pressures up to
30 GPa.

2. Experimental

La,Ti,O5 perovskite was synthesized as a powder by a
high temperature solid state reaction method. Pressure
experiments were performed in a diamond anvil cell (DAC)
using stainless steel gaskets for both the XRD and Raman
measurements. Standard methanol/ethanol (4:1) liquid was
used as pressure medium for all experiments. The in situ
high-pressure XRD measurements were performed using a
synchrotron radiation X-ray source with wavelength
A =0.4066 A and beam size of 35um at the 17C station
of the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory. The Bragg diffraction
rings were recorded with an image plate in transmission
mode, and the XRD patterns were integrated from the
images with FIT2d software [14]. The XRD patterns at low
pressures were analyzed by a Rietveld-type refinement
method using Fullprof [15]. Raman spectra were collected
by using a high throughput holographic imaging spectro-
graph with volume transmission grating, holographic
notch filter, and a thermoelectrically cooled charge coupled
device (CCD) system (Physics Spectra). The light is
783.54 nm in wavelength from a He—Ne laser and the laser
power was maintained below SmW to avoid heating of the
sample. The pressure was measured by the ruby fluores-
cence method [16].

3. Results and discussion

The analysis of the powder X-ray diffraction patterns
confirms a monoclinic structure for La,Ti,O; at ambient
conditions. The refinement of the XRD pattern results in
unit cell parameters of a = 7.7775(4) A, b= 5.5248(3) A,
¢=13.004(1)A and B =98.58(2)°, which is in good
agreement with literature values [10]. The evolution of
the XRD patterns of La,Ti,O; with increasing pressure is
shown in Fig. 2. The diffraction peaks in the patterns shift
and broaden continuously until reaching a pressure of
16.7 GPa. At higher pressures, additional diffraction
maxima appear in the pattern, which is the first indication
of a pressure-induced phase transition that is completed at
30.2 GPa. The high-pressure phase has quite a different
pattern from the low-pressure phase, especially for the
relative intensities of some strong diffraction peaks.
The diffraction pattern at 0.3 GPa, attained during
unloading, however, is very close to the XRD pattern
of the starting materials; thus, the pressure-induced
phase transition is reversible. Because of its low symmetry,
the diffraction peaks of the low-pressure phase display
major overlaps at high pressures. The unit cell parameters
were determined by Rietveld-type fits of the patterns,
rather than indexing from the fitting of the individual
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Fig. 2. The X-ray diffraction patterns of La,Ti,O; as a function of
increasing pressure.
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Fig. 3. Structural parameters of La,Ti,O; as a function of increasing
pressure: (a) lattice parameters a, b and ¢ normalized to the values at
atmospheric pressure; (b) unit cell volume with increasing pressure. The
inset shows the change in f with increasing pressure. The solid line is the fit
using the Murnaghan equation of state.

peaks. Fig. 3a shows the change in the relative values of
the unit cell parameters with increasing pressure for
monoclinic La,Ti,O;. The compressibility is quite aniso-
tropic, and the compressibility along the long c-axis shows
the largest value. The relative compressibilities along the a-,
b- and c-axis have an approximate ratio of 1:3:5. The a-axis
is along a line formed by the opposite apices of the
corner-sharing TiOg octahedra, and the structure can
respond by the pressure-induced compression of the TiOg
octahedra. The b-axis is nearly parallel to the edges of the
TiOg octahedra, and increasing pressure causes a tilting of
the TiO¢ octahedra (Fig. 1a), which makes this material
softer in the b compared with the « direction. The
monoclinic f-angle does not change significantly at

pressures below 8.6 GPa. At higher pressures, it increases
gradually (inset in Fig. 3b). The change in cell volume
with increasing pressure is shown in Fig. 3b. The
experimental data can be represented by a Murnaghan
equation [17] V(P) = V,[(B'/By)P+11""% with bulk mod-
ulus By = 121(23) GPa, the pressure derivation of the bulk
modulus at zero pressure B = 18(5), and an ambient
pressure cell volume of 525.5(2) A*. The calculated bulk
modulus of La,Ti,O5 is slightly less than that of LaTiO5 4
(142 GPa) [13].

The pressure dependent curves of the lattice parameters
a, ¢ and the f angle of the monoclinic La,Ti,O7 in Fig. 3
show bending at pressure of 8.6 GPa. It indicates that some
structural stability may happen at this pressure. From the
measured XRD patterns, however, it is difficult to state
that the above change is caused by any structural
transformation.

There are 4 La ions, 4 Ti ions and 14 O anions in the
unit cell, and they all occupy the 2a Wyckoff positions.
Thus, it is impossible to make full Rietveld refinement of
all of the atomic coordinates at high pressures. However, a
Rietveld-type fit was performed by just accounting for
the variation of heavy atoms, La and Ti, in the unit cell;
thus, all of the structural information can be obtained,
except the oxygen positions in the TiOg octahedra.
The thickness of the four layers of TiOg octahedral slab,
d;, and the interlayer separation of the slabs, d, can be
estimated from the z-coordinates of Ti3 and Ti4.
The complicated changes of the z-coordinates of Ti3
and Ti4 with pressure are plotted in Fig. 4a, and their
average value reveals a gradual increase with increasing
pressure. The slab thickness is only determined by the
average of the z-coordinates of Ti3 and Ti4. In fact, under
ambient conditions, Ti3 and Ti4 atoms are nearly in the
same plane, and the calculated slab thickness is
diy=831A, and the interlayer separation is
dro = 4.55 A. The relative slab thickness di/d, and
interlayer separation d,/d>, at high pressures, estimated
from the average value of the z-coordinates of Ti3 and Ti4,
are plotted in Fig. 4b. This shows that the large
compressibility along the c-axis is mainly due to the
compression of theinterlayer.

The interlayer separation can also be estimated from the
z-coordinates of the rare earth ions, La3 and La4. From
the Rietveld-type fitting of the XRD patterns, the evolution
of the y and z coordinates of La3 and La4 with pressure is
shown in Fig. 5. The y coordinate of La3 and La4 has a
complicated behavior of change with pressure, while the
z-coordinate of both ions shows little change with
increasing pressure, and their average value is nearly
pressure independent.

For the high-pressure phase, it is difficult to obtain any
structural details from the XRD patterns. The phase
transition is complete at 30.2 GPa; however, some of the
strong diffraction peaks of the monoclinic phase still show
some intensity, which indicates that the high-pressure
phase has a close structural relation to the low-pressure
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Fig. 4. (a) Refined z-coordinates of Ti3 and Ti4 at various pressures, the
solid line is their average values. (b) Pressure dependence of the calculated
relative slab thickness, d1, and the interlayer separation, 2, normalized to
ambient pressure values.

monoclinic phase. The structural transition is probably due
to the pressure-induced tilting of the TiOg4 octahedra. There
are two polymorphs with orthorhombic structures for
La,Ti,O; at high temperatures, and the XRD pattern of
the high pressure phase is obviously not the orthorhombic
phase. Though there is massive overlap for the diffrac
tion peaks, indexing of all of the peaks at 30.2 GPa results
in a monoclinic unit cell with lattice parameters of
a="178194)A, b=52393)A, c¢=12.550(6)A, and
f =99.33(4)°. The calculated and observed d-values of
the high-pressure phase are listed in Table 1. Due to the
low symmetry, every diffraction peak may, in fact,
correspond to several peaks with different Miller indexes.
The indexed lattice parameters are quite close to those of
the low-pressure phase. The lattice parameter « is a little
larger than that of the starting material at atmospheric
pressure. This may be caused by the deviation during
calculation. The lattice parameters of the low-pressure
phase are derived from the Rietveld-like refinement of the
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Fig. 5. The y and z coordinates of atoms La3 and La4 refined from the
XRD patterns at various pressures. The dashed lines are not quantitative
fits, but as for a visual estimate.

Table 1

Indexing results of the high-pressure phase at 30.2 GPa

hkl dons (A) dear (A) 5d(A) 1/
010 5.232 5.229 0.003 7
110 4.310 4.328 —0.019 15
012 3.987 3.995 —0.008 6
11-2 3.694 3.709 —0.015 18
01-3 3.246 3.240 0.006 6
—-203 3.070 3.078 —0.008 12
212 2.934 2.932 0.002 25
104 2.726 2.725 0.001 100
30-3 2.363 2.361 0.002 3
023 2.205 2.209 —0.004 34
124 1.887 1.886 0.001 28
—133 1.595 1.592 0.002 21
500 1.544 1.543 0.001 27
-209 1.368 1.368 —0.000 8
036 1.331 1.332 —0.001 9
—418 1.276 1.276 0.000 4
432 1.239 1.239 0.000 S
—-526 1.196 1.196 0.000 6
2110 1.102 1.102 0.000 6
624 1.033 1.033 —0.000 11

Unit cell parameters: a = 7.819(4) A, b = 5.239(3) A, ¢ = 12.550(6) A, and

B = 99.33(4)".

whole diffraction pattern, while the lattice parameters for
the high-pressure phase are calculated from the indexing of
the individual diffraction peaks. The massive overlapping
of the diffraction peaks at high pressures may lead to a
larger deviation of the lattice parameters. However, the
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Fig. 6. The evolution of Raman spectrum of La,Ti,O; with increasing
pressure.

calculated unit cell volume of the high-pressure phase
at 30.2GPa is 507.3 A%, which is in good agreement with
the tendency of the P—V curve of the low pressure phase
shown in Fig. 3b. The similarities of the lattice parameters
of the low- and high-pressure phases of La,Ti,O; suggest
that the pressure-induced phase transition may be only
due to a symmetry change. The first peak indexed as (010)
in Table 1 suggests that the space group of the
high-pressure phase can only be P2 (No.3), Pm (No.6)
or P2/m (No.10). Another possibility is that the symmetry
of the high-pressure phase is the same as the low-pressure
phase, but the b parameter of the indexed unit cell of
the high-pressure phase is doubled. For the latter case,
the high-pressure phase is just a superstructure of the
low-pressure phase. With the present XRD data, it is
not possible to derive further structural information
about the high-pressure phase from the XRD patterns
due to the significant overlapping of the diffraction
peaks.

The Raman spectra of La,Ti,O; were measured at
pressures up to 30 GPa. Fig. 6 shows the evolution of the
observed Raman spectra with increasing pressure at
frequencies below 1000 cm ™. The La,Ti,O- is monoclinic
(P2) and all 22 atoms occupy the 2a positions in the unit
cell. Similar to the XRD patterns, the Raman spectrum
also has major overlaps of the modes because the symmetry
allows 132 Raman-active modes. The measured spectrum is
in general agreement with that previously observed [18].
The intensity of the observed bands decreases with

increasing pressure. The positions of all the bands change
continuously with pressure, and they all lose their intensity
above 25 GPa. The continuous change of the Raman bands
also indicates that the pressure-induced phase transition
is a continuous rather than a reconstructive transition,
which is in agreement with the interpretation of the XRD
data.

4. Conclusions

The structural evolution of layered perovskite structure of
La,Ti,O; was determined at pressures up to 30.2 GPa. The
compressibility of the unit cell is highly anisotropic.
The ratio of the compressibilities along the a-, b- and
c-axis is about 1:3:5, and the interlayer separations
(perpendicular to the c-axis) are greatly compressed at high
pressures. A pressure-induced reversible phase transition is
observed at pressures above 16.7 GPa, and the high-pressure
phase is a result of a continuous change in the low-pressure
phase. The pressure-induced tilting of the TiOg octahedra
may result in a change of symmetry or the formation of a
supercell.
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