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Abstract. The present study focuses on investigating the impact of high-pressure conditions on the
crystal structure and vibration spectra of the perovskite-like layered compound La;Ti>O7. To this end,
X-ray diffraction and Raman spectroscopy techniques were employed to observe the behavior of the
compound under pressure levels up to 30 GPa. The neutron diffraction at ambient pressure confirms that
the structure of La,Ti>O7 is monoclinic P21. The results indicate that when the pressure attains 17.3 GPa,
the original monoclinic phase of P21 symmetry undergoes a phase transition to the monoclinic phase of
P2 symmetry. The observed pressure-induced phase transitions in La,Ti,O; are associated with
anomalous changes in both the unit cell parameters and the vibrational modes. Additionally, the study
obtained the baric dependences of lattice parameters, unit cell volume and vibration frequencies, which
were used to calculate the bulk modules for the initial and pressure-induced phases of La,Ti>O-.
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1. Introduction

Recently the popularity of rare-earth titanites is increasing due to their broad
application areas in engineering and technology (Gao et al., 2017; Wang et al., 2010;
Lopez-Pérez & fiiiguez, 2011; Yan et al., 2009). Possession of strong piezoelectric and
electro-optic characters make these materials valuable as a sensors and actuators in
chemical and material processing, automotive and power generating industries (Yan et
al., 2009; Nanamatsu et al., 1974). Structural stability highly depend on cation radii ratio
of Ln®*" and Ti**. The radius of cations in A,B,07 composition family has three structural
domination: fluorite (ra/rs < 1.48), pyrochlore (1.48 < ra/rg <1.78) and perovskite-like
layered (PL) (ra/rs > 1.78) structure. Here Ln3* is A site cation and Ti*" is B site cation
and these structures are complex (Gao et al., 2017; 2013; Wang et al., 2010; 2022; Lopez-
Pérez & liiiguez, 2011; Hwang et al., 2003; Yamamoto et al., 1980; Nanamatsu et al.,
1974). As a member of AnBnOzn+2 (n=4) family Ln-Ti—-O (Ln =La, Nd, Pr) ternary
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systems are possess only PL structure (Sivagnanapalani et al., 2021). Some perovskite
compounds are characterized by their non-centrosymmetric crystal symmetry and
monoclinic structure, where their respective space group is P21. The presence of a non-
centrosymmetric crystal symmetry is a prerequisite for the ferroelectricity of these
compounds, with transition temperatures of 1461, 1482 and 1750°C for La;Ti2Oz,
Nd-Ti207 and Pr,Ti>Oy7, respectively (Patwe et al., 2015). PL structure is characterized
with corner shared BOg octahedrons and 12-coordinated A cations thus perovskite like
layers separated by oxygen rich gaps which are linked by A cations at their boundaries
and this structure considered as a cutting the cubic perovskite ABO3 structure along [110]
direction followed by an insertion of additional oxygen (Gao et al., 2017; Nanamatsu et
al., 1974; Sivagnanapalani et al., 2021). The La>Ti>O7 is translucent. Generally, Ln,Ti2O7
(Ln = La, Nd, Pr) PL structures known as larger A/B ionic radius ratio (Gao et al., 2017).
For the ambient conditions LTO has been shown to have condition depended
modifications as P21 monoclinic, Cmc21 orthorhombic, Cmcm orthorhombic, Pna2:
orthorhombic (Yamamoto et al., 1980). By the increasing of temperature structure turns
to Cmc2; phase at 773K (Hwang et al., 2003), till this point displacements of the La
atoms take place within the respective planes perpendicular to the a-axis and by rotations
of TiOe octahedra around an axis parallel to the b-axis and through the respective Ti
atoms (Patwe et al., 2015) and also when the temperature reach to 1773 K structure turns
Cmcm orthorhombic with the observed shifting and tilting through crystal (Lopez-Pérez
& Iiiiguez, 2011; Hwang et al., 2003; Patwe et al., 2015; Ishizawa et al., 1982). In the
complexity of LTO structure makes challenging to obtain full Rietveld refinement of all
atomic coordinates at high pressures, especially for oxygen atoms. The reason is, there
are 4 La ions, 4 Ti ions and 14 O anions in the unit cell (Z=2) and they all occupy 2a
Wyckoff positions, thus it become overlapping of intensity peaks at high pressure (Gao
etal., 2013).

The impact of extreme conditions on the crystal structure of materials can have
profound effects on their physical and chemical properties. Such extreme conditions may
arise from exposure to radiation, variations in temperature or changes in pressure.
Radiation, for instance, can lead to the formation of defects in crystals (Yan et al., 2009),
altering their electronic and mechanical properties (Mirzayev et al., 2019) or even cause
amorphisation and gain new thermodynamic properties (Mirzayev, 2020), where the
crystalline structure is lost, leading to further changes in material properties. The study
of these effects is critical for the development of new materials with tailored properties
and for understanding the behavior of materials in high-stress environments, such as in
nuclear reactors or in outer space. In order to figure out the behavior of crystal at high-
pressure, the experiments below were set.

2.  Materials and methods

2.1. Neutron diffraction

For the precise exploration and determination by high temperature and pressure
range of research of magnetic and crystal structure of powder materials the neutron
diffractometer DN-6 at the IBR-2 high-flux reactor is used for the studies of crystal and
magnetic structure of powder materials. The high neutron flux on the sample due to a
parabolic focusing section of a neutron guide and wide solid angle of the detector system
enables neutron diffraction experiments with extraordinarily small volumes (0.01 mm?)
of studied samples (Kozlenko et al., 2018). The studies of LTO at ambient condition
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confirms the structure of LTO is monoclinic P2: (a=7.75,b=12.91,c¢=5.51, 3 =98.74,
V = 545.1 A% Z=2 with 22 atoms in unit cell (Mirzayev et al., 2020), ligand Ti atoms
surrounded by six O atoms and create TiOs octahedrons so slabs separated by La3, La4
atoms (Figure 1).

Figure 1. La,Ti,O7 strucuture at ambient condition with P2, space group

Rietveld refinement for neutron diffraction refined with Fullprof software (Zhang
et al., 2007). The dnw interplanar distances for intensive peaks are shows that, structure
has P2;.
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Figure 2. Neutron diffraction pattern of La,Ti,O7. The selected peaks confirm monoclinic P2; structure of
LTO at ambient conditions

It is clearly observed that LTO adopt the expected monoclinic (P21) structure (o-
phase) with the (00I) orientations.
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Table 1. d-Spacing values for different crystallographic planes of La,Ti,O~

Plane d-Spacing (A)
011 5.05@)
012/003 4.25(8)
200/-201 3.83(6)
013 3.36(7)
004 3.1903)
211 2.96(9)
020212 2.75(5)

2.2. X-ray diffraction

The XRD analysis was carried out using a Xeuss 3.0 diffractometer with a MoK
source (wavelength A = 0.710781 A) and a diamond anvil cell (DAC) as a pressure
inducer. The sample was placed between the DAC and a diamond with a drilled Re
(rhenium) sample holder with a diameter 150 um. The pressure was measured using the
pressure dependence of the photoluminescent emission of Ruby balls (Al.O3) as a
function of pressure (Schmalle et al., 1993), with LaBe used for calibration at the top of
the DAC.The results of the XRD analysis showed continuous broadening and shifting of
the pattern without interruption until reaching a pressure of 16.3 GPa. The high-pressure
phase demonstrated a completely uncommon pattern from the low-pressure phase for the
relative intensities of strong peaks. The low-pressure phase (up to 2.2 GPa) is very close
to the XRD pattern of the initial materials, confirming that the pressure-induced phase
transition is reversible. It is worth noting that the noticeable differences in the X-ray
diffraction pattern of LTO from 1 atm to 16.3 GPa are not related to structural changes,
but can be explained by the pressure effect on the crystal. The crystal unit cell parameters
and diffraction peaks show anomalous effects for the monoclinic structure at 17.3 GPa
and the tendecy followed up to 31.8 GPa. The Raman spectra also confirm that there are
some changes between this interval.

Pressure induced X-ray diffraction at Figure 3 shows the effect of pressure on X-
ray pattern. The X-ray diffraction data were analyzed by the FullProf software (Zhang et
al., 2007). In order to figure out the high-pressure phase of La>Ti.O7 we have considered
to reported structural details for high temperature phase transition of monoclinic (P21)
and orthorhombic (Cmcm and Cmc21) symmetries of La>TioO7 (Alanis et al., 2019).
Thus, the Rietveld refinements of the powder X-ray diffraction (XRD) were carried by
considering all the possible models based on La,Ti.O7 and related structure types, viz.
P21, P2, P2:/m. Cmc2; and Cmcm symmetries. The peaks and background of the
diffraction pattern were modeled by using a pseudo-Voigt profile function and a shifted
Chebyschev polynomial function, respectively. Initially background parameters along
with the scale were refined and unit cell parameters, half-width (U, V and W) and mixing
(2) parameters of pseudo-Voigt function and peak asymmetry corrections were added in
the subsequent refinement cycles.
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Figure 3. X-ray diffraction pattern of LTO for different pressures
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Figure 4. The phase generation of LTO in pressure medium
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In Figure 4 all the intense peaks of LTO could be explained by any of the considered
models. However, the intensities of weak peaks generation at high pressures are the sign
of monoclinic P2 structures compared to the orthorhombic Cmc2: or Cmcm structures.
The refinement of the position coordinates of all the possible models was subsequently
carried out to further ascertain the structure of LTO. The goodness of fit was monitored
from the residual (R-values) of refinements and differences between the observed and
calculated diffraction patterns. The refinements with this monoclinic super-structure
model indicate closely similar residuals while the unit cell parameter is doubled along
the c-axis. Despite the structure consisting of twice the number of atoms in the
asymmetric unit and having a larger unit cell, no better residuals as well as profile could
be obtained in the super-structure model of monoclinic P2; structure. The P2 symmetry
has smaller unit cell parameters and should exhibit extra reflections as well as detectable
intensities. By the increasing of the pressure we observed some additional peaks, which
is indicate that, it is possible to say for high pressure phase is related P2: (4) monoclinic
and P2 (3) monoclinic transition. For the indication of phase transition, focused we on
continuity of cell parameters and volume depends on pressure. Figure 5 demonstrates the
non-linear progression of mentioned parameters.
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Figure 5. Pressure effect on unit cell parameters (a), volume (b) and beta angle (c) of LTO

There is not significant change at 3-angle at pressures below 16.3 GPa. At higher
pressures, it increases gradually (Figure 5c). The change in cell volume with increasing
pressure is shown in Figure 5b which is calculated with Birch — Murnagan equation. The
effect of pressure seen mostly from 16.3GPa to 22.8GPa range. The peaks between ~ 5
0° to ~ 17 6° are the fingerprint of monoclinic phase.

In Figure 3 at the first sight, it is clearly obvious that the (002), (011), (024), (215)
/ (025) peaks lost their intensities. As well as, the (231) / (-232) peak we lost at high
pressure. The interval between ~14 6° and ~16 6° observed singlet (014) / (020) and (212)
peaks merge during increasing pressure. The peak (200) seen ~10.58 6° which turn to
(-201) by the effect of pressure and we relate this by the shifting of “La” layers in
monoclinic cell. This is the evidence of interlayer shifting to be nonstructural transition
at low pressures. To determine structural changes the pressure was increased up to
30GPa.

The obtained structure analyzed with P2 monoclinic phase and seen that new phase
appear in monoclinic phase. By the increasing of pressure to 17.3 GPa P2 phase become
clear and more specific. The region between ~16.5 0% and ~27.3 6° shows highly relation
with P2 phase. P2; space group for LTO. By the increasing of pressure as an expected
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we observed some new peaks, mergers of peaks (particularly between ~ 23 6° to ~ 27 6°).
By the inducing high pressure, the peak positions and intensities turn to new unknown
form. Raman and X-Ray analysis confirms this new form expected highly with P2
monoclinic structure.

Depend on titanium source at synthesis procedure it is also possible to see Pna2;
(orthorhombic) phase. For instance, if the titanium source is tetrabutyl titanate we can
see Pna2; (orthorhombic) phase-transition during high temperature (850°C) (Lichtenberg
et al., 2001) or high pressure (17.3 GPa) analysis of crystal structure instead of titanium
isoproxide.

2.3. Raman Spectroscopy

Raman spectroscopic analysis made by LabRam Evolution at room temperature
with the DAC from latm to 30Gpa, a small ruby crystal placed in the vicinity of the
sample. Raman modes being sensitive to the variation of local coordination and distortion
as well as to symmetry, the analyses of temperature dependent Raman mode can provide
clear information on these features. Under ambient conditions, La,Ti>O7 has monoclinic
structure with space group P2:. Low pressure Raman modes as expected as are indicate
monoclinic (space group: P2:1) perovskite-like LTO structure (Li et al., 2008), which is
share same structure with other rare-earth titan oxides as Pr.Ti2O7 and Nd2Ti2O7. From
the theory the LTO possess to 132 (3n) normal modes of vibrations and 129 (3n-3) optical
modes. Raman active modes the optic modes obey to T'optic =65A+64B and acoustic
modes Iacoustic = A + 2B (Sivagnanapalani et al., 2021). The spectrum divided sections
for detailed analysis. Figure 7a shows low frequency region from 40 cm™ to 460 cm™. It
is confirmed from literature that, low frequency modes are highly related with RE — O
(RE = La) vibrations, In the other hand, at Figure 7b high frequency modes from 460
cmt to 580 cm regions are attributed to vibration of TiOg distorted octahedrons. The
stretch related modes of Ti - O observed from 760 cm™ to 850 cm™ for LTO. Note that
individual Raman lines (41 cm™ - 138 cm™) are very narrow with as low FWHM as 5
cmt, This indicates rather a high structural quality of LTO powder sample synthesized
by long-time solid state synthesis (Herrera et al., 2014).
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Figure 6. Raman vibrational spectra of LTO at elevated pressures
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Raman spectrum recorded for LTO crystals is shown in Figure 6. The general
profile of the spectrum resembles that one earlier reported for LTO, but the line frequency
positions are noticeably different. In Raman spectra there are some peaks confirms phase
transition between P2: (monoclinic) and P2 (monoclinic) phases. In La-O vibration
related region peaks (228 cm™, 240 cm™, 351 cm™, 371 cm?, 426 cm™) follow linear
shifting character up to 17.3 GPa as expected as, however anomalies start when pressure
rise up and linearity of shifting changes to new form which is indicate new phenomenon.
It is related to convergence of La and O atoms and bond length decreasing (Kim et al.,
2003). In addition, peaks at TiOs distortion region (504 cm™, 519 cm?, 556 cm™) also
show that, tilting and O;—Ti—O; bond angle deformation of octahedrons happen. The line
at 504 cm™ Eq - bending would be due to outer vibrations of TiOg octahedrons. Ti-O
stretch related absorption line at 606 cm™, 794 cm™, 805 cm™ are also demonstrates non-
linear shifting from 17.3 GPa. The high-frequency line up of twin peaks at 794 and 805
cm™ are assigned to the stretching mode of Ti-O vibrations Most interesting part
observed at 794 cm™, 805 cm™ Raman peaks, so when the pressure reach 8 GPa this
peaks merge and split around 17 GPa.
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Figure 7. Raman modes shifting of LTO at elevated pressures

This phenomenon can be explained as Ti and O atoms bond length in octahedrons
try to reach equilibrium distance (Kesari et al., 2016). For the low pressure oblast (below
5 GPa) the not phase related transition also observed. Figure 7 shows Raman shifts of
LTO Raman peaks due to increasing of the pressure.

3. Conclusions

The LaxTi207 structure was analyzed by XRD, Neutron diffraction and Raman
spectroscopy. XRD and Raman spectroscopy measurement methods confirms that
structure is P2; monoclinic at ambient condition by the pressure induced measurements
it become obvious that structure turn to P2 monoclinic phase when pressure reach to
17.3GPa. This phase transition happen by shifting of “La” slabs, distortion of unit cell
and the tilting of TiOs octohedrons.
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