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Temperature Raman scattering study of CaAl 0.5 Ta 0.5 O 3 perovskite crystal

Temperature Raman scattering studies were performed for CaAl 0.5 Ta 0.5 O 3 crystal. This material features NaCl type ordering of Al 3+ and Ta 5+ ions at the B-site superimposed onto c b b octahedral tilting. Because of existing twin-related domains in crystal structure, the micro-Raman measurements were carried out at room temperature. Some differences in Raman spectra obtained using macro-and micro-Raman system were revealed. Most of the Raman modes show monotonous red-shift with the increase temperature. Only cubic-like fully symmetric A 1g mode slightly increases its frequency with increase temperature. There are no uncontinous changes of mode frequency in temperature range studied. It indicates stable character of static distortions of crystal structure relying on changes of octahedra tilt angle.
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Introduction

One of the example of well-ordered perovskites is CaAl 0.5 Ta 0.5 O 3 crystal (abbreviated as CAT). CAT crystal and its related two-and three-component perovskites are considerably interesting materials due to their application as a substrates for epitaxial deposition of high temperature superconductors (HTSc) [1].

Such as other ABO 3 perovskites, CaAl 0.5 Ta 0.5 O 3 comprises a three-dimensional framework of corner-sharing B'/B"O 6 octahedra with A cations (Ca in CAT crystal) occupying its cavities (see Fig. 1) [START_REF]Diamond Version 2.1c (Visual Crystal Structure Information System)[END_REF].

Fig. 1 It is necessary to remind that the ideal ABO 3 perovskite structure is a cubic one with space group symmetry m Pm3 [START_REF] Megaw | Crystal Structures: A Working Approach[END_REF]. It has been assumed the possibility of occurring three different distortions in perovskite structure: i) distortions of BX 6 octahedra; ii) B-cation displacements within these octahedra and iii) tilting of BO 6 octahedra relative to one other as corner-linked, practically rigid units. These different kinds of distortions which can occur separately or in combination with possibilities of cations/anions ordering give a lot of possibilities in crystal structure realization [START_REF] Megaw | Crystal Structures: A Working Approach[END_REF][START_REF] Howard | [END_REF][5][6]. In compounds with two different cations in perovskite octahedral sites (e.g. AB' 1/2 B" 1/2 O 3 compounds), 1:1 ordering of B-site cations takes place and a face-centred cubic elpasolite-type structure with m Fm3 symmetry is created.
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3 The CaAl 0.5 Ta 0.5 O 3 crystal is isomorphous with CaAl 0.5 Nb 0.5 O 3 (abbreviated as CAN) crystal because of the ionic radii of Ta 5+ and Nb 5+ ions, which are equal to 0.64 Å. The structure of CAT crystal at room temperature was described by Berkowski et al. 

Experimental

The CAT crystal used in Raman experiment has been grown by the Czochralski method. The growth processes were carried out in an iridium crucible 40 mm in diameter at the pulling rate of 1÷2 mm/h and rotation rate of 20 rpm in a pure nitrogen atmosphere with oxygen concentration in the outlet gas below 1000 ppm. The melting temperature of all these solutions was in the temperature range of 1800-1850 ºC [1].

The Raman investigations of CAT crystal were carried out for oriented sample. The position of Raman peaks was calibrated using Si thin film as an external standard.

Group theory analysis of structural Raman-active modes

Group theory predicts for cubic centrosymmetric structure of type m Pm3 , the zone-centre optical phonons of odd-parity (4F 1u + F 2u ). It means that there are no Raman-active modes in the first-order vibrational spectrum [10,11].

Assuming ordering of B-site cations in perovskites with two different B', B" ions (ions with different charge and/or size), face-centred cubic superstructure with m Fm3 symmetry is created (elpasolite-type structure). The primitive unit cell contains two structural units, giving a total of 30 normal modes at q 0. The site symmetry group analysis performed for m Fm3 space group leads to following irreducible representation:
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The elpasolite-type structure crystals are known to give rise to intense Raman signal.

The A 1g and F 2g modes are usually very strong in Raman spectrum, and E g mode is detected as a weak one [10,11].

The group theory calculations performed for orthorhombic Pbnm structure predict activity of the following modes: where: R -Raman-active modes, IR -infrared active modes, ac -acoustic modes and s -silent modes. Among all of 60 normal modes predicted by theory only 24 are Raman-active (7A g + 7B 1g + 5B 2g + 5B 3g ) [8].
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Exclusively concentrating on Raman-active modes and assuming P2 1 /n crystal structure with the same volume of primitive unit cell, group theory calculations predicts also the activity of 24 modes from which twelve have A g symmetry and twelve B g symmetry. The correlation of Raman-active modes between elpasolite-type structure ( m Fm3 ), cubic ( m Pm3 ), orthorhombic (Pbnm) and monoclinic (P2 1 /n) structure is shown in Fig. 3 [12]. 

Results and discussion

First of all, in this paper, we present the temperature-dependent studies of CAT crystal possessing orthorhombic Pbnm space group. We also present preliminary measurements of polarized Raman spectra performed using micro-Raman experimental system. This point have been appeared because conventional measurements (macro-Raman) of CAT crystal in different sample configurations gave practically the same Raman spectra (see Fig. 2a). Normalized micro-Raman spectra of CAT crystal in proper polarizations are presented in Fig. 2b. Comparing the spectra obtained in (XX) and (XZ) Fig. 4 Comparing also the spectra obtained for (XX) and (XY) polarization we ascertain that mode positioned at 476 cm -1 can be assigned to A g symmetry, mode centred at 483 cm -1 can be assigned to B 1g symmetry. The third component located at 488 cm -1 is assigned to B 2g symmetry and is observed with comparable intensity in different scattering geometries. It is also worth to remark some changes in the intensities for modes in the spectral range 350 -390 cm -1 and 210 -230 cm -1 for different scattering geometries.

Remaining modes are not sensitive on change of scattering geometry. There are no fully polarized modes in Raman spectrum, i.e. all of modes are more or less depolarized. So, we can conclude that differences in polarized spectra performed using macro-and micro-Raman system indicate existing of unsimilarity in crystal structure, e.g. microstructure consisting of twin-related domains.

The Raman spectra obtained for selected temperatures are presented in Fig. 5.

Taking into account the Raman spectrum obtained at LN temperature, one can noticed that the number of experimentally observed Raman modes is lower than theoretically predicted by factor group analysis. Only 16 modes of 24 expected are detected in structure of CAN are given in the paper [13]. The relative intensities and frequency obtained in both the computation for CAN and our experimental results for CAT obtained at RT are listed in Table 1.
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10 Table 1 The Raman spectra computed for tilted (P2 1 /n) and untilted ( m Fm3 ) CAN crystal reveal significant differences, especially in the lattice modes region. Triply degenerate F 2g modes split in the low-symmetry structure into three lines and shift to higher frequencies. This shift is significant for the low frequency lattice mode and insignificant for internal bending vibrational mode.

Levin et. al experimentally recorded for CAN crystal three strong sharp spectral features at 480, 550, and 850 cm -1 [7]. As it can be seen from Table 1, we observe for CAT crystal the bands at around 481, 580, and 856 cm -1 which correspond to these obtained by Levin et. al. For the triply degenerate mode at around 481 cm -1 we have served the average value of wavenumber calculated from its three components. Small difference in wavenumber value is related to type of ion in the centre of oxygen octahedron (Nb 5+ , Ta 5+ ). However, in case of deformation vibration E g the change in wavenumber is quite large reaching the value 30 cm -1 . Similar effect concerning the shift of A 1g and E g modes when Nb 5+ ion is substituted by Ta 5+ ion was also observed by Tao et. al for SrAl 0.5 Nb 0.5 O 3 and SrAl 0.5 Ta 0.5 O 3 (abbreviated in literature as SAN and SAT, respectively) elpasolite-type structure crystals [14]. However, frequency shift evoked by substitution effect when Nb 5+ was replaced by Ta 5+ for SAN and SAT is stronger. In this case the change in wavenumber obtained by authors was 37 cm -1 and 15 cm -1 for E g and A 1g mode, respectively. It is also known from the literature that such a substitution does not significantly influence the position of deformation F 2g mode [11,14,15].
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Temperature study of CAT crystal

The Raman spectra obtained at several temperatures are presented in Fig. 5. The spectra inserted in this figure are experimental spectra corrected for the Bose-Einstein temperature factor. The theoretical calculations for CAN proposed by Prosendeev predict that triply degenerate cubic mode F 2g (1) splits into three modes positioned at 188 cm -1 , 211 cm -1 and 242 cm -1 in monoclinic structure [13]. These modes are attributed to translational motions of Ca 2+ cation. In CAT crystal we observe three modes with comparable wavenumber values. The temperature dependence of wavenumber for lattice modes is presented in Fig. 6.

Fig. 6 The strongest temperature changes in wavenumber we observe for modes centred at about 160 cm -1 and 280 cm -1 (the position is given for LN temperature). All lattice modes show monotonous change in wavenumber while temperature increasing, except for the mode positioned at about 170 cm -1 that increases slightly its wavenumber in the temperature range 250 -350K and mode at about 210 cm -1 which is completely temperature insensitive. The temperature dependence of three low intensive modes in the middle-wavenumber range 300 -400 cm -1 is shown in Fig. 6. These modes are distinctly separated below RT but in higher temperatures they merge into very broad band. However, three-component structure of this band is conserved at the highest temperatures as well. The triplet in the frequency range 470 -490 cm -1 attributed to cubic-like F 2g (2) mode shows a weak temperature changes in wavenumber in red-shift when the temperature increase to 620 K. The temperature dependence of modes recorded in spectral range 460 -520 cm -1 is presented in Fig. 7.

Fig. 7 and Fig. 8 The other two high-frequency modes E g and A 1g attributed to asymmetric and symmetric stretching vibrations of oxygen octahedra, respectively, show different temperature dependence (see Fig. 7). Lower frequency E g mode changes slightly its frequency in temperature range from LN to RT and shows stronger (about 10 cm -1 ) redshift in temperature range between RT and 620K. The highest frequency cubic-like A 1g mode is only one mode that shows small blue-shift in whole temperature range studied.

Both stretching modes strongly decrease their intensity with increasing temperature.

Large increase of FWHM with the increase temperature is observed for all modes in spectrum. The temperature depenedence of FWHM for selected A 1g and E g modes is presented in Fig. 8.

Conclusions

The micro-Raman measurements at RT and temperature-dependent conventional investigations of CAT crystal were carried out. The differences in room temperature spectra obtained using micro-Raman and conventional experimental system (macro-Raman) were revealed. The observed number of Raman-active modes in the spectrum is Where: s -strong, m -medium, w -weak. 
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 124 . The authors have been proposed orthorhombic Pbnm space group symmetry with lattice parameters: a = 5.42232 Å, b = 5.37864 Å, c= 7.62962 Å. However,Levin et al. have been proposed precise investigations of CAN crystal (isomorphous structure to CAT) using detailed X-ray diffraction and Transmition Electron Microscope (TEM) study, indicating small deviation to monoclinic P2 1 /n structure with unit cell parameters: a = 5.3780(1) Å, b = 5.4154(1) Å, c= 7.6248(2) Å and = 89.968(2)[7]. The structure apparently features a superposition of c b b octahedral tilting and B-site cations ordering. In the absence of octahedral tilting, existing B-site cations ordering leads to a cubic structure with m Fm3 symmetry and lattice parameters equal to a = 2a c (a c -simple cubic axis). Levin et al. also discuss microstructure of CAN crystal consisting of twin-related domains representing six crystallographic variants of pseudoorthorhombic structure with different orientations of the c a aim of this work is the Raman scattering study of CAT crystal in a wide range of temperature from 77 to 620 K. The first part of the paper presents boththeoretical predictions of the activity of zero-wave vector phonons (q 0) for orthorhombic Pbnm and monoclinic P2 1 /n structure and experimental results of Raman scattering study obtained using macro-and micro-Raman system. A comparison of the experimental Raman data with theoretical analysis was performed in order to identify the structural and order-induced phonon modes. In a second part of the paper the study of temperature-induced changes in Raman spectra caused by static distortions of crystal structure are presented.
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 3526 Fig. 2a. As it is seen from this figure they are qualitatively very similar because of twin-
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 8 , carried out in macro-and micro-Raman system, we revealed some changes in bands intensities. The most essential differences are seen in the spectral range 200 -520 cm -1 . The strongest changes in polarization of vibrations were noticed in the region of deformation vibration of oxygen octahedra. Changes in the intensity ratio for this triply degenerate mode for two different polarizations (XX) and (XZ) indicate different symmetry of individual components of this mode (see Fig.4).
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 9 Raman spectrum. The assignment of the Raman modes will be referred to ordered elpasolite-type structure. The strong, prominent modes of A 1g , E g and F 2g (2) cubic-like symmetry appearing in the spectral range above 400 cm -1 are attributed to internal vibrations of oxygen octahedra. The narrow F 2g (2) mode of highest intensity centered at about 481 cm -1 appears from bending vibration of octahedra, weaker broad mode at 856 cm -1 is assigned to symmetric stretching vibration of A 1g symmetry, and the least intensive mode positioned at about 580 cm -1 is attributed to asymmetric stretching vibration E g . Low frequency region of Raman spectrum is dominated by lattice modes which originate from translational and librational vibrations of Ca 2+ and B'/B"O 6 ions.
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 12 range form LN to RT and a little bit stronger above RT. An extra mode near the F 2g (2) triplet positioned at about 510 cm -1 (at LN temperature) shows 5cm-1 
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 4 Fig. 4. The micro-Raman spectra from the region of bending vibrations of oxygen
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 5 Fig. 5. The Raman spectra of CaAl 0.5 Ta 0.5 O 3 crystal obtained for selected temperatures.
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 67 Fig.6. The temperature dependence of wavenumber for mode from the spectral range 50 -400 cm -1 .

A c c e p t e d m a n u s c r i p t 17 Fig. 8 .A c c e p t e d m a n u s c r i p t

 178 Fig. 8. The temperature dependence of FWHM for A 1g and E g modes.
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Table 1

 1 The wavenumbers and relative intensities obtained in the first-principles computation for CAN crystal assuming m Fm3 and P2 1 /n space group. The asterisks indicate modes calculated for P2 1 /n which are closest to those obtained for m Fm3 structure . Last column contains our experimental results obtained in our study for CAT crystal at room
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