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We have experimentally investigated the phase transition induced by pressure in SrTi 0.6 Zr 0.4 O 3 (STZ) by means of Raman spectroscopy and X-ray diffraction on homemade polycrystalline sample. The decrease in the number of Raman bands as the pressure increases and the discontinuity of the unit cell volume with pressure revealed a structural transition of STZ at approximately 5.5 GPa. Moreover, the X-ray diffraction data allowed us to determine the bulk moduli of the low and high-pressure phases of STZ.

Introduction

Perovskite materials with the chemical formula ABO 3 have been of great interest for many years for both fundamental and technological applications. These types of compounds are known for presenting various phase transitions with temperature, pressure and composition [START_REF] Wong | Crystal Structures and Phase Transitions in the SrTiO 3 -SrZrO 3 Solid Solution[END_REF][START_REF] Lines | Principles and applications of ferroelectrics and related materials[END_REF][START_REF] Rabe | Physics of ferroelectrics: a modern perspective[END_REF][START_REF] Parida | Structural, microwave dielectric properties and dieletric resonator antenna studies of Sr(Zr x Ti1 -X )O 3 ceramics[END_REF][START_REF] Mckknight | Elastic anomalies associated with transformation sequences in perovskites: II. The strontium zirconatetitanate Sr(Zr,Ti)O 3 solid solution series[END_REF] that can influence their properties.

Solid solutions of SrTi 1-x Zr x O 3 (STZ) exist in a single phase for the whole range of compositions and present 3 phase transitions at room temperature and pressure as the amount of Zr increases [START_REF] Parida | Structural, microwave dielectric properties and dieletric resonator antenna studies of Sr(Zr x Ti1 -X )O 3 ceramics[END_REF]. In addition, temperature dependent phase transition studies have been performed on this system [START_REF] Mckknight | Elastic anomalies associated with transformation sequences in perovskites: II. The strontium zirconatetitanate Sr(Zr,Ti)O 3 solid solution series[END_REF]. High-pressure experiments have already been performed on the end-members SrTiO 3 and SrZrO 3 . Nevertheless, to the best of the authors' knowledge, the high-pressure of STZ solid solutions have not yet been reported. The use of pressure for the investigation of structural related perovskite oxides like BaTiO3 [START_REF] Akishige | Vanishing of the phase-transitions in ferroelectric hexagonal BaTiO 3 at high pressure[END_REF][START_REF] Zhang | High pressure Raman studies of dense nanocrystalline BaTiO3 ceramic[END_REF][START_REF] Zhu | The effects of high pressure on the ferroelectric properties of nano-BaTiO3 ceramics[END_REF], Li(Nb1-xTax)O3 [START_REF] Jayaraman | Effect of pressure on the Raman modes in LiNbO3 and LiTaO3[END_REF][START_REF] Mendes-Filho | Pressure dependence of the Raman spectra of LiNbO 3 and LiTaO 3[END_REF][START_REF] Jornada | Phase-Transition and Compression of LiNbO3 under static high-pressure[END_REF], K(Nb1-xTax)O3 [START_REF] Samara | Effects of pressure on the dielectric properties and phase transitions of the alkali metal tantalates and niobates[END_REF][START_REF] Gourdain | Ferroelectric-paraelectric phase transition in KNbO3 at high pressure[END_REF], Pb(Zr1-xTix)O3 [START_REF] Rouquette | Pressure tuning of the morphotropic phase boundary in piezoelectric lead zirconate titanate[END_REF][START_REF] Fraysse | Competing order parameters in the Pb(Zr 1-x Ti x )O 3 solid solution at high pressure[END_REF], SrTiO3 [START_REF] Ishidate | Brillouin scattering of SrTiO 3 under high pressure[END_REF][START_REF] Guennou | Pressure-temperature phase diagram of SrTiO3 up to 53 GPa[END_REF], SrZrO 3 [START_REF] Slodczyk | Substitution and proton doping effect on SrZrO 3 behaviour: high pressure Raman study[END_REF][START_REF] Andrault | Evolution of perovskites under pressure: an EXAFS study of BaZrO 3 , SrZrO 3 abd CaGeO 3[END_REF] has been possible with the development of the diamond anvil pressure cell. Theses studies have provided a better understanding on the fundamental and application-related issues of these types of compounds. In particular, it appeared that (1) in some perovskites, tilts can be suppressed under high pressure and [START_REF] Lines | Principles and applications of ferroelectrics and related materials[END_REF] according to both experimental studies and ab-initio calculations, ferroelectricity in insulated perovskites can be enhanced or induced as pressure is increased above a critical value [START_REF] Rouquette | Pressure tuning of the morphotropic phase boundary in piezoelectric lead zirconate titanate[END_REF][START_REF] Guennou | Pressure-temperature phase diagram of SrTiO3 up to 53 GPa[END_REF][START_REF] Samara | Important generalization concerning the role of competing forces in displacive phase transitions[END_REF][START_REF] Bouvier | Pressure-induced phase transition in LaAlO 3[END_REF][START_REF] Angel | General Rules for Predicting Phase Transitions in Perovskites due to Octahedral Tilting[END_REF][START_REF] Ph | Structural transformation and pressure-induced phase transitions in PZT[END_REF][START_REF] Kornev | Ferroelectricity of Perovskites under Pressure[END_REF][START_REF] Kornev | The nature of ferroelectricity under pressure[END_REF][START_REF] Bousquet | First-principles study of barium titanate under hydrostatic pressure[END_REF][START_REF] Itie | X-ray absorption spectroscopy on titanate perovskites at the TiK edge[END_REF].

In the present paper, we carried out high-pressure Raman scattering and X-Ray diffraction experiments on Sr(Ti0.6Zr0.4)O3 powders at room temperature up to 10 GPa.

The primary objective of this present study was to point out the potential phase transitions induced in the solid solution by a hydrostatic pressure and to check the data against theoretical calculations.

Experimental details

2.1 Synthesis of SrTi 0 . 6 Zr 0 . 4 O 3 room-pressure room temperature SrTi 0 . 6 Zr 0 . 4 O 3 powder was prepared by solid-state reaction of strontium carbonate (SrCO 3 , 99.9%), titanium oxide (TiO 2 , 99.9%) and zirconium oxide (ZrO 2 , 99.9%) through a two-stage calcination process. The starting raw materials were first ball-milled in a polyethylen bottle using zirconia balls and ethanol as a grinding medium for 24h.

After the powders were dried and sieved, they were mixed stoichiometrically in ethanol and ground by using an agate mortar and a pestle until a homogeneous dried mixture was obtained. The calcination of the starting raw materials was performed in air at 1200 °C for 24h, followed by a firing cycle up to 1610 °C for 5h. The crystalline phase formation was followed by X-ray diffraction data using a PANAalytical X'pert pro diffractometer with Cu-K 1 radiation. The data was obtained over a 2θ range from 20° to 100° with a 0.017 step size . Le Bail refinement was performed with FULLPROF [START_REF] Rodriguez-Carvajal | FULLPROF version[END_REF].

High-pressure Raman Measurements

Raman measurements were performed at room temperature in a membrane-type diamond anvil cell (DAC) with diamond culets of 500µm diameter. The homogeneous synthesized powder was placed along with a ruby sphere and a 4:1 methanol-ethanol mixture as the pressure-transmitting fluid in a pre-indented 150 μm-diameter hole drilled in the center of a 50 μm thick gasket. The pressure was determined by the ruby fluorescence method [START_REF] Mao | Calibration of the Ruby Pressure Gauge to 800 kbar Under Quasi-Hydrostatic Conditions[END_REF]. The Raman spectra and ruby luminesce were collected with a Jobin-Yvon T64000 Raman spectrometer using an Ar + laser (488 nm). The exciting line was focused on the surface of the sample by using an X 50 objective of a microscope. Pressure measurements were carried out by flowing helium into the membrane of DAC until the target pressure was reached and was then allowed to stabilize for 15 min before collecting the data. Measurements were performed both on increasing and decreasing pressure with a maximum pressure of 10 GPa.

High-pressure X-ray diffraction Measurements

A diamond anvil cell was used to carry out an angle-dispersive X-ray diffraction at high pressure. The powder was loaded with NaCl, used as a pressure calibrant [START_REF] Angel | The use of quartz as an internal pressure standard in high-pressure crystallography[END_REF], and 4:1 methanol-ethanol oil as a pressure-transmitting medium in the 160 x 70 μm hole of a tungsten gasket. Two-dimensional X-ray diffraction patterns were collected in an image plate detector and using a zirconium-filter and molybdenum radiation (K  =0.71073 Å) from a microfocus tube (800W). The distance between the sample and the detector was of 143.69 mm and the acquisition time for each measurement was approximately 48 h. By using the software Fit 2D it was possible to transform the two-dimensional images to intensity versus 2θ profiles. The unit cell parameters were obtained by a Le Bail refinement using FULLPROF [START_REF] Rodriguez-Carvajal | FULLPROF version[END_REF]. Birch-Murnaghan equations of state (EOS) [START_REF] Birch | Equation of state and thermodynamic parameters of NaCl to 300 kbar in the high-temperature domain[END_REF] were used to fit the pressure-volume data obtained to determine the bulk modulus with the first pressure derivative fixed to 4.

Results and Discussion

X-ray Powder Diffraction

Different calcination processes were carried out in order to obtain well-crystallized phase-pure powders without residual precursor materials or SrZrO 3 (SZ) and SrTiO 3 (ST) end-member phases. We were not able to have highly crystallized materials by a simple one-stage calcination as shown by the enlarge diffraction profile shown in figure 1. The best crystallization state that we achieved was through the two-stage calcination process that was described above. The results confirm the formation of a single-phase perovskite material without any parasitic or residual phases detectable by X-ray. X-ray peak broadening was used to evaluate the average crystalline size (related to the size of a coherently diffraction domain) and lattice strain (related to the distribution of lattice constants arising from crystal imperfections such as lattice dislocation, sinter stresses…) by the Williamson-Hall analysis. From the linear fit to the data (figure 2), the crystalline size () was estimated from the y-axis intercept and the strain () from the slope of the fit.  increases (~1.8nm vs ~0.3nm) and  can be reduced by the use of a 2step calcinations process, confirming the better crystalline quality of such a powder.

It has been reported that this composition has a symmetrical tetragonal space group, I4/mcm, which is characterized by the splitting of the (112) peak around 57° into (321) and (240) [START_REF] Wong | Crystal Structures and Phase Transitions in the SrTiO 3 -SrZrO 3 Solid Solution[END_REF][START_REF] Parida | Structural, microwave dielectric properties and dieletric resonator antenna studies of Sr(Zr x Ti1 -X )O 3 ceramics[END_REF]. It is known that the phase transition from cubic (SrTiO 3 ) to tetragonal structure involves a small displacement of oxygen atoms, and the splitting of Bragg peaks is barely perceptible unless high-resolution diffraction instruments are used. In our case, we could not observe the peak splitting, which is one of the indicators of the tetragonal symmetry. Note that fitting tetragonal lattice parameters at ambient parameters we find a=5.646Å and c=7.982Å, but a*sqrt(2)=7.9834 Å. In other word, the structure is metrically nearly cubic.

In-situ Raman Spectroscopy at High Pressure.

The symmetry analysis of the Raman active modes of the tetragonal phase (I4/mcm) at room temperature and atmospheric pressure has been reported previously [START_REF] Sirenko | Observation of the First-Order Raman Scattering in SrTiO 3 Thin Films[END_REF][START_REF] Ouillon | A Raman scattering study of the phase transitions in SrTiO 3 and in the mixed system (Sr 1-x Ca x )TiO 3 at ambient pressure from T = 300 K down to 8 K[END_REF][START_REF] Ranson | The various phases of the system Sr 1-x Ca x TiO 3 -A Raman scattering study[END_REF] and is characterized by seven Raman active modes (A 1g +B 1g + 2B 2g + 3E g ) in where the main signature of this phase is the presence of three basic modes E g , B 1g , and B 2g ,. The observed frequencies of Raman modes of this sample were thus tentatively assigned by comparison with those reported in the literature [START_REF] Sirenko | Observation of the First-Order Raman Scattering in SrTiO 3 Thin Films[END_REF][START_REF] Ouillon | A Raman scattering study of the phase transitions in SrTiO 3 and in the mixed system (Sr 1-x Ca x )TiO 3 at ambient pressure from T = 300 K down to 8 K[END_REF][START_REF] Ranson | The various phases of the system Sr 1-x Ca x TiO 3 -A Raman scattering study[END_REF].

At low pressure, the peak around 150 cm -1 can be attributed to the E g mode, mainly due to the motion of A-site ions in the ABO 3 perovskite cell. The broad band about 230 cm -1 can be tentatively identified as a coupling of the TO 2 , B 1g and TO 3 modes, associated with the rotations of oxygen cages and the motion of B-site ions. The peaks around 430 cm -1 may correspond to the B 2g . The broad band around 505 cm -1 is generally associated with vibrations implying O 2-ions (bending or internal vibration cages) and it can be a coupling of the LO 3 and E g modes. Finally, the presence of the LO 4 polar mode was observed about 795 cm -1 . No physical significance is claimed for the wide and noisy background.

Figure 3 shows a series of Raman spectra on compression (Fig. 3a) and decompression (Fig. 3b) in the 0 -10GPa pression range. Hydrostatic pressure induces visible changes in the Raman spectra which are reversible. The most striking spectra features induced by pressure are (1) the splitting of the peak around 150 cm -1 up to 5 GPa and (2) the intensity breakdown or weakening of the modes located ~ 230 cm -1 and ~ 505 cm -1 . SrTiO 3 exhibits two such bumps that decrease in intensity under pressure. Even though these changes can be related to a gradual phenomenon or a pressure-induced chemical disorder and not specifically to a ferroelastic phase transition, the splitting at low-frequency range of the E g band into A g and B 2g could be the signature of a tetragonal to orthorhombic (Imma) phase transition [START_REF] Parida | Structural, microwave dielectric properties and dieletric resonator antenna studies of Sr(Zr x Ti1 -X )O 3 ceramics[END_REF].

In-situ X-ray Powder Diffraction at High Pressure

The X-ray diffraction decompression spectra (Fig. 4), shows a shift to lower angles as the pressure decreases due to an increase of the cell volume. It was not possible to collect the compression data due to the precision at setting the initial pressure in the instrument. The high resolution of our detector allows us to do a Le Bail refinement of the obtained data; however, due to our setup intensities it is unreliable to do a Rietveld refinement.

Figure 5 shows the evolution of the volume with pressure at room temperature assuming a pseudo-cubic symmetric of the solid solution. A third-order Birch-Murnaghan equationof-state (EoS) was fit to the P-V data (Fig. 5a) and non-discontinuities could be observed.

The first pressure derivative fixed (B′ 0 ) to 4 and V 0 = 63.75 yielding a bulk modulus of B 0 = 202 ± 8 GPa. This value is lower that the one reported by Guennou et al. [START_REF] Guennou | Pressure-temperature phase diagram of SrTiO3 up to 53 GPa[END_REF] for the high-pressure tetragonal phase of SrTiO 3 . Taking into account the experimental errors of the studied data and the hypothesis of a pressure-induced phase transition observed by the high-pressure Raman study performed, it is possible to consider two pressure ranges, in where there is a discontinuity around 6 GPa, as it is shown in Figure 5b. The first fit of the pressure-volume data to a third-order Birch-Murnaghan with B′ 0 =7 and V 0 = 63.75 Å 3 was carried out between 1 atm and 5.4 GPa yielding a bulk modulus for the lowpressure (LP) phase of B 0 (LP) = 205 ± 17 GPa. Moreover, we performed different approximations in order to find an initial volume that would give us the best precision for the fitting at the high-pressure range, 6 to 9 GPa. The fit of the pressure-volume for this range of pressures with B' 0 constrained to 4 and V 0 = 64.11 Å 3 gives us a bulk modulus for the high-pressure (HP) phase of B 0 (HP) = 171± 58 GPa. The decrease of the compressibility must be related to the occurrence of a possible phase transition towards a more compressible structure, i.e. a lower symmetry system. These results can be linked to the persistence of a broad scattering signature in the Raman spectra for the highest pressures that we performed. It is important to note that a high-pressure XRD and Raman scattering studies on SrTiO 3 have already revealed a pressure-induced transition from cubic to tetragonal phase around 9.6 GPa, i.e. towards a lower symmetry system [START_REF] Hayward | Cubic-Tetragonal phase transition mechanism[END_REF].

Conclusion

Raman scattering and X-ray diffraction experiments were performed on SrTi 0.6 Zr 0.4 O 3 powders at room temperature up to 10 GPa. X-ray diffraction results exhibit a discontinuity in the volume vs. pressure behavior at around 5 GPa, that could be consistent with a decrease of symmetry. The rather strong Raman spectrum obtained for this material at high pressure and the decrease of the bulk modulus between the low and high-pressure phases indicates that the high-pressure phase is distinct from the cubic high temperature paraelectric form. 
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 21 Figure 1. Experimental (-) and fitted (…) XRD profiles of SrTi 0.6 Zr 0.4 O 3 powders at
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 2 Figure 2. Plot of .cos versus sin of SrTi0.6Zr0.4O3 powders. Assuming that the particle size and strain contributions to line broadening are independent, the Williamson-Hall equation gives : .cos = K/ + C.sin (with : full width at half maximum corrected from instrumental broadening (rad); K: shape factor (0.9); : wavelength of Cu K 1 radiation (0.154 nm); : crystalline size (nm); C: constant; : lattice strain)
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 3 Figure 3. Raman spectra of SrTi 0.6 Zr 0.4 O 3 under pressure on compression (a) and on decompression (b) on the frequency range of 100-1000 cm -1 .
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 4 Figure 4. XRD patterns of SrTi 0 . 6 Zr 0 . 4 O 3 as a function of pressure. The diffraction lines of NaCl () and tungsten gasket () are indicated.
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 5 Figure 5. Evolution of the volume as a function of pressure at room temperature for St60Z40. (a) The solid line represents the fit of the Birch-Murnaghan EOS with V 0 =63.75 Å 3 and B′ 0 = 4 giving a B 0 = 202 ± 8 GPa. (b) The solid line represents the fit of the Birch-Murnaghan EOS for the low-pressure range (L.P) with V 0 =63.75Å 3 and B′0 = 7 and the dash lines is the fit of the high-pressure range (H.P) with B′0 = 4 and V 0 =64.11 Å 3 . The bulk modulus are B 0 (LP) =205 and B 0 (HP) =171 GPa.

Table 1 .

 1 Le Bail refinement details of lattice parameter and cell volume from X-ray diffraction data for the SrTi 0.6 Zr 0.4 O 3 compound presenting I4/mcm space group.

	SrTi 0.6 Zr 0.4 O 3	a (Å)	b (Å)	c (Å)	Cell Volume (Å 3 )
	S.Parida (4)	5.631	5.631	7.933	251.540
	This work	5.646	5.646	7.982	254.444