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ABSTRACT 11 

By using a diamond anvil cell (DAC) with laser heating technology, a cubic 12 

perovskite polymorph of SrSiO3 has been synthesized at ~38 GPa and 1500-2000 K at 13 

the first time. The P, V data of this new phase yield its lattice volume and bulk 14 

modulus at ambient conditions of V0 = 49.18(5) Å3, K0 = 211(3) GPa, respectively, 15 

when they are fitted against the Birch-Murnaghan equation of state with a fixed K0’ at 16 

4. On decompression, the SrSiO3 cubic perovskite phase becomes unstable at ~6.2 17 

GPa and disappears completely at ~4.7 GPa. The transformed product can be 18 

considered as an amorphous phase with a minor amount of small size crystals in the 19 

amorphous matrix when the pressure is released to ambient conditions. The first 20 

principle calculations predicted the structural properties of both the cubic and the 21 

six-layer-repeated hexagonal perovskite polymorphs of SrSiO3 and the 22 

pressure-induced phase transition very well with the experimental results. At high 23 

pressures, the experimental and theoretical results indicate that the larger Sr2+ cation 24 

can substitute the Ca2+ cation and enter into the lattice of CaSiO3 cubic perovskite in 25 

the lower mantle conditions with a small lattice strain. It is a good illustration that the 26 

Sr atom prefers entering the CaSiO3 cubic perovskite and higher amount of Sr in the 27 

inclusion minerals of CaSiO3 perovskite and its related modifications in diamonds 28 

originating from the lower mantle.  29 
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INTRODUCTION 35 

The chemical and structural models of the Earth suggest that the Earth’s lower 36 

mantle is composed of three major mineral phases of (Mg,Fe)SiO3-perovskite (MgPv), 37 

CaSiO3-perovskite (CaPv) and (Mg, Fe)O-magnesiowustite (Mw), and two kinds of 38 

silicate perovskite constitute more than 80% of its volume (Irifune 1994; Kesson et al. 39 

1998; Wood 2000). The other elements occurring in the lower mantle are considered 40 

to be either dissolved into the three main minerals (Irifune 1994; Taura et al. 2001; 41 

Corgne et al. 2005) or forming accessory minerals such as aluminosilicate hollandites 42 

(Gillet et al. 2000; Hirao et al. 2008). Partitioning experiments indicate that the 43 

geochemically important trace elements such as strontium (Sr), lead (Pb), and the rare 44 

earth elements (REE) enter preferentially into CaPv, and that CaPv can accommodate 45 

a significant amount of Sr (up to 2 wt%) (Kato et al. 1988). In addition, CaSiO3 46 

inclusions  in diamonds that are believed to be CaPv originating from the lower 47 

mantle also show a strong enrichment in Sr (up to 0.85 wt%) (Stachel et al. 2000). 48 

Therefore, it is a scientific topic to confirm experimentally the substitution of Sr in 49 

CaPv by either occupying the crystallographic A-site or by generating a lattice defect 50 

in the perovskite structure. According to the size of Sr2+ cation and the lattice strain 51 

model (Shannon 1976; Blundy and Wood 1994), it is reasonable to assume that the 52 

Sr2+ cation may substitute Ca2+ entering the CaSiO3 perovskite. Additional indication 53 

and first hand information on the atomic volume of Sr in silicate perovskite can be 54 

obtained by synthesizing SrSiO3 perovskite at high pressure and temperature. As yet, 55 

SrSiO3 in the cubic perovskite structure has not been synthesized in experiments 56 

(Komabayashi et al. 2007). It is still unknown whether the corner-sharing 57 

perovskite-structured silicates could provide a lattice site large enough to 58 

accommodate the Sr2+ cation. 59 
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SrSiO3 crystallizes in a monoclinic structure (C2/c, Z=12) at ambient conditions 60 

(Nishi 1997a) isotypic to the high-temperature modification of CaSiO3 61 

(pseudowollastonite) (Yang and Prewitt 1999) and SrGeO3 (Nishi 1997b). The typical 62 

features of the pseudowollastonite-type SrSiO3 are alternate layers of ternary (Si3O9) 63 

tetrahedral rings and close-packed Sr atoms stacked along the [001] direction forming 64 

a six-layer-repeated structure (Nishi, 1997a). The high-pressure phase relations of 65 

SrSiO3 were reported to be somewhat similar to that of CaSiO3 (Shimizu et al. 1970; 66 

Machida et al. 1982; Fleischer and DeVries 1988; Kojitani et al. 2005; Swamy and 67 

Dubrovinsky 1997; Barkley et al. 2011). The results of high-pressure and 68 

high-temperature experiments up to 12 GPa and 1600℃ suggest that the 69 

pseudowollastonite-type SrSiO3 (SrSiO3 I) transforms to SrSiO3 II at about 3.5 GPa 70 

and then to SrSiO3 III at about 6 GPa (Shimizu et al. 1970; Fleischer and DeVries 71 

1988). The structure of SrSiO3 II has been determined to be isotypic to walstromite 72 

(δ-SrSiO3, P-1, Z=6), and the SrSiO3 III has been determined to be a monoclinic 73 

structure in which four-membered (Si4O12) tetrahedral rings are contained (δ’-SrSiO3, 74 

P21/c, Z=8) (Machida et al. 1982). The further high-pressure and high-temperature 75 

experiments indicate that the SrSiO3 III decomposes to SrSi2O5 plus Sr2SiO4 at about 76 

11 GPa and 1000℃, which is similar to that of CaSiO3 (Kojitani et al. 2005). At much 77 

higher pressures of above about 20 GPa, the thermodynamic stable phase of SrSiO3 is 78 

identified as a six-layer-repeated hexagonal perovskite (6H-type, P63/mmc, Z=6) 79 

(Yusa et al. 2005; Akaogi et al. 2005). It is the same structure as the hexagonal 80 

BaTiO3 perovskite.  81 

The perovskite structures of ABO3-type oxides can be considered as derived 82 

from the close packing of AO3 layers (Katz and Ward 1964). If all of the stacking of 83 

AO3 layers is either cubic (c) or hexagonal (h) (Katz and Ward 1964), the structure 84 

will be referred to as 3C or 2H, which corresponds to the corner- or face-sharing 85 

arrangement of BO6 octahedra, respectively (Cheng et al. 2009). Mixed cubic and 86 

hexagonal stacking with different ratios can also occur as hexagonal perovskite 87 

polytypes, such as 9R (hhchhchhc), 4H (hchc), and 6H (hcchcc). The tolerance factor, 88 
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t = ( rA + rO)/√2(rB + rO), where rA, rB, and rO are the ionic radii of 12-fold 89 

coordinated A cation, 6-fold coordinated B cation, and oxygen anion, respectively, is 90 

often used to estimate the possible perovskite polymorphs adopted by the ABO3-type 91 

oxides. Generally, if the tolerance factor t equals unity, the ideal perovskite structure 92 

(Pm3m) is stabilized, which can be regarded as a three-dimensional framework built 93 

up by the corner-sharing BO6 octahedra with a large A cation in the 12-coordinated 94 

cavities of the framework, as shown in Figure 1a. The hexagonal perovskite polytypes 95 

are usually formed in the ABO3 compounds having a tolerance factor t > 1. The 96 

hexagonal perovskite polytypes, as indicated by a value of polyhedral volume ratio 97 

(VAO12/VBO6), larger than 5, the value of that in an ideal cubic perovskite structure, 98 

provide the 12-coordinated cavities larger than that of the 3C perovskite polymorphs 99 

to accommodate a larger A cation (Thomas 1991). The strontium metasilicate (SrSiO3) 100 

with a tolerance factor t of 1.12 (calculated by using the 12-fold coordinated Sr cation 101 

radius of 1.44 Å) or 1.04 (calculated by using the 8-fold coordinated Sr cation radius 102 

of 1.26 Å (Shannon 1976)), crystallizes into a 6H-type hexagonal perovskite to 103 

contain the large Sr2+ cation at high pressures of 25-35 GPa (Yusa et al. 2005), as 104 

shown in Figure 1b. This kind of the hexagonal perovskite structure of SrSiO3, 105 

however, cannot explain why Sr2+ partitions preferentially into the 3C-type CaSiO3 106 

perovskite in the lower mantle.  107 

Since the A-O bond is generally more compressible than the B-O bond in ABO3 108 

perovskites, the A-O bond length decreases more rapidly with pressures leading to a 109 

reduced tolerance factor, and the 3C-type perovskite can be transformed from the 110 

hexagonal perovskite polytypes at high pressures and high temperatures. For example, 111 

the 9R-BaRuO3, stable at ambient conditions, transforms to a 4H phase at 3 GPa, a 6H 112 

phase at 5 GPa, and finally a 3C phase at 18 GPa (Jin et al. 2008). We consider that, 113 

as suggested by Yusa et al. (2005), a 3C-type perovskite polymorph of SrSiO3 appears 114 

at a pressure higher than 25-35 GPa. Here we report a cubic perovskite of SrSiO3 115 

which was observed at high pressures in our experiment. This new high pressure 116 

SrSiO3 cubic perovskite becomes unstable and starts a phase transition when the 117 
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pressure is released to about 6 GPa, and the transition is totally completed when the 118 

pressure is released lower than 4.7GPa. The transformed product can be considered as 119 

an amorphous phase with a minor amount of small size crystals or pre-nucleated 120 

centers in the amorphous matrix upon release of the pressure to ambient conditions. 121 

Furthermore, the theoretical calculations indicate that the cubic perovskite of SrSiO3 122 

is the stable phase compared to the other possible 3C-type perovskites in the pressure 123 

range of 0-40 GPa, and predict that the phase transition from the 6H-type perovskite 124 

to the cubic perovskite occurs at 32 GPa.  125 

EXPERIMENTAL AND THEORETICAL METHODS 126 

The raw material of monoclinic SrSiO3 used as the high pressure experimental 127 

sample was prepared by the conventional solid-state reaction method (Yamaguchi et 128 

al. 1979). Analytical grade SrCO3 (99.9%) and SiO2 (99.99%) in stoichiometric 129 

amounts were weighed and mixed. The grounded mixture was sintered within a 130 

platinum crucible at 1350℃ for 10hrs in a furnace in air. The quenched crystalline 131 

sample has been confirmed to be the pure monoclinic SrSiO3 by X-ray powder 132 

diffraction with its lattice parameters of a = 12.345(5) Å, b = 7.131(2) Å, c = 10.924(5) 133 

Å, β = 112.00(6)°, and V= 891.6(4) Å3, respectively. It is in good agreement with the 134 

single crystal X-ray diffraction results of the pseudowollastonite-type SrSiO3 (Nishi 135 

1997a).  136 

The high-pressure experiments were carried out by using a symmetric Mao-Bell 137 

type of DAC. A pair of 300 µm culet-size diamond anvils was used in our 138 

experiments. A gasket was prepared by indenting a piece of T301 stainless steel foil to 139 

a thickness of about 40 µm and then drilled a 100 µm hole serving as the sample 140 

chamber. The monoclinic SrSiO3 powder mixed with 1 wt% platinum powder was 141 

pressed to a pellet with a thickness of about 15 µm, and a piece of sample about 60 142 

µm in diameter was loaded into the sample chamber. Argon was used as a 143 

pressure-transmitting medium. Besides absorbing the heating laser power, the mixed 1 144 

wt% platinum powder in the sample was also used as standard for in situ 145 
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measurement of the sample pressure (Holmes et al. 1989). The sample in the DAC 146 

was pressurized up to about 38 GPa and then heated by a YAG laser to temperatures 147 

of around 1500 to 2000 K.  148 

In-situ high pressure angle-dispersive X-ray diffraction (ADXD) experiments 149 

were performed at the 4W2 beam line of Beijing synchrotron radiation facility 150 

(BSRF). An image plate detector (MAR-345) was used to collect diffraction patterns. 151 

The wavelength of the monochromatic X-ray beam is 0.6199 Å calibrated by 152 

scanning through the Mo metal K-absorption edge. The X-ray beam was focused to a 153 

beam size of 20 (vertical) ×30 (horizontal) μm2 full width at half maximum by a pair 154 

of Kirkpatrick-Baez mirrors. The distance between the sample and the detector was 155 

calibrated to be 350.54 mm by using CeO2 as a standard. All of the ADXD patterns 156 

were collected in the decompressed process from 37.8 GPa to 0.1 MPa at room 157 

temperature without further annealing. The collected diffraction patterns were 158 

analyzed by integrating images as a function of 2θ using the program Fit2D 159 

(Hammersley et al. 1996) to obtain a conventional, one dimensional diffraction profile. 160 

In addition, the 14.3 GPa and 37.8 GPa patterns were further analyzed by Rietveld 161 

refinements using the GSAS software (Toby 2001). 162 

The first-principles calculations were performed using the CASTEP code (Clark 163 

et al. 2005) based on density functional theory (DFT) with Vanderbilt-type ultrasoft 164 

pseudopotentials and a plane-wave expansion of the wavefunctions. An energy cutoff 165 

of 750 eV was used for all calculations. The exchange-correlation potential was 166 

treated within the generalized gradient approximation (GGA) in the PBE scheme. 167 

Pseudo-atomic calculations were performed for Sr4s24p65s2, Si3s23p2 and O2s22p4. 168 

As for the Brillouin zone k-point sampling, we used the 6×6×6 Monkhorst-Pack 169 

scheme. Geometry optimizations were performed to fully relax the atomic internal 170 

coordinates and the lattice parameters within the BFGS minimization algorithm. The 171 

self-convergence thresholds for energy change, maximum force, maximum stress, and 172 

maximum displacement between optimization cycles were 5×10-6 eV/atom, 0.01 173 

eVÅ-1, 0.02 GPa and 5×10-4 Å, respectively. In the process, the optimized lattice 174 
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parameters and energy values are obtained at various pressures. 175 

RESULTS 176 

Experimental results 177 

Figure 2 exhibits two representative X-ray diffraction (XRD) patterns of the 178 

sample which has been produced at ~38 GPa with laser-heating. Two patterns were 179 

collected at the pressure of either 14.3 GPa or 37.8 GPa, respectively, in which the 180 

scatter background were subtracted. Other XRD patterns collected at pressures 181 

between 9 GPa and 37.8 GPa are similar to the displayed patterns in Figure 2. They 182 

indicate that no phase transition in the sample has been occurred in this pressure range, 183 

however, the diffraction patterns are different from that of the 6H-type hexagonal 184 

perovskite of SrSiO3 and only much less reflection peaks can be observed (Yusa et al. 185 

2005), thus it should be a new phase of SrSiO3 with a higher symmetric structure 186 

which has not been reported previously. Because there are SrSiO3, argon medium and 187 

platinum powder only in the sample chamber, we consider the peaks in the XRD 188 

patterns are composed of the diffracted signals of these three kinds of materials 189 

mentioned. Diffraction peaks belonging to argon and platinum with the face center 190 

cubic structure (fcc, Fm3m) are easily indexed in the patterns, as shown in Figure 2. 191 

At the same time, the other six reflection peaks in the patterns can be indexed into a 192 

simple cubic structure with smaller estimated standard deviations of the lattice 193 

parameters by using the DICVOL04 code (Boultif and Louër 2004). The tentative 194 

tetragonal and hexagonal structures converge to the cubic structure with a negligible 195 

discrepancy. The lattice volumes are 43.00(2) Å3 at 37.8 GPa and 46.35(5) Å3 at 14.3 196 

GPa, as shown in Figure 2. The cell volumes indicate that there is only one chemical 197 

formula of SrSiO3 in each unit cell, and the simple cubic phase of SrSiO3 is possibly a 198 

cubic perovskite structure (Pm3m). The cubic perovskite model of SrSiO3 199 

accompanying with the face center cubic structures (Fm3m) of argon and platinum 200 

has been used to fit the observed XRD patterns collected at 14.3 GPa and 37.8 GPa, 201 

respectively. The Rietveld refinements, as shown in Figure 2, gave good agreement 202 

between the observed and calculated synchrotron XRD patterns. The final 203 
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discrepancy indices are Rwp=1.16%, Rp=0.91%, R(F2)=0.0819, reduced χ2=0.1087 204 

for the 37.8 GPa pattern, and Rwp=2.27%, Rp=1.39%, R(F2)=0.3141, reduced 205 

χ2=0.0871 for the 14.3 GPa pattern. The small reduced χ2 values are caused primarily 206 

by the high scattering background. Even though, the distortion from the cubic to a 207 

lower symmetrical perovskite polymorph may be subtle and leads to unnoticeable 208 

difference in the XRD pattern. In the 14.3 GPa pattern, the refined curve deviates 209 

slightly from experimental data at several peak positions (especially the (100) and 210 

(110) peaks) leading to asymmetric residuals. The refined (200) peak of argon also 211 

deviates a little from its observed position in this pattern. The slight deviation could 212 

be attributed to the differential stress in the sample system, or insufficient sample 213 

statistics. Thus, we consider that, based on the powder XRD resolution, the cubic 214 

symmetry could be a reasonable explanation for our experimental data, and therefore, 215 

a cubic perovskite polymorph of SrSiO3 is obtained at high pressures in our 216 

experiments. For comparison, we also refined the 37.8 GPa pattern with the 6H-type 217 

model as shown in Figure 2. 218 

Figure 3 shows several low-pressure XRD patterns of the sample collected from 219 

9 GPa down to atmospheric pressure, which describes the phase transition of the 220 

SrSiO3 cubic perovskite as the pressure releasing. When the pressure is unloaded from 221 

9 GPa to 6.2 GPa, the intensity of the reflection peaks of the SrSiO3 cubic perovskite 222 

decreases markedly leading to the increasing scattering background and the lowering 223 

signal to noise ratio; at the same time, two weak peaks appear at ~2.85 Å and ~4.67 Å. 224 

The original diffraction peaks from the SrSiO3 cubic perovskite almost completely 225 

disappear at 4.7 GPa. At atmospheric pressure, besides the (111) and (200) diffraction 226 

peaks of platinum, there are some weak peaks observed at 5.04 Å, 3.68 Å, 3.38 Å, 227 

3.31 Å, 2.96 Å, and 2.86 Å superimposing on the intense background, as shown in 228 

Figure 3. These broad weak diffraction reflections, denoting a very bad crystallinity in 229 

the transformed production, cannot be assigned to any known structure of the SrSiO3 230 

compound and its decomposed oxide assemblage of SrO (ICDD 06-0520) and SiO2 231 

(ICDD 46-1045). The hexagonal perovskite of SrSiO3, a low-pressure polymorph of 232 
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its cubic perovskite, transforms to an amorphous phase upon release to ambient 233 

conditions (Yusa et al. 2005). The CaSiO3 cubic perovskite, which has a smaller 234 

lattice volume than the SrSiO3 cubic perovskite, also transforms to the amorphous 235 

state at the zero-pressure (Mao et al. 1989, Wang et al. 1996). The PbGeO3 cubic 236 

perovskite transforms to an amorphous phase on decompression, in which a few weak 237 

diffraction peaks also appear in the XRD patterns and is considered as a small amount 238 

of nano-sized crystals or pre-nucleated centers in the amorphous matrix (Xiao et al. 239 

2012). Here, we propose the transformed production of the SrSiO3 cubic perovskite is 240 

an amorphous phase, with a minor amount of small size crystals or pre-nucleated 241 

centers embedded in the amorphous matrix. Nevertheless, more experimental 242 

evidences are provided to clarify the nature of the transformed product of the SrSiO3 243 

cubic perovskite.  244 

Table 1 lists the unit cell data of the SrSiO3 cubic perovskite obtained at different 245 

pressures in this study, and those pressure-volume data are plotted in Figure 4. In this 246 

diagram, the unit formula volume of the SrSiO3 hexagonal perovskite (6H-type) at 25 247 

GPa determined by Yusa et al. (2005) is also plotted for comparison. From the P-V 248 

data in Figure 4, we can find that the 6.2 GPa volume deviated from the experimental 249 

P-V trend shows a smaller volume. The SrSiO3 cubic perovskite becomes unstable 250 

and begins its phase transition (amorphization) at ~6.2 GPa, thus the anomalous 251 

volume is probably associated with this process. This kind of volume reduction 252 

(induced by the phase transition, i.e. amorphization) has been also observed in both 253 

CaSiO3 and PbGeO3 perovskites (Wang et al. 1996; Xiao et al. 2012). Therefore, the 254 

volume at 6.2 GPa has not been used in our equation of state analysis. The remaining 255 

16 P-V data of the SrSiO3 cubic perovskite have been fitted into the Birch-Murnaghan 256 

equation of state, 257 

 258 

Where V0, K0 and K0’ are the volume, the isothermal bulk modulus, and its pressure 259 

derivative at the room pressure, respectively. With fixed K0’ as 4, the fitting results 260 
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yield K0 = 211(3) GPa and V0 = 49.18(5) Å3, respectively. The fitted zero-pressure 261 

lattice constant (a = 3.6638 Å) of the SrSiO3 cubic perovskite agrees well with that of 262 

the value of 3.6588 Å (with a deviation of 0.14%) given by the empirical relationship 263 

between the lattice constant and the composition ion radii in cubic perovskites (Ubic 264 

2007; Shannon 1976).  265 

Theoretical results 266 

Several possible 3C-type perovskites of SrSiO3 with space groups R-3c, I4/mcm, 267 

I4/mmm, P4/mbm, Imma and Pnma as the superstructures of the ideal cubic perovskite 268 

(Pm3m) were constructed. The initial atomic coordinates adopted the corresponding 269 

values as the LaAlO3 perovskite for the R-3c structure (Howard et al. 2000) and the 270 

CaSiO3 perovskite for the I4/mcm, I4/mmm, P4/mbm, Imma and Pnma structures 271 

(Caracas and Wentzcovitch 2006). These superlattices as well as the cubic perovskite 272 

were performed the geometrical optimization in the total energy framework with 273 

variables of the lattice parameters and the atomic coordinates at 0 GPa and 40 GPa, 274 

respectively. The geometrical optimization of these superstructures moves the atoms 275 

at the ordinary coordinates initially to the special values and produces the peculiar 276 

geometrical relationships of lattice parameters (i.e., a 2 or a square root of 2 times the 277 

cubic perovskite lattice constant), and thus all of the six kinds of superstructures are 278 

converted to a cubic perovskite structure. Moreover, the total energies of the different 279 

superstructures have a same value as the cubic perovskite within a calculated accuracy 280 

(the discrepancies are less than 1 meV per formula). The calculated results indicate 281 

that these superstructures converge to the ideal cubic perovskite, and the SrSiO3 cubic 282 

perovskite is more stable than other possible 3C-type perovskite polymorphs in the 283 

experimental pressure range of 0-40 GPa in this study. 284 

Geometrical optimization of the cubic and 6H-type perovskite polymorphs of 285 

SrSiO3 in the pressure range of 0-40 GPa with a 5 GPa pressure interval were 286 

performed. The initial atomic positions of the 6H-type perovskite (P63/mmc, Z=6) of 287 

SrSiO3 employed the corresponding values of the BaTiO3 hexagonal perovskite 288 

(Akimoto et al. 1994). The lattice constants, unit-cell volumes and enthalpies were 289 
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obtained in the total energy minimum scheme at various pressures. The results are 290 

shown in Figure 5, in which the c/a ratio change of the 6H-type perovskite with the 291 

pressure is also depicted in the lower left inserted plot, and the 6H-type perovskite 292 

unit-cell volumes are shown as V/Z (Z=6) in comparison with the cubic perovskite 293 

conveniently. The volume-pressure data of both polymorphs were fitted to a 294 

Birch-Murnaghan equation of state, resulting in a zero-presure bulk modulus 295 

K0=207.7(4) GPa and unit-cell volume V0=49.97(1) Å3 for the cubic perovskite, and 296 

K0=183.8(6) GPa and V0=311.23(10) Å3 for the 6H-type perovskite, when K0’ is fixed 297 

at 4. The theoretical zero pressure volume of the cubic perovskite is about 1.6% larger 298 

than that of the experimental values. The calculated unit-cell volume of the 6H-type 299 

perovskite at 25 GPa is also about 1% larger than the experimental value (Yusa et al. 300 

2005), as shown in Figure 5. Generally, the GGA method underestimates the binding 301 

energy and induces a large unit-cell volume. Nevertheless, the theoretical predictions 302 

of the lattice parameters of both cubic and 6H-type perovskites agree well with the 303 

experimental results. In addition, the theoretical zero pressure bulk modulus of the 304 

cubic perovskite is very close to the experimental result of 211(3)GPa in this study. 305 

The phase transition pressure of SrSiO3 from the low-pressure 6H-type 306 

perovskite to the high-pressure cubic perovskite is predicted by comparing the 307 

enthalpies of both polymorphs. The enthalpy differences at various pressures are 308 

plotted as the upper right inserted graph in Figure 5. From the illustration, we can see 309 

that the phase transition occurs at 32GPa, a pressure consistent with the experimental 310 

result of between 25GPa and 38GPa. The phase transition induces a 2.5% volume 311 

collapse, as shown in Figure 5.  312 

DISCUSSION 313 

The SrSiO3 cubic perovskite has been observed at high pressures in this study for 314 

the first time. It has the largest tolerance factor (t = 1.12) for SrSiO3 in the ABO3-type 315 

oxides in the cubic perovskite structure found up to now. Normally, ABO3-type oxides 316 

with such a large tolerance factor form various hexagonal perovskite polytypes with a 317 

different AO3 layers stacking sequence. These kinds of hexagonal perovskite 318 
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structures are common in the transition metal oxides (Akimoto et al. 1994; Jin et al. 319 

2008; Cheng et al. 2009; Belik et al. 2011). As the pressure increases, the hexagonal 320 

perovskite polytypes show a transformation sequence of 2H→9R→4H→6H, and finally 321 

transform to 3C polymorphs (Cheng et al. 2009). This kind of phase transformation 322 

sequences exhibits an increased ratio of the cubic to the hexagonal layers stacking. 323 

The existence of both polymorphs of 6H-type (Yusa et al. 2005) and 3C-type 324 

perovskite of SrSiO3 at different pressures indicate that the metasilicate containing a 325 

large A cation, thus with a large tolerance factor, also shows a same phase 326 

transformation sequence as the transition metal oxides. The experimental observation 327 

of the 9R and 6H perovskite polytypes of BaSiO3 at various high pressures also agrees 328 

with the phase transformation tendency (Yusa et al. 2007). In addition, the unit 329 

formula volume of the cubic perovskite of SrSiO3 is about 3.1% or 2.5% smaller than 330 

that of its 6H-type perovskite polymorph at about 25 GPa (experimental) or 32GPa 331 

(theoretical), respectively, as shown in Figure 4 and Figure 5. The volume difference 332 

between the 3C and the 6H perovskite polymorphs of SrSiO3 is also in the good 333 

accordance with that of the transition metal oxides such as BaRuO3 (~2.9%; Zhao et 334 

al. 2007; Jin et al. 2008), BaTiO3 (~2.8%; Edwards et al. 1951; Akimoto et al. 1994), 335 

and SrMnO3 (~3.5%; Kriegel and Preuβ 1996; Belik et al. 2011). It proposes that, if 336 

they have a larger tolerance factor than unity, both of the main group oxides and the 337 

transition metal oxides comply with the similar crystal chemistry criteria, and show 338 

the similar phase transformation sequence from the face-sharing hexagonal perovskite 339 

polytypes to the corner-sharing 3C-type perovskite polymorph under high pressures. 340 

It would be interesting to verify whether the SrSrO3 compound crystallizes in the 341 

other hexagonal perovskite polytypes at pressures lower than 25 GPa or not. 342 

Yusa et al. (2005) gave the lattice plane distances and the lattice constants of the 343 

6H-type perovskite of SrSiO3 at 25 GPa in Table 1 in their paper. The c/a ratio of 344 

2.4498 is nearly equal to √6, and is well consistent with the theoretical result, as 345 

shown in Figure 5. Moreover, it is interesting that some lattice distances of (102), 346 

(104), (006), (204), (116) and (108) can be indexed into a cubic structure with the 347 
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lattice constant of ac=3.5844(2) Å, a same value as the cubic perovskite polymorph of 348 

SrSiO3 at 16GPa in our experiments. We also refined the 37.8 GPa pattern of our data 349 

with the 6H model, as shown in Figure 2. All of the six diffracted peaks belonging to 350 

the SrSiO3 compound can be indexed to the 6H structure; however, the refinement 351 

results show remarkable residual and excess important strong peaks in the refined 352 

curve. Although the same AO3 atomic layers stacking of hcchcc along the c-axis in 353 

the 6H structure contrasting to ccc along the [111] direction in the 3C structure 354 

induces the lattice parameters relationship of ah≈√2ac and ch≈2√3ac, and accordingly, 355 

some nearly identical diffracted signal positions, the distinctively different atomic 356 

arrangement between the two structures leads to significant difference in diffraction 357 

intensity and extinction rules. It is exactly the reason that the 6H symmetry is 358 

unsuitable to model our observed data.  359 

Table 2 lists the available bulk moduli (K0) and unit formula volumes (V0) of the 360 

alkaline earth silicate, germanate, and titanate perovskites which are being concerned 361 

in the mantle mineralogy. These K0-V0 data are also plotted in Figure 6. The inverse 362 

relationship between bulk modulus K0 and unit formula volume V0 has been widely 363 

used for predicting bulk moduli of mantle minerals crystallizing in the similar 364 

structures (Anderson and Anderson 1970). It can be expressed as K0V0 = constant. 365 

According to the data of CaSiO3 and MgSiO3 perovskites and the inverse relationship 366 

above mentioned, the predicted bulk modulus of the SrSiO3 cubic perovskite is either 367 

215 or 214 GPa, respectively. It is well consistent with the experimental value of 368 

211(3) GPa obtained in this study. In addition, as can be seen in the inset in Figure 6, 369 

the three alkaline earth silicate perovskites also exhibit an excellent linear relationship 370 

between their unit formula volumes and bulk moduli. The linear fitting gives a 371 

formula as K0(GPa) = 491(3)-5.69(7)×V0(Å3) with a coefficient of determination (R2) 372 

of 0.999. Furthermore, the K0-V0 data of all of the nine perovskites listed in Table 2 373 

also are fitted a good lineal relationship of K0(GPa)=464(12)-5.1(2)×V0(Å3) with R2 = 374 

0.986, as shown in Figure 6. Obviously, the K0-V0 linear function is better than the 375 

inverse relationship to predict the bulk modulus of the alkaline earth oxide perovskites 376 
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in a wide volume and component range. It indicates that there are similar factors to 377 

govern the compression behaviors in these alkaline earth oxide perovskites.  378 

Strontium (Sr) is one of such elements of geochemical importance (Sobolev et al. 379 

2011). The identification of the SrSiO3 cubic perovskite at high pressures provides the 380 

experimental evidences to understand the occurrence of Sr atom in the Earth’s lower 381 

mantle. The existence of the SrSiO3 cubic perovskite demonstrates that the 382 

crystallographic A-site of the silicate cubic perovskite is large enough to 383 

accommodate the large Sr2+ cation on the conditions of the lower mantle. The recent 384 

experimental results indicate that CaSiO3 is stable with the cubic perovskite structure 385 

in the high pressure and high temperature environments inside the lower mantle 386 

(Komabayashi et al. 2007). In addition, both silicates of SrSiO3 and CaSiO3 show 387 

similar phase transition sequence under high pressures, as discussed above. It reveals 388 

that the two kinds of silicate compounds have similar physical and chemical 389 

properties in the Earth’s crust and mantle. Therefore, the P-V equations of state of 390 

both the SrSiO3 and CaSiO3 cubic perovskites, as shown in the inset in Figure 4, can 391 

be used to estimate the lattice strain generated by the introduction of large Sr2+ cation 392 

into the smaller A-site in the CaSiO3 cubic perovskite structure. The difference of the 393 

lattice constant [(aSrPv-aCaPv)/aCaPv] between the SrSiO3 and CaSiO3 cubic perovskites 394 

is about 2% at 24 GPa, the pressure of the upper-lower mantle boundary, and 0.8% at 395 

136 GPa, the pressure of the core-mantle boundary. The small lattice constant 396 

difference implies that the substitution of Ca atom by Sr atom in the lower mantle 397 

mineral of CaSiO3 cubic perovskite generates a small lattice strain; and therefore, the 398 

CaSiO3-SrSiO3 system could possibly form the complete cubic perovskite solid 399 

solution in the lower mantle. It can explain the facts, from the view of crystal 400 

chemistry, that the Sr atom enters preferentially into the CaSiO3 cubic perovskite 401 

other than the MgSiO3 orthorhombic perovskite in the partitioning experiments (Kato 402 

et al. 1988), and the inclusion minerals of CaSiO3 perovskite and its variants in 403 

mantle-derived diamonds have a high Sr abundance (Joswig et al. 1999; Stachel et al. 404 

2000).  405 
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 556 
 557 

Captions 558 

 559 

FIGURE 1. (color online) Polyhedral SiO6 presentation of the SrSiO3 perovskite 560 

structures. (a) the cubic perovskite of 3C-SrSiO3 with all corner-sharing SiO6 561 

octahedra, (b) the hexagonal perovskite of 6H-SrSiO3 with mixing face-sharing and 562 

corner-sharing SiO6 octahedra. Sr, Si and O atoms are shown as big green, middle 563 

blue and small red spheres, respectively. 564 

 565 

FIGURE 2. (color online) Rietveld refinement analyses of the powder XRD patterns 566 

collected at 37.8 GPa and 14.3 GPa, respectively, and room temperature. SrSiO3 was 567 

refined in the the 6H-type (P63/mmc) and cubic (Pm3m) perovskite structures. The 568 

observed (crosses), calculated (red solid line), and the difference (black solid line) 569 

curves were shown on the same scale. Background was subtracted. The vertical bars 570 

below the diffraction profiles represent the calculated positions of the diffraction 571 

peaks of the SrSiO3 hexagonal or cubic perovskites, argon medium, and platinum 572 

standard, respectively. The final discrepancy indices are Rwp=3.47%, Rp=1.77%, 573 

R(F2)=0.5497, reduced χ2=1.809 for the 37.8 GPa pattern modeling by the 6H 574 

symmetry; Rwp=1.16%, Rp=0.91%, R(F2)=0.0819, reduced χ2=0.1087 for the 37.8 575 

GPa pattern, and Rwp=2.27%, Rp=1.39%, R(F2)=0.3141, reduced χ2=0.0871 for the 576 

14.3 GPa pattern modeling by the cubic symmetry. 577 

 578 

FIGURE 3. X-ray powder diffraction patterns at pressures between 0-9 GPa showing 579 

the pressure-released transition process of the SrSiO3 cubic perovskite. The 580 

remarkable reduction of the diffraction intensity of the SrSiO3 cubic perovskite and 581 

the appearance of the weak and broad 2.85 and 4.67 Å peaks reveal the occurrence of 582 

the phase transition at 6.2 GPa. The complete disappearance of the diffraction lines of 583 

the SrSiO3 cubic perovskite at 4.7 GPa indicates the phase transition was completed. 584 

The broad weak peaks superimposing on the intense background, as labeled in the 0.1 585 
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MPa pattern, may represent that the transformed product of the SrSiO3 cubic 586 

perovskite is an amorphous phase with a minor amount of small size crystal in the 587 

amorphous matrix.  588 

 589 

FIGURE 4. Pressure-Volume relationship of the SrSiO3 perovskites. The solid cycles 590 

represent the observed data of the SrSiO3 cubic perovskite, and the solid square 591 

indicates the unit formula volume of the 6H-type SrSiO3 perovskite at 25GPa (Yusa et 592 

al. 2005). The solid curve is the Birch-Muraghan equation of state fit with the listed 593 

parameters. Notice that at 6.2 GPa, the unit cell volume deviates from the 594 

experimental P-V tendency showing a reduced volume, which is associated with the 595 

phase transition occurring on decompression. The estimated standard deviations of the 596 

unit cell volume (see Table 2) are smaller than the size of the symbols. The error bars 597 

of pressure show the uncertainties estimated by the reading uncertainties of the 598 

reflection peaks of platinum standard and the pressure differences calculated by the 599 

(111) peak and (200) peak of the platinum standard. The inset shows the equations of 600 

state of the SrSiO3 cubic perovskite (solid line) and the CaSiO3 cubic perovskite 601 

(dotted line) in the pressure range of the whole mantle. 602 

 603 

FIGURE 5. The theoretical pressure-volume relationship of the SrSiO3 perovskites. 604 

The solid triangle and diamond symbols represent the calculated P-V data of the cubic 605 

and 6H-type perovskite polymorphs, respectively. The curves stated by the legends 606 

indicate the theoretical Birch-Muraghan equation of states of the cubic and 6H-type 607 

perovskites and the experimental equation of state of the cubic perovskite. The upper 608 

right inset depicts the calculated enthalpy differences between the cubic and 6H-type 609 

perovskites at various pressures, and the phase transition pressure of the two 610 

polymorphs is determined at 32GPa. The lower left inset shows the calculated c/a 611 

ratio changing of the 6H-type perovskite with pressure. The experimental c/a ratio at 612 

25GPa (Yusa et al. 2005) is shown as solid triangle. The dotted line indicates the 613 

special value of √6. 614 

 615 
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FIGURE 6. The unit formula volume (V0) - bulk modulus (K0) relationship of the 616 

perovskite-structured alkaline earth silicates, germanates, and titanates (see Table 3). 617 

The K0-V0 data of the all nine perovskites can fit a good linear function as shown in 618 

the plot. The inset emphasizes the excellent K0-V0 linear relationship of the three 619 

kinds of silicate perovskites of MgSiO3, CaSiO3 and SrSiO3. The vertical error bars 620 

show the estimated standard deviations of the zero-pressure bulk modulus (see Table 621 

3). The uncertainties of the unit formula volume are smaller than the size of the 622 

symbols.  623 

 624 

TABLE 1. Experimental pressure-volume data of SrSiO3 cubic perovskite. The 625 

estimated standard deviations of the fitted unit cell volume are given in parentheses. 626 

The uncertainties of pressure given in parentheses are estimated by the reading 627 

uncertainties of the reflection peaks of platinum standard and the pressure differences 628 

calculated by the (111) peak and (200) peak of the platinum standard. 629 

 630 

TABLE 2. Comparison of zero-pressure bulk modulus (K0) and unit formula volume 631 

(V0) of SrSiO3 cubic perovskite with that of relative perovskite-structural alkaline 632 

earth silicate, germanate, and titanate compounds. These K0-V0 data show a good 633 

linear relationship in a wide volume and component range. The uncertainties of both 634 

unit formula volume and zero-pressure bulk modulus are given in parentheses.  635 

 636 
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FIGURE 2 677 
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FIGURE 3 687 
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FIGURE 4 696 
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FIGURE 5  721 
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FIGURE 6 745 
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 767 
 768 
 769 
TABLE 1 770 
 771 

Pressure 
(GPa) 

Volume 
(Å3) 

6.2(3) 47.21(3)  
9.0(4) 47.20(2)  
10.7(5) 46.99(4)  
12.5(4) 46.70(4)  
14.3(4) 46.35(5)  
16.2(5) 46.05(5)  
18.8(5) 45.63(3)  
19.4(7) 45.44(4)  
21.7(5) 45.09(2)  
23.8(8) 44.72(3)  
26.1(8) 44.38(2)  
30.1(4) 43.91(2)  
33.6(4) 43.45(4)  
34.3(4) 43.35(3)  
36.0(4) 43.15(3)  
36.5(3) 43.06(3)  
37.8(3) 43.00(2)  
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 792 
 793 
 794 
TABLE 2 795 
 796 

 Structure V0 (Å3) K0 (GPa) References 

MgSiO3 Orthorhombic 40.575 260(1) Fiquet et al. (2000) 

CaSiO3 Cubic 45.58(4) 232(8) Wang et al. (1996) 

SrSiO3 Cubic 49.18(5) 211(3) This study 

MgGeO3 Orthorhombic 45.55(1) 229(3) Runge et al. (2006) 

CaGeO3 Orthorhombic 51.623(4) 194(2) Ross and Angel (1999) 

SrGeO3 Cubic 54.70 189 Akaogi et al. (2005) 

CaTiO3 Orthorhombic 55.941(4) 171(1) Ross and Angel (1999) 

SrTiO3 Cubic 59.66(1) 165(3) Guennou et al. (2010) 

BaTiO3 Cubic 64.3 135 Pruzan et al. (2002) 
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