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INTRODUCTION

Recent seismological discoveries have indicated that the 
core-mantle boundary is likely to have more complex features 
than the simple boundary between the silicate mantle and liquid 
iron. There is an abrupt reduction in seismic wave velocity at the 
bottom of the lower mantle, which is called the �ultralow-velocity 
zone� (Mori and Helmberger 1995; Reasoner and Revenaugh 
2000; Rost and Revenaugh 2003; Thorne and Garnero 2004). 
Some candidate explanations of this ultralow-velocity zone 
have been proposed. Partial melting of the mantle rock (Vidale 
and Hedlin 1998), chemical reactions between core and mantle 
materials (Song and Ahrens 1994), or underside sedimentation 
from the core (Buffett et al. 2000) seem to be plausible. Recently, 
several new models explaining the features of the ultralow-ve-
locity zone have been proposed. (1) An iron-rich CaIrO3-type 
(post-perovskite) phase layer exists at the bottom of the D� layer 
(Mao et al. 2004). (2) Subducted relics of banded iron formations 
have accumulated above the core (Dobson and Brodholt 2005). 
(3) A reversed phase transition from a CaIrO3-type phase to a 
perovskite phase occurs at the top of the ultralow-velocity zone 
(Hernlund et al. 2005; Ono and Oganov 2005). The thermoelastic 
properties of the deep mantle minerals are key parameters for 
resolving the origin of the ultralow-velocity zone. Recently, the 
discovery of CaIrO3-type MgSiO3 was prompted by the observa-
tion of CaIrO3-type Fe2O3 (Ono et al. 2004), which transforms 
from corundum to the Rh2O3-type or perovskite phase and then 
to the CaIrO3-type phase under increasing pressure. The transi-
tion pressures from perovskite to the CaIrO3-type phase in pure 
MgSiO3 and in material equivalent in composition to pyrolite 
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ABSTRACT

The structure and equation of state for CaIrO3-type MgSiO3 were determined using high-pressure 
powder X-ray diffraction from 116 to 144 GPa. The CaIrO3-type phase remained stable over this 
entire pressure range. At each pressure increment, the sample was heated with a laser to relax the 
deviatoric stress in the sample. Pressure-volume data could be Þ tted to the Birch-Murnaghan equation 
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4 and 162.86 Å3, respectively. This indicates that the bulk modulus of MgSiO3 decreases when the 
phase transition occurs, because the bulk modulus of perovskite-type MgSiO3 is 250�260 GPa. The 
b axis of the unit-cell parameter was more compressive than the a and c axes. The unit-cell volumes 
at high pressures, observed in high-pressure experiments, were slightly smaller than those predicted 
by theoretical studies. 
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mantle have been determined by both theoretical and experimen-
tal studies (Oganov and Ono 2004; Tsuchiya et al. 2004; Ono 
and Oganov 2005). Theoretical studies have also determined the 
thermoelastic parameters of the CaIrO3-type phase. Although the 
thermoelastic parameters are important in assessing these new 
models of the ultralow-velocity zone, these parameters have not 
been determined in high-pressure experiments.

In this study, we used laser heating and powder X-ray diffrac-
tion methods with a synchrotron radiation source. The isothermal 
bulk modulus of CaIrO3-type MgSiO3 was determined at room 
temperature using pressure-volume data up to 144 GPa. We also 
compare the structural properties predicted theoretically by ab 
initio calculations with those observed in this study. 

EXPERIMENTAL METHODS

High-pressure X-ray diffraction experiments were performed using a laser-
heated symmetrical-type diamond anvil cell (DAC) with a 50° conical aperture 
combined with synchrotron radiation. Synthetic MgSiO3 enstatite was mechanically 
ground in an agate mortar to ensure homogeneity and a sufÞ ciently Þ ne grain size 
(less than a few micrometers). Gold powder, mixed with the sample, was used as 
an internal pressure calibrant and a heat source for laser heating. NaCl was used 
as a pressure-transmitting medium to reduce deviatoric stress and temperature 
gradients in the sample. A small pellet of the sample, with a thickness of about 
10 µm, was produced using a hand press. The sample was embedded in the NaCl 
pressure-transmitting medium. The sample was heated with a multi-mode YAG 
laser to synthesize the CaIrO3-type phase. The size of the heating spot was about 
50 µm. After each change in pressure, the sample was heated using the YAG laser 
to reduce the generation of pressure inhomogeneity in the sample. After laser heat-
ing, the shape of each peak in the diffraction pattern became signiÞ cantly sharper. 
This indicates that heating reduced the deviatoric stress in the sample chamber. 
Some reliable studies of equations of state for high-pressure minerals have been 
reported using this laser-heated annealing method (Shim et al. 2000; Andrault et 
al. 2003). The samples were probed with an angle-dispersive diffraction technique 
using a monochromatic incident X-ray beam at the synchrotron beam lines BL13A, 
Photon Factory (Ono et al. 2005a) and BL10XU, SPring-8 (Ono et al. 2005b). 



ONO ET AL.: EQUATION OF STATE OF CAIRO3-TYPE 476

The X-ray beams were collimated to a diameter of 15�30 µm, and the angle-
dispersive diffraction patterns were obtained on an imaging plate. The maximum 
2θ (θ = Bragg angle) value was about 25o. The incident X-ray wavelength (λ = 
0.4268 or 0.4112 Å) and detector-to-sample distance (D = 290.75 or 345.96 mm) 
were calibrated using two X-ray diffraction patterns of a standard CeO2 reference 
sample at different detector-to-sample distances. To adjust the sample position 
in the X-ray beam accurately, we monitored the X-ray beam intensity distribu-
tion transmitted through the DAC by scanning the DAC stage (Ono and Ohishi 
2005). The scanning step was 4 µm for an area of 100 × 100 µm. Therefore, the 
X-ray beam position could be controlled with a precision less than 5 µm. The 
experimental geometry has been reported elsewhere (Ono et al. 2005a, 2005b). 
The observed intensities on the imaging plates were integrated as a function of 2θ 
using the ESRF Fit2d code (Hammersley et al. 1996). Diffraction peak positions 
were determined using a peak-Þ tting program. The pressure was determined from 
the observed unit-cell volume of gold from the gold equations of state of Anderson 
et al. (1989), Jamieson et al. (1982), and Dewaele et al. (2004). Equation of state 
parameters for CaIrO3-type MgSiO3 were obtained by a weighted least-squares Þ t 
(Angel 2000) to the pressure-volume data of the Birch-Murnaghan equation of state 
(Birch 1947). Rietveld reÞ nements were also made to selected X-ray diffraction 
patterns using the GSAS program (Larson and von Dreele 1994). In the Þ rst step, 
only the scale factor and background parameters were reÞ ned. The cell constants 
and FWHM parameters were then reÞ ned. Finally, other parameters including the 
atomic coordinates were reÞ ned.

RESULTS AND DISCUSSION 
At Þ rst, the sample was compressed directly at pressures 

higher than 120 GPa, corresponding to the stability Þ eld of 
CaIrO3-type MgSiO3, which was determined by both theoreti-
cal and experimental studies (Oganov and Ono 2004; Tsuchiya 
et al. 2004; Ono and Oganov 2005). Before laser heating, the 
diffraction pattern showed broad peaks for gold and B2-type 
NaCl and no MgSiO3 phases were synthesized. Next, the sample 
was heated to about 1500�2500 K to relax the differential stress 
and to synthesize CaIrO3-type MgSiO3. After conÞ rmation that 
many new peaks appeared during heating in addition to the dif-
fraction peaks for gold and NaCl, the temperature was reduced 
slowly to 300 K, because rapid temperature quenching induces a 
signiÞ cant differential stress in the sample chamber. The powder 
X-ray diffraction data for the sample at 300 K revealed that the 
synthesized MgSiO3 phase had a CaIrO3-type structure with an 
orthorhombic cell (space group, Cmcm). Figure 1 shows the 
Rietveld reÞ nement for a selected pattern of the CaIrO3-type 
structure of MgSiO3 after laser heating. The determined atomic 
coordination is shown in Table 1. In CaIrO3-type MgSiO3, Z = 2, 
with sixfold silicon and eightfold magnesium coordinations. The 
SiO6 octahedra share edges and the octahedral sheets are stacked 
along the b axis with an interlayer of magnesium atoms. Table 
1 also shows a comparison of the observed and predicted cell 
parameters and atomic coordinations. The observed data in this 
study are generally consistent with those predicted by ab initio 
calculations (Oganov and Ono 2004; Tsuchiya et al. 2004).

The sample was heated with the laser after each pressure 
increment, before the X-ray diffraction measurements were 
made. In addition to the diffraction peaks for CaIrO3-type 
MgSiO3, there were some intense diffraction peaks for both the 
internal pressure calibrant, gold, and the pressure-transmitting 
medium, NaCl. However, most diffraction lines that were free 
from interference allowed CaIrO3-type MgSiO3 to be identiÞ ed 
and its unit-cell dimensions to be reÞ ned. The measured unit-
cell parameters and volumes are shown in Table 2. The b axis 
was approximately 30% more compressible than the a or c axis, 

which had similar compressibilities. 
The variation in the volume of CaIrO3-type MgSiO3 with 

pressure is shown in Figure 2. The pressure-volume data were 
used for a least-squares Þ t of the Birch-Murnaghan equation 
of state,
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FIGURE 1. Rietveld reÞ nement for CaIrO3-type MgSiO3. The raw data 
(crosses) were obtained at 116 GPa and 300 K (after heating). The upper 
and lower solid lines represent the calculated and the difference curves, 
respectively. The wavelength of the monochromatic incident X-ray beam 
was 0.4112 Å. The vertical bars show the reß ection positions for each 
phase (upper, CaIrO3-type MgSiO3; middle, B2-type NaCl; lower, gold). 
The reÞ ned structural parameters are shown in Table 1.

TABLE 1. Comparison of structural data for the CaIrO3-type MgSiO3

 Experiment Theory* Theory†

Cell parameters    
 a (Å) 2.4687(5) 2.4738 2.462
 b (Å) 8.1165(20) 8.1209 8.053
 c (Å) 6.1514(13) 6.1382 6.108
 V (Å3) 123.26(3) 123.31 121.10
Atomic coordinates    
Mg (0,y,1/4) y 0.2565(16) 0.2532 0.253
Si (0,0,0)    
O1 (0,y,1/4) y 0.9430(26) 0.9276 0.927
O2 (0,y,z) y 0.6400(14) 0.6356 0.637
 z 0.4424(25) 0.4413 0.441
Interatomic distances    
 Mg-O1 (Å) 1.953 (×2) 1.880 (×2) 1.865 (×2)
 Mg-O2 (Å) 1.954 (×4) 1.955 (×4) 1.936 (×4)
  2.070 (×2) 2.099 (×2) 2.084 (×2)
 Si-O1 (Å) 1.606 (×2) 1.643 (×2) 1.636 (×2)
 Si-O2 (Å) 1.715 (×4) 1.695 (×4) 1.692 (×4)

Notes: Experimental data were obtained at 116 GPa and 300 K. 
* Oganov and Ono (2004) at 120 GPa. 
† Tsuchiya et al. (2004) at 120 GPa. Space group of CaIrO3-type phase is Cmcm (Z = 
4). Reliability factors are Rp = 0.0074, Rwp = 0.0152, Rf

2 = 0.1567, and Ddw = 0.186. Rp 
= [Σ|Iobs-Ical|]/ΣIobs. Rwp = {Σ[w(Iobs-Ical)2]/Σ[wIobs2]}1/2, where Iobs = observed intensity, 
Ical = calculated intensity, and w = 1/Iobs. Rf

2 = R-structure factor based on observed 
and calculated structure amplitudes. Ddw = Durbin-Watson index.
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K0' are likely to be large. Therefore, the data were constrained by 
Þ xing K0' equal to 4. V0 was also Þ xed to 162.86 Å3, which was 
calculated theoretically (Oganov and Ono 2004). The error in 
pressure was less than 0.5 GPa, based on the lattice parameters 
calculated from the gold diffraction lines. However, using dif-
ferent equation of state values for the gold pressure calibrant, the 
discrepancy in experimental pressure was greater than 10 GPa at 
very high pressures (Jamieson et al. 1982; Anderson et al. 1989; 
Dewaele et al. 2004). Therefore, we estimated the equation of 
state for CaIrO3-type MgSiO3 using each equation of state deter-
mined for the gold pressure calibrant. Using all the data, values 
of 237(1), 226(1), and 248(1) GPa were obtained for Anderson�s, 
Jamieson�s, and Dewaele�s gold standards, respectively. The vol-
ume data predicted by theoretical calculations are also plotted in 
Figure 2. The predicted volumes of CaIrO3-type MgSiO3 were 
slightly greater than those obtained in our experiments. 

It was difficult to acquire volume data for CaIrO3-type 
MgSiO3 at pressures below 110 GPa, because the CaIrO3-type 
structure is metastable under these conditions. There seems to 
be signiÞ cant uncertainty in the estimated parameters of the 
equation of state at 0 GPa. Therefore, we also calculated the 
isothermal bulk modulus and volume using Anderson�s gold 

standard (Anderson et al. 1989) at 110 GPa, which corresponds 
to the transition pressure of CaIrO3-type MgSiO3. ReÞ nement 
yielded the equation-of-state parameters K110GPa = 577(20) GPa 
and V110GPa = 124.50(13) Å3 when the Þ rst pressure derivative of 
the bulk modulus was Þ xed at 4. 

The isothermal bulk modulus determined in this study 
is compared with those from other studies in Table 3. The 
room-temperature bulk modulus determined in this study is in 
excellent agreement with those at 0 K predicted by ab initio 
calculations (Oganov and Ono 2004; Tsuchiya et al. 2004). In 
general, the bulk modulus increases when the pressure-induced 
phase transformation occurs, because the dense structure is less 
compressible at high pressures. However, previous theoretical 
studies have predicted that the bulk modulus of MgSiO3 de-
creases when the perovskite-CaIrO3 transition occurs. The bulk 
moduli of perovskite-type MgSiO3 determined in previous ex-
perimental studies are also shown in Table 3. The bulk modulus 
of CaIrO3-type MgSiO3 determined in this study is smaller than 
those of perovskite-type MgSiO3. This indicates that the values 
measured in high-pressure experiments are consistent with 
theoretical predictions.
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FIGURE 2. Pressure-volume data for CaIrO3-type MgSiO3 at 300 K. 
The powder X-ray diffraction results are shown by the squares (Anderson 
et al. 1989) and circles (Jamieson et al. 1982). Dashed curves: third-order 
Birch-Murnaghan equation Þ t, K0 = 236(1) and 225(1) GPa, K0' is Þ xed 
to 4, using Anderson�s and Jamieson�s pressure scales. V0 is Þ xed to 
162.86 Å3, which was obtained with a theoretical study using the local 
density approximation (LDA) method (Oganov and Ono 2004). The solid 
line represents the volume change of CaIrO3-type MgSiO3 calculated by 
Oganov and Ono (2004).

TABLE 3.  Comparison of the isothermal bulk modulus of CaIrO3- and 
perovskite-type MgSiO3

K0  (GPa) K0’  V0  (Å3) P standard References

CaIrO3-type
237(1) 4 (fi xed) 162.86(fi xed) Au* This study
226(1) 4 (fi xed) 162.86(fi xed) Au† This study
248(1) 4 (fi xed) 162.86(fi xed) Au‡ This study
231.93 4.43 162.86  LDA calculation§
222 4.2 163.81  LDA calculation||

Perovskite-type
261 4 (fi xed) 162.49 Au* Mao et al. (1991)
253 3.9 162.27 Pt† Fiquet et al. (2000)

Notes: K0 and K0’ are the isothermal bulk modulus and the fi rst derivative of the 
isothermal bulk modulus at 300 K. Diff erent pressure scales were used to calculate 
the isothermal bulk modulus. 

* Anderson et al. (1989). 
† Jamieson et al. (1982). 
‡ Dewaele et al. (2004). 

§ Oganov and Ono (2004). 
|| Tsuchiya et al. (2004). 

TABLE 2.  Lattice parameters and volumes of CaIrO3-type MgSiO3 to 144 GPa
Gold      MgSiO3  
a (Å) P (GPa)* P (GPa) † P (GPa)‡ a (Å) b (Å) c (Å) V (Å3)

3.6862 (2) 116.1(1) 111.5(1) 121.4(1)  2.469 (1) 8.117 (3) 6.151 (2)  123.26 (8) 
3.6654 (5) 128.5(3) 122.7(3)  134.4(3) 2.462 (3) 8.070 (8)  6.090 (7) 121.01 (23)
3.6572 (9) 133.6(5)  127.3(5)  139.7(5) 2.250 (3) 8.026 (7)  6.107 (7) 120.11 (22)
3.6480 (5) 139.5(3) 132.6(3)  145.9(3)  2.444 (4) 8.029 (9) 6.073 (7)  119.17 (26)
3.6455 (8) 141.2(5)  134.1(5)  147.7(5)  2.439 (2) 7.990 (6)  6.072 (4)  118.33 (16)
3.6407 (5) 144.4(2) 137.0(2) 151.1(2) 2.436 (3) 7.986 (7) 6.061 (5) 117.91 (19)

Notes: Numbers in parentheses represent the error of lattice parameters. 
* Anderson et al. (1989). 
  † Jamieson et al. (1982). 
 ‡ Dewaele et al. (2004).
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