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absTracT

High-pressure and high-temperature phase relations of FeTiO3 were investigated up to a pressure 
of about 74 GPa and 2600 K by synchrotron X-ray diffraction and analytical transmission electron 
microscopy. We conclude that FeTiO3 ilmenite transforms into the following phase(s) with increasing 
pressure: FeTiO3 (perovskite) at 20–30 GPa, Fe2TiO4 (Ca2TiO4-type) + TiO2 (OI-type) at 30–44 GPa 
and high temperature, FeO (wüstite) + TiO2 (OI) at 30–44 GPa and low temperature, and wüstite + 
FeTi3O7 (orthorhombic phase) above 44 GPa. Among these dense high-pressure polymorphs, FeTi3O7 
is a new compound and its structure analysis was tried using particle swarm optimization simulation. 
This method successfully found a new high-density FeTi3O7 structure, and Rietveld refinement based 
on this model structure gave an excellent fit with the experimentally obtained X-ray diffraction pat-
tern. This new high-density FeTi3O7 structure consists of polyhedra for monocapped FeO7 prisms, 
bicapped TiO8 prisms, and tricapped TiO9 prisms, which develop on the b-c plane and stack along the 
a axis. The dense compound assemblage found in FeTiO3 is promising for investigating the behavior 
of ABX3 compounds under ultrahigh pressures.
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iNTroDucTioN

Many ABX3 compounds crystallize in the perovskite struc-
ture or some distorted derivative of it and they represent an 
important class of materials in physics, materials science, and 
Earth science. Due to its close-packed structure, the perovskite 
structure is stable over a wide range of pressures. However, it 
becomes unstable and transforms into denser structures at very 
high pressures. The discovery of the structural phase transition of 
perovskite into a CaIrO3-type phase at high pressures (Murakami 
et al. 2004; Oganov and Ono 2004) stimulates the investigation of 
further phase transitions and close-packed structures in ABX3 at 
high pressures, which is of fundamental interest in Earth science, 
mineralogy, and crystallography. Experimental and theoreti-
cal studies have suggested several sesquisulfide structures as 
high-pressure forms of post-CaIrO3 structures (Umemoto and 
Wenzcovitch 2008; Yusa et al. 2008; Nishio-Hamane et al. 2009). 
Theoretical calculations based on density functional theory also 
predict several potential structures with ABX3 stoichiometry 
and eventual decomposition into a assemblage of simple com-
pounds (ABX3 → AX + BX2) at ultrahigh pressures (Umemoto 
et al. 2006a; Umemoto and Wenzcovitch 2006; Tsuchiya and 
Tsuchiya 2011). On the other hand, recent experimental studies 
have detected a new dissociation of ABX3 to a dense compound 
assemblage at high pressures (Nishio-Hamane et al. 2010b; 
Okada et al. 2011), namely ABX3 → 2/3AX + 1/3AB3X7 and 
1/2AX + 1/2AB2X5 for FeTiO3 and MnTiO3, respectively. In the 
case of FeTiO3 (Nishio-Hamane et al. 2010b), its dissociation 
product was denser than the CaIrO3 structure and an assemblage 

of wüstite FeO and cotunnite TiO2 predicted by a theoretical 
study (Wilson et al. 2005), although an assemblage of AX and 
cotunnite-type BX2 has often been predicted to be the terminal 
state for ABX3 compounds at ultrahigh pressures. A phase as-
semblage denser than AX + BX2 has not been considered, so 
far. Therefore, the phase relation of FeTiO3 is expected to be 
significant for estimating the ultrahigh-pressure behavior of 
ABX3 compounds such as MgSiO3 and CaSiO3, which may be 
a major component of the deep interiors of giant planets.

During compression at room temperature, FeTiO3 ilmenite 
transforms into the perovskite phase at about 20 GPa; this 
perovskite phase has been observed up to pressures of about 50 
GPa (Wu et al. 2009a, 2009b). However, when the metastable 
lithium niobate phase, which was formed by the retrogressive 
transition from perovskite phase on release of pressure, was used 
as a starting material, the perovskite phase stabilized above about 
16 GPa (Leinenweber et al. 1991). Theoretical calculations at 
0 K predict that the CaIrO3 polymorph will form at 40 GPa and 
that it will dissociate into wüstite and cotunnite TiO2 above 65 
GPa (Wilson et al. 2005). In their experimental study, Wu et 
al. (2009b) claimed that perovskite dissociated to wüstite and 
a Ti-rich phase above 40 GPa by heating, and the Ti-rich phase 
was identified as FeTi2O5 with monoclinic symmetry. We have 
conducted TEM experiments on the recovered sample of our 
experiment and concluded that the Ti-rich phase is orthorhombic 
FeTi3O7 rather than monoclinic FeTi2O5 (Nishio-Hamane et al. 
2010b). We further clarified that wüstite and the orthorhombic 
FeTi3O7 phase assemblage was stable even at about 70 GPa 
after heating to 2000 K. During this work, we have noticed the 
existence of some intermediate phases. Moreover, the structure 
of the orthorhombic FeTi3O7 phase has not been determined yet. * E-mail: hamane@issp.u-tokyo.ac.jp
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It is important to elucidate the phase transitions and the structures 
observed in the FeTiO3 system to constrain the behavior of ABX3 
type compound at ultrahigh pressures.

In this study, we have clarified the phase transitions of FeTiO3 
by performing high-pressure and high-temperature in situ X-ray 
diffraction analysis and transmission electron microscopy ob-
servations. We also found a probable structural model for the 
orthorhombic FeTi3O7 phase based on a particle swarm optimiza-
tion simulation of the crystal structure that is not biased by any 
known structural information (Wang et al. 2010).

experimeNTal aND TheoreTical meThoD
We used a single crystal of FeTiO3 trigonal ilmenite synthesized by Takei 

and Kitamura (1978) as the starting material. This single crystal was powdered 
and mixed with gold as a pressure marker. It was then sandwiched between NaCl 
pellets with 10–15 µm thickness and loaded into a sample chamber that had been 
drilled into a rhenium gasket. High pressures were generated using a lever-type 
diamond-anvil cell with 250 µm flat culet diamonds. The sample was heated by 
irradiating it from two sides with two 20–30 µm diameter beams from two fiber 
lasers. Typical heating duration was up to 15 min in our experiment, and the spatial 
and temporal variations in temperature were within about ±100 K. The pressure at 
high temperature was determined from the unit-cell volume of gold (Fei et al. 2004). 
The pressure error was estimated from the uncertainty of the unit-cell parameter of 
gold and temperature error, which adds up to less than 1.5 GPa. Several samples 
were prepared without gold and the pressure was obtained from the unit-cell volume 
of NaCl and the Raman shift of the diamond anvils for Rietveld refinement and 
ATEM observation, respectively. (Sata et al. 2002: Akahama and Kawamura 2004).

Angle-dispersive X-ray diffraction measurements were conducted in situ at 
high pressure and high temperature using the BL10XU beamline at SPring-8. This 
beamline provides a collimated beam (diameter: 15 µm) of monochromatic X-ray 
radiation (wavelength: 0.41576 Å). X-ray diffraction spectra were recorded using an 
imaging plate detector and an X-ray CCD camera. The sample-to-detector distance 
and inclination of the detector were calibrated using a standard material (CeO2) at 
1 atm. Two-dimensional X-ray diffraction images were integrated with respect to 
2θ to obtain conventional one-dimensional diffraction profiles using IPAnalyzer 
and PDindexer software (Seto et al. 2010).

Some of the recovered samples were observed by analytical transmission 
electron microscopy (ATEM; JEM-2010F, JEOL) using a voltage of 200 kV and 
an energy-dispersive spectrometer (EDS) at the Institute for Solid State Physics 
of the University of Tokyo. Quantitative chemical analysis was performed using 
the experimentally obtained k-factors of the Fe/Ti ratio using FeTiO3 ilmenite 
as a standard, which are correction factors for ATEM-EDS analysis (Cliff and 
Lorimer 1975).

The initial structural model for orthorhombic FeTi3O7 at high pressure was 
estimated by ab initio calculations using the particle swarm optimization technique 
as implemented in the Crystal Structure Analysis by Particle Swarm Optimization 
(CALYPSO) software package (Wang et al. 2010), which is available on the web 
site of the Ma group (http://nlshm-lab.jlu.edu.cn/∼calypso.html). This software is 
designed to search for the structure with the lowest free energy for given external 
conditions and it can predict the stable structure of a given compound based on 
only its chemical composition. This methodology has correctly predicted the 
crystal structures of various systems including elements and compounds, such as 
the high-pressure structures of Li (Lv et al. 2011) and Bi2Te3 (Zhu et al. 2011). In 
the present study, the variable-cell simulations were performed for FeTi3O7 with 
one and two formula units in the simulation cells at 61 GPa.

Rietveld refinement analysis was performed using the RIETAN-FP software 
(Izumi and Momma 2007), and the refinements were performed for multiphase 
samples. Peak profiles were fitted with pseudo-Voigt functions for each phase. 
Throughout the refinement procedure, the isotropic atomic displacement parameters 
were fixed at 1.0 for all atoms.

resulTs aND DiscussioN

Preliminary ATEM observations were conducted to inves-
tigate the decomposition phase assemblage in FeTiO3 at high 
pressures and high temperatures because ATEM can sensitively 
detect the decomposition (if there is any). The dissociation to 

FeO + FeTi3O7 has been already reported above 40 GPa and 
2000 K (Nishio-Hamane et al. 2010b). In the present study, two 
new decomposition assemblages were found in the recovered 
samples synthesized at about 35 GPa. Figure 1 shows bright-field 
transmission images of the samples recovered from 35 GPa. The 
recovered samples consist of a FeO + TiO2 phase assemblage 
(sample heated at 1600 K) and a Fe2TiO4 + TiO2 phase assem-
blage (sample heated at 2000 K) (Table 1). A FeO + FeTi3O7 
phase assemblage was also observed in the sample recovered 
above 40 GPa and high temperature, which is consistent with 
the results of a previous study (Nishio-Hamane et al. 2010b). 
No other dissociation was found in the recovered samples syn-
thesized up to 70 GPa at high temperature.

Figure 1. Bright-field transmission electron microscopy images 
of recovered samples from 35 GPa and (a) 1600 and (b) 2000 K. Two 
decomposition assemblages are obtained depending on the synthesis 
temperature; FeO + TiO2 and Fe2TiO4 + TiO2 phase relations are 
found at 35 GPa and 1600 and 2000 K, respectively. Rhenium (Re) is 
contamination from the gasket during sample preparation by the ion 
milling under a low beam angle.
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Table 1.  ATEM-EDS analysis of product phases recovered from 35 
GPa and 1600 and 2000 K

 35 GPa and 1600 K 35 GPa and 2000 K
 FeO TiO2 Fe2TiO4 TiO2

TiO2 1.2(2) 96.1(35) 31.2(13) 95.8(25)
FeO 98.8(20) 3.9(7) 68.8(23) 4.2(5)
 Total 100 100 100 100
 O = 1 O = 2 O = 4 O = 2
Ti 0.01 0.98 1.01 0.98
Fe 0.97 0.04 1.98 0.04
 Total 0.98 1.02 2.99 1.02

Figure 2. Representative X-ray diffraction pattern for FeTiO3 at high 
pressure and high temperature. (a) FeTiO3 ilmenite transformed into (b) 
perovskite, (c) CaTi2O4-type Fe2TiO4 and OI-type TiO2, (d) wüstite and 
OI, and (e) wüstite and orthorhombic FeTi3O7 with increasing pressure. 
Au = gold; B1 = B1-type NaCl; B2 = B2-type NaCl; CT = CaTi2O4-type 
Fe2TiO4; Ilm = ilmenite; OI = OI-type TiO2; OP = orthorhombic FeTi3O7; 
Pv = perovskite; WP = wüstite. Bars below X-ray diffraction patterns 
indicate the peak positions calculated from the unit-cell parameters 
determined for each phase. The insets give the unit-cell parameters of 
the product phases at high pressure and high temperature.

X-ray diffraction measurements were performed in situ at 
high pressure and temperature to determine the phase relation 
and the structures of the phases. Figure 2 shows representative 
X-ray diffraction patterns for the different phases. The ilmenite 
phase was still stable at 18 GPa and 1790 K (Fig. 2a), while it 
transformed into orthorhombic perovskite at 25 GPa and 1610 K 
(Fig. 2b). Although we observed the perovskite phase at 38 GPa 
at room temperature in the previous work (Nishio-Hamane et al. 
2010b), the X-ray diffraction patterns changed and many diffrac-
tion peaks appeared at 34–40 GPa when heated to 1440–1990 
K. The results of these preliminary ATEM observations assist 
in indexing the phases. The diffraction peaks obtained at 34 
GPa and 1990 K (Fig. 2c) can be indexed as the orthorhombic 
CaTi2O4-type Fe2TiO4 (Yamanaka et al. 2009) and the orthorhom-
bic OI-type TiO2 (Dubrovinskaia et al. 2001; Nishio-Hamane et 
al. 2010b). Cubic B1-type wüstite together with the OI phase 
appeared instead of Fe2TiO4 at 40 GPa and 1440 K (Fig. 2d), 
which is consistent with ATEM observations. We also confirmed 
that CaTi2O4-type Fe2TiO4 was quenchable and that OI-type 
TiO2 reverted to the α-PbO2 phase under ambient conditions. 
Finally, we observed an assemblage of wüstite and orthorhombic 
FeTi3O7 at 54 GPa and 2360 K (Fig. 2e). The latter phase became 
amorphous on releasing the pressure, which is consistent with a 
previous study (Nishio-Hamane et al. 2010b).

Figure 3 summarizes the high-pressure and high-temperature 
phase relation in FeTiO3 determined by the present study. A 
theoretical study predicted the CaIrO3-type phase and an assem-
blage of wüstite and TiO2 cotunnite phases (Wilson et al. 2005). 
However, these phases were not observed at high pressures and 
high temperatures in the present experimental study. Five phase 
assemblages were detected in the phase diagram of FeTiO3 up to 
74 GPa and 2600 K; these phases consist of ilmenite, perovskite, 
1/2 Fe2TiO4 (CaTi2O4-type) + 1/2 TiO2 (OI-type), FeO (wüstite) 
+ TiO2 (OI), and 2/3 FeO (wüstite) + 1/3 FeTi3O7 (orthorhombic 
phase). The ilmenite–perovskite boundary lies around 20 GPa, 
and perovskite was stable up to 30 GPa. Between 30 and 44 
GPa, Fe2TiO4 + OI were observed at high temperatures, whereas 
wüstite was observed instead of Fe2TiO4 at low temperatures. 
The boundary was a positive dP/dT slope, and it can be ap-
proximately described as linear: P (GPa) = 0.025 T (K) – 3.75. 
Wüstite + FeTi3O7 appeared above 44 GPa and was stable up to 
74 GPa and high temperature.

At 61 GPa and 300 K (after heating at 2000 K), X-ray dif-
fraction shows rhombohedral wüstite and orthorhombic FeTi3O7 
phases (Fig. 4). The orthorhombic FeTi3O7 phase can be indexed 
by the I222, I212121, Imm2, and Immm space groups with Z = 2 
in the unit cell (Nishio-Hamane et al. 2010b), but its structure 
has not yet been determined. We used the CALYPSO software 

package (Wang et al. 2010) to obtain the structural model for 
orthorhombic FeTi3O7. Independent particle swarm optimization 
simulations with input parameters of pressure of 61 GPa and 
chemical composition of O:Ti:Fe = 7:3:1 predicted the ortho-
rhombic structure of Imm2 space group with Z = 2, which had 
not been previously determined. These blindly predicted space 
group and Z number are quite consistent with the experimental 
results and thus Rietveld refinement was performed to check the 
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prism TiO9. They form a laminated structure by producing a 
layer of FeO7 and TiO8 polyhedra and a TiO9 polyhedral layer, 
which develop on the b-c plane and stack along the a axis. The 
AB3X7-type oxide compound has been scarcely known even at 
ambient pressure (e.g., Wyckoff 1965), and no compound has 
been reported that decomposes into several phases containing 
such composition under pressure. Moreover, so far we could 
not find any other compounds that have structure similar to that 
reported in the present FeTi3O7.

A series of ATEM observations and in situ X-ray diffraction 
measurements at high pressure and high temperature revealed 
various phase relations in FeTiO3. Figure 5 shows the molar 
volumes of the phases in FeTiO3. As shown in Figure 3, the 
high-pressure transition sequence in FeTiO3 is concluded to 
be ilmenite → perovskite → Fe2TiO4 + OI → wüstite + OI 
→ wüstite + FeTi3O7 around 1500–1800 K isotherm. At room 
temperature, the volume decreases by about 5.3% for ilmenite 
to perovskite, 2.5% to Fe2TiO4 + OI, 1.7% to wüstite + OI, and 
4.1% to wüstite + FeTi3O7 around the transition pressures. As we 
can see from these relations the assemblage of wüstite + FeTi3O7 
has extremely high efficiency of packing and is denser than the 
hypothetical assemblage of wüstite + cotunnite TiO2 calculated 
from its equation of state (Jacobsen et al. 2005; Nishio-Hamane et 
al. 2010a). So far, the possibility of the decomposition containing 

Figure 3. Phase diagram for FeTiO3 at high pressure and high 
temperature determined by in situ X-ray diffraction measurements. 
CT = CaTi2O4-type Fe2TiO4; Ilm = ilmenite; OI = OI-type TiO2; OP = 
orthorhombic FeTi3O7; Pv = perovskite; WP = wüstite. (Color online.)

Figure 4. Observed X-ray diffraction pattern of orthorhombic 
FeTi3O7 (OP) with rhombohedral wüstite (WP) and B2-type NaCl (B2) at 
61 GPa and 300 K (dots) with calculated profile of Imm2 model (curve) 
after Rietveld refinement. The ticks indicate the calculated peak positions 
for each phase. The differences between the observed and calculated 
profiles are shown below the ticks. The final fit resulted in reliability 
factors of Rwp = 0.47%, Rp = 0.35%, and Rp (without background) = 
10.14%. Here Rwp = [Σiwi{yi – fi(x)}2/Σiwiy2]1/2 and Rp = Σi|yi – fi(x)|/
Σiyi are R factors, where yi is the observed intensity at step i, fi(x) is 
the calculated intensity, and wi is the weight. Inset shows the FeTi3O7 
structure, which consists of polyhedra of monocapped FeO7 prisms, 
bicapped TiO8 prisms, and tricapped TiO9 prisms. (Color online.)

validity of the predicted structure. Figure 4 shows the observed 
X-ray diffraction pattern and the calculated profile based on 
the Imm2 model after Rietveld refinement. Rietveld refinement 
converged and yielded Rwp = 0.47%, Rp = 0.35%, and Rp (without 
background) = 10.14%. Table 2 lists the structural parameters 
obtained and the inset of Figure 4 shows the crystal structure 
obtained using the VESTA program (Momma and Izumi 2008). 
The determined structure of FeTi3O7 consists of the polyhedra 
for monocapped prism FeO7, bicapped prism TiO8, and tricapped 

Table 2.  Atomic coordinates of FeTi3O7 with Imm2 symmetry at 61 
GPa and 300 K after refinement

Site x y z
Fe1 0 0 0.665(1)
Ti1 0 0.5 0.205(2)
Ti2 0.2328(3) 0 0.896(2)
O1 0 0 –0.013(4)
O2 0.3013(8) 0 0.607(3)
O3 0.651(1) 0 0.223(2)
O4 0.885(1) 0 0.386(2)
Note: a = 9.9522(5), b = 2.7397(1), c = 5.9953(2) Å, and V = 163.47(1) Å3.

Figure 5. Pressure dependence of the volume of the high-pressure 
phase assemblage in FeTiO3 at 300 K. FeO (WP) + TiO2 (Ctn) is the 
hypothetical assemblage calculated using the equation of state for each 
phase (Jacobsen et al. 2005; Nishio-Hamane et al. 2010b). The pressure 
and volume error is shown within the symbols size. CT = CaTi2O4-type 
Fe2TiO4; Ctn = cotunnite-type TiO2; Ilm = ilmenite; OI = OI-type TiO2; OP 
= orthorhombic FeTi3O7; Pv = perovskite; WP = wüstite. (Color online.)
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such oxide had not been considered at all. This new phase rela-
tion provides an important model for constraining the behavior 
for ABX3 compounds at ultrahigh pressures such as the states 
of MgSiO3 and CaSiO3, which may be major components of the 
deep interiors of giant planets. First-principles density functional 
theory calculations predict that MgSiO3 and CaSiO3 decompose 
into the B2-type monoxide + cotunnite SiO2 at sub-terapascal 
pressures (Umemoto et al. 2006a; Umemoto and Wenzcovitch 
2006; Tsuchiya and Tsuchiya 2011). However, our experimental 
results suggest that the AB3X7-type oxide instead of cotunnite 
SiO2 may produce the denser assemblage even in the silicate 
system. The discrepancy between the theoretical prediction and 
the experiment for the high-pressure behavior of ABX3 has been 
also found in NaMgF3, which is analog material for MgSiO3 
(Umemoto et al. 2006b; Grocholski et al. 2010) Our new model 
has not yet been proposed as a candidate, but our suggestion will 
be important for predicting the mineral assemblage in the deep 
interiors of giant planets.
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