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Abstract

Elastic wave velocities of polycrystalline hematite have been measured at simultaneously high pressures and temperatures up

to 6.5 GPa and 1100 K using ultrasonic interferometry in conjunction with synchrotron X-ray techniques. Here, a pronounced

pressure-induced anomaly in the shear wave velocity of hematite is observed at ˜3.5 GPa and 300 K, which is attributed to

the occurrence of (weak)ferromagnetic-to-antiferromagnetic Morin transition of hematite upon compression. By contrast, this

anomalous behavior in VS at high pressure is unexpected absence in VP. With further increase of pressures and temperatures

up to 6.5 GPa and 1100 K, no apparent discontinuity is observed in sound velocities, probably resulting from the Néel transition

in hematite. Using two-dimensional linear fitting approaches, the bulk and shear moduli and their pressure and temperature

dependences for hematite are derived. These findings and new high-P thermoelasticity data will be of significant importance

for its geophysical and materials science implications.
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 Revealing Morin transition-induced anomaly in the shear wave velocity at high pressure9
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 Understanding the mechanism for anomalous behavior in Vs at high pressure, and12

providing consequences for modelling of the Earth’s interior13

14

Abstract15

Elastic wave velocities of polycrystalline hematite have been measured at simultaneously high16

pressures and temperatures up to 6.5 GPa and 1100 K using ultrasonic interferometry in17

conjunction with synchrotron X-ray techniques. Here, a pronounced pressure-induced18

anomaly in the shear wave velocity of hematite is observed at ~3.5 GPa and 300 K, which is19

attributed to the occurrence of (weak)ferromagnetic-to-antiferromagnetic Morin transition of20

hematite upon compression. By contrast, this anomalous behavior in VS at high pressure is21

unexpected absence in VP. With further increase of pressures and temperatures up to 6.5 GPa22

and 1100 K, no apparent discontinuity is observed in sound velocities, probably resulting23

from the Néel transition in hematite. Using two-dimensional linear fitting approaches, the24
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bulk and shear moduli and their pressure and temperature dependences for hematite are25

derived. These findings and new high-P thermoelasticity data will be of significant26

importance for its geophysical and materials science implications.27

28

1. Introduction29

Iron-bearing oxides have attracted considerable interest, and play an important role in the30

mineralogy of Earth’s mantle and outer core, due to their complex crystal structure, sound31

velocities, magnetic and elastic properties under high pressure-temperature (P-T) conditions.32

Hematite (α-Fe2O3), as an important end-member of FeO-Fe2O3 series (i.e., FeO wüstite,33

Fe2O3 hematite, Fe3O4 magnetite, a new Fe4O5 compound, and so on) in geophysics, is of34

particular interest for the understanding of high P-T behaviors and properties of ferric oxides35

in the composition, the unclear role of Fe3+ in the nature and dynamics of the Earth’s mantle,36

as well as the technological applications (Bykova et al., 2016; Tuček et al., 2015; Shim et al.,37

2009; Dobson et al., 2005; Ovsyannikov, et al., 2012; Badro et al., 2002; Pasternak et al.,38

1999; Rozenberg et al., 2002; Olsen et al., 1991; Ito et al., 2009; Bykova, et al., 2013; Ono et39

al., 2005; Liu et al., 2003; Schouwink, et al., 2011).40

Under ambient conditions, hematite is a thermodynamically stable iron oxide with a41

corundum hexagonal-close-packed (hcp) crystal structure, where the Fe3+ cations are located42

in distorted oxygen octahedra (Pauling and Hendricks, 1925). Below the Morin temperature43

(TM) of ~263 K, Fe2O3 is preferred to adopt an antiferromagnetic (AFM) structure, and it44

transforms into a weakly ferromagnetic (FM) phase above its Morin temperature, owing to a45

slight canting in the alignment of the antiferromagnetic planes in the corundum structure until46

the Néel temperature of ~948 K (Morrish, 1994; Shull, et al., 1951; Amin and Arajs, 1987). It47

was ever proposed that the pressure-temperature boundary from the Morin transition was48

quite sensitive to both the pressure condition and sample microstructure (Liebermann et al.,49
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1968, 1970, 1986; Sato and Akimoto, 1979; Praise et al., 2006; Syono et al., 1984). At high50

pressure, the TM exhibited a dramatic rise and reached room temperature upon compression up51

to around 2-5 GPa, as determined by the variations in magnetic and elastic properties with52

pressures (Liebermann et al., 1968, 1970, 1986; Sato and Akimoto, 1979; Praise et al., 2006;53

Syono et al., 1984; Bezaeva et al., 2015).54

To date, numerous studies on the structural evolution in compressed Fe2O3 have been55

carried out using various experimental high-pressure techniques (e.g., dynamic shock-wave56

and static compression experiments), however, the crystal structure, phase stability and57

magnetic properties of Fe2O3 at high pressure still remain open questions (Shim et al., 2009;58

Badro et al., 2002; Pasternak et al., 1999; Rozenberg et al., 2002; Olsen et al., 1991; Ito et al.,59

2009; Ono et al., 2005; Syono et al., 1984; Bezaeva et al., 2015; Greenberg et al., 2018;60

Sanson et al., 2016). For example, at pressures above ~50 GPa, α-Fe2O3 undergoes a61

first-order phase transition from the corundum-type hematite structure to a metallic62

high-pressure phase (also called Mott insulator-metal transition), which is accompanied by a63

remarkable volume collapse of ~10% (Shim et al., 2009; Badro et al., 2002; Pasternak et al.,64

1999; Rozenberg et al., 2002; Olsen et al., 1991; Ito et al., 2009; Ono et al., 2005; Syono et al.,65

1984; Bezaeva et al., 2015; Greenberg et al., 2018; Sanson et al., 2016). Previous66

high-pressure x-ray diffraction and Mössbauer spectroscopy studies reported a high-pressure67

new phase having an orthorhombic perovskite structure (space group: Pbnm) (Olsen et al.,68

1991; Syono et al., 1984), which was controversial to the recent result by Pasternak et al.69

(1999) using the combined experimental techniques of X-ray diffraction, Mössbauer70

spectroscopy and electrical resistance measurements. As identified only from the X-ray71

diffraction observations, it is difficult to determine what the exact structure of the new72

high-pressure phase is? However, the recent Mössbauer spectroscopy measurements showed73

that only one Fe3+ site was observed in the new high-pressure phase, indicating that the new74
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phase may be ascribed to the Rh2O3(II)-type structure, but not the orthorhombic75

perovskite-type one (Pasternak et al.,1999).76

Bulk and shear moduli, as well as their pressure and temperature dependences of77

minerals/materials are important parameters in understanding their high P-T behavior and78

physical properties. The equation of state and compressibility/bulk modulus (K0) of hematite79

have been studied by synchrotron-based static compression experiments and theoretical80

calculations, however, these reported values are still quite scattered and not well constrained,81

ranging from 199 GPa to 241.7 GPa with the associated pressure derivative (∂K/∂P) changing82

from 3.1 to 4.53 (Olsen et al., 1991; Liebermann et al., 1968, 1970, 1986; Sato and Akimoto,83

1979; Wilson and Russo, 2009; Finger and Hazen, 1980; Catti et al., 1995). Sound velocities84

and elasticity of single-crystal and polycrystalline hematite first have been measured at85

pressures up to 3 kbar and temperatures of 200~300 K by Liebermann et al. (1968, 1970,86

1986), where the changes in the elastic moduli (i.e., bulk and shear moduli) across the87

magnetic Morin transition of TM =261 K for hematite at ambient pressure were observed88

(Liebermann et al.,1970, 1986), and the new elasticity data were reported as K0 = 206.6 GPa89

and G0 = 91.0 GPa with the associated pressure derivatives of K’ = 4.53 and G' = 0.7390

(Liebermann et al.,1970, 1986).91

Despite the importance of iron-bearing oxides (i.e., FeO-Fe2O3 system), to date, most92

previous studies are focused on the phase transition and/or compressibility/bulk modulus at93

high pressure and ambient temperature, only elucidating the nature of pressure-induced phase94

transformation and/or bulk modulus/density changes vs. pressures (Shim et al., 2009; Badro et95

al., 2002; Pasternak et al., 1999; Rozenberg et al., 2002; Olsen et al., 1991; Ono et al., 2005;96

Liu et al., 2003). Very few attention has been devoted to studying the sound velocities and97

elasticity of α-Fe2O3 hematite at high pressure (Liebermann et al., 1968, 1970, 1986), let alone98

at the simultaneous high-pressure and high-temperature conditions, especially in terms of the99
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shear-related properties. In this study, simultaneous high-pressure and high-temperature100

sound-velocity measurements on polycrystalline α-Fe2O3 hematite are performed in a large101

volume press using the state-of-the-art technique of ultrasonic interferometry in conjunction102

with x-ray diffraction and radiographic imaging (Zou et al., 2012, 2013, 2018a, 2018b; Liu et103

al., 2007; Irifune et al., 2008). Here, we reveal pressure-induced anomalies in the shear104

properties of hematite, and explore the mechanisms underlying this abnormal behavior. An105

internally consistent set of new thermoelasticity data for hematite is also reported based on106

our currently measured sound velocities and densities data.107

108

2. Experimental Methods109

The polycrystalline α-Fe2O3 hematite specimen used in the current study was110

commercially obtained from Trans-Tech. Inc., USA. Acoustic compressional (P) and shear (S)111

wave velocities of polycrystalline α-Fe2O3 hematite were simultaneously measured at high112

pressure and high temperature using ultrasonic interferometry in conjunction with synchrotron113

x-ray diffraction and x-radiographic imaging techniques in a multi-anvil apparatus at the114

National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, USA. The115

experimental setup and the pressure-temperature (P-T) path for the present experiments are116

shown in Fig. 1(a) and 1(b), where each point represents a pressure-temperature (P-T)117

condition that x-ray diffraction and acoustic data for α-Fe2O3 hematite are collected. Details of118

the high P-T cell assembly can be found elsewhere (Zou et al., 2012, 2013, 2018a, 2018b; Liu119

et al., 2007; Irifune et al., 2008). Briefly, a mixture of amorphous boron and epoxy resin was120

used as the pressure-transmitting medium, and a graphite furnace was used as a heating121

element. The temperature was directly measured by a W/Re25%-W/Re3% thermocouple122

located immediately next to the specimen. The α-Fe2O3 hematite specimen was embedded in a123

NaCl and h-BN powder mixture (10:1 wt %), which can provide a hydrostatic environment124
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for the sample.125

A dual-mode LiNbO3 transducer (10°Y cut) was mounted outside the pressure chamber,126

which can generate and receive P and S waves simultaneously. Travel times were measured127

using the transfer function method with a standard deviation of ~0.4 ns for the S wave and128

~0.2 ns for the P wave (Zou et al., 2012, 2013, 2018a, 2018b; Liu et al., 2007; Irifune et al.,129

2008). The sample length at high pressure and/or high temperature was directly derived by the130

x-radiographic imaging method. During our experiments, x-ray diffraction patterns for both131

the specimen and NaCl pressure marker were collected using a solid-state detector with a132

diffraction angle of 2θ ≈ 6.45°. The x-ray diffraction patterns of the sample were refined to133

determine the unit-cell volumes and hence the densities.134

135

3. Results and Discussion136

At ambient conditions, the polycrystalline Fe2O3 hematite possesses a137

hexagonal-close-packed (hcp) crystal structure, where the Fe3+ cations are located in distorted138

oxygen octahedra, as shown in Fig. 1(c). In this experiment, we performed five139

heating/cooling cycles at pressures and temperatures up to 6.5 GPa and 1100 K, as shown in140

Fig. 1(b). The sample was annealed at the peak P-T of each cycle for several minutes to141

release nonhydrostatic stress accumulated in the chamber during cold compression. After142

annealing, we collected the data of ultrasonic travel times, x-ray diffraction and143

x-radiographic imaging data at each P-T condition. Representative echo trains for the144

compressional wave (50 MHz) from the interfaces (between the anvil and the buffer rod, the145

buffer rod and the sample, and the sample and the pressure marker) at 6.5 GPa and 1100 K are146

shown in Fig. 1(d). It is found that echoes from these interfaces can be clearly identified,147

ensuring a precise determination of the compressional and/or shear travel times even at the148

highest P-T conditions.149
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Prior to our ultrasonic measurement experiments, the purchased polycrystalline hematite150

specimen is characterized by x-ray diffraction and SEM observations in Figs. 2(a)-(c),151

showing that the as-measured hematite mineral has a pure hexagonal-close-packed (hcp)152

structure [in Fig. 2(c)] and free of visible microcracks. The bulk density of the bulk hematite153

specimen used in this study is ~5.24(2) g/cm3 as determined by the Archimedes immersion154

method, reaching ~99.5% of the theoretical x-ray density of 5.267 g/cm3. This means that the155

porosity of the specimen is about 0.5%, indicating a negligible effect on the elasticity of156

polycrystalline hematite within uncertainties. After annealing and resintering of the bulk157

hematite mineral at the peak P-T conditions of 6.5 GPa and 1100 K, a typical x-ray diffraction158

pattern of hematite at 6.5 GPa and 1100 K is shown in Fig. 2(b), indicating that the specimen159

is still a corundum-structured material, and no other phases such as wüstite or magnetite are160

observed throughout the current high P-T experiments. Further SEM analyses of the161

recovered hematite from the current ultrasonic measurements show that the specimen exhibits162

an equilibrated and homogeneous microstructure with an average grain size of ~500 nm [in163

Fig. 2(c)]. Further energy-dispersive x-ray composition measurements (SEM-EDX) on the164

recovered specimen yield a stoichiometric Fe2O3 composition within uncertainties.165

As shown in Fig. 2(d), the compressional (VP) and shear (VS) wave velocities of hematite166

at 300 K after annealing are plotted as a function of pressure. Clearly, the shear wave167

velocities (VS) exhibit a pronounced pressure-induced discontinuity at ~3.5 GPa after168

annealing along cooling, which is absence of the compressional wave velocities (VP) with169

pressures up to ~4.6 GPa. This pressure-induced anomaly in VS is proposed to be attributed to170

the occurrence of Morin transition of α-Fe2O3 hematite upon compression, also called the171

(weak)ferromagnetic-to-antiferromagnetic phase transition (see in Fig. S1), which agrees well172

with the previously reported results by in situ acoustic velocity measurements at high pressure173

where a pronounced discontinuity occurred at ~3 GPa by Liebermann et al., (1970, 1986), and174



- 8 -

is also consistent with the observations from the previous high-pressure magnetic and175

electrical measurements near 2~5 GPa at room temperature (Ovsyannikov et al., 2012).176

To further explore the pressure-induced anomaly in the shear behavior, elasticity of bulk177

(KS) and shear (G) moduli as a function of pressure are shown in Fig. S2. Clearly, the178

above-mentioned pressure-induced anomaly in shear velocity is also observed in the shear179

modulus upon compression by direct high-pressure sound velocity measurements. By contrast,180

this anomalous behavior is absent in the pressure-volume (P-V) data from our static181

compression experiments combined with synchrotron x-ray diffraction study, further182

indicating that this anomaly is not a volume-related structural transition at high pressure.183

To know about the high P-T behavior of hematite, the density changes of hematite with184

pressures and temperatures derived from the current synchrotron x-ray diffraction data are185

shown in Fig. 3(a). Clearly, the density increases with pressures and decreases with186

temperatures without dramatic density collapses or jumps observed during the current P-T187

range. When fitting the current densities data to a two-dimensional equation188

of  ,3000 







 T
T

P
P


 we obtained the ambient-condition density of ρ0 = 5.251(5)189

g/cm3 for hematite, and its pressure and temperature derivatives of 


P


0.027(2)190

g·cm-3·GPa-1 and 


T


-0.00016(1) g·cm-3·K-1.191

Fig. 3(b) and 3(c) show the compressional and shear wave velocities of Fe2O3 hematite192

along different isotherms under high pressure. It is found that the compressional wave193

velocity exhibits a monotonical increase with pressures and a decrease with temperatures up194

to 6.5 GPa and 1100 K. At temperatures above 300 K, however, the shear wave velocity (VS)195

shows a normal behavior without an apparent Morin-transition-induced discontinuity as196

mentioned in Fig. 2(d) and Fig. S1-S2 where a pressure-induced anomalous shear wave197
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velocity occurs at ~3.5 GPa and 300 K. This result indicates that the hematite is absence of198

the occurrence of the Morin transition or the (weak)ferromageitic-to-antiferromagnetic phase199

transition at the current pressure range and temperatures above 300 K.200

Based on the acoustic velocities and densities,the bulk and shear moduli are calculated201

using 3/42 GBV SP  and GVS 2 , and the results are shown in Figs. 3(d) and 3(e).202

Clearly, the pressure-induced anomaly in VS at ~3.5 GPa and room temperature is also203

observed in the derived shear moduli at 300 K (see in Fig. 3e), but is absent in the shear204

moduli at temperatures higher than 300 K. When fitting all the experimental data at the entire205

P-T conditions of this study to the two-dimensional linear equation of206

 ,3000 







 T
T
MP

P
MMM we obtained the adiabatic ambient-condition bulk and shear207

moduli as well as their pressure and temperature derivatives, yielding KS0= 235.7(8)GPa, G0=208

87.9(3) GPa, ∂KS/∂P = 3.08(23), ∂G/∂P = 1.45(9), ∂KS/∂T = −0.026(2) GPa/K, and ∂G/∂T =209

-0.020(1) GPa/K (see Fig. 3 & Table 1).210

However, it is worth noting that the above-mentioned pressure-induced anomaly in the211

shear behavior of hematite occurred at pressures above ~3.5 GPa and 300 K after annealing212

(see Fig. 1d and Fig. S1-S2), which is attributed to the pressure-induced Morin transition or213

the (weak)ferromagnetic-to-antiferromagnetic phase transition upon compression. Therefore,214

it is reasonable to include only the weak-ferromagnetic Fe2O3 data, but exclude the215

antiferromagnetic Fe2O3 data during fitting. Fitting of all the weak-ferromagnetic phase data216

(antiferromagnetic phase data are excluded) of hematite to the two-dimensional linear217

equation yields KS0 = 235.4(8)GPa, G0 = 88.0(3) GPa, ∂KS/∂P = 3.29(25), ∂G/∂P = 1.36(10),218

∂KS/∂T = −0.027(2) GPa/K, and ∂G/∂T = -0.019(1) GPa/K (see Fig. 4 & Table 1).219

Clearly, the derived bulk and shear moduli as well as their temperature dependences by220

using the above two fits at different P-T ranges are almost the same values within their mutual221

uncertainties (see Table 1). However, the weak-ferromagnetic α-Fe2O3 exhibits a stronger222
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әKS/әP = 3.29 and a weaker әG/әP = 1.36, as compared to those (әKS/әP = 3.08, әG/әP = 1.45)223

for the nominal two phases (weak-ferromagnetic + antiferromagnetic mixture phases)224

compounds at the entire P-T range.225

Our experimentally obtained elasticity of bulk and shear moduli of α-Fe2O3 hematite and226

their pressure and temperature dependences are summarized in Table 1 for comparison with227

previous studies (Olsen et al., 1991; Liebermann et al., 1968, 1970, 1986; Sato and Akimoto,228

1979; Wilson and Russo., 2009; Finger and Hazen., 1980; Catti et al., 1995). It is found that229

our obtained bulk modulus of KS0 = 235.4(8) GPa for weak-ferromagnetic α-Fe2O3 hematite is230

in good agreement with the directly acoustic result of KS0 = 241.7 GPa by Liebermann et al,231

(1970, 1986), and is also consistent with the previously synchrotron-based static compression232

experiments of K0 = 230~231 GPa within mutual uncertainties (Olsen et al., 1991; Sato and233

Akimoto, 1979; Catti et al., 1995), but ~12% higher than the sound velocity result of KS0 =234

206.6 GPa for the antiferromagnitic α-Fe2O3 (Liebermann et al., 1968), and the theoretical235

result of ~215 GPa (Wilson and Russo, 2009). This difference may be due to the use of236

different experimental techniques and the well-known debinding of GGA for theoretical237

calculations. For shear modulus, our experimentally derived G0 = 88.0 GPa is consistent well238

with the previous acoustic studies by Liebermann et al. (G0 = 91.0 GPa) for antiferromagnetic239

phase (Liebermann et al., 1968).240

As shown in Table 1, our obtained pressure dependence of the bulk modulus әKS/әP =241

3.29(25) for weakferromagnetic α-Fe2O3 hematite from the current synchrotron-based242

acoustic study is in good agreement with the previous static compression experiments of243

әKS/әP=~3.5 by Olsen et al. (1991) and Catti et al. (1995), as well as the theoretically244

predicted әKS/әP=3.1 (Wilson and Russo, 2009). However, our obtained pressure-dependence245

in bulk modulus (әKS/әP=3.1) is significantly lower than the acoustic results of әKS/әP=4.53246

by Liebermann et al. (1968) for antiferromagnetic phase of α-Fe2O3. This large discrepancy247
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may be due to the narrow pressure range (the maximum pressure is only up to 3 kbar) of the248

previous acoustic measurement in the high-pressure chamber (Liebermann et al., 1968). In249

contrast, the experimental value of әG/әP=1.36(10) in weak-ferromagnetic hematite is250

significantly higher than that (G’=0.73) for the antiferromagnetic α-Fe2O3 (Parise et al.,251

2006).252

253

Table 1. Summary of the elasticity of α-Fe2O3 hematite, compared with the previously254

experimental and theoretical results255

*fixed values256
257

As major candidates of the Earth’s mantle and core, it is of great importance to258

understand the sound velocities, elastic moduli and its pressure derivatives of typical Fe-O259

minerals with various Fe-O ratios, such as hematite, magnetite and wüstite. As shown in Fig.260

4(a), both compressional (VP) and shear (VS) wave velocities decrease with the increasing261

Fe/O ratios in Fe-O minerals. It is found that the values of VP and VS in α-Fe2O3 hematite are262

about ~25% and ~30% higher than those for Fe0.95O wüstite (Jacobsen et al., 2004),263

respectively. This composition-dependent trends in the acoustic velocities are also observed in264

the KS and G, as shown in Fig. 4(b).265

Minerals KS0
(GPa)

G0
(GPa)

әKS/әP әG/әP әKS/әT
(GPa/K)

әG/әT
(GPa/K)

Refs.

Fe2O3

hematite

235.4(8) 88.0(3) 3.29(25) 1.36(10) -0.027(2) -0.019(1) This study
(weak-ferromagnetic phase)

235.7(8) 87.9(3) 3.08(23) 1.45(9) -0.026(2) -0.020(1) This study
(nominal two phases
-entire P-T range fitting)

215 -- 3.1 -- -- -- Wilson et al. (2009): Theor.

241.7 -- 4.5* -- -- -- Liebermann et al. (1970, 1986)
(weak-ferromagnetic α-Fe2O3)

206.6 91.0 4.53(13) 0.73(3) -- -- Liebermann et al. (1968)
(antiferromagnitic phase)

231(10) -- 4.0* -- -- -- Sato and Akimoto (1979)
(weak-ferromagnetic α-Fe2O3)

230(5) -- 3.5(6) -- -- -- Olsen et al. (1991)
230 -- 3.5 -- -- -- Catti et al. (1995)
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To further explore high-pressure elasticity of iron-bearing oxides, the pressure266

dependences of the bulk and shear moduli for hematite are shown in Fig. 4(c), as compared267

with those for magnetite and wüstite by Jacobsen et al (2004). Clearly, the Fe3O4 magnetite268

possesses a smaller value of әKS/әP ≈3.0 as compared with those for hematite (әKS/әP≈3.3)269

and wüstite (әKS/әP =3.7). By contrast, the әG/әP decreases with increasing Fe/O ratios, and it270

exhibits a negative value of -0.22 and -0.23 for magnetite and wüstite by Jacobsen et al (2004),271

respectively. This shear modulus softening is likely due to the strong magnetoelastic coupling272

in magnetite and wüstite, which indicates their structural instability at high pressure.273

It is accepted that the bulk modulus value is inversely proportional to the unit-cell274

volume, and hence for similar-structured materials/minerals, the product of 00 VK  should be275

approximately constant (Anderson, 1970). As shown in Fig. 4(d), the ambient-condition bulk276

modulus (K0) is plotted as a function of the reciprocal volume of the formula unit [1/(V0/Z)]277

(where Z is the number of formula units in the cell) for typical corundum-structured oxides (Z278

= 6), yielding an apparent linear relation in Fig. 4(d). It is found that our experimentally279

obtained data of K0-[1/(V0/Z)] relations for α-Fe2O3 hematite apparently agree well with the280

linear behavior in other corundum-structured materials such as Al2O3 (Syassen, 2008), Cr2O3281

(Kantor et al., 2012), Ti2O3 (Nishio-Hamane et al., 2009), Ga2O3 (Lipinska-Kalita et al., 2008)282

and V2O3 (McWhan and Remeika, 1970) (see in Fig. 4d).283

284

4. Implications285

With high abundance of iron and oxygen in the Earth’s crust and mantle, iron oxides are286

considered to be important minerals which makes significant contributions to properties of the287

Earth. Understanding sound velocities and elasticity of iron oxides at extreme high P-T288

conditions plays an important role in interpreting the structural stability, composition and289

mineralogy of the Earth’s interiors. Our results demonstrate that the structural stability and290
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sound velocities/elasticity for typical Fe-O minerals [e.g., Fe3O4 magnetite (Zou et al., 2018),291

Fe2O3 hematite (Liebermann et al., 1968, 1970, 1986) and FeO wüstite (Jacobsen et al., 2004)]292

are quite different, which is very sensitive to the Fe/O ratio at various pressures and293

temperatures, probably providing significant consequences for modelling of the Earth’s294

interior.295

Among iron oxides, hematite (α-Fe2O3) is one of the major components of296

banded-iron-formations which is deposited in the oceans and recycled into the Earth’s interior297

by subducting into the Earth’s depths to the core-mantle boundary region (Bezaeva et al.,298

2015). As major components of subducted BIFs, the exposed phases of iron oxides are299

strongly dependent on pressures and temperatures of the Earth’s interior. From the amount of300

BIFs subducted into the Earth’s mantle, the BIFs is estimated to ~50% Fe2O3 by volume301

calculated from the obtained velocities/elastic data. As clearly seen from our experimental302

observations in Fig. 2(d) and Fig. S1-S2, a pronounced pressure-induced anomaly in the shear303

wave velocity of hematite occurred at ~3.5 GPa and room temperature after annealing. These304

pressure-induced velocity anomalies in hematite would be a good evidence that provides305

further confirmation of the previously reported (weak)ferromagnetic-to-antiferromagnetic306

Morin transition of hematite upon compression by magnetization measurements (Liebermann307

et al., 1968, 1970, 1986; Bezaeva et al., 2015). However, it is worth mentioning that such308

pressure-induced anomaly/discontinuity is quite difficult to observe in the bulk moduli with309

pressures upon static compression as determined from x-ray P-V data. The reason is due to the310

associated second-order magnetic phase transitions of hematite at high pressure as ever311

proposed by Liebermann et al. (1968, 1970, 1986).312

On the other hand, we know that the temperature of the Earth’s crust interiors is far313

above the Morin transition of TM ~250 K at ambient pressure but doesn’t exceed the Curie314

temperature of ~948 K for hematite (Morrish, 1994; Shull et al., 1951; Amin and Arajs, 1987),315
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we thus reasonably assume that hematite present in Earth’s crust is in its (weak)ferromagnetic316

state. For the Earth, only the first kilometers of crust may be affected by the process with ~2317

GPa pressure wave. This effect eventually resulted in a pressure-induced anomaly or318

demagnetization at pressures above 1.5 GPa and room temperature, which is probably the319

reason for our observed anomaly in the shear behavior at ~3.5 GPa and 300 K in hematite320

mineral, or for the pressure demagnetization in hematite-bearing rocks by Bezaeva et al321

(2015). The different transition-pressures may be attributed to the use of different322

experimental techniques, or the effects of nonhydrostatic stress accumulated in the chamber323

which may significantly affect the pressure sensitivity of the Morin transition as proposed by324

Coe et al (2012). This magnetoelastic interaction is not unique to hematite among minerals of325

geophysical interest, but includes all magnetically ordered materials such as FeO, CoO, MnO,326

NiO and Cr2O3 (McWhan and Remeika, 1970), which opens the question of interactions when327

elastic properties are measured using ultrasonic interferometry techniques. Generally,328

order-disorder transition temperatures for the magnetic oxides are formulated as a function of329

pressure. When studying minerals’ and rock’s magnetism, it is often necessary to understand330

the detailed spin orientation. Using ultrasonic interferometry techniques, it is possible to331

diagnose the orientations of the spins and the detailed nature of the domain structure, sound332

velocities and elasticity, yielding important information on the spin alignment through studies333

of spin wave-phonon interactions. The special importance to geophysics may be due to334

elasticity discontinuities of crystals across magnetic phase transitions. To date, considerable335

attention has been devoted to studying elastic behavior in the region of order-disorder336

transition temperatures, but much work remains to be done. Especially, the pressure effects of337

order-order transitions such as the Morin transition, and high P-T velocities/elasticity in338

hematite cannot be overlooked.339

340
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