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SUMMARY

Hematite (a-Fe2O3), as an important end-member of FeO-Fe2O3 series, has garnered particular interest for its
peculiar high pressure-temperature (P-T) behavior, structural stability and elasticity, and the unclear role of
Fe3+ in the nature and dynamics of the Earth’s mantle. Here, we report a pronounced pressure-induced
anomaly in the shear behavior of hematite at room temperature and �3.5 GPa owing to the (weak)ferromag-
netic-to-antiferromagnetic Morin transition driven by pressure and temperature. Unexpectedly, this phase-
transition-driven anomalous behavior at high P-T is absent in the compressional velocities. The bulk and
shear moduli, as well as their pressure and temperature dependences for Fe2O3 hematite are reported,
yielding KS0 = 235.5(8) GPa, G0 = 88.0(3) GPa, әKS/әP = 3.29(25), dG/dP = 1.36(10), әKS/әT = �0.027(2)
GPa/K, and әG/әT =�0.019(1) GPa/K. These findings and high-P thermoelasticity will be of significant impor-
tance for good understanding of the underlying mechanism for phase-transition-induced anomaly at high
pressures and temperatures in the shear behavior of Fe-O materials.

INTRODUCTION

Iron-bearing oxides have attracted considerable interest and

play an important role in materials science and mineralogy of

the Earth’s interior owing to their complex crystal structure,

sound velocities, and magnetic and elastic properties

under high pressure-temperature (P-T) conditions. Hematite

(a-Fe2O3) mineral, as an important end-member of FeO-Fe2O3

series (i.e., FeO w€ustite, Fe2O3 hematite, Fe3O4 magnetite, a

new Fe4O5 compound), is of particular interest for the high P-T

behaviors and properties of ferric oxides in the compositions,

the unclear role of Fe3+ in the nature and dynamics of the Earth’s

mantle, as well as the technological applications.1–14

Under ambient conditions, hematite is a thermodynamically

stable iron oxide with a corundum hexagonal-close-packed

(hcp) crystal structure, where the Fe3+ cations are located in

the distorted oxygen octahedra.15 Below the Morin temperature

(TM) of �263 K, Fe2O3 was preferred to adopt an antiferromag-

netic (AFM) structure, and it transformed into a weakly ferromag-

netic (FM) phase above its Morin temperature, owing to a slight

canting in the alignment of the antiferromagnetic planes in

corundum structure until the Néel temperature of �948 K.16–18

It was ever proposed that the pressure-temperature boundary

of the Morin transition was quite sensitive to both the pressure

environment and sample microstructure.19–23 At high pressure,

the TM exhibited a dramatic rise and reached �300 K upon

compression up to 2–5 GPa, as determined by the variations in

magnetic and elastic properties with pressures.19–24

To date, numerous studies on the structural evolution in com-

pressed Fe2O3 have been carried out using various high-pres-

sure techniques (e.g., dynamic shock-wave and static compres-

sion experiments); however, the crystal structure, phase stability

and magnetic properties of Fe2O3 at high pressure still remain

open questions.3,6–10,12,23–26 For example, at pressures above

�50 GPa, a-Fe2O3 undergoes a first-order phase transition

from the corundum-type hematite structure to a metallic high-

pressure phase (also called Mott insulator-metal transition),

which is accompanied by a remarkable volume collapse of

�10%.3,6–10,12,23–26 Previous high-pressure X-ray diffraction

and Mössbauer spectroscopy studies discovered a high-pres-

sure new phase, which possessed an orthorhombic perovskite

structure9,23 (space group: Pbnm) and was controversial to the
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recent result by Pasternak et al.7 using the combined experi-

mental techniques of X-ray diffraction, Mössbauer spectroscopy

and electrical resistance measurements. As identified only from

the X-ray diffraction observations, it is difficult to determine

what the exact structure of the new high-pressure phase is?

However, the recent Mössbauer spectroscopy measurements

showed that only one Fe3+ site was observed in the new high-

pressure phase, indicating that the new phase may be ascribed

to the Rh2O3(II)-type structure, but not the orthorhombic perov-

skite-type one.7

Bulk and shear moduli and their pressure and temperature de-

pendences ofmaterials are important parameters in understand-

ing their high P-T behaviors and physical properties.27–31 The

equation of state and compressibility/bulk modulus (K0) of hema-

tite have been studied by synchrotron-based static compression

experiments and theoretical calculations;9,19–21,29–31 however,

these reported values were still quite scattered and not well con-

strained, ranging from 199GPa to 241.7 GPawith the associated

pressure derivative (vK/vP) ranging from 3.1 to 4.53.9,19–21,29–31

Sound velocities and elasticity of single-crystal and polycrystal-

line hematite first have been measured at pressures up to 3 kbar

and temperatures of 200�300 K by Liebermann et al.19,20 using

the offline LVP-based ultrasonic measurements, where the

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

the magnetic Morin transition of TM = 261 K for hematite at

ambient pressure were discovered,19 and the new elasticity

data were reported as K0 = 206.6 GPa and G0 = 91.0 GPa with

the associated pressure derivatives of K’ = 4.53 and G’ = 0.73.20

Despite the importance of iron-bearing oxides (i.e., FeO-Fe2O3

system), to date, most previous studies were focused on the

phase transitions and/or compressibility/bulk modulus at high

pressure and/or ambient temperature, only elucidating the na-

ture of pressure-induced phase transformations and/or bulk

modulus/density changes vs. pressures.3,6–9,12,13 Very few

attention have been devoted to studying the sound velocities

and elasticity of a-Fe2O3 hematite at high pressure,19,20

let alone at the simultaneous high-pressure and high-tempera-

ture conditions, especially in terms of the shear-related proper-

ties. In this study, simultaneous high-pressure and high-temper-

ature sound-velocity measurements on polycrystalline a-Fe2O3

hematite are performed in a large volume press using

the state-of-the-art technique of ultrasonic interferometry in

conjunction with synchrotron X-ray diffraction and radiographic

imaging.32–37 Here, we reveal pressure-induced anomalies in

the shear properties of Fe2O3 hematite and explore the underly-

ing mechanism of the abnormal shear behavior at high pressure.

An internally consistent set of new thermoelasticity data for he-

matite is also reported based on our currently measured sound

velocities and densities data.

RESULTS

Synchrotron X-Ray diffraction, sound velocities, and
phase-transition-induced anomaly in the shear behavior
of a-Fe2O3 hematite at high pressure
The as-measured polycrystalline a-Fe2O3 hematite specimen

used in the current study is provided by Robert C. Liebermann

(Stony Brook University, USA). Acoustic sound wave velocities

of polycrystalline a-Fe2O3 hematite were measured at simulta-

neously high pressures and temperatures using the state-of-

the-art technique of ultrasonic interferometry combined with

synchrotron X-ray radiation in a large volume press. The experi-

mental setup and the pressure-temperature (P-T) path for

the present synchrotron-based experiments are shown in

Figures 1A and 1B, where each point represents a pressure-tem-

perature (P-T) condition that X-ray diffraction and acoustic data

for a-Fe2O3 hematite are collected. Details of the high P-T cell

assembly can be found elsewhere.32–37

At ambient conditions, the polycrystalline Fe2O3 hematite pos-

sesses a hexagonal-close-packed (hcp) crystal structure, where

the Fe3+ cations are located in distorted oxygen octahedra, as

shown in Figure 1C. In this experiment, we performed five heat-

ing/cooling cycles at pressures and temperatures up to 6.5 GPa

and 1,100 K, as shown in Figure 1B. The Fe2O3 hematite sample

was annealed at the peak P-T conditions of each cycle for

several minutes to release nonhydrostatic stress which was

accumulated in the pressure chamber during cold compression.

After annealing, we collected the data of ultrasonic travel times,

X-ray diffraction pattern and x-radiographic imaging at each P-T

conditions. Representative echo trains for the compressional

wave (50 MHz) from the interfaces (e.g., between the anvil and

buffer rod, the buffer rod and sample, and the sample and pres-

sure marker) at the peak P-T conditions of 6.5 GPa and 1,100 K

are shown in Figure 1D. It is found that the echoes from the afore-

mentioned interfaces can be clearly identified, ensuring a pre-

cise determination of the compressional and shear travel times

even at the highest P-T conditions.

Prior to the current synchrotron-based ultrasonic sound veloc-

ity measurement experiments, the polycrystalline hematite

specimen is characterized by X-ray diffraction and SEM obser-

vations, showing that the as-measured hematite possesses a

pure hexagonal-close-packed (hcp) structure [in Figure 2A] and

is free of visible microcracks. The bulk density of Fe2O3 hematite

specimen used in this study is �5.24(2) g/cm3 as determined by

the Archimedes immersion method, reaching �99.5% of the

theoretical X-ray density of 5.267 g/cm3. This means that the

porosity of the specimen is about 0.5%, indicating a negligible

effect of porosity on the elasticity of polycrystalline hematite

within uncertainties.30,33–35 After annealing and resintering the

bulk hematite at the peak P-T conditions of 6.5 GPa and 1100

K, a typical X-ray diffraction pattern of hematite at 6.5 GPa and

1,100 K is collected (in Figure 2B), indicating that the specimen

is still a corundum-structured material, and no other phases

such as w€ustite (FeO) or magnetite (Fe3O4) are observed

throughout the current high P-T experiments.38 Further SEM an-

alyses of the hematite recovered from the current ultrasonic

measurements show that the specimen exhibits an equilibrated

and homogeneous microstructure with an average grain size of

�500 nm (in Figure 2C). Energy-dispersive X-ray composition

measurements (SEM-EDX) show that the recovered specimen

possesses almost a stoichiometric Fe2O3 composition within

uncertainties.

As shown in Figure 2D, the compressional (VP) and shear (VS)

wave velocities of hematite at 300 K after annealing are plotted

as a function of pressure. Clearly, the shear wave velocities

(VS) exhibit a pronounced pressure-induced discontinuity at
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�3.5 GPa and 300 K after annealing, which is absence in the

compressional wave velocities (VP) versus pressures up to

�4.6 GPa. This pressure-induced anomalous behavior in shear

wave velocity (VS) is not due to the volume-related structural

phase transition as identified by our synchrotron X-ray diffraction

observations at high pressure and high temperature, but attrib-

uted to the pressure-induced Morin transition of hematite or

the (weak)ferromagnetic-to-antiferromagnetic phase transition

in compressed a-Fe2O3 hematite (in Figure S1). Our results are

strongly supported by the previously experimental high-pressure

magnetic and electrical measurements near 2–5 GPa at room

temperature where the pressure dependence of TM yields as

dTM/dP = (25 ± 2) K/GPa.24

To further explore the pressure-induced anomaly in the shear

behavior, the bulk (KS) and shear (G) moduli as a function of

pressure are also plotted in Figure S2. Clearly, the aforemen-

tioned pressure-induced anomaly in the shear velocity is also

observed in the shear modulus by high-pressure sound velocity

measurements. By contrast, this anomalous behavior is

absent in the pressure-volume (P-V) relation from our static

compression experiments combined with synchrotron X-ray

diffraction study, further indicating that this anomaly is not a vol-

ume-related structural transition at high pressure which is

consistent with previously static compression experiments by

Liebermann et al.19

X-Ray densities and thermoelasticity of a-Fe2O3

hematite at high pressure and high temperature
To know more about its high P-T behavior, the density changes

of hematite with pressures and temperatures derived from the

current synchrotron X-ray diffraction data are shown in Fig-

ure 3A. Clearly, the density increases with pressures, and

Figure 1. Synchrotron-based experimental setup, experimental P-T path, crystal structure, and representative ultrasonic echoes at high

pressure and high temperatures of a-Fe2O3 hematite

(A) Experimental setup for the current ultrasonic interferometry measurements in conjunction with synchrotron X-ray diffraction in a multi-anvil high-pressure

apparatus; (B) Experimental P-T conditions for the combination of ultrasonic interferometry and synchrotron X-ray diffraction measurements on polycrystalline a-

Fe2O3 hematite, as well as the typical phase boundary for hematite at high pressure and low/high temperature based on the previous studies. The red circle

symbols represent the current P-T data points upon cold compression, whereas the crossed-green-square symbols are those at high P-T conditions during

cooling of this study. The navy blue dash line and square are the phase boundary for paramagnetic-to-ferromagnetic transition (Néel temperature) determined by

Teja et al.38 The Morin transition or Mott insulator-metal transition boundary is also shown here in a red dash line based on the recent study by Bezaeva et al.;

(C) Crystal structure of a-Fe2O3 hematite at ambient conditions with a corundum hexagonal-close-packed (hcp) crystal structure, where the Fe3+ cations are

located in distorted oxygen octahedra. Large Fe3+ ions at octahedral sites are represented by green spheres; and oxygen ions are symbolized by red spheres;

(D) Representative waveform data for the compressional wave signal (50 MHz) at 6.5 GPa and 1,100 K, showing the reflections from the WC-anvil, the buffer rod,

and the hematite sample.
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decreases with temperatures without the appearance of dra-

matic density collapses or jumps throughout the current exper-

iment P-T range. When fitting the current densities data to a

two-dimensional equation of r= r0 +
vr
vP P+ vr

vT ðT �300Þ; we

obtain the ambient-condition density of r0 = 5.251(5) g/cm3

for hematite, and its pressure and temperature derivatives

of vr
vP = 0.027(2) g$cm�3$GPa�1 and vr

vT = �0.00016(1)

g$cm�3$K�1. Figures 3B and 3C show the compressional and

shear wave velocities of Fe2O3 hematite along different iso-

therms at high pressure. It is found that the compressional

wave velocity (VP) exhibits a monotonical increase with pres-

sures up to 6.5 GPa, and a decrease with increasing tempera-

ture from 300 K to 1,100 K. Surprisingly, at high temperatures

of 500�1,100 K, the shear wave velocity (VS) shows a gradual

temperature-driven softening behavior without the appearance

of an apparent Morin-transition-induced discontinuity at room

temperature as mentioned in Figure 2D and Figures S1 and

S2 where a pressure-induced abnormal shear wave velocity oc-

curs at �3.5 GPa and room temperature.

Based on the acoustic velocities and densities, the bulk

and shear moduli are derived using the equations of

rV2
P =BS + 4G=3 and rV2

S =G [in Figures 4A and 4B]. Clearly,

the room temperature pressure-induced anomaly in VS at �3.5

GPa is also observed in the shear moduli at high pressures (in

Figure 4B). At temperatures higher than 300 K (e.g., between

500 and 1,100 K), however, this anomalous behavior in the shear

moduli is absent, which is consistent the proposed phase

boundary of the (weak)ferromagnetic-to-antiferromagnetic

phase transition of hematite at high pressures and temperatures

(in Figure 1B).

When fitting all the experimental data of the entire P-T condi-

tions to the two-dimensional linear equation of

M=M0 +
vM
vP P+ vM

vT ðT �300Þ; we obtained the adiabatic

ambient-condition bulk and shear moduli, as well as their pres-

sure and temperature derivatives, yielding KS0 = 235.7(8) GPa,

G0 = 87.9(3) GPa, vKS/vp = 3.08(23), vG/vP = 1.45(9), vKS/vT =

�0.026(2) GPa/K, and vG/vT = �0.020(1) GPa/K (see Figure 4;

Table 1). However, it is worth noting that the aforementioned

Figure 2. Synchrotron X-ray diffraction, microstructure, and high-pressure acoustic velocities of a-Fe2O3 hematite

(A) Synchrotron in situ X-ray diffraction pattern of polycrystalline hexagonal a-Fe2O3 hematite at ambient conditions used for the current ultrasonic measure-

ments, in comparison with that at the peakP-T conditions of 6.5GPa and 1,100 K (B), showing that the specimen remains in the pure hexagonal hematite structure

without the occurrence of any other phases induced by structural phase transition/transformation throughout the current high-pressure and high-temperature

experiments. Red crosses and green lines denote the observed and calculated profiles, respectively. The solid green curve at the bottom presents the residuals,

and the tick marks correspond to the peak positions of the hexagonal a-Fe2O3 hematite; (C) SEM image of the recovered polycrystalline a-Fe2O3 hematite for the

present sound velocity measurement and synchrotron X-ray study, indicating that the specimen was free of visible microcracks and exhibited an equilibrated and

homogeneous microstructure with an average grain size of�500 nm; (D) Compressional (VP) and shear (VS) wave velocities of a-Fe2O3 hematite at high pressure

after annealing, showing a pronounced pressure-induced anomaly in VS at �3.5 GPa, which is attributed to the Morin transition of a-Fe2O3 hematite upon

compression. The errors are within 0.02 km/s for VP and 0.01 km/s for VS. Data with error bars are represented as mean ± SD.
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anomalous behavior in the shear properties of hematite occurs at

room temperature (300 K) and pressures above�3.5 GPa (in Fig-

ure 1B; Figures S1 and S2), which is proposed to be attributed to

the pressure-induced Morin transition or the (weak)ferromag-

netic-to-antiferromagnetic phase transition in compressed

Fe2O3 hematite. For good understanding, it is thus reasonable

to include only the weak-ferromagnetic Fe2O3 data during fitting,

but exclude the minor phase of antiferromagnetic Fe2O3 data (in

Figure 1B). Fitting all the weak-ferromagnetic major phase data

(antiferromagnetic phase data are excluded during fitting) of he-

matite to the two-dimensional linear equation, we obtain KS0 =

235.4(8) GPa, G0 = 88.0(3) GPa, vKS/vP = 3.29(25), vG/vP =

1.36(10), vKS/vT = �0.027(2) GPa/K, and vG/vT = �0.019(1)

GPa/K (in Figure 4; Table 1). Clearly, the derived bulk and shear

moduli, as well as their temperature dependences by using the

aforementioned two fits at different P-T ranges are almost the

same values within their mutual uncertainties (see in Table 1).

However, the weak-ferromagnetic a-Fe2O3 exhibits a slightly

stronger pressure dependence of bulk modulus әKS/әP = 3.29,

but a weaker value of әG/әP = 1.36, which are compared to

those of әKS/әP = 3.08 and әG/әP = 1.45 for the nominal two

phases (major weak-ferromagnetic + minor antiferromagnetic

phases) of Fe2O3 at the entire P-T range.

DISCUSSION

Our experimentally obtained elasticity of bulk and shear moduli

of a-Fe2O3 hematite, as well as their pressure and temperature

dependences are summarized in Table 1 for comparison with

those from the previous studies.9,19–21,29–31 It is found that our

obtained adiabatic bulk modulus of KS0 = 235.4(8) GPa for

weak-ferromagnetic a-Fe2O3 hematite (in Figure 1B) is in good

agreement with the in-house acoustic measurement value of

KS0 = 241.7 GPa reported by Liebermann et al.,19 and also

consistent with the synchrotron-based static compression ex-

periments of isothermal bulk modulus of K0 = 230–231 GPa

within mutual uncertainties.9,21,31 By contrast, however, the

above-mentioned adiabatic bulk modulus of KS0 = 235.4(8)

GPa is about 9�12% higher than the theoretical value of �215

GPa,29 and the previously acoustic result of KS0 = 206.6 GPa

for the antiferromagnetic a-Fe2O3 hematite.20 This difference

may be due to the use of different experimental techniques for

measurements and the well-known debinding of generalized

gradient approximation (GGA) for theoretical calculations. For

shear modulus, our experimentally obtained G0 = 88.0 GPa is

consistent well with the previous acoustic study (G0 = 91.0

GPa) for antiferromagnetic phase by Liebermann et al.20

As shown in Table 1, the pressure dependence of bulk

modulus әKS/әP = 3.29(25) for weak ferromagnetic a-Fe2O3 he-

matite from the current synchrotron-based acoustic measure-

ments is in good agreement with the value of әKS/әP = �3.5

by Olsen et al.9 and Catti et al.31 from the previous static

compression experiments, as well as the theoretically predicted

әKS/әP = 3.1.29 However, the pressure dependence of bulk

modulus (әKS/әP = 3.1) is significantly lower than the acoustic

value of әKS/әP = 4.53 for antiferromagnetic phase of a-Fe2O3

by Liebermann et al.20 This large discrepancy may be due to

the narrow pressure range (the maximum pressure is only limited

to 3 kbar) and/or the precision of calibrated pressures used in

the previous in-house/offline acoustic measurements.20 By

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

ferromagnetic hematite is significantly higher than that (әG/

әP = 0.73) for the antiferromagnetic a-Fe2O3.
22

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

great importance to understand the sound velocities, elastic

moduli and their pressure derivatives for typical Fe-O minerals

with various Fe/O ratios (e.g., Fe2O3 hematite, Fe3O4 magnetite

and FeO w€ustite). As shown in Figure 5A, both elastic compres-

sional (VP) and shear (VS) wave velocities decrease with the

increasing Fe/O ratios in Fe-Ominerals. It is found that the values

of VP and VS in a-Fe2O3 hematite are about �25% and �30%

higher than those for Fe0.95O w€ustite,39 respectively. This

Figure 3. X-ray densities and ultrasonic wave velocities of a-Fe2O3

hematite at simultaneously high pressure and high temperature
(A) Density (r) of polycrystalline hematite at high pressures and temperatures

obtained from the current ultrasonic interferometry measurements and syn-

chrotron X-ray diffraction study, yielding an exploration of zero-pressure

density of 5.250(5) g/cm3 by a two-dimensional linear fitting approach, which is

almost the same value as that (r = 5.267(1) g/cm3) of the recovered sample by

X-ray diffraction study. The errors in the density from the current experimental

study are within �0.1%; (B) compressional and (C) shear wave velocities of

polycrystalline hematite at high pressures and temperatures. The errors are

within �0.3% in the acoustic velocities. Color lines are guides to the eye for

isotherms. Data with error bars are represented as mean ± SD.
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composition-dependent trends in the acoustic velocities are also

observed in the elasticity of KS and G, as shown in Figure 5B.

To further explore the high-pressure elasticity of iron-bearing

oxides, the pressure dependences of bulk and shear moduli

for hematite are shown in Figure 5C, as compared with those

for magnetite and w€ustite by Jacobsen et al.39 Clearly, the

Fe3O4 magnetite possesses a weaker value of әKS/әP z3.0 as

compared with those for hematite (әKS/әPz3.3) and w€ustite

(әKS/әP = 3.7). By contrast, the pressure derivative of shear

moduli (әG/әP) decreases with increasing Fe/O ratios, and it ex-

hibits a negative value of �0.22 and �0.23 for magnetite and

w€ustite,39 respectively. This shear softening behavior is likely

due to the strong magnetoelastic coupling in magnetite and

w€ustite, which indicates their structural instability at high

pressure.

It is well accepted that the bulk modulus value is inversely pro-

portional to the unit-cell volume, and the product of K03V0

should be approximately constant for similar-structured mate-

rials.45 As shown in Figure 5D, the ambient-condition bulk

modulus (K0) is plotted as a function of the reciprocal volume

of the formula unit [1/(V0/Z)] (where Z is the number of formula

units in the cell) for typical corundum-structured oxides (Z = 6),

yielding an apparent linear relation in Figure 5D. We find that

the experimental K0-[1/(V0/Z)] relations for a-Fe2O3 hematite

apparently agree well with the linear behavior in other

corundum-structured materials such as Al2O3,
40 Cr2O3,

41

Ti2O3,
42Ga2O3

43 and V2O3
44 (seen in Figure 5D).

With high abundance of iron and oxygen in the Earth’s crust

and mantle, iron oxides are considered to be key minerals which

make significant contributions to the properties of the Earth. Un-

derstanding sound velocities and elasticity of iron oxides at

extreme high P-T conditions plays an important role in interpret-

ing the structural stability, composition, and mineralogy of the

Earth’s interiors. Our results demonstrate that the structural sta-

bility and sound velocities/elasticity for typical Fe-O minerals

(e.g., Fe3O4 magnetite,32 Fe2O3 hematite19,20 and FeOw€ustite39)

are quite different which is very sensitive to the Fe/O ratio at

various pressures and temperatures, probably providing signifi-

cant consequences for modeling of the Earth’s interior. It is

known that the temperature of the Earth’s crust interiors is far

above the Morin transition of TM �250 K at ambient pressure

but doesn’t exceed the Curie temperature of �948 K for hema-

tite.16–18 We thus reasonably assume that hematite present in

Earth’s crust is in the (weak)ferromagnetic state. For the Earth,

only the first kilometers of crust may be affected by the process

with the pressure wave of�2GPa. This effect eventually resulted

in a pressure-induced anomaly or demagnetization at pressures

above 1.5 GPa and room temperature, which is probably the

reason for our observed anomaly in the shear properties at

�3.5 GPa and 300 K in hematite mineral, or for the pressure

demagnetization in hematite-bearing rocks.24 The different tran-

sition-pressures may be attributed to the use of different exper-

imental techniques, or the effects of nonhydrostatic stress accu-

mulated in the high-pressure chamber which may significantly

affect the pressure sensitivity of theMorin transition as proposed

by Coe et al.46

Figure 4. Elasticity of a-Fe2O3 hematite at simultaneously high

pressure and high temperature

(A) Bulk and (B) shear moduli of polycrystalline hematite at high pressures and

temperatures. The errors are within �1.5% in the elastic moduli. Color lines

are guides to the eye for isotherms. Data with error bars are represented as

mean ± SD.

Table 1. Summary of the elasticity of a-Fe2O3 hematite, compared with the previously experimental and theoretical results

Minerals KS0 (GPa) G0 (GPa) әKS/әP әG/әP әKS/әT (GPa/K) әG/әT (GPa/K) Reference

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 (entire P-T range fitting)

215 – 3.1 – – – Wilson et al.,Theor.29

241.7 – 4.5a – – – Liebermann et al.19 (weak-ferromagnetic a-Fe2O3)

206.6 91.0 4.53(13) 0.73(3) – – Liebermannet al.20 (antiferromagnetic phase)

231(10) – 4.0a – – – Sato and Akimoto21 (weak-ferromagnetic a-Fe2O3)

230(5) – 3.5(6) – – – Olsen et al.9

230 – 3.5 – – – Catti et al.31

afixed values.
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This magnetoelastic interaction is not unique to hematite

among minerals of geophysical interest, but includes all

magnetically ordered materials such as FeO, CoO, MnO, NiO

and Cr2O3,
44 which opens the question of interactions when

sound velocities and elasticity are measured using synchro-

tron-based ultrasonic interferometry technique. Generally,

the order-disorder transition temperatures for the magnetic

oxides are formulated as a function of pressure. When study-

ing minerals’ and/or rock’s magnetism, it is often necessary to

understand the detailed spin orientation. Using synchrotron-

based ultrasonic interferometry and magnetic property mea-

surements at high pressures and/or temperatures, it is

possible to diagnose the orientations of the spins and the na-

ture of the domain structure, sound velocities and elasticity,

yielding important information on the spin alignment by study-

ing spin wave-phonon interactions. The special importance to

geophysics may be due to elasticity discontinuities of crystals

across magnetic phase transitions. To date, considerable

attention has been devoted to studying elastic behavior in

the region of order-disorder transition temperatures, but

much work remains to be done. Especially, the pressure ef-

fects of order-order transitions such as the Morin transition

and high P-T velocities/elasticity in Fe2O3 hematite cannot

be overlooked.

Acoustic velocities, elasticity, and phase transition of Fe2O3

hematite, for the first time, are studied at simultaneously

high pressure and high temperature using ultrasonic interfe-

rometry in conjunction with synchrotron X-ray diffraction and

X-radiographic imaging techniques. Here, we find an unex-

pected pressure-induced anomaly in the shear behavior of com-

pressed hematite at �3.5 GPa and room temperature, which is

attributed to the (weak)ferromagnetic-to-antiferromagnetic

Morin transition at high pressure. For compressional wave veloc-

ities, however, this anomalous discontinuity is absence with

increasing pressure and temperature up to 6.5 GPa and 1,100

K. On the other hand, the bulk and shear moduli, as well as their

pressure and temperature derivatives for weak-ferromagnetic

Fe2O3 hematite yield KS0 = 235.5(8) GPa, G0 = 88.0(3) GPa,

әKS/әP = 3.29(25), dG/dP = 1.36(10), әKS/әT = �0.027(2) GPa/

K, and әG/әT = �0.019(1) GPa/K. Moreover, some elasticity-

related properties, such as Debye temperature, Poisson’s ratio,

and Young’s modulus of hematite at high pressure and high tem-

perature are also reported. The underlying mechanism of pres-

sure-induced anomaly at high temperature and new high-P ther-

moelasticity of Fe2O3 hematite are of significant importance for

its geophysical and materials science implications in the high-

pressure behavior of corundum-structured oxides and for gain-

ing a good understanding of the mechanism for phase-transi-

tion-induced shear anomalies in Fe-O materials at high pressure

and high temperature.

Limitations of the study
Synchrotron-based ultrasonic wave velocity measurements on

polycrystalline a-Fe2O3 hematite are performed at simulta-

neously high pressures and temperatures up to 6.5 GPa and

1,100 K. In this study, we report the pressure-induced anomalies

in the shear properties of a-Fe2O3 and explore the underlying

mechanism. The limitation is that the experimental peak pres-

sure and temperature of this study is still not as high as those

of the Earth’s mantle conditions.
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Figure 5. Acoustic velocities, elasticity and

their pressure dependences of Fe-O com-

pounds, as well as the ambient-condition

bulk moduli of corundum-structured oxides

(A) Compressional (VP) and shear (VS) wave veloc-

ities of iron oxides with various Fe-O ratios; (B) Bulk

(KS) and shear (G) moduli of iron oxideswith various

Fe/O ratios; (C) Pressure derivatives for bulk (KS)

and shear (G) moduli of iron oxides; The errors are

within�0.3% and �1.5% in the acoustic velocities

and elastic moduli, respectively; (D) Relations be-

tween the bulk modulus (K) and reciprocal volume

of the formula unit [1/(V0/Z)] for corundum-struc-

tured oxides. We used the most accurate data,

e.g., K0 = 235.4 GPa and V0/Z = 50.35 Ǻ3 for Fe2O3

hematite from this study; K0 = 254 GPa and V0/Z =

42.47 Ǻ3 for Al2O3 from
40; K0 = 245.4 GPa and V0/

Z = 48.12Ǻ3 for sing-crystal Cr2O3
41; K0 = 206 GPa

and V0/Z = 52.28 Ǻ3 for powdered Ti2O3
42;K0 = 206

GPa and V0/Z = 52.28 Ǻ3 for powdered

Ga2O3
43;K0 = 206 GPa and V0/Z z 50.35 Ǻ3 for

powdered V2O3.
44 Data with error bars are repre-

sented as mean ± SD.
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STAR+METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

In this study, we do not use experimental models typical in the life sciences.

METHOD DETAILS

Synthesis and characterization
The polycrystalline a-Fe2O3 hematite specimen used in the current study was provided by Robert C. Liebermann (State University of

New York at Stony Brook, USA), which was fabricated using a vacuum hot press. Prior to the current synchrotron-based elastic wave

velocity measurements at high pressure and high temperature, the crystal structure of as-measured polycrystalline hematite spec-

imen was characterized by X-ray diffractometer (Rigaku, Japan). The bulk density of the well-sintered a-Fe2O3 hematite is measured

using the Archimedes’ immersion method. The morphology and the chemical composition of a-Fe2O3 hematite specimen were

further characterized using a scanning electron microscopy combined with an energy dispersive spectrometer (SEM- EDS: Nova

NanoSem450).

Synchrotron-based ultrasonic measurements at high P-T conditions in a large volume press
Elastic compressional (P) and shear (S) wave velocities of polycrystalline a-Fe2O3 hematite were measured at simultaneously high

pressure and high temperature using ultrasonic interferometry in conjunction with synchrotron X-ray diffraction and x-radiographic

imaging techniques in a large volume press at the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, USA.

The experimental setup and the pressure-temperature (P-T) path for the present synchrotron-based experiments are shown in

Figures 1A and 1B, where each point represents a pressure-temperature (P-T) condition that X-ray diffraction and acoustic data

for a-Fe2O3 hematite are collected. Details of the highP-T cell assembly can be found elsewhere.32–37 Briefly, amixture of amorphous

boron and epoxy resin was used as the pressure-transmitting medium, and a graphite furnace was used as a heating element. The

temperature was directly measured by a W/Re25%-W/Re3% thermocouple, which was located next to the a-Fe2O3 hematite spec-

imen. The specimen was embedded in a mixture of NaCl+ h-BN powder (10:1 wt %), providing hydrostatic environments for the

sample.

A dual-mode LiNbO3 transducer (10
� Y-cut) was mounted outside the pressure chamber, which can generate and receive P and S

waves simultaneously. Travel times were measured using the transfer function method with a standard deviation of�0.4 ns for the S

wave and �0.2 ns for the P wave.32–37 The sample length at high pressure and/or high temperature was directly derived by the

x-radiographic imaging method. During our experiments, X-ray diffraction patterns for both the specimen and NaCl pressure marker

were collected using a solid-state detector with a diffraction angle of 2q z 6.45�. The X-ray diffraction patterns of the sample were

refined to determine the unit-cell volumes and densities.

Calculations of sound velocities, bulk and shear moduli, as well as their pressure and temperature dependences
On the basis of the travel times (tp and ts for both compressional and shear waves) and sample length (L) at various pressures and

temperature, the corresponding sound velocities of compressional (VP) and (VS) waves for polycrystalline a-Fe2O3 hematite are

calculated using the equations of VP = L/tp and VS = L/ts, respectively. The elasticity of bulk (rV2
P = KS + 4G=3) and shear (rV2

S =

G) moduli are calculated fromP andSwave velocities and X-ray densities. All the data in the entireP-T range are fitted simultaneously

to obtain the adiabatic bulk and shear modulus at ambient conditions, as well as their pressure and temperature dependences using

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

a-Fe2O3 hematite Lieberman et al.19,20 N/A

Deposited data

Structure of compound This paper; (Inorganic Crystal Structure Database) ICSD: 82137

Software and algorithms

GSAS software package NIST Center for Neutron Research https://www.ncnr.nist.gov/instruments/bt1/

bt1_downloads.html

OriginLab Analyze and graph https://www.originlab.com

VESTA software package JP-Minerals https://jp-minerals.org/vesta/en/
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the two-dimensional linear equation of M=M0 +
vM
vP P+ vM

vT ðT �300Þ; where P is pressure (in GPa) and T is the temperature (in K).

QUANTIFICATION AND STATISTICAL ANALYSIS

Synchrotron X-ray diffraction data are processing by using the GSAS software. Data analysis was performed using Excel (Microsoft)

and Origin (OriginLab). Error bars in Figures 2C, 3, 4, and 5 are obtained by the propagation of errors of measured pressure (P), tem-

perature (T), travel times(tp and ts), sample length (L), and unit-cell volumes (V) at various pressures and temperatures. Errors of the

parameters in Table 1 are derived by fitting the entire high P-T data to the two-dimensional linear equation of

M=M0 +
vM
vP P+ vM

vT ðT �300Þ: The errors in the measured pressure (P), temperature (T), travel times (tp and ts), unit-cell volumes (V),

and sample length (L) are derived by the fitting errors from synchrotron X-ray diffraction patterns and X-radiography images of poly-

crystalline a-Fe2O3 hematite specimen at various pressures and temperatures.
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