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ABSTRACT
Thermoelasticity and acoustic/phonon velocities of polycrystalline magnetite have been studied
at simultaneously high pressures and temperatures up to 8.6 GPa and 1123 K using ultrasonic
interferometry in conjunction with in situ x-ray techniques. Here, we have discovered
temperature-driven anomalies in the shear behavior at temperatures up to ~450 K, together with
pressure-induced softening in the shear properties. Fitting the current data to finite strain

equations, we obtain the bulk and shear moduli, as well as their pressure and temperature

dependences, namely Bsp =173.2(5) GPa, Gy = 55.5(2) GPa, 0Bs/OP = 2.99(9), 0G/oP = -0.23(3),
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OBs/OT = -0.0209(10) GPa/K, 0G/0T = 0.0042(4) GPa/K, (2*Bs/2T*)p = -1.7(1)x10-> GPa?/K? and
(2°G/aT?)p = -2.5(1)x107> GPa*/K2. The origin of the thermal-induced anomaly in the shear
modulus for Fe;Os4 magnetite is ascribed to the coupling of local atomic distortions and
short-range charge ordering of six-coordinated Fe*-Fe’" ions at the octahedral sites in the
inverse-spinel structure. These findings/results provide us new high-P thermoelasticity data of
magnetite, and open a window for good understanding of the underlying mechanism for
temperature-driven anomaly in magnetite-based solid solutions and spinel-structured materials

for their applications in extreme conditions.

Keywords: Magnetite; Anomalous behavior; Elasticity; Ultrasonic measurements; High pressure

and high temperature; Synchrotron x-ray diffraction;

I. INTRODUCTION

Magnetite (Fe3O4) has attracted great interest because of the importance of understanding
the properties of spinel-structured materials and iron oxides in the Earth’s interior, as well as its
industrial applications in magnetic/electronic materials and nanocomposites for its physical
behaviors [1-12]. At ambient conditions, magnetite is half-metallic and has an inverse spinel
structure, in which the tetrahedral four-coordinated A site is occupied by Fe**, and the octahedral
B site is occupied by both Fe** and Fe®'. Because the magnetic moments of Fe ions are
anti-parallel at the tetrahedral and octahedral sites, magnetite exhibits a ferromagnetic state
below the Curie temperature of ~860 K [13]. At ambient pressure, magnetite underwent
metal-insulator transition below the Verwey temperature (7~ 122 K) where an abrupt increase

of electrical resistivity was observed in association with a cubic-to-monoclinic phase transition
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[14]. Above the Verwey transition, it is accepted that the inverse-spinel structured magnetite
adopts with Fe** ions in A sites and B sites in a mixed valence Fe*** state [15-20]. However,
several previous studies indicated the existence of short-range order of polaronic character
[15-20], which is correlated with the critical softening of Ca4 elastic constant on cooling [15,16],
softening of the surface phonons [17], low-energy fluctuations of the lattice distortions [18],
anomalous phonon broadening [19] and the Fermi surface nesting features [20]. However, to date,
the short-range ordering and/or its related abnormal properties above the Verwey transition or at
temperatures higher than ~122 K is still not well understood.

Recently, high-pressure studies on magnetite have raised enormous controversies about the
interpretation of the electronic and structural behavior at pressures between 6 and 16 GPa [8, 9,
14, 21-25], ranging from the inverse-normal spinel transition [14], iron high-spin to
intermediate-spin transition [3, 21], pressure-tuned ideal inverse-spinel structure [23], and the
decreased Fe-O bond length caused by the discontinuous changes in the local oxygen coordinates
[24]. Recently, in situ magnetoresistivity measurements revealed a magnetoresistivity transition
at pressure of ~6.0 GPa owing to the half-metal to metal transition [8], in agreement with the
previous electrical resistivity measurement on the metallization of magnetite at room temperature
and pressures above 8 GPa [9]. However, the more recent studies on magnetite at high pressure
by Lin et al [25] using the combination of inelastic x-ray scattering, x-ray diffraction and Raman
spectroscopy techniques proposed that the origin of the abnormal elastic and vibrational
behaviors of magnetite at ~8 GPa was due to the local site distortions and the charge-ordering
between Fe?" and Fe’" ions at the octahedral sites in the inverse spinel.

Elastic bulk and shear moduli as well as their pressure and temperature dependences are

important parameters in understanding the high P-T behavior and physical properties upon
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compression. The compressibility and bulk modulus (B) of magnetite have been studied by static
compression experiments [21, 23, 25-31] and first-principles calculations [8, 32], however, the
reported values are quite scattered with significant discrepancies, ranging from 155 to 215 GPa
with the associated pressure derivative (B’) in a wide range of 2.9 to 7.5. Sound velocities of
single-crystal magnetite at high pressure were studied by Isida et a/ [33]up to 1.2 kbar, and the
pressure dependences of the elastic constants Ci1 and Css were reported to be anomalous.
Recently, elasticity of a natural magnetite was measured at pressures up to 8.7 GPa using
gigahertz ultrasonic interferometry in a diamond-anvil-cell [34], yielding a pressure-marker
dependent 0Bs/OP, namely 0Bs/OP = 5.1(1) for quartz pressure marker and 0Bs/OP =~ 3 for ruby
pressure scale, together with a negative 0G/0P = -0.1(1).

To date, the high-pressure behavior of magnetite is still in debate and studies under high
temperature are rather scarce, especially for the shear-related properties. In this study, for the
first time, simultaneous high-pressure and high-temperature sound velocity measurements on
polycrystalline FesO4 magnetite have been conducted in a multi-anvil apparatus using ultrasonic
interferometry in conjunction with x-ray diffraction/radiographic imaging techniques [34-39].
Here, we report the observations of temperature-driven and pressure-induced anomalies in the
shear modulus of Fe3Os magnetite, as well as the possible mechanisms underlying these
abnormal behaviors. An internally consistent set of thermoelasticity for magnetite was derived
based on the measured velocities and density data using a pressure-standard-free fitting

procedure using the third-order finite strain equations [37].

II. EXPERIMENTAL DETAILS

The polycrystalline FesO4 magnetite specimen used in the present study was commercially
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obtained from Trans-Tech. Inc., USA. Compressional (P) and shear (S) wave velocities of
polycrystalline FesOs magnetite at high pressure and high temperature were measured using
ultrasonic interferometry in conjunction with in situ x-ray diffraction/x-radiography in a
multi-anvil apparatus at GSECARS (Sector 13) of Advanced Photon Source (APS), Argonne
National Laboratory. Details of this experimental setup were described elsewhere [35-39].
Briefly, the pressure-transmitting medium was MgO octahedron. Graphite was used as a heater.
A dual-mode LiNbOs transducer (10° Y-cut) was mounted with a high-temperature epoxy on a
truncated corner of a WC anvil cube, which can generate and receive both P and S signals
simultaneously. To minimize the loss of acoustic energy, all surfaces along the acoustic path,
including the ends of the WC cube with transducer mounted, alumina buffer rod and the
specimen, were well polished using 1 um diamond paste. Inside the cell assembly, the front
surface of the sample was in contact with an alumina (Al,Os) buffer rod via a gold film (2 um) to
improve their mechanical coupling, whereas the rear surface of the sample was backed by a
pressure marker NaCl. Temperatures were monitored with a Wo7Re3-W7sRezs thermocouple.
Travel times for P and S waves were simultaneously measured using the transfer function
method with standard deviation of ~0.4 ns for S waves and ~0.2 ns for P waves [35-39]. The
sample length at high pressure and high temperature was directly obtained by x-radiographic
imaging method; the precision of this direct measurement of sample length was estimated to be
0.2-0.4% [37, 38]. During our experiments, x-ray diffraction patterns for both the specimen and
pressure marker are collected using a solid-state detector, which is mounted on a stage behind the
high-pressure press set at a diffraction angle of 20 =~ 6.09°. The collected x-ray diffraction
patterns of the sample are refined to determine the unit-cell volume, from which the densities at

high pressures and temperatures are obtained, as shown in TABLE SI.
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II1. RESULTS AND DISCUSSION

At ambient conditions, the polycrystalline FesO4 magnetite specimen has an inverse-spinel
structure (space group: Fd3m,No. 227), and the crystal structure is shown in Fig. 1(a). Prior to
our ultrasonic measurement experiments, the purchased polycrystalline magnetite specimen was
characterized by x-ray diffraction and SEM observations, showing that the starting magnetite
was a pure cubic spinel structure and free of visible microcracks. SEM images of the recovered
specimen from the current ultrasonic measurements show that the specimen exhibited an
equilibrated and homogeneous microstructure without significant grain growth after annealing at
the highest P-T conditions of 8.6 GPa and 1123 K, as shown in Fig. 1(b). After annealing and
resintering at ~8.6 GPa and 1123 K, the bulk density of the recovered magnetite specimen from
this study by Archimedes immersion method is ~5.18(2) g/cm’, reaching ~99.5 % of the
theoretical density of 5.21 g/cm’. This means that the porosity of the specimen is about 0.5%,
resulting in a negligible effect on the elasticity of polycrystalline magnetite within uncertainties
[35-39]. SEM-EDX measurements on the recovered specimen yield a slightly nonstoichiometric
composition of Fe;os(1)O4, which is exactly the same value with the starting counterpart within
uncertainties. A typical x-ray diffraction pattern of magnetite at the peak P-T conditions of 8.6
GPa and 1123 K is shown in Fig. 1(c), indicating that the specimen is still a spinel-structured
material, and no other phases such as wiistite or hematite are observed.

The schematic experimental setup and P-T path for the present ultrasonic measurements in
conjunction with synchrotron x-ray study are shown in Fig. S1(a) and S1(b), respectively. In this
experiment, we performed four heating/cooling cycles at pressures up to ~8.6 GPa and
temperatures up to 1123 K. The sample was annealed at a peak temperature of each cycle for

several ~minutes to release nonhydrostatic  stress accumulated during cold
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compression/decompression. All the ultrasonic and x-ray diffraction measurements were
conducted along cooling after annealing at high pressures. Representative acoustic signals
observed at the peak P-T conditions of ~8.6 GPa and 1123 K are shown in Fig. 1(d). It is found
that echoes from the interfaces of anvil-buffer rod, buffer rod-sample, and sample-pressure
marker can be clearly identified, ensuring a precise determination of the compressional and shear
travel times even at the highest P-7 conditions.

Comparison of x-ray diffraction patterns of magnetite at various pressures and temperatures
is shown in Fig. 2(a), indicating that no structural phase transitions/transformations occurred in
magnetite during the current measurements up to ~8.6 GPa and 1123 K. On the basis of the
travel time and sample length data in Table SI, the compressional (V») and shear (Vs) velocities
of Fe3sO4 magnetite are derived. As shown in Fig. 2(b), while Vpincreases monotonically with
pressures, however, Vs exhibits an anomalous negative pressure dependence. By fitting the
present acoustic velocity data to the third-order finite strain equations [35-38], we obtain Vp=
6.90(2) km/s and Vs= 3.28(2) km/s at ambient conditions. Our current data are ~4% lower than
those derived from single-crystal measurements on natural magnetite (Vp = 7.16(3) km/s; Vs =
3.41(2) km/s) by Reichmann er al [34]. As clearly seen in Fig. 2(b), our negative
pressure-dependence of shear velocity (0Vs/0P = -0.017(3) km/s:GPa™!) is almost the same as the
negative values for the natural magnetite [34] and for NiFe;Os spinel [40]. By contrast, the
pressure dependence of Vp from this study, oVp/OP = 0.019(2) km/s'GPal, is significantly
smaller than 0Vp/0P = 0.047(1) km/s-GPa"! for the natural magnetite [34] and 0Vp/OP = 0.044(1)
km/s:GPa! for NiFe,Os spinel [40], respectively.

As shown in Fig. 2(c), our obtained bulk moduli are consistent with those from the recent

inelastic x-ray scattering measurements on a stoichiometric single-crystal Fe;Os magnetite by
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Lin et al [25] within ~6.2 GPa, but lower than those from the gigahertz ultrasonic interferometry
in a diamond-anvil-cell on natural magnetite by Reichmann et a/ [34]. By contrast, however, our
derived shear moduli are in general agreement with those from previous studies using different
specimens and techniques [7,34], and no visible discontinuity is observed at pressures up to ~7.4
GPa in Fig. 2(c). To closer examine the structural stability of magnetite upon compression,
electrical resistance measurements have been conducted at pressures up to ~12.8 GPa in a
multi-anvil apparatus [see Fig. S2(a)]. It is found that the resistance decreases continuously with
increasing pressures, indicating that the magnetite specimen becomes a better metallic conductor
at higher pressures. This result agrees well with the previous studies on the electrical resistivity
of magnetite at high pressure [9, 21, 25].

Fig. 3(a) shows the compressional and shear wave velocities of Fe3O4 magnetite along
different isotherms under high pressure. The compressional wave velocity exhibits a systematic
increase with pressures and decreases with temperatures, whereas the shear wave velocity (Vs)
shows a negative trend as a function of pressure along all the isothermal temperatures ranging
from 300 to 1123 K. The current negative pressure dependence in Vs (0Vs/OP = -0.017(3) km
s!/GPa) is in great contrast to previous reports for other spinel-structured materials, such as
MgAlL,O4 (0Vs/OP = 0.0022(5) km s!/GPa) [Ref. 38] and Mg>SiO4 (0Vs/OP = 0.021 km s!/GPa)
[Ref. 41]. As suggested for natural magnetite, the negative pressure dependence is originated
from the softening shear constant Ci under pressures [34]. A closer examination of Fig. 3(a)
indicates that, in addition to the negative pressure dependence in Vs, the shear wave velocities
appear to exhibit a positive temperature dependence within 300 and 673 K (see Fig. 3a) and then
change to a negative dependence above 673 K. This abnormal behavior as a function of

temperature has never been observed in magnetite before.
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The bulk and shear moduli are calculated using pV; = B, +4G/3and G = pV, respectively,

based on acoustic/phonon velocities and densities (Table SI), and the results are shown in Fig.
3(b). Clearly, the thermal-induced anomaly in Vs is also observed in the derived shear moduli.
We fit all the data collected in the entire P-7 conditions of this study to the third-order
finite-strain equations to obtain adiabatic ambient-condition bulk and shear moduli as well as

their pressure and temperature derivatives/dfependences. The detailed data-processing procedure

can be found elsewhere [35-38]. With the thermal expansivity o =1.425x107 +3.65x10"° T (Ref.
42) and Griineisen parameter y = 1.33 from Ref. 33, we obtained the elastic bulk and shear
moduli, as well as their pressure and temperature dependences, namely Bsyp =173.2(5) GPa, Gy =
55.5(2) GPa, 0Bs/oP = 2.99(9), 0G/oP = -0.23(3), 0Bs/0T = -0.0209(10) GPa/K, 0G/0T =
0.0042(4) GPa/K, (2’Bs/aT?)p = -1.7(1)x10° GPa*/K? and (2°G/2T?)p = -2.5(1)x10” GPa?/K? (see
Table I). We note, for most minerals/materials, the cross derivatives of (6°Bs/OPOT)p and
(0*G/OPOT)p are on the order of 10 (Refs. 37, 38), resulting in an overall effect on the pressure
derivatives with an order of ~0.1, which is negligible and thus assumed to be zero in this study.
The elasticity of Fe3O4 magnetite is summarized in Table I for comparison with those from
previous studies on magnetite, wistite, and other spinel-structured materials
[8,26,31,34,38,40-44]. The bulk modulus (Bsp=173.2(5) GPa) of Fe3;O4 magnetite from this
study is generally consistent with the previous experimental data [183(10) and 215(25) GPa from
Refs. 26 and 31]and theoretical results of 182(9) GPa [8] within the mutual uncertainties, but is
~7% lower than that for natural magnetite [34] as well as that by theoretical calculations [43]. As
shown in Table I, the pressure derivative of 0Bs/OP =2.99(9) from this study is in excellent
agreement with the recent theoretical result (B’ = 2.90(1)) [8]. On the other hand, our obtained

shear modulus of Gy=55.5(2) GPa is significantly lower than that for natural magnetite [34] , but
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larger than the theoretical result of 49.5 GPa [43]. These discrepancies may result from the
different pressure ranges and hydrostatic conditions in different experimental studies as well as
the well-known trade-off between the bulk modulus and its pressure derivative in
equation-of-state fit.

As clearly seen in Table I, the unusual negative pressure dependence of shear modulus
(0G/oP = -0.23(3)) for Fe3O4 magnetite from this study is generally consistent with 0G/OP =
-0.1(1) for natural magnetite [34] within the mutual uncertainties, but is significantly lower than
the weak positive-values for non-silicate spinels (e.g. 0G/OP = 0.58 for MgAl>O4 spinel [38] and
0G/oP = 0.38 for NiFe,O4 trevovite [40]), as well as the large positive 0G/OP =1.5 for Mg>Si04
silicate spinel [45]. Likely, the origins for the pressure-induced abnormal shear behavior in
spinel-structured Fe;Os magnetite (G’ = -0.23) include both the FeOs octahedral distortion upon
compression as proposed by Zou et al [38] for non-silicate spinels, and the magnetoelastic
coupling as well as the first-order phase transition to an orthorhombic structure at high pressure
by Reichmann et al [34].

To gain insight into the mechanism for the thermal-induced anomaly in the shear properties,
the shear modulus for Fe3Os magnetite as a function of temperature at constant pressure is
calculated based on our newly derived thermoelasticity data (Fig. 4a), which are compared with
those for iron-bearing compounds such as Feo0430 wiistite and Fe>TiO4 ulvospinel, as well as
other spinel-structured materials (see Figs. 4b and 4c). As shown in Fig. 4(a), the shear modulus
for Fe;O4 magnetite increases with temperatures and reaches a maximum value of ~55.8 GPa at
the temperature of ~450 K, above which it decreases with increasing temperature. As shown in
Fig. 4(c), this anomalous behavior is quite similar to those of Feo430 wiistite and Fe;TiOs

ulvéspinel, but is significantly different from the trends for Al- and Fe-bearing spinels such as
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NiFe2O4, MgFe;04 and MgAl>,O4, where the shear moduli decrease gradually with temperatures.
To seek a possible structure-related mechanism for the thermal-induced anomaly in the

shear modulus, the crystal structure of Fe3sOs4 magnetite (Fig. 5a) is compared with those of

FeO wiistite (Fig. 5Sb) and FeoTiO4 ulvospinel (Fig. Sc¢). For cubic wiistite, the anomalous positive

2C44 + (Cn — C12)
4

0G/OT in terms of G = was proposed to be related to the positive 0Cas/0T

resulting from the lowering Ci4near its Neel temperature (7x <195 K). As clearly seen in Fig.
5(a), this unusual behavior in G for wiistite resulted from the lowering Css can persist up to ~550
K, the reason for which is proposed to be due to the magnetoelastic interactions/relaxation from
exchange coupling between the neighbor Fe** ions at the octahedral sites, as suggested by
Jackson et al [46] and Isaak et al [47]. By contrast, the shear modulus of the inverse-spinel
structured Fe?"(Fe*'Ti*")O4 ulvdspinel increased anomalously with temperatures up to ~225 K,
which is ~83 K higher than its curie temperature of 7c~ 142 K [44]. As seen from the crystal
structure of FexTiO4 ulvospinel in Fig. 5(c), it is absence of Fe** ions at the octahedral sites. Thus,
the origin of the anomalous shear stiffening with temperatures below ~225 K in FexTiO4
ulvéspinel was proposed to be related to the presence of Jahn-Teller Fe?* ions at the tetrahedral
sites yielding large magnetostriction, rather than the hopping of electrons/charges between Fe?*
and Fe’" at the octahedral sites which may be observed in FexTiOs-Fe3Os solid solutions by
Ishikawa and Syono [44].

For magnetite, the tetrahedral four-coordinated A site is occupied by Fe** ions, and the
octahedral B site is occupied by both Fe?"and Fe** cations at ambient conditions. According to
the previous x-ray diffraction structural studies on single-crystal magnetite, Fe**-Fe?*-Fe3" ions at
the octahedral site may form linear three-Fe-site units (called trimerons) with the three-site

distortions, which become charge order below the Verwey temperature of 7y~ 122 K [4, 25].
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Above the Verwey transition, it is suggested that the inverse-spinel structured magnetite adopts
with Fe** ions in A sites and B sites in a mixed valence Fe?°* state [15-20]. With increasing
temperatures up to ~450 K, we think that the Fe’*-Fe?"-Fe3" ions or formed trimerons may
become easy to accommodate atomic displacements/distortions and activate the hopping of
electrons or short-range charge ordering between Fe?* and Fe* at the octahedral sites, resulting
in a less symmetrical yet “ideal” inverse spinel structure with a small distortion. This short-range
correlations in magnetite above the Verwey temperature is further supported by several previous
studies on the existence of short-range order of polaronic character in magnetite [15-20], which
could be related to a pronounced shear mode stiffening in Cs4 elastic constant [15,16], softening
of the surface phonons [17], low-energy fluctuations of the lattice distortions [18], anomalous
phonon broadening [19] and nesting features of the Fermi surface [20].

On the other hand, because absence of Fe?* ions at the tetrahedral sites of magnetite, the
mechanism for the abnormal shear stiffening below ~450 K in magnetite could not be due to the
Jahn-Teller effects like Fe,TiO4 ulvispinel [44], or the magnetoelastic interactions between the
nearest and next-nearest Fe?" ions as proposed in FeO wiistite [46,47]. Moreover, on the basis of
the inverse-to-normal spinel model [21,25], the inverse-to-normal phase transition in magnetite
is associated with significant changes in the unit-cell volume and local site symmetry, as well as
electrical transport properties. Thus, we rule out the possibility of the inverse-to-normal spinel
transition as the mechanism for the anomalous shear stiffening with temperatures of 300~450 K
in magnetite. The unit-cell volume, strain, and average Fe-O bond lengths at the octahedral sites
for magnetite against temperatures at constant pressure are shown in Figs. S2(b)-(d), indicating
that the local atomic distortions in FeOs octahedra may be another reason for the

temperature-driven anomaly, which is supported by the previous neutron scattering
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measurements on magnetite where the low-energy fluctuations of the lattice distortions were
observed [18]. Therefore, in addition to the short-range charge ordering of Fe*" and Fe** ions at
the octahedral sites of magnetite, the local atomic distortions should also be responsible for the
thermal-induced anomaly in the shear modulus above the Verwey temperature. The coupling
between local charge ordering and lattice distortions leads ultimately to the structural phase
transition with more complicated charge distributions.

It is worth noting that the new discovery of the temperature-driven anomaly in the shear
properties for FesOs4 magnetite could be also observed in magnetite-based solid solutions or
spinel-structured materials with the composition of M;3-xNxO4 =
[M3*1 N Jeet[ M3 1xM% 1 ]0ctO4 (M = Fe, Co, Ni; N = Zn?*, Mg?"...). Similar to magnetite, the
mechanism for the predicted temperature-induced anomalies in
[M3*1 N2y Jee[M3H14xM?t 1 JoetOs spinels above Verwey transition temperatures would be
mainly related to the short-range charge ordering of six-coordinated M?* and M*" at the

octahedral sites.

IV. CONCLUSIONS
In summary, acoustic velocities and elasticity of Fe;Os magnetite were measured, for the
first time, at simultaneously high pressure and high temperature using ultrasonic interferometry
in conjunction with synchrotron x-ray diffraction/radiographic imaging techniques. In addition to
the pressure-induced softening, we discovered a novel thermal-driven anomaly in the shear
modulus of magnetite. Using finite strain approaches, the elastic bulk and shear moduli as well

as their pressure and temperature dependences are derived from the directly measured velocities

and densities, yielding Bso =173.2(5) GPa, Gy = 55.5(2) GPa, 8Bs/0P = 2.99(9), 8G/0P = -0.23(3),
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OBs/OT = -0.0209(10) GPa/K, 0G/0T = 0.0042(4) GPa/K, (2’Bs/2T%)p= -1.7(1)x1 0 GPa?/K? and
(2°G/aT?)p = -2.5(1)x10”° GPa?/K2. The anomalous behavior is characterized by the positive
temperature dependence and negative pressure derivative for the shear modulus. On the basis of
the previous studies [36, 44, 46, 47], we propose that the thermal-induced anomaly in the shear
modulus for Fe3Os magnetite is a manifestation of the local atomic distortions and the
short-range charge ordering of six-coordinated Fe**-Fe’" ions at the octahedral sites in the
inverse-spinel structure. These results provide us new high-P thermoelasticity data of magnetite,
and open a window for good understanding of the underlying mechanism for temperature-driven
anomaly in magnetite-based solid solutions and spinel-structured materials for their uses in

extreme environments.
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APPENDIX A: EXPERIMENTAL SETUP AND EXPERIMENTAL P-T CONDITIONS

(a) i i (b) 1600
Experimental Setup for Ultrasonic Measurements = = =
Combined With Synchrotron X-ray Techniques In situ acoustic measurements on magnetite
14009 at high P-T conditions
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FIG. S1. (a). The experimental setup for the present ultrasonic measurements combined with synchrotron
x-ray diffraction. (b). Experimental P-T conditions for the combination of in sifu x-ray diffraction and
ultrasonic measurements on polycrystalline Fe;O4 magnetite, as well as the phase diagram of Fe;O4 at
high pressure and high temperature based on the previous studies [13, 14]. The red circle symbols
represent the P-T data points upon cold compression, whereas the crossed-green square symbols are those
at high P-T conditions during cooling. The black solid line and circles are the phase boundary for
paramagnetic-to-ferrimagnetic transition (Curie temperature) determined by Samara et al. [13]. The
coordination crossover transition boundaries for the inverse-normal conversion are shown in red lines
proposed by Rozenberg et al. [14], and the in-between area of these two lines represents the intermediate

region of the inverse-normal transition.

APPENDIX B: ELECTRICAL RESISTENCE MEASUREMENTS, UNIT-CELL

VOLUME, STRAIN AND BOND LENGTH OF MAGNETITE AT HIGH PRESSURE
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FIG. S2. (a). Electrical resistance measurements of polycrystalline FesO4 magnetite at high pressure in a
multi-anvil apparatus, showing a continuous decrease in electrical resistance with increasing pressures.
(b). Unit-cell volume, (c) strain expressed as € = [1-(v o 1yV)1*3] 2, and (d) average Fe-O bond length

at the octahedral sites for magnetite against temperatures at constant pressure.

APPENDIX C: YOUNG’S MODULUS AND POISSON’S RATIO OF MAGNETITE AT

HIGH PRESSURE AND HIGH TEMPERATURE

a b
( ) Young's modulus of Fe;0, ( ) 0.380 Poisson's ratio of Fe,0, at
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FIG. S3. (a) Young’s modulus (E) and (b) Poisson’s ratio (v) of Fe;O4 magnetite against pressure and
temperature, which is derived by applying £ = 9BG/(3B + G) and v = (3B - 2G)/(6B + 2G), respectively.
The Young’s modulus (F) is a measure of the stiffness of a solid material, and Poisson’s ratio (v) provides

the fundamental metric by which to compare the performance of materials when strained elastically, in
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lines are eye-guide for isotherms.

APPENDIX D: PHYSICAL PROPERTIES OF MAGNETITE AT HIGH PRESSURE AND
HIGH TEMPERATURE

TABLE SI. Physical properties of Fe3;Os magnetite derived from the current ultrasonic
measurements in conjunction with synchrotron x-ray diffraction at simultaneously high pressures

and temperatures

*p T P I Ve Vs Bs G y £
(GPa) (K) (g/cm®)  (mm) (km/s) (km/s) (GPa) (GPa) (GPa)
8.59 1123 5.293(1) 0.662 6.773 3.061 176.7 496 0372 1360
735 1123 5254Q2) 0662  6.759 3.077 173.7 497 0369 1362
804 923 5315(1) 0661  6.867 3.137 180.9 523 0368 1431
7.04 923 5284(1) 0.662  6.843 3.145 177.7 523 0366 1428
590 923 5249(1) 0.665  6.824 3.161 174.6 524 0363 1430
7.96 673 5.355(1) 0.660  6.970 3.169 188.5 538 0370 1473
6.84 673 5323(1) 0.660  6.948 3.177 185.4 537 0368 1469
590 673 5295(1) 0.662 6914 3.191 181.3 53.9 0365 1471
435 673 5.248(1) 0.665  6.902 3217 177.6 543 0361 1479
782 473 5379(1) 0.659  7.015 3.176 192.4 543 0371 1488
6.57 473 5344(1) 0.660  7.000 3.184 189.6 542 0370 1484
564 473 53172) 0.662  6.980 3.203 186.3 546 0367 1491
412 473 52732) 0.665  6.968 3.230 182.6 550 0363 1500
735 300 5.386(2) 0.660  7.045 3.163 195.5 53.9 0374 1481
631 300 5357(1) 0.660  7.015 3.172 191.8 539 0371 1479
507 300 5.3222) 0.662  6.995 3.191 188.2 540 0369 1483
412 300 5295(1) 0.665 6982 3.219 185.0 549 0365 149.8

*The pressures are calculated using the equation: P =-3Kg . -&(1— 26)[1+3(4 - K:S‘(O,T))g /2].

The uncertainties are less than 0.3% in elastic wave velocities and ~1.5% in the derived elastic moduli.
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500

501
502 TABLE I. Summary of the elasticity of magnetite, compared with those for other Fe-, Al-, and
503  Si-bearing spinels
Mater. Bso Go (oBs/oP)r  (2G/oP)r  (aBs/2Tp (oGP (2°Bs/aT?)p  (2°G/oT)p Ref.
(GPa)  (GPa) (GPa/K)  (GPa/K)  (GPaYK)  (GPaYK?)
Fe;05  1732(5) 55.5(2)  2.999)  -023(3) -0.0209(10) 0.0042(4) -1.7(1)x10°  -2.5(1)x10° This study
magnetite ’
FesO4 182(9) 2.90(1) Ju et al.t
Fe;0s  183(10) 4.0(4) Mao et al.b
Fes0s  215(25) 7.5(40) Gerward et al.¢
Fe;04 187.4 49.5 - - - - - - Roldan et al?
natural  186(3)  60(3)  S.I(1)  -0.1(1) Reichmann et
magnetite al.c
Fe,TiO4 121 22.6 --- --- - 0.086 --- -2.344x10* Syono et al/
NiFe;04 182.3 71.3 4.41 0.38 -0.019 -0.007 - - Liebermann®
MgFe;0s  1763(7)  80.1(2) 0.032(3)  -0.0012(1) Antao et al.”
MgALO;  196.0(9) 109.04) 4.6009)  0.58(3)  -0.022(3)  -0.014(1) Zou et al.!
MgSi0;  185(2)  120(1)  4.5(2) 1.5(1) Li
504  “First-principles calculations (Ref. 8);
505  ““Static compression experiments (DAC: isothermal results) (Refs. 26, 31);
506  “First-principles calculations (Ref. 43);
507  ‘“Gigahertz ultrasonic interferometry (DAC) (Ref. 34);
508  /Ulatrasonic pulse echo method (Ref. 44);
509  &MUltrasonic interferometry (multi-anvil apparatus) (Refs. 40, 45, 38, 41);
510
511
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516
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519
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FIG. 1. (a). Crystal structure of Fe;Os4 magnetite at ambient conditions with a cubic inverse-spinel
structure (space group: Fd 3m,No. 227). Large Fe’* ions at tetrahedral sites are represented by green
spheres. Red and small blue spheres are oxygen ions and Fe cations (including Fe** and Fe’") at the
octahedral sites, respectively. (b). SEM image showing the microstructure of the recovered
polycrystalline Fe;O4 magnetite after the current acoustic velocity measurements. The specimen was free
of visible microcracks with an average grain size of about 20~30 wm, exhibiting an equilibrated and
homogeneous microstructure. (c). Typical x-ray diffraction pattern of magnetite at the highest P-T
conditions of 8.6 GPa and 1123 K, suggesting that the specimen is still a cubic spinel structure without
the occurrence of other phases such as wiistite and hematite. The solid green line and red cross represent
the Rietveld refinement results (PDF: 76-1849) and observed data, respectively, and the solid green curve
at the bottom presents the residuals. The vertical bars are the peak positions of the phases present. The

peaks of Au and NaCl are from the gold foil and pressure marker used in this study. (d). Waveform data



543  for P- and S- wave signals of magnetite at the peak P-T conditions of 8.6 GPa and 1123 K.
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546  FIG. 2. (a). Selected x-ray diffraction patterns for Fe;O4 magnetite at high pressure and high temperature.
547  The peaks of magnetite are indexed (PDF: #76-1849); and the peaks labeled by Au and NaCl are from the
548  gold foil and pressure marker used in this study. (b). Compressional (Vp) and shear (Vs) wave velocities
549  for Fe;O4 magnetite spinel at high pressure and room temperature (after annealing), in comparison with
550 those from the previous studies. The third-order finite strain fits are shown as red-solid lines. (c).
551  Elasticity of bulk and shear moduli of polycrystalline FesOs magnetite at high pressure and room
552  temperature, as compared with those from the previous studies by Lin et al [25] (blue symbols) and
553  Reichmann et a/ [34] (open-black symbols), respectively. Red lines are the finite strain fits for this study.

554  Blue vertical lines indicate the transition pressure range around ~8 GPa as suggested by Lin et al [25].
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FIG. 3. (a). Finite strain fitting (open triangles) and observed (solid circles) results of compressional (Vp)
and shear (Vs) wave velocities of Fe;O4 magnetite as a function of pressure and temperature. (b). Finite
strain fitting (open triangles) and observed (solid circles) results of elastic bulk (Bs) and shear (G) moduli
of Fe;O4 magnetite against pressure and temperature. Error bars indicate two standard deviations. Color

lines are eye-guide for isotherms.
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inverse spinel:
Fe2*(Fe2*Ti4*)0,

magnetite:
Fe3*(Fe?*Fe®*)0, *°

600 :
601  FIG. 5. (a). Crystal structure of inverse spinel-structured Fe;Os magnetite at ambient conditions, in

602  comparison with those of FeO wiistite (b) and Fe>TiO4 ulvdspinel (c).



