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Thermoelasticity and acoustic velocities of polycrystalline magnetite are 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 report temperature-driven anomalies in the shear behavior at tempera-
tures 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 temper-
ature dependences, namely BS0 = 173.2(5) GPa, G0 = 55.5(2) GPa, ∂BS/∂P = 2.99(9), ∂G/∂P =−0.23(3),
∂BS/∂T =−0.0209(10) GPa/K, ∂G/∂T = 0.0042(4) GPa/K, (∂2BS/∂T2)P =−1.7(1) × 10−5 GPa2/K2, and
(∂2G/∂T2)P =−2.5(1) × 10−5 GPa2/K2. The origin of the thermally induced anomaly in the shear
modulus for Fe3O4 magnetite is ascribed to the coupling of local atomic distortions and short-range
charge ordering of sixfold-coordinated Fe2+ and Fe3+ ions at the octahedral sites in the inverse-spinel
structure. These findings or results provide high-P thermoelasticity data of magnetite and present an
opportunity to gain a good understanding of the underlying mechanism of temperature-driven anoma-
lies in magnetite-based solid solutions and spinel-structured materials for their applications in extreme
conditions.

DOI: 10.1103/PhysRevApplied.10.024009

I. INTRODUCTION

Magnetite (Fe3O4) is of great interest because of the
importance of understanding the properties of spinel-
structured materials and iron oxides in the Earth’s inte-
rior, as well as its industrial applications in magnetic and
electronic materials, and in nanocomposites for its phys-
ical behaviors [1–12]. At ambient conditions, magnetite
is half-metallic and has an inverse spinel structure, in
which the tetrahedral fourfold-coordinated A site is occu-
pied by Fe3+, and the octahedral B site is occupied by
both Fe2+ and Fe3+. Because the magnetic moments of
Fe ions are antiparallel at the tetrahedral and octahedral
sites, magnetite exhibits a ferromagnetic state below the
Curie temperature of ∼860 K [13]. At ambient pressure,
magnetite undergoes a metal-insulator transition below
the Verwey temperature (TV ≈ 122 K), where an abrupt
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increase of electrical resistivity was observed in associ-
ation with a cubic-to-monoclinic phase transition [14].
Above the Verwey transition, it is accepted that the mag-
netite adopts an inverse-spinel structure with Fe3+ ions
in A sites and B sites in a mixed-valence Fe2.5+ state
[15–20]. However, several previous studies indicate the
existence of short-range order of polaronic character [15–
20], which is correlated with the critical softening of
C44 elastic constant on cooling [15,16], softening of the
surface phonons [17], low-energy fluctuations of the lat-
tice distortions [18], anomalous phonon broadening [19],
and the Fermi-surface nesting features [20]. However, to
date, the short-range ordering and/or its related abnor-
mal properties above the Verwey transition or at tem-
peratures higher than ∼122 K is still not well under-
stood.

Recent high-pressure studies on magnetite raise enor-
mous controversies about the interpretation of the elec-
tronic and structural behavior at pressures between 6 and
16 GPa [8,9,14,21–25], ranging from the inverse-normal
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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 oxy-
gen coordinates [24]. Recently, in situ magnetoresistivity
measurements revealed a magnetoresistivity transition at
a 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]. How-
ever, 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 propose that the origin of the abnormal elastic
and vibrational behaviors of magnetite at ∼8 GPa is due to
the local site distortions and the charge ordering between
Fe2+ and Fe3+ ions at the octahedral sites in the inverse
spinel.

Elastic bulk and shear moduli as well as their pres-
sure and temperature dependences are important param-
eters in understanding the high P-T behavior and physi-
cal properties upon compression. The compressibility and
bulk modulus (B) of magnetite have been studied by
static compression experiments [21,23,25–31] and first-
principle calculations [8,32], however, the reported values
are quite scattered with significant discrepancies, ranging
from 155 to 215 GPa with the associated pressure deriva-
tive (B′) in a wide range of 2.9–7.5. Sound velocities of
single-crystal magnetite at high pressure were studied by
Isida et al. [33] up to 1.2 kbar, and the pressure depen-
dences of the elastic constants C11 and C44 were reported
to be anomalous. Recently, elasticity of a natural mag-
netite was measured at pressures up to 8.7 GPa using
gigahertz ultrasonic interferometry in a diamond-anvil
cell [34], yielding a pressure-marker-dependent ∂BS/∂P,
namely ∂BS/∂P = 5.1(1) for a quartz pressure marker and
∂BS/∂P ≈ 3 for a ruby pressure marker, together with a
negative ∂G/∂P = −0.1(1).

To date, the high-pressure behavior of magnetite is
still under debate and studies under high tempera-
ture are rather scarce, especially for the shear-related
properties. In this study, simultaneous high-pressure
and high-temperature sound-velocity measurements on
polycrystalline Fe3O4 magnetite are conducted in a mul-
tianvil apparatus using ultrasonic interferometry in con-
junction with x-ray diffraction and radiographic imag-
ing techniques [34–39]. Here, we report the observa-
tions of temperature-driven and pressure-induced anoma-
lies in the shear modulus of Fe3O4 magnetite, as well
as the possible mechanisms underlying these abnormal
behaviors. An internally consistent set of thermoelastic-
ity data for magnetite is derived based on the measured
velocities and density data by a pressure-standard-free
fitting procedure using the third-order finite-strain equa-
tions [37].

II. EXPERIMENTAL DETAILS

The polycrystalline Fe3O4 magnetite specimen used
in the present study was commercially obtained from
Trans-Tech. Inc., USA. Compressional (P) and shear (S)
wave velocities of polycrystalline Fe3O4 magnetite at high
pressure and high temperature are measured using ultra-
sonic interferometry in conjunction with in situ x-ray
diffraction and x radiography in a multianvil apparatus at
GSECARS (Sector 13) of the Advanced Photon Source
(APS), Argonne National Laboratory. Details of this exper-
imental setup are described elsewhere [35–39]. Briefly,
the pressure-transmitting medium is a MgO octahedron.
Graphite is used as a heater. A dual-mode LiNbO3 trans-
ducer (10° Y cut) is 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 simul-
taneously. 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, are well polished using 1-µm diamond
paste. Inside the cell assembly, the front surface of the
sample is in contact with an alumina (Al2O3) buffer rod
via a gold film (2 µm) to improve their mechanical cou-
pling, whereas the rear surface of the sample is backed by
NaCl pressure marker. Temperatures are monitored with
a W97Re3-W75Re25 thermocouple. Travel times for P and
S waves are 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 is directly
obtained by x-radiographic imaging method; the precision
of this direct measurement of sample length is 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 2θ ≈ 6.09°. The collected x-ray
diffraction patterns of the sample are refined to deter-
mine the unit-cell volume, from which the densities at
high pressures and temperatures are obtained, as shown in
Table I.

III. RESULTS AND DISCUSSION

At ambient conditions, the polycrystalline Fe3O4 mag-
netite specimen has an inverse-spinel structure (space
group Fd3̄m, no. 227), and the crystal structure is shown
in Fig. 1(a). Prior to our ultrasonic measurement experi-
ments, the purchased polycrystalline magnetite specimen
is characterized by x-ray diffraction and SEM obser-
vations, showing that the starting magnetite is a pure
cubic spinel structure and free of visible microcracks.
SEM images of from the current ultrasonic measurements
show that the recovered specimen exhibits an equilibrated

024009-2



THERMALLY INDUCED ANOMALY IN THE SHEAR... PHYS. REV. APPLIED 10, 024009 (2018)

TABLE I. Physical properties of Fe3O4 magnetite derived from the current ultrasonic measurements in conjunction with
synchrotron x-ray diffraction at simultaneously high pressures and temperatures.

Pa (GPa) T (K) ρ (g/cm3) L (mm) VP (km/s) VS (km/s) BS (GPa) G (GPa) ν E (GPa)

8.59 1123 5.293(1) 0.662 6.773 3.061 176.7 49.6 0.372 136.0
7.35 1123 5.254(2) 0.662 6.759 3.077 173.7 49.7 0.369 136.2
8.04 923 5.315(1) 0.661 6.867 3.137 180.9 52.3 0.368 143.1
7.04 923 5.284(1) 0.662 6.843 3.145 177.7 52.3 0.366 142.8
5.90 923 5.249(1) 0.665 6.824 3.161 174.6 52.4 0.363 143.0
7.96 673 5.355(1) 0.660 6.970 3.169 188.5 53.8 0.370 147.3
6.84 673 5.323(1) 0.660 6.948 3.177 185.4 53.7 0.368 146.9
5.90 673 5.295(1) 0.662 6.914 3.191 181.3 53.9 0.365 147.1
4.35 673 5.248(1) 0.665 6.902 3.217 177.6 54.3 0.361 147.9
7.82 473 5.379(1) 0.659 7.015 3.176 192.4 54.3 0.371 148.8
6.57 473 5.344(1) 0.660 7.000 3.184 189.6 54.2 0.370 148.4
5.64 473 5.317(2) 0.662 6.980 3.203 186.3 54.6 0.367 149.1
4.12 473 5.273(2) 0.665 6.968 3.230 182.6 55.0 0.363 150.0
7.35 300 5.386(2) 0.660 7.045 3.163 195.5 53.9 0.374 148.1
6.31 300 5.357(1) 0.660 7.015 3.172 191.8 53.9 0.371 147.9
5.07 300 5.322(2) 0.662 6.995 3.191 188.2 54.2 0.369 148.3
4.12 300 5.295(1) 0.665 6.982 3.219 185.0 54.9 0.365 149.8

aThe pressures are calculated using the equation P = −3KS(0,T)ε(1 − 2ε)2.5[1 + 3(4 − K ′
S(0,T))ε/2]. The uncertainties are less

than 0.3% in elastic wave velocities and ∼1.5% in the derived elastic moduli.

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 the
Archimedes immersion method is ∼5.18(2) g/cm3, reach-
ing ∼99.5% of the theoretical density of 5.21 g/cm3. This
means that the porosity of the specimen is about 0.5%,
resulting in a negligible effect on the elasticity of poly-
crystalline magnetite within uncertainties [35–39]. SEM
energy-dispersive x ray measurements on the recovered
specimen yield a slightly nonstoichiometric composition
of Fe2.98(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 wüstite or hematite are observed.

The schematic experimental setup and P-T path for the
present ultrasonic measurements in conjunction with syn-
chrotron x-ray study are shown in Figs. 2(a) and 2(b),
respectively. In this experiment, we perform four heating-
cooling cycles at pressures up to ∼8.6 GPa and temper-
atures up to 1123 K. The sample is annealed at a peak
temperature of each cycle for several minutes to release
nonhydrostatic stress accumulated during cold compres-
sion and decompression. All the ultrasonic and x-ray
diffraction measurements are conducted upon cooling after
annealing at high pressures. Representative acoustic sig-
nals 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 com-
pressional and shear travel times even at the highest P-T
conditions.

Comparison of x-ray diffraction patterns of mag-
netite at various pressures and temperatures is shown
in Fig. 3(a), indicating that no structural phase transi-
tions/transformations occur in magnetite during the cur-
rent measurements up to ∼8.6 GPa and 1123 K. On
the basis of the travel time and sample length data
in Table II, the compressional (VP) and shear (VS)
velocities of Fe3O4 magnetite are derived. As shown
in Fig. 3(b), while VP increases monotonically with
pressures, however, VS exhibits an anomalous negative
pressure dependence. By fitting the present acoustic veloc-
ity 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 measure-
ments on natural magnetite [VP = 7.16(3) km/s; VS =
3.41(2) km/s] by Reichmann et al. [34]. As clearly seen
in Fig. 3(b), our negative pressure-dependence of shear
velocity [∂VS/∂P ≈ −0.017(3) km s−1/GPa] is almost
the same as the negative values for the natural mag-
netite [34], and for NiFe2O4 spinel [40]. By contrast, the
pressure dependence of VP from this study, ∂VP/∂P ≈
0.019(2) km s−1/GPa, is significantly smaller than ∂VP/
∂P ≈ 0.047(1) km s−1/GPa for the natural magnetite [34],
and ∂VP/∂P ≈ 0.044(1) km s−1/GPa for NiFe2O4 spinel
[40], respectively.
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(a) (b)

(c) (d)

FIG. 1. (a) Crystal structurze of Fe3O4 magnetite at ambient conditions with a cubic inverse-spinel structure (space group Fd3̄m,
no. 227). Large Fe3+ ions at tetrahedral sites are represented by green spheres. Red and small blue spheres are oxygen ions and Fe
cations (including Fe2+ and Fe3+) at the octahedral sites, respectively. (b) SEM image showing the microstructure of the recovered
polycrystalline Fe3O4 magnetite after the current acoustic velocity measurements. The specimen was free of visible microcracks with
an average grain size of about 20–30 µm, 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 wüstite and hematite. The solid green line and red cross represent the Rietveld refine-
ment results (PDF: 76-1849, cubic, Fd-3m (227)) 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 for P- and S- wave signals of magnetite at the peak P-T conditions of 8.6 GPa
and 1123 K.

As shown in Fig. 3(c), our obtained bulk moduli are con-
sistent with those from the recent inelastic x-ray scattering
measurements on a stoichiometric single-crystal Fe3O4
magnetite by 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 al. [34]. By contrast, however, our derived shear moduli
are in general agreement with those from previous stud-
ies using different specimens and techniques [7,34], and
no visible discontinuity is observed at pressures up to
∼7.4 GPa in Fig. 3(c). To examine more closely the
structural stability of magnetite upon compression, elec-
trical resistance measurements are conducted at pressures
up to ∼12.8 GPa in a multianvil apparatus [see Fig.
4(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].

Figure 5(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 pressure and decreases
with temperature, 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 [∂VS/
∂P = −0.017(3) km s−1/GPa] is in great contrast to pre-
vious reports for other spinel-structured materials, such as
MgAl2O4 [∂VS/∂P = 0.0022(5) km s−1/GPa] (Ref. [38])
and Mg2SiO4 [∂VS/∂P = 0.021 km s−1/GPa] (Ref. [41]).
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(a) (b)

FIG. 2. (a) The experimental setup for the present ultrasonic measurements combined with synchrotron x-ray diffraction. (b) Experi-
mental P-T conditions for the combination of in situ x-ray diffraction and ultrasonic measurements on polycrystalline Fe3O4 magnetite,
as well as the phase diagram of Fe3O4 at high pressure and high temperature based on the previous studies [13,14]. The red circle sym-
bols 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 tempera-
ture) 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.

As suggested for natural magnetite, the negative pressure
dependence originates from the softening shear constant
C44 under pressures [34]. A closer examination of Fig. 5(a)
indicates that, in addition to the negative pressure depen-
dence in VS, the shear-wave velocities appear to exhibit
a positive temperature dependence within 300 and 673 K
[see Fig. 5(a)] 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.

The bulk and shear moduli are calculated using ρV2
P =

BS + 4G/3 and G = ρV2
S, respectively, based on acous-

tic velocities and densities (Table I), and the results

are shown in Fig. 5(b). Clearly, the thermally induced
anomaly in VS is also observed in the derived shear
moduli. We fit all the data collected in the entire P–T
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 and dependences. The detailed data-processing
procedure can be found elsewhere [35–38]. With the ther-
mal expansivity α = 1.425 × 10−5 + 3.65 × 10−8T (Ref.
[42]) and Grüneisen parameter γ = 1.33 from Ref. [33],
we obtained the elastic bulk and shear moduli, as well
as their pressure and temperature dependences, namely

(a) (b) (c)

FIG. 3. (a) Selected x-ray diffraction patterns for Fe3O4 magnetite at high pressure and high temperature. The peaks of magnetite
are indexed (PDF 76-1849), and the peaks labeled by Au and NaCl are from the gold foil and pressure marker used in this study. (b)
Compressional (VP) and shear (VS) wave velocities for Fe3O4 magnetite spinel at high pressure and room temperature (after annealing),
in comparison with those from the previous studies. The third-order finite strain fits are shown as red solid lines. (c) Elasticity of bulk
and shear moduli of polycrystalline Fe3O4 magnetite at high pressure and room temperature, as compared with those from the previous
studies by Lin et al. [25] (blue symbols) and Reichmann et al. [34] (open black symbols), respectively. Red lines are the finite strain
fits for this study. Blue vertical lines indicate the transition pressure range around ∼8 GPa as suggested by Lin et al. [25].
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FIG. 4. (a) Electrical resistance measure-
ments of polycrystalline Fe3O4 magnetite
at high pressure in a multianvil apparatus,
showing a continuous decrease in electri-
cal resistance with increasing pressures. (b)
Unit-cell volume. (c) Strain expressed as ε =
[1 − (V(0T)/V2/3)]/2. (d) Average Fe—O bond
length at the octahedral sites for magnetite
against temperature at constant pressure.

BS0=173.2(5) GPa, G0 = 55.5(2) GPa, ∂BS/∂P = 2.99(9),
∂G/∂P = −0.23(3), ∂BS/∂T = −0.0209(10) GPa/K,
∂G/∂T = 0.0042(4) GPa/K, (∂2BS/∂T2)P = −1.7(1)×10−5

GPa2/K2, and (∂2G/∂T2)P = −2.5(1)×10−5 GPa2/K2 (see
Table II). We note, for most minerals and materials, the
cross derivatives of (∂2BS/∂P∂T)P and (∂2G/∂P∂T)P are in
the order of 10−4 (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 II for comparison with those from previous stud-
ies on magnetite, wüstite, and other spinel-structured
materials [8,26,31,34,38,40–44]. The bulk modulus [BS0=
173.2(5) GPa] of Fe3O4 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 mag-
netite [34] as well as that by theoretical calculations [43].
As shown in Table II, the pressure derivative of ∂BS/∂P
=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 G0 = 55.5(2) GPa is
significantly lower than that for natural magnetite [34], but
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 stud-
ies as well as the well-known trade-off between the bulk
modulus and its pressure derivative in equation-of-state fit.

(a) (b)

FIG. 5. (a) Finite strain fitting (open triangles) and observed (solid circles) results of compressional (VP) and shear (VS) wave
velocities of Fe3O4 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 Fe3O4 magnetite against pressure and temperature. Error bars indicate two
standard deviations. Color lines are eye guides for isotherms.
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TABLE II. Summary of the elasticity of magnetite, compared with those for other Fe-, Al-, and Si-bearing spinels.

Mater. BS0 (GPa) G0 (GPa) (∂BS/∂P)T (∂G/∂P)T

(∂BS/∂T)P
(GPa/K)

(∂G/∂T)P
(GPa/K)

(∂2BS/∂T2)P
(GPa2/K2)

(∂2G/∂T2)P
(GPa2/K2) Ref.

Fe3O4 173.2(5) 55.5(2) 2.99(9) −0.23(3) −0.0209(10) 0.0042(4) −1.7(1)×10−5 −2.5(1)×10−5 This study
magnetite

Fe3O4 182(9) — 2.90(1) — — — — — Ju et al.a

Fe3O4 183(10) — 4.0(4) — — — — — Mao et al.b

Fe3O4 215(25) — 7.5(40) — — — — — Gerward et al.b

Fe3O4 187.4 49.5 — — — — — — Roldan et al.c

Natural 186(3) 60 (3) 5.1(1) −0.1(1) — — — — Reichmann et al.d

magnetite
Fe2TiO4 121 22.6 — — — 0.086 — −2.344×10−4 Syono et al.e

NiFe2O4 182.3 71.3 4.41 0.38 −0.019 −0.007 — — Liebermannf

MgFe2O4 176.3(7) 80.1(2) — — −0.032(3) −0.0012(1) — — Antao et al.f

MgAl2O4 196.0(9) 109.0(4) 4.60(9) 0.58(3) −0.022(3) −0.014(1) — — Zou et al.f

Mg2SiO4 185(2) 120(1) 4.5(2) 1.5(1) — — — — Lif

aFirst-principle calculations (Ref. [8]);
bStatic compression experiments (DAC, isothermal results) (Refs. [26,31]);
cFirst-principle calculations (Ref. [43]);
dGigahertz ultrasonic interferometry (DAC) (Ref. [34]);
eUltrasonic pulse echo method (Ref. [44]);
fUltrasonic interferometry (multianvil apparatus) (Refs. [38,40,41,45]);

As clearly seen in Table II, the unusual negative pres-
sure dependence of shear modulus [∂G/∂P = −0.23(3)]
for Fe3O4 magnetite from this study is generally consis-
tent with ∂G/∂P = −0.1(1) for natural magnetite [34]
within the mutual uncertainties, but is significantly lower
than the weak positive values for nonsilicate spinels (e.g.
∂G/∂P = 0.58 for MgAl2O4 spinel [38] and ∂G/∂P = 0.38
for NiFe2O4 trevovite [40]), as well as the large positive
∂G/∂P = 1.5 for Mg2SiO4 silicate spinel [45]. Likely, the
origins for the pressure-induced abnormal shear behavior
in spinel-structured Fe3O4 magnetite (G′ = −0.23) include
both the FeO6 octahedral distortion upon compression as
proposed by Zou et al. [38] for nonsilicate 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 mechanism for the thermally
induced anomaly in the shear properties, the shear mod-
ulus for Fe3O4 magnetite as a function of temperature
at constant pressure is calculated based on our newly
derived thermoelasticity data [Fig. 6(a)], which are com-
pared with those for iron-bearing compounds such as
Fe0.943O wüstite and Fe2TiO4 ulvöspinel, as well as other
spinel-structured materials [see Figs. 6(b) and 6(c)]. As
shown in Fig. 6(a), the shear modulus for Fe3O4 mag-
netite increases with temperatures and reaches a maxi-
mum value of ∼55.8 GPa at the temperature of ∼450
K, above which it decreases with increasing tempera-
ture. As shown in Fig. 6(c), this anomalous behavior is
quite similar to those of Fe0.943O wüstite and Fe2TiO4
ulvöspinel, but is significantly different from the trends for
Al- and Fe-bearing spinels such as NiFe2O4, MgFe2O4 and

MgAl2O4, where the shear moduli decrease gradually with
temperatures.

To seek a possible structure-related mechanism for the
thermally induced anomaly in the shear modulus, the
crystal structure of Fe3O4 magnetite [Fig. 7(a)] is com-
pared with those of FeO wüstite [Fig. 7(b)] and Fe2TiO4
ulvöspinel [Fig. 7(c)]. For cubic wüstite, the anomalous
positive ∂G/∂T in terms of G = [2C44 + (C11 − C12)]/4
was proposed to be related to the positive ∂C44/∂T result-
ing from the lowering C44 near its Néel temperature (TN ≈
195 K). As clearly seen in Fig. 7(a), this unusual behav-
ior in G for wüstite resulted from the lowering C44 can
persist up to ∼550 K, the reason for which is proposed
to be due to the magnetoelastic interactions and relaxation
from exchange coupling between the neighbor Fe2+ 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 Fe2+(Fe2+Ti4+)O4 ulvöspinel
increased anomalously with temperatures up to ∼225 K,
which is ∼83 K higher than its Curie temperature of TC ≈
142 K [44]. As seen from the crystal structure of Fe2TiO4
ulvöspinel in Fig. 7(c), there is an absence of Fe3+ ions
at the octahedral sites. Thus, the origin of the anoma-
lous shear stiffening with temperatures below ∼225 K
in Fe2TiO4 ulvöspinel was proposed to be related to the
presence of Jahn-Teller Fe2+ ions at the tetrahedral sites
yielding large magnetostriction, rather than the hopping
of electrons and charges between Fe2+ and Fe3+ at the
octahedral sites which may be observed in Fe2TiO4-Fe3O4
solid solutions by Ishikawa and Syono [44].

For magnetite, the tetrahedral four-coordinated A site
is occupied by Fe3+ ions, and the octahedral B site is
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(a) (b) (c)

FIG. 6. (a) Anomalous temperature dependence of shear modulus in spinel-structured Fe3O4 magnetite at ambient pressure, in com-
parison with those for Fe0.943O wüstite, (b) Fe2TiO4 ulvöspinel and (c) other spinel-structured materials such as MgAl2O4, MgFe2O4
and NiFe2O4.

occupied by both Fe2+ and Fe3+ cations at ambient con-
ditions. According to earlier x-ray diffraction structural
studies on single-crystal magnetite, Fe3+-Fe2+-Fe3+ ions
at the octahedral site may form linear three-Fe-site units
(called trimerons) with the three-site distortions, which
become charge ordered below the Verwey temperature of
TV ≈ 122 K [4,25]. Above the Verwey transition, it is sug-
gested that magnetite adopts the inverse-spinel structure
with Fe3+ ions in A sites and B sites in a mixed-valence
Fe2.5+ state [15–20]. With increasing temperatures up to
∼450 K, we postulate that the Fe3+-Fe2+-Fe3+ ions, or
formed trimerons, may facilitate atomic displacements and
distortions, and activate the hopping of electrons or short-
range charge ordering between Fe2+ and Fe3+ at the octa-
hedral sites, resulting in a less symmetrical yet ‘‘ideal’’
inverse spinel structure with a small distortion. The pres-
ence of this short-range effect in magnetite above the
Verwey temperature is further supported by several pre-
vious studies on the existence of short-range interactions
of polaronic character in magnetite [15–20], which could
be related to a pronounced shear mode stiffening in C44

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 of the absence of Fe2+ ions
at the tetrahedral sites of magnetite, the mechanism for
the abnormal shear stiffening below ∼450 K in magnetite
cannot be due to the Jahn-Teller effects as in Fe2TiO4
ulvöspinel [44], or the magnetoelastic interactions between
the nearest and next-nearest Fe2+ ions as proposed in FeO
wüstite [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 con-
stant pressure are shown in Figs. 4(b)–(d), indicating that

(a) (b) (c) FIG. 7. (a) Crystal structure of
inverse spinel-structured Fe3O4
magnetite at ambient conditions,
in comparison with those of FeO
(b) wüstite and Fe2TiO4 ulvöspinel
(c).
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FIG. 8. (a) Young’s modulus (E) and (b)
Poisson’s ratio (ν) of Fe3O4 magnetite against
pressure and temperature, which is derived by
applying E = 9BG/(3B + G) and ν = (3B −
2G)/(6B + 2G), respectively. The Young’s
modulus (E) is a measure of the stiffness of a
solid material, and Poisson’s ratio (ν) provides
the fundamental metric by which to compare
the performance of materials when strained
elastically, in comparing a material’s resistance
to distortion under mechanical load rather than
to altering in volume. Colored lines represent-
ing isotherms are a guide for the eye.

the local atomic distortions in FeO6 octahedra may be
another reason for the temperature-driven anomaly, which
is supported by the previous neutron scattering measure-
ments on magnetite where low-energy fluctuations of the
lattice distortions are observed [18]. Therefore, in addition
to the short-range charge ordering of Fe2+ and Fe3+ ions
at the octahedral sites of magnetite, the local atomic distor-
tions should also be responsible for the thermally induced
anomaly in the shear modulus above the Verwey temper-
ature. 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 discovery of the temperature-
driven anomaly in the shear properties of Fe3O4 magnetite
could be also observed in magnetite-based solid solu-
tions or spinel-structured materials with the composition
of M 3−xN xO4 = [M1−x

3+N x
2+]tet[M 1+x

3+M 1−x
2+]octO4

(M = Fe,Co,Ni; N = Zn2+,Mg2+,. . . ). Similarly to
magnetite, the mechanism for the predicted temperature-
induced anomalies in [M 1−x

3+N x
2+]tet[M 1+x

3+
M 1−x

2+]octO4 spinels above Verwey transition tempera-
tures would be mainly related to the short-range charge
ordering of sixfold-coordinated M 2+ and M 3+ at the octa-
hedral sites.

IV. CONCLUSIONS

In summary, acoustic velocities and elasticity of
Fe3O4 magnetite are measured at simultaneously high
pressure and high temperature using ultrasonic interfer-
ometry in conjunction with synchrotron x-ray diffrac-
tion and radiographic imaging techniques. In addition
to the pressure-induced softening, we discover a ther-
mally driven anomaly in the shear modulus of mag-
netite. Using finite strain approaches, the elastic bulk
and shear moduli as well as their pressure and tempera-
ture dependences are derived from the directly measured

velocities and densities, yielding BS0 =173.2(5) GPa,
G0 = 55.5(2) GPa, ∂BS/∂P = 2.99(9), ∂G/∂P = −0.23(3),
∂BS/∂T = −0.0209(10) GPa/K, ∂G/∂T = 0.0042(4)
GPa/K, (∂2BS/∂T2)P = −1.7(1) × 1 0−5 GPa2/K2, and
(∂2G/∂T2)P = −2.5(1) × 10−5 GPa2/K2. The anomalous
behavior is characterized by the positive temperature
dependence and negative pressure derivative for the shear
modulus. On the basis of previous studies [36,44,46,47],
we propose that the thermally induced anomaly in the shear
modulus for Fe3O4 magnetite is a manifestation of local
atomic distortions and the short-range charge ordering of
sixfold-coordinated Fe2+-Fe3+ ions at the octahedral sites
in the inverse-spinel structure. These results provide high-
P thermoelasticity data for magnetite and present an oppor-
tunity for better understanding of the underlying mecha-
nism for temperature-driven anomalies in magnetite-based
solid solutions and spinel-structured materials and their
applications in extreme environments.
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