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Magnetite exhibits unique electronic, magnetic, and structural properties in extreme conditions that are of
great research interest. Previous studies have suggested a number of transitional models, although the
nature of magnetite at high pressure remains elusive. We have studied a highly stoichiometric magnetite
using inelastic X-ray scattering, X-ray diffraction and emission, and Raman spectroscopies in diamond anvil
cells up to ~20 GPa, while complementary electrical conductivity measurements were conducted in a cubic
anvil cell up to 8.5 GPa. We have observed an elastic softening in the diagonal elastic constants (C;; and C,y)
and a hardening in the off-diagonal constant (C;,) at ~8 GPa where significant elastic anisotropies in
longitudinal and transverse acoustic waves occur, especially along the [110] direction. An additional
vibrational Raman band between the A, and T,; modes was also detected at the transition pressure. These
abnormal elastic and vibrational behaviors of magnetite are attributed to the occurrence of the
octahedrally-coordinated Fe**-Fe**-Fe** ions charge-ordering along the [110] direction in the inverse
spinel structure. We propose a new phase diagram of magnetite in which the temperature for the
metal-insulator and distorted structural transitions decreases with increasing pressure while the
charge-ordering transition occurs at ~8 GPa and room temperature.

agnetite (Fe;O,) is the oldest known magnet that exhibits an inverse spinel structure with the chemical

formula of Fe*" (1,5 (Fe’*Fe’")on)O4 where subscripted Td represents the tetrahedral site occupied by

Fe*™ jons and subscripted Oh indicates the octahedral site occupied equivalently by Fe** and Fe*" ions'.
Due to magnetite’s natural geological occurrences in the Earth’s crust and mantle as well as technological
applications in magnetic and electronic materials and nano-composites, numerous experimental and theoretical
studies have been conducted to understand its electronic, magnetic, and structural properties in extreme pres-
sures and temperatures (P-T)**°. Of particular interest is the occurrence of the metal-insulator Verwey transition
at ambient pressure upon cooling below approximately 122 K, the Verwey temperature (Tv)? which is strongly
suppressed with increasing pressure up to approximately 8 GPa’~>'*'>. On the other hand, high-pressure studies
atroom temperature have also suggested a number of electronic, magnetic, and structural transitions in magnetite
including the inverse-normal spinel transition®*'®, the high-spin to intermediate-spin transition'®", the
enhanced delocalization or charge ordering of the 3d electrons of the iron ions'”*, the pressure-tuned ideal
inverse-spinel structure'®, as well as the occurrence of decreased bond length via changes in the local oxygen
coordinates". These proposed scenarios differ from each other significantly and entail very fundamental under-
lying physical mechanisms for understanding the behavior of magnetite at high pressures.

Based on the analyses of previous high-pressure Mossbauer spectra and refinements of the X-ray diffraction
patterns>'*">, it has been suggested that magnetite undergoes a transition from the inverse spinel structure to
the normal spinel structure at pressures of approximately 10-20 GPa and room temperature, in which Fe>*
ions occupy the tetrahedral A site while all Fe’™ ions occupy the octahedral B site (Fe** 4 (Fe**Fe’ ™) on)Ou).
The inverse-normal spinel transition would result in a 50% increase in the net magnetic moment from 4 y to 6 fig
as well as significant local volume changes of the A and B-sites iron ions>'*'*. However, this normal spinel
transition model was not confirmed by many other subsequent studies including Méssbauer and neutron studies
using highly-stoichiometric magnetite samples'>'”'***°. On the other hand, combined high-pressure X-ray
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magnetic circular dichroism (XMCD) and X-ray emission spectro-
scopy (XES) studies on magnetite have suggested a reduction of the
net magnetic moment of magnetite by approximately 50% at 12—
16 GPa, indicating a high-spin to intermediate-spin transition of
Fe?* jons in the octahedral site's. However, such a spin-pairing model
was soon disputed using results obtained from the same XMCD
technique®.

As clearly pointed out in Verwey’s original paper in 1939 and
many later studies*'~?, physical properties of magnetite in extreme
P-T environments can be very sensitive to the stoichiometry, twin-
ning, and presence of impurities and defects in the starting sample.
Specifically, the metal-insulator transition near the Tv would occur
continuously or discontinuously depending on the stoichiometry of
the magnetite samples"*"** for a chemical formula Fe;(; 5,04 where
0 is the degree of non-stoichiometry, the Verwey transition is of
first order or second order when the absolute & value is less than
or more than 0.004, respectively. Twinning domains, on the other
hand, have hampered the diffraction studies of the crystal struc-
ture***". Thus, care needs to be taken in preparing and characterizing
the stoichiometry and avoiding twinning of the starting sample
in order to better understand the behavior of magnetite at extreme
environments. It should be noted that natural magnetite samples
are intrinsically highly non-stoichiometric and can develop
twinning domains'. Unfortunately, natural or synthetic magnetite
samples have been commonly used in many of the literature studies
without characterizing and reporting their non-stoichiometric &
values as well as the degree of twinning domains’, making a coherent
comparison and understanding of the literature results extremely
difficult.

A survey of previous studies at high pressures using highly stoi-
chiometric starting samples shows that magnetite undergoes a trans-
ition at approximately 7-8 GPa and room temperature'>'®*’. The
abnormal changes in the hyperfine interaction parameters at
7 GPa have been interpreted as the occurrence of the decreased local
oxygen internal coordinates (the decreased Fe-O bond length) at
high pressures and room temperature”®'*. However, high-pressure
neutron diffraction results and ab initio calculations do not reveal
any detectable change in the oxygen atomic parameter, yet show
significant but continuous decrease of the magnetic moments at both
the A and B sites to at least 10 GPa'”. These results, nevertheless, rule
out the possibility of a pressure-induced transition to the normal
spinel structure at high pressures, and point to the possible occur-
rence of the charge-ordering of the iron ions at the B site'.
Furthermore, a change in the curvature of the electrical conductivity
at 6 GPa and room temperature has been attributed to be a result
of the occurrence of the pressure-tuned ideal inverse-spinel
structure'®.

To decipher the behavior of magnetite at high pressures, here we
have studied a highly stoichiometric and twinning-free single-crystal
magnetite sample with a chemical formula Fe;(; 504, where |3] =
0.00018 (Fig. S1), using high-energy resolution inelastic X-ray scat-
tering (HERIX)***, X-ray diffraction (XRD), Raman spectroscopy,
and X-ray emission spectroscopy (XES)*** measurements in dia-
mond anvil cells (DACs) up to approximately 20 GPa (See
Methods and SI for details)***>*. Complimentary electrical conduc-
tivity (EC) measurements were also conducted in a cubic anvil cell up
to 8.5 GPa at room temperature (See SI for details). The HERIX and
XRD results were used to derive full elastic constants of the single-
crystal magnetite, while the Raman, XES, and EC results were used to
understand the vibrational and electronic properties of the sample.
These results show abnormal acoustic phonon and optical vibra-
tional behaviors occurring at approximately 8 GPa. Using these
experimental results and literature data, here we attribute the origin
of the abnormal elastic and vibrational properties of magnetite at
approximately 8 GPa to the local site distortions associated with
charge-ordering in the inverse spinel lattice.

Results

High-pressure HERIX spectra of the single-crystal magnetite platelet
with the pre-oriented (100) crystallographic plane were measured up
to 19 GPaina DAC for the lower momentum transfer (Q) part of the
longitudinal acoustic (LA) and transverse acoustic (TA) phonon
branches along [100] and [110] directions (See Methods and SI for
details; Figs. S2-4)****. X-ray diffraction patterns were also collected
to determine the crystallographic orientation matrix and to calculate
the lattice parameter and the density of the sample as a function of
pressure (Figs. S5; Table S1). The XRD patterns showed sharp reflec-
tions of the cubic inverse spinel structure without any observable
structural transition, twinning domains, or volume collapse up to
20 GPa within the experimental uncertainties (Fig. S5). Using a lin-
ear fitting of the measured inelastic energy shift (E) as a function of Q
near (800) and (440) reflection spots®, we have determined full
elastic constants (C;;, Cj, and Cy) along principle [100] and
[110] axes for the longitudinal (Vp) and transverse (Vs) acoustic
waves based on the following equations:

VPi100) = (CII/P)1/2

V(100 = (C44/P)1/2

Voo = [(Ci1+Cp2 -%—2C44)/2p]1/2

Vs =[(Crr—Ci2) /2p]'/?

where p is the density and the subscript [uvw] indicates the crystal-
lographic direction of the acoustic phonon wave propagation
(Fig. 1)**. Using these elastic constants, we have also derived adia-
batic bulk modulus (Kj), shear modulus (G), and aggregate Vp and
Vs of the single crystal®.

The C;; and C; elastic constants show monotonic increases with
increasing pressure up to approximately 7 GPa, while the Cy
decreases with increasing pressure (Fig. 1). Between 7 and 8.5 GPa,
abnormal changes in the constants and sound velocities occur in
which the diagonal elastic constants C;; and Cyy drop by approxi-
mately 6-7%, respectively, while the off-diagonal elastic constant C;,
jumps by 17% (Fig. 1). The aggregate Vp, Vs and G also decrease
significantly within this pressure interval. However, the K continu-
ously increases with increasing pressure normally up to 19 GPa and
does not show any visible change at the transition pressure range for
other elastic constants; this behavior of the K as a function of pres-
sure is consistent with the compressional pressure-volume curve
derived from the X-ray diffraction spectra as a function of pressure
(Fig. S5). Between 16 GPa and 20 GPa, the C;,, G, and Vs also
significantly decrease with increasing pressure. The softening of
these constants between 16 GPa and 20 GPa in the inverse spinel
phase can be attributed to its approaching the previously reported
orthorhombic phase at approximately 22 GPa*>**.

To understand the abnormal behavior of the elasticity as a func-
tion of pressure in detail, we have also calculated the Vp, Vs;, and Vs,
as a function of the crystallographic direction at high pressures
(Figs. 2, S4)*. The Vp and Vs, exhibit significant changes especially
along the [110] direction between 7 and 8.5 GPa with a significantly
increased anisotropy factor (A) (Fig. 2). The Vi splitting anisotropy
factor (Ays) jumps from a few percent to 17% while the V,, anisotropy
factor (Ay,) increases from approximately 1% to 4% (Fig. S4), indi-
cating that the single-crystal magnetite becomes highly elastically
anisotropic at pressures above approximately 8 GPa. We note that
X-ray diffraction patterns of the sample in the soft Ne medium
showed sharp and round diffraction spots with well converged lattice
parameters, ruling out the possibility that the observed anisotropy
was induced by the non-hydrostaticity in the sample chamber.
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Figure 1 | Elastic constants and sound velocities of single-crystal magnetite at high pressures. Solid circles: this study; open circles: Reichmann and
Jacobsen (2004)'*. Black lines represent simple polynomial fits to the experimental data, and are only meant to guide the eyes. Vertical lines indicate the
transition pressure range at approximately 8 GPa. Vpand Vsrepresent the aggregate compressional and shear wave velocity, respectively, calculated from

the single-crystal elasticity data.

To decipher the observed abnormal transition in the elasticity of
magnetite, we have also conducted complimentary Raman spectro-
scopy, synchrotron Fe Ky XES, and the bulk electrical conductivity
(EC) experiments at high pressures (See Methods and SI, Fig. 3, S6-
7)**%. Analyses of the high-pressure Raman spectra show three dis-
tinct Raman bands that can be assigned to A, T5,, and E, modes of
the cubic inverse spinel structure up to 21 GPa (Fig. 3)'>'*3,
Raman frequencies of these modes increase almost linearly with
increasing pressure up to the highest pressure of 21 GPa, although
the relative intensity of the T,, mode with respect to the A;, mode
starts to increase with increasing pressure at approximately 8 GPa
(Fig. 3a). Most significantly, an additional Raman band occurs in the
spectral range between the A;, and T5, bands, and its Raman fre-
quency also increases linearly with increasing pressure, similar to
that of other magnetite Raman bands (Fig. 3).

Analyses of the synchrotron Fe K X-ray emission spectra using
the absolute and relative integrated areas methods proposed
previously’®* show that the total spin momentum (S) of all iron
ions slightly decreases with increasing pressure without any
observable discontinuous changes up to 19 GPa (Fig. S6). Based
on these spectral analyses, the slight continuous decrease in the
intensity of the satellite K" can be attributed to the spectral broad-
ening effect, instead of any spin-pairing transition of iron in mag-
netite (Fig. S6)''. Electrical resistance of the single-crystal
magnetite as a function of pressure measured in a cubic anvil cell
continuously decreases with increasing pressure (Fig. $7), and a con-
tinuous change in the curvature can be identified at approximately
7 GPa, consistent with previous results”*'®. The electrical resistance
results indicate that magnetite becomes a better metallic conductor at
higher pressures.

Discussion

Previous high-pressure ultrasonic interferometry and Raman mea-
surements'®""> on highly non-stoichiometric natural magnetite sam-
ples did not reveal any changes in elasticity nor the occurrence of the
additional Raman band at the pressure range of 7-8 GPa where we
observed the occurrence of the abnormal elastic and vibrational
behaviors on a highly stoichiometric magnetite sample. Our elasticity
results also differ from the high-pressure ultrasonic interferometry
results'” on a natural single-crystal magnetite by approximately 10%,
although the differences become smaller at higher pressures (Fig. 1).
Thus, it is evident that the differences in these observations can be
attributed to the stoichiometry of the samples used in these studies;
while our sample was highly stoichiometric with a chemical com-
position of Fes(;—504 where |3| = 0.00018,” the natural magnetite
sample used in the ultrasonic study was likely non-stoichiometric'*.
Together with the inconsistency in the literature results on other
physical properties of magnetite at high pressures, it is clear that
the high-pressure behavior of magnetite is highly sensitive to the
stoichiometry of the starting sample and that the abnormal transition
at approximately 8 GPa only occurs in highly-stoichiometric sam-
ples. Therefore, experimental results obtained from highly stoichi-
ometric samples are of direct relevance to understanding the high-
pressure behavior of the sample.

Based on our X-ray emission results, we can clearly rule out the
spin-pairing transition model of the iron ions in magnetite at high
pressures'®"”. The inverse to normal spinel transition model®'*'* is
also unlikely to contribute to our observed abnormal elastic and
vibrational behavior, because such a transition would result in sig-
nificant changes in the local site symmetry and volumes of the lattice
as well as in the electrical transport property; all of which were also
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Figure 2 | Compressional and shear wave anisotropies of single-crystal magnetite at high pressures. The notation for the two polarized shear waves is
defined as V; being slower in velocity than Vg,. Principle axis [100] is along the horizontal line while the vertical direction is [010]. Vp and Vg
velocities exhibit an enhanced anisotropy starting at 8.5 GPa. Specifically, the Vi; and Vp change dramatically along the [110] direction across the

transition at approximately 8 GPa.

not observed here nor in previous studies using highly stoichiometric
Samples7,8,13,17,18,20.

Based on the group theory and lattice-vibration analyses, the
inverse spinel structure of magnetite in the primitive unit cell con-
tains Fe and O atoms in three distinct site symmetries (43m (T}), 3m
(D34) and 3m (Csy)), in which the T,; and Cj;y sites occupied by Fe**
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Figure 3 | Vibrational Raman modes of single-crystal Fe;O, at high
pressures. (a) Representative Raman spectra; (b) derived Raman
frequencies. A new Raman band occurs between A;, and T, modes
(orange line) starting at approximately 8 GPa.

and O*" ions, respectively, contribute to the five Raman-active
modes of the FeO, tetrahedron including one A, one Eg, and three
T (Fig. 3)'*'"***. The A;; mode at ~668 cm ™' arises from the
symmetric stretch of the O atoms along Fe-O bonds, the T,, mode
at ~538 cm™' is the asymmetric stretching of the Fe and O atoms,
and the Eg mode at ~306 cm™' comes from the symmetric bonds
between Fe and O atoms. Due to the delocalized nature of the indis-
tinguishable Fe*™ and Fe’™ 3d electrons in magnetite at ambient
conditions, the octahedral site retains the local 3m (D3,;) symmetry,
which would otherwise exhibit a lower symmetry due to the occu-
pation of both Fe*™ and Fe** in the more “ideal” inverse spinel
structure®***. Such charge transfer also contributes to the “half
metal” electrical conduction behavior of magnetite through the
overlapping integrals between Fe** and Fe*" ions via the octahedral
network above the Verwey transition temperature at ambient
pressure”®'s,

Recently, it has been reported from detailed X-ray diffraction
structural analyses of a single-crystal magnetite that Fe’*-Fe**-
Fe*" ions at the B-site form linear three-Fe-site units, called trimer-
ons, with the charge order and three-site distortions along the [110]
direction below Tv (Ref. 23). The formation of the trimerons can
induce substantial atomic displacements and affect the coupling
between the large electrical polarization and the magnetization®. It
has also been proposed that these trimerons may become impor-
tant quasiparticles in magnetite above the Verwey temperature®.
Examinations of the measured Vp and Vi velocities as well as the
derived Cij of the single-crystal magnetite indeed show much more
dramatic changes in the Vi; and Vp velocities along the [110] dir-
ection across the transition at approximately 8 GPa than other direc-
tions (Figs. 1-2). The pressure-induced isostructural transition
at 8 GPa with enhanced anisotropic elasticity suggests that the
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Figure 4 | Phase diagram of Fe;O, at extreme pressure and temperature.
The diagram is constructed using our results as well as literature
results>*7>13-1>18:2021 Magnetite undergoes the Verwey transition (Tv) at
ambient pressure where structural, charge ordering, and metal-insulator
transitions occur. The temperature for the metal-insulator transition
(solid grey line)”® and the distorted structural transition (solid black line)'*
decreases with increasing pressure, while the temperature for the charge
ordering transition (blue dashed line) increases with increasing
pressure”'>'%2,

Fe’*-Fe** charges at the B-site become ordered at pressures above
8 GPa. It should be noted here, however, that the Verway transition
is accompanied with the trimeron ordering, the monoclinic struc-
tural transition, and the metal-insulator transition at ambient pres-
sure' (Fig. 4). As the transition to the trimeron ordered phase is
separated from the metal-insulator transition at increasing pressures
(Fig. 4), there is no longer a dramatic change in the electrical trans-
port property. Ordered trimerons would result in a less symmetrical
yet “ideal” inverse spinel structure with a small displacement (dis-
tortion) along the [110] direction which would contribute to addi-
tional Raman modes and would affect the elastic constants and
sound velocities along the direction more significantly than other
directions®. Thus, the iso-symmetric electronic transition model
from the charge delocalized state to the ordered trimeron in the
octahedral site of magnetite at approximately 8 GPa is most consist-
ent with our observations and literature results from highly stoichi-
ometric samples. Our observed transitional pressure is also
consistent with the Mossbauer studies on highly stoichiometric mag-
netite samples, which showed significant changes in the hyperfine
parameters, especially in the octahedral sites”*™*".

The strength of the electron-phonon interaction in magnetite
plays an important role in its unique electronic and magnetic prop-
erties at ambient conditions. It is conceivable that the occurrence of
the ordered electronic transition at approximately 8 GPa signifi-
cantly affects the electron-phonon interaction, resulting in the
abnormal acoustic phonon behavior in the inverse spinel structure
observed in the HERIX measurements. The softened C;; (diagonal
compressional component) and C,, (diagonal shear component) and
enhanced C;, (off-diagonal component) observed here would thus
hold the key to deciphering this localized electronic transition. Since
previous studies have suggested that the transition in magnetite at
approximately 8 GPa and 300 K can extend very close to the Verwey
transition at approximately 122 K and ambient pressure’>'*'
(Fig. 4), future investigations at high pressure and low-temperature
conditions are needed to decipher the relationship between the
Verwey transition and the transition to the trimeron ordered phase
in the inverse spinel structure.

Methods

Synthesized single-crystal magnetite with a highly stoichiometric chemical com-
position of Fey; 5Oy, where |3 = 0.00018, was used for all of our high-pressure
experiments (SI; Figs. $1-7)>>*°. A millimeter-size piece of the single-crystal mag-
netite was oriented in the (100) plane using single-crystal X-ray diffraction (XRD) at
the Texas Materials Institute of the University of Texas at Austin. The oriented
sample of approximately 150 pum in diameter was then double-side polished to 40 pm
in thickness. A Re gasket of 5 mm in diameter and 250 pm in thickness was pre-
indented to 15 GPa using a pair of diamond anvils having 500 pm flat culets in a short
symmetric DAC. A hole of 250 pum was drilled on the pre-indented area of
approximately 75 um thick, and then used as the sample chamber. The sample was
loaded into the sample chamber, together with two ruby spheres as the pressure
calibrant®. Ne gas was loaded into the sample chamber as the pressure medium for
inelastic and X-ray diffraction experiments using the Gas Loading System at the
Mineral Physics Laboratory of the University of Texas at Austin.

High-energy resolution inelastic X-ray scattering (HERIX)***” and XRD experi-
ments were conducted in a short symmetric diamond anvil cell (DAC) up to 19 GPa
at 300 K at Sector 30 of the Advanced Photon Source (APS), Argonne National
Laboratory. The DAC has an opening of approximately +40° for the experiments in
the axial direction. An incident X-ray beam with an energy of approximately
23.724 keV and an energy bandwidth of 1.5 meV was focused to a beamsize of 15 X
35 pm at the sample””. An online image plate diffraction detector was used to orient
the crystal with the (800) or (440) diffraction spot aligned in the horizontal plane. The
scattered inelastic signals of the sample were collected and analyzed using a spher-
ically-bent silicon crystal analyzer of the (12 12 12) reflection and a detector working
very close to back reflection (89.98°) in the energy range of +10-12 meV with a step
size of 0.5 meV?>". Typically, the HERIX spectra for the longitudinal and transverse
acoustic phonons were collected along the [100] and [110] directions with a spectral
energy resolution of approximately 1.5 meV and a momentum resolution of
0.2 nm™" (Figs. S2, S3). The collection time for each energy scan was approximately
2 hours and about 3-4 spectra were co-added for each set of experimental conditions.
XRD diffraction spots of the sample were also collected and used to determine the
sample densities as a function of pressure, while an online ruby system was used to
measure the ruby fluorescence for pressure determinations (Fig. S5).

High-pressure Raman spectroscopic measurements on a (100)-oriented single-
crystal magnetite were conducted in a symmetric DAC having a pair of 200 pm
diamond anvils which consisted of a natural ultralow-fluorescence diamond anvil
and a synthetic ultralow-fluorescence diamond anvil produced by Sumitomo
Corporation. Since the Raman signals of the opaque magnetite were extremely weak,
the use of the synthetic diamond with extremely low fluorescence background sig-
nificantly enhanced the signal-to-noise ratio of the Raman spectra. Similar to the
HERIX experiments, the sample was loaded into the sample chamber of a DAC with
two ruby spheres as the pressure calibrant® and Ne gas as the pressure medium. A
Renishaw inVia Raman Microscope system equipped with a 532 nm laser and a long-
working distance lens of 20X was used for collecting the Raman spectra with a typical
data collection time of 30 mins. The HERIX and Raman spectra were analyzed using
the OriginPro 8 Program.

1. Walz, F. The Verway transition--a topical review. J. Phys. Condens. Matter. 14,
R285-R340 (2002).

2. Verwey, E. J. W. Electronic conduction of magnetite (Fe;0,4) and its transition
point at low temperatures. Nature 3642, 327-328 (1939).

3. Mao, H. K. et al. Isothermal compression of magnetite to 320 KB. J. Geophys. Res.
79, 1165-1170 (1974).

4. Pasternak, M. P., Nasu, S., Wada, K. & Endo, S. High-pressure phase of magnetite.
Phys. Rev. B 50, 6446-6449 (1994).

5. Fei, Y. et al. In situ structure determination of the high-pressure phase of Fe;O,.
Am. Miner. 84, 203-206 (1999).

6. Haavik, C. et al. Equation of state of magnetite and its high-pressure modification:
Thermodynamics of the Fe-O system at high pressure. Am. Miner. 85, 514-523
(2000).

7. Todo, S. et al. Metallization of magnetite Fe;0,4 under high pressure. J. Appl. Phys.
89, 0021-8979 (2001).

8. Mori, M., Todo, S., Takeshita, N., Mori, T. & Akishige, Y. Metallization of
magnetite at high pressures. Physica B 312-313, 686-690 (2002).

9. Pasternak, M. P. et al. Pressure-induced coordination crossover in magnetite; the
breakdown of the Verwey-Mott localization hypothesis. J. Magn. Magn. Mater.
265, L107-L112 (2003).

10. Sebanova, O. N. & Lazor, P. Vibrational modeling of the thermodynamic
properties of magnetite Fe;O, at high pressure from Raman spectroscopic study.
J. Chem. Phys. 119, 0021-9606 (2003).

.Sebanova, O. N. & Lazor, P. Raman spectroscopic study of magnetite (FeFe,O,): a
new assignment for the vibrational spectrum. J. Solid State Chem. 174, 424-430
(2003).

12. Reichmann, H. J. & Jacobsen, S. D. High-pressure elasticity of a natural magnetite

crystal. Am. Miner. 89, 1061-1066 (2004).

13. Kobayashi, H. et al. Structural properties of magnetite under high pressure studied
by Mossbauer spectroscopy. Phys. Rev. B 73, 104110 (2006).

14. Rozenberg, G. K. et al. Origin of the Verwey transition in magnetite. Phys. Rev.
Lett. 96, 045705 (2006).

1

—

| 4:6282 | DOI: 10.1038/srep06282



1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

v

(=2}

7.

8.

o

f=}

—

N

[

4.

w

N

N

8.

9.

0.

—

2.

W

. Rozenberg, G. K. et al. Structural characterization of temperature- and pressure-

induced inverse-normal spinel transformation in magnetite. Phys. Rev. B 75,
020102(R) (2007).

. Ding, Y. et al. Novel pressure-induced magnetic transition in magnetite (Fe;O,).

Phys. Rev. Lett. 100, 045508 (2008).

Klotz, S. et al. Magnetism and the Verwey transition in Fe;O, under pressure.
Phys. Rev. B 77, 012411 (2008).

Ovsyannikov, S. V., Shchennikov, V. V., Todo, S. & Uwatoko, Y. (2008) A new
crossover in Fe;04 magnetite under pressure near 6 GPa: modification to ‘ideal’
inverse cubic spinel? J Phys. Condens. Matter. 20, 172201 (2008).

. Baudelet, F. et al. Absence of abrupt pressure-induced magnetic transitions in

magnetite. Phys. Rev. B 82, 140412(R) (2010).

. Glazyrin, K. et al. Effect of high pressure on the crystal structure and electronic

properties of magnetite below 25 GPa. Am. Miner. 97, 128-133 (2012).

. Aragon, R,, Gehring, P. M. & Shapiro, S. M. Stoichiometry, percolation and

Verwey ordering in magnetite. Phys. Rev. Lett. 70, 1635-1638 (1993).

.Shepherd, J. P., Koenitzer, ]. W., Aragon, R,, Spalek, J. & Honig, J. M. Heat capacity

and entropy of nonstoichiometric magnetite Fe;(; —5)Oy4: The thermodynamic
nature of the Verwey transition. Phys. Rev. B 43, 8461-8471 (1991).

.Senn, M. S., Wright, J. P. & Attfield, J. P. Charge order and three-site distortions in

the Verwey structure of magnetite. Nature 481, 173-176 (2012).
Tizumi, M. et al. Structure of magnetite (Fe;0,4) below the Verwey transition
temperature. Acta Crystallogr. B 38, 2121-2133 (1982).

. Zhou, J.-S., Goodenough, J. B. & Dabrowski, B. Pressure-induced non-Fermi-

liquid behavior of PrNiOs. Phys. Rev. Lett. 94, 226602 (2005).

. Burkel, E. Phonon spectroscopy by inelastic x-ray scattering. Rep. Prog. Phys. 63,

171-232 (2000).

. Toellner, T. S., Alatas, A. & Said, A. H. Six-reflection meV-monochromator for

synchrotron radiation. J. Synchrotron Radiat. 18, 605-611 (2011).

Vanko, G. et al. Probing the 3d spin momentum with X-ray emission
spectroscopy: The case of molecular-spin transitions. J. Phys. Chem. B 110,
11647-11653 (2006).

Mao, Z. et al. Spin and valence state of iron in Al-bearing silicate glass at high
pressures studied by synchrotron Méssbauer and X-ray emission spectroscopy.
Am. Miner. 99, 415-423 (2014).

Mao, H. K., Xu, J. & Bell, P. M. Calibration of the ruby pressure gauge to 800-Kbar
under quasi-hydrostatic conditions. J. Geophys. Res. 91, 4673-4676 (1986).

.Said, A. H., Sinn, H. & Divan, R. New developments in fabrication of high-energy-

resolution analyzers for inelastic X-ray spectroscopy. J. Synchrotron Radiat. 18,
492-496 (2011).

Every, A. G. General closed-form expressions for acoustic waves in elastically
anisotropic solids. Phys. Rev. B 22, 1746 (1980).

. Grimes, N. W., Thompson, P. & Kay, H. F. New symmetry and structure for

spinel. Proc. R Soc. Lond. A 386, 333-345 (1983).

34. Gupta, R, Sood, A. K., Metcalf, P. & Honig, J]. M. Raman study of stoichiometric
and Zn-doped Fe;0,4. Phys. Rev. B 65, 104430 (2002).

Acknowledgments

We thank J.B. Goodenough, E.E. Alp, H.K. Mao, and M. Pasternak for fruitful discussions, J.
Liu and J. Yang for helping to prepare samples and figures, and Y. Xiang, P. Chow, and V.
Prakapenka for their assistance with synchrotron experiments. We acknowledge XOR-30,
XOR-3, HPCAT, and GSECARS of the APS, ANL for the use of the synchrotron and laser
facilities. APS is supported by DOE-BES, under Contract No. DE-AC02-06CH11357. Use
of the Advanced Photon Source was supported by U.S. Department of Energy (DOE), Office
of Science, Basic Energy Sciences (BES), under contract No. DE-AC02-06CH11357.
GSECARS was supported by the National Science Foundation (EAR-0622171) and
Department of Energy (DE-FG02-94ER14466) under Contract No. DE-AC02-06CH11357.
HPCAT is supported by DOE-NNSA, DOE-BES and NSF. J.F.L. acknowledges financial
support from Energy Frontier Research in Extreme Environments (EFree) Center,
HPSTAR, and NSF Earth Sciences (EAR-0838221), ].S.Z. acknowledges the financial
support from NSF (DMR 1122603), and JGC acknowledges the financial support of the
JSPS fellowship for foreign researchers (Grant No. 12F02023). Research at the Chinese
Academy of Sciences was supported by National Natural Science Foundation of China
(NSFC), Ministry of Science and Technology (MOST), and Collaborative Innovation
Center of Quantum Matter in Beijing, China through research projects.

Author contributions

J.E.L. conceived & designed the research; J.F.L,, JW., J.Z,, A.S, BM.L, J.C, Y.U. and J.Z.
conducted the high-pressure experiments; Z.M. and J.W. analyzed the X-ray data; J.Z.
analyzed the Raman data; J.F.L., CJ. and J.Z. wrote the paper.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Lin, J.-F. et al. Abnormal Elastic and Vibrational Behaviors of
Magnetite at High Pressures. Sci. Rep. 4, 6282; DO1:10.1038/srep06282 (2014).
This work is licensed under a Creative Commons Attribution 4.0 International
oY License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 4:6282 | DOI: 10.1038/srep06282


http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by/4.0/

	Title
	Figure 1 Elastic constants and sound velocities of single-crystal magnetite at high pressures.
	Figure 2 Compressional and shear wave anisotropies of single-crystal magnetite at high pressures.
	Figure 3 Vibrational Raman modes of single-crystal Fe3O4 at high pressures.
	References
	Figure 4 Phase diagram of Fe3O4 at extreme pressure and temperature.

