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High-precision powder x-ray diffraction and STFe Mbssbauer studies up to 20 GPa show that magnetite
(Fe30,) undergoes a reversible normal«<inverse transition with increasing pressure or decreasing temperature.
There is no resolvable change in the spinel-type crystal structure or unit-cell volume at the phase transition.
However, the volume of the tetrahedral (A) site increases (17%) and that of the octahedral (B) site decreases
(~7%) as electron charge density is transferred from the B to the A site. The corresponding valence changes
cause the inverse — normal transition with increasing pressure: Fe)"—Fe3" and Fej * —Fe,'. There is an
intermediate mixed configuration region at pressure-temperature (P-7) conditions lying between those at which
magnetite is normal, T<Tyqm(P), or inverse, 7> Ty, (P).
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Magnetite (Fe;0,) is a most fascinating natural mineral
for technological and historical as well as scientific reasons.
At ambient conditions it is a metallic ferrimagnet, occurring
abundantly in the Earth as well as on Mars and other
planets.! Magnetite, nicknamed lodestone, was used by early
navigators to locate the magnetic North Pole, and it is syn-
thesized naturally in living species such as fish and birds to
be used as magnetoreceptors in their navigation.> With the
recent development of nanotechnology, magnetite has be-
come an important ingredient in the production of metallic
and magnetic nanocomposites.> In view of the interest in
magnetite in so many fields of science, the structural, elec-
tronic, and magnetic properties of this mineral have been at
the cutting edge of materials and minerals sciences for many
decades. Magnetite is a mixed-valence Fe oxide, and it crys-
tallizes in a cubic spinel structure at ambient pressure-
temperature conditions.*

With the possible exception of magnetite, spinels gener-
ally exist as intermediate spinels, namely, as a mix of inverse
and normal configurations with the general formula of
(MM A(MM 0™ My _yp7*)504 where x denotes
the degree of inversion. For the extreme cases of pure normal
and pure inverse spinel, x=0 and 1, respectively. In both its
artificial and natural forms, magnetite is exclusively an in-
verse spinel at ambient conditions.

Recent x-ray and neutron diffraction studies of cubic
spinels, particularly aimed at investigating the effect of pres-
sure upon x, concluded that in all cases the lattice parameter
and therefore the unit-cell volume varies with x. Such was
the case for the normal spinel NiAl,O,4, for which Halevy
et al.> show (despite the lack of Rietveld analysis) that the
reflections arising from the cation positions scale linearly
with pressure and x. Temperature and pressure studies of the
normal spinel MgAl,O, by Méducin et al.® demonstrate the
strong dependency of x upon the cation positions, and the
work of Antao ef al.” with the intermediate spinel MgFe,O,4
clearly shows the intimate relation between x and the lattice
parameter a in the 0—6 GPa and 600—-1200 K ranges of P
and 7. In this particular study, it was shown that even at
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PACS number(s): 61.50.Ks, 61.10.—i, 62.50.+p, 71.30.+h

ambient P-T conditions a 25% change in x results in a
0.06 A change in a.

Due to its purely inverse character at conditions near am-
bient, no detailed P-T diffraction studies have been carried
out on Fe;0, to search for structural changes depending on
x. Indeed, recent measurements of the equation of state,
V(P), show no indication of an unusual change in volume of
magnetite that could be associated with a change in inverse
character over the 0—22 GPa range (Refs. 8 and 9, and ref-
erences therein). In particular, Haavik et al.® used Rietveld
analysis and found that within their resolution no anomalies
are observed in either octahedral or tetrahedral volumes that
could point toward any change in inverse character over the
pressure range 0—25 GPa.

In contrast, earlier >’Fe Mossbauer spectroscopy (MS)

studies'? in the vicinity of 120 K resulted in hyperfine inter-
T<120'K

action spectra consistent with an inverse =

T>120 K
nel reversible transition which was designated as a coordina-

tion crossover (CC) transition (see Fig. 1 in Ref. 11).
Specifically, changes in the hyperfine spectra are consistent
with the following changes'? in octahedral and tetrahedral
site valences as a function of pressure and temperature:

normal spi-

P
(Fe**) ,(Fe’*Fe?") 30,5 (Fe*™) ,(Fe**Fe’")30,. (1)
T

In the present work, we undertook very precise powder
x-ray diffraction experiments over the 0—20 GPa range at
ambient 7 in order to search for crystal-structure evidence
and to support the spectroscopy findings about this phase
transition. Detailed MS measurements in the 0—27 GPa pres-
sure and 300 K are presented. The sample we used for
x-ray diffraction was composed of powdery magnetite
obtained from a natural crystalline aggregate, embedded in a
200- um-diameter by 40-um-height cavity drilled in a stain-
less steel gasket (the synthesized sample used for high-
pressure MS was enriched to 25% °'Fe). Pressures were gen-
erated with a membrane-type diamond-anvil cell, with He
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FIG. 1. Typical examples of analyzed integrated patterns of
XRD spectra collected at 0.75 and 9.55 GPa at room temperature
(RT) and the differences between the observed and calculated pro-
files. Marks show the calculated peak positions.

used as a pressure medium. X-ray diffraction (XRD) at am-
bient conditions showed reflections of Fe;O, only. High-
pressure XRD was performed in angle-dispersive mode at
the IDO9A beamline of the European Synchrotron Radiation
Facility, Grenoble. Two sets of measurements to 20 GPa
were obtained at room temperature using wavelength \
=0.416 992 and 0.409 991 10\, as well as two sets of isobaric
measurements at P=1.3 and 3.9 GPa, at temperatures of
130-300 K, with A\=0.417528 and 0.417 613 A, respec-
tively. Pressure was measured using the Sm fluorescence
technique.'® Diffraction images were collected with a
MAR345 detector, and the images were integrated using the
FIT2D program.'# Rietveld refinement of the crystal structure
of magnetite at different pressures was done by means of the
GSAS package.'>1® A 10-mCi Rh(*’Co) point source was
used for MS.

The ideal spinel structure is cubic with space group Fd3m
and Z=8. The setting commonly used,'” with an inversion
center at the origin, the tetrahedral cation at (1/8,1/8,1/8) and
the octahedral cation at (1/2,1/2,1/2), was employed. The
oxygen parameter in this setting is at u,u,u (1=0.25). Rep-
resentative diffraction patterns collected at 0.75 and
9.55 GPa are shown in Fig. 1. The molar volume is plotted
as a function of pressure in Fig. 2(a), together with other
results reported.®!% One notices that the main deviation in
V(P) of previous data occurs at P>5 GPa, differences prob-
ably caused by the presence of nonhydrostatic stresses. The
He pressure medium used in the present experiments pre-
sumably provides more hydrostatic conditions, which seems
to be confirmed by the narrow diffraction linewidths and
excellent reproducibility of our measurements. The pressure-
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FIG. 2. (a) Pressure evolution of the volume of the unit cell of
magnetite at RT (O). The solid line through the experimental points
is described in the text. Symbols X, A, and & correspond to data
of the authors listed (Refs. 17, 8, and 9). (b) Pressure dependence of
the oxygen atomic coordinate u. (c), (d) Pressure evolution of the
octahedral and tetrahedral volumes, respectively. The solid curves
in (b)—(d) serve only as guides to the eyes. Error bars were obtained
from the GsAs fitting output. Pressure uncertainties ~0.1 GPa.

volume data fitted to the third-order Birch-Murnaghan (BM)
equation of state!” yield a bulk modulus of 180.6(1.1) GPa, a
pressure derivative K(')=4.33(13), and a unit-cell volume at
1 bar of V,=591.62(0.07) A3. Unlike the results of many of
the previous high-pressure x-ray diffraction studies, our bulk
modulus is in excellent agreement with recent ultrasonic
measurements of the elastic constants as a function of pres-
sure, thus providing an independent validation of our experi-
mental methods.?’

The pressure dependency of u is small over the 0—7 GPa
range, rising slowly to 0.26 at ~15 GPa, and then decreasing
slowly as the pressure reaches 20 GPa [Fig. 2(b)]. From
these results, we can determine the pressure dependence of
the octahedral (B-site) and tetrahedral (A-site) volumes,
shown in Figs. 2(c) and 2(d), respectively. As can be seen, at
P>7 GPa there is a clear and concurrent growth of the
A-site and shrinkage of the B, -site volumes. Extrapolating
the smoothly decreasing curves of V. (0—7 GPa) and Vi
(0—7 GPa) to 15 GPa [see dotted curves in Figs. 2(c) and
3(d)], we were able to estimate the fractional change of Vi
and V, at 15 GPa as +0.17(2) and —-0.07(2), respectively.
Based on the experimental values of Fe-O bonding distance
measured in various Fe-containing spinels’! at ambient P, we
calculate the fractional changes of V. and V at the normal
spinel state as +0.22(3) and —0.09(2), respectively, in good
agreement with our experimental results. Thus, we conclude
that the pressure-induced polyhedral volumes changes are
caused by the inverse«»normal transition,?? in good accord
with our previous Mossbauer data interpretation.'?
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FIG. 3. Mossbauer spectra recorded at 300 K for various pres-
sures. Most spectra were fitted with two magnetic components with
all parameters free to vary, except that the linewidths were con-
strained to be equal for the two sites. The spectra at 0.01 and 3 GPa
correspond to the inverse spinel phase in which the more abundant
B site (---) is occupied by two Fefg'SJr cations, and the A site
(- ——) by FeJ*. Spectra corresponding to 8 and 12 GPa belong to
the intermediate region and no satisfactory fits were achieved. The
spectra at 20 and 30 GPa correspond to a normal spinel phase and
were fitted with two components with a 2:1 abundance ratio. The
more abundant curve (---) corresponds to two Fef;’ ferric ions; the
other component curve (- ——) to an Fei+ ferrous ion occupying the
tetrahedral site.

MS spectra up to 27 GPa at ambient temperature are
shown in Fig. 3. The 0.01 MPa and 3 GPa spectra were fitted
with two magnetic hyperfine-interaction components: one as-
signed to Fe;”* and one to Fe3*, with an abundance ratio of
2:1 and hyperfine fields of 44.8 and 41.0 T, respectively.
This is the inverse spinel region. Beyond 5 GPa we were
unable to fit the spectra using the inverse or the normal spi-
nel model. This pressure range 7—15 GPa is designated as an
intermediate region, perhaps corresponding to a mixture of
inverse and normal spinel phases. At P> 15 GPa, a satisfac-
tory fit using two sites with relative abundance of 2:1 gave
hyperfine fields of 48.6 and 45.2 T. These spectral param-
eters are consistent with a normal spinel state, namely, Fe?;
and Fe2" polyhedra with an abundance ratio [Fe}']/[Fe"
=2/1.

The Mossbauer and x-ray diffraction results are highly
consistent in documenting the inverse«»normal spinel transi-
tion in magnetite as a function of pressure and temperature.
As can be seen by comparing Fig. 1 in Ref. 10 with Fig. 3 in
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FIG. 4. The (P,T) phase diagram of the spinel configuration of
magnetite in the stability pressure range of this structure. At T
< Thorm(P) spinel is in its normal configuration with M =3 ug. At
T>T,,,(P) magnetite is an inverse spinel with M =2ug. The inter-
mediate configuration defined by the two straight lines is discussed
in the text. Thus, the A, B, and O symbols correspond to inverse,
normal spinel, and intermediate states, respectively.

this paper, the signature of the temperature-driven transition
at ambient pressure is very similar to that of the pressure-
driven transition at room temperature. With decreasing tem-
perature, we witness the reversible transition from inverse to
normal states within a temperature range of merely a
few degrees. No temperature hysteresis is observed. As
with the pressure-induced transition, the low-temperature
inverse<—normal conversion shows no change in crystal
symmetry or unit-cell volume, implying a second-order
phase transition.

The corresponding phase diagram does exhibit an inter-
mediate region, between normal and inverse states, that de-
pends on both pressure and temperature (Fig. 4). T;,,(P) and
Tyorm(P) determine the limits of the inverse and normal re-
gimes and can be expressed as

Toorm(P) = 118 + 11.3 [P(GPa)] (K),

Tin(P) = 120 + 24.1 [P(GPa)] (K). (2)
At a given pressure or temperature, the intermediate state
precedes the full conversion to a normal or inverse state dur-
ing isothermal or isobaric conditions. The exact composition
of the intermediate state is not clear, but we presume that it
arises from configuration fluctuations resulting in a spatial
distribution of x.

The mechanism behind the normal—inverse conversion
occurring at ~120 K at ambient pressure, and at higher tem-
peratures at higher pressures, is not clear and raises funda-
mental questions about the nature of this peculiar second-
order phase transition. Is it an electronic transition within the
Fe-O mixed bands involving energies of the order of meV?
Is it caused by a spatial rearrangement of the oxygen sur-
rounding the Fe cations, again requiring a minuscule amount
of energy? What drives this transition and what is its “order
parameter”? Unlike other spinels that typically exhibit a
(T, P)-induced inverse (or normal)«fully disordered state
(x=2/3) conversion with x varying gradually (see Refs. 5-7,
and references therein), magnetite is completely different;
the transition is inverse<»normal with x changing rather
abruptly from O to 1 within a short range of pressure or
temperature (Fig. 4).
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Finally, Verwey?* and later Mott** proposed that the low-
temperature metal-insulator transition, the “Verwey transi-
tion,” at T, is due to d-electron localization and related
charge ordering (CO) occurring within the B site. However
the revealed inverse«<»normal transition precludes a CO
within the B site since below T, the Fe valences within the B
sites are identical. Thus the d-electron localization concept
proposed by Verwey and Mott for T<T, seems to be unre-
lated to the actual mechanism of the Verwey transition, and
recent measurements by Rozenberg et al.!! clearly show that
the metal-insulator transition is related to a crystal-structural
distortion as a function of pressure and temperature. We pro-
posed that a p-p gap within this cubic-distorted region is
probably responsible for the Verwey transition.?

The consequence of the inverse—normal conversion upon
the magnetization of ferrimagnetic magnetite is significant.
The net magnetization of the inverse spinel is given by the
difference between the octahedral and tetrahedral sublattice
magnetizations. On the octahedral sites there is one Fe** cat-
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ion [(5/2)ug] and one Fe* cation [(4/2)ug] per formula
unit, and on tetrahedral sites one Fe3* cation. The expected
magnetization of magnetite in the ordered case is therefore
M (inverse)=(5/2+4/2)—-5/2=2pug. But in normal spinel
there are two Fe* cations in the B site and one Fe?* cation in
the A site, resulting in M (normal)=(5/2+5/2)-4/2=3 uy;
a 50% increase in the bulk magnetization.”® Thus, if
Torm(0 GPa) could be artificially increased to ambient tem-
peratures, layer thicknesses or nanocrystal sizes required of
Fe;0,4 could be trimmed down by half.?’ Finally, we note
that, given the conditions existing within the Earth, e.g.,
~2000 K and 24 GPa at the top of the lower mantle, 670 km
beneath the surface, magnetite within our planet is likely an
inverse spinel in a disordered paramagnetic state.
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