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Iron oxides are widely found as ores in Earth’s crust and are also important constituents of its interiors. Their poly-
morphism, composition changes, and electronic structures play essential roles in controlling the structure and geodynamic
properties of the solid Earth. While all-natural occurring iron oxides are semiconductors or insulators at ambient pressure,
they start to metalize under pressure. Here in this work, we review the electronic conductivity and metallization of iron
oxides under high-pressure conditions found in Earth’s lower mantle. We summarize that the metallization of iron oxides is
generally controlled by the pressure-induced bandgap closure near the Fermi level. After metallization, they possess much
higher electrical and thermal conductivity, which will facilitate the thermal convection, support a more stable and thicker
D" layer, and formulate Earth’s magnetic field, all of which will constrain the large-scale dynamos of the mantle and core.
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1. Introduction

The chondritic planetary model calculates that the solid
Earth consists of four major elements, which are 32.1 wt.%
iron (Fe), 30.1 wt.% oxygen (0O), 15.1 wt.% silicon (Si), and
13.9 wt.% magnesium (Mg).!!! The binary system of Fe-O
covers more than half of Earth’s weight. Thus, their high-
pressure—temperature (P—7) properties play a vital role in un-
derstanding the dynamics and evolution of this planet. On
Earth’s surface, three natural occurring iron oxides are known
since the Iron Age,!?) namely, FeO (wiistite, the ferrous state
of iron), Fe,O3 (hematite, the ferric state of iron), and FezOy4
(magnetite, mixed ferrous and ferric iron) which are used as
ores for making iron. Tools obtained from iron smelting, a
process that involves heating and chemical treatment to extract
iron, have incubated symbolic civilizations in humans. 3!

While iron oxides at atmospheric pressure have been
studied since more than 2600 years ago, the thermodynamical
variable pressure brings forth even more intriguing physical
and chemical phenomena. Under high pressure-temperature
(P-T) conditions, several iron oxides with unconventional sto-
ichiometries can exist through the chemistry of iron and natu-
rally occurring iron oxides. For example, Fe4Os is identified
through x-ray diffraction at about 10 GPa and 1800 K, and
it possibly coexists with FesOg at slightly higher temperatures
(e.g., ~ 2000 K).5! Later on, complex iron-oxides with similar
structural motifs like Feg 3,09, Fe709, Fe70;9, and Fey503,
are discovered at pressures throughout the lower mantle and
they can also form solid solutions with Mg.[®-8! Tt is also worth
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noting that oxygen with a valence state greater than —2 can be
stabilized under high pressure, as FeO, and (Mg,Fe)O, are
identified at above 80 GPa.[?!%1 Such wide chemistry flexibil-
ity makes iron-oxide one of the research frontiers in materials
and Earth sciences.[!1:1%]

Our previous work has discussed the medium-range struc-
tural properties of the Fe—O system under high pressure.!!3]
Here in this work, we narrow down the scope to the electri-
cal property of iron oxides, with a focus on its bandgap width
under the influence of extreme conditions. While iron is a
conventional metal, the other end-member of the Fe—O bi-
nary, oxygen also closes its bandgap at 96 GPal!*!3! and even
becomes a superconductor at above megabar pressures.!°]
For other members of iron oxides, previous laboratory elec-
trical conductivity measurements show that they appear as
semiconductors or insulators under ambient conditions. As
the chemical bonding becomes stiffened under pressurization,
their bandgap width generally becomes narrower in a response
to electron hybridization and electrostatic interaction.!!”) The
critical metallization point is then constrained by the combi-
nation of thermodynamic parameters. During this process, the
controlling conduction mechanism switches from small po-
laron (e.g., electron-hole hopping between Fe?t and Fe3*)
to electron and ionic conduction.!'8! It is also reported that
the high-pressure polymorph of FeOOH enters the superionic
state at above 80 GPa using the laser heating technique,!!”!
equivalent to the depth below ~ 1800 km.?%221 On account

of the complex behavior of iron oxides, it is necessary to tease
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out the current research frontier of their evolution of electrical
conductivity and semiconductor to metal transitions.

In this review, we first demonstrate the experimental and
theoretical works in measuring the electrical conductivity of
three natural-occurring iron oxides and their metallization
conditions. We then summarize the latest progress in studying
mix-valence mFeO-nFe,O3. We will also discuss the complex
chemical and electronic properties of FeO,. The last session
discusses opportunities and challenges in this field of research.
Each session will start with a simple introduction to the poly-
morphic transitions under high P-T' conditions and followed
by examples of electrical conductivity measurements. The
evolution of high P-T electrical resistivity and the deep mantle
metalized zones will be shown at the end of each session.

2. The archetypal wiistite FeO and challenges in
describing strongly correlated iron oxides

Among the aforementioned iron oxides, wiistite (FeO) is
an archetypal mineral to study strong correlation interaction
and also a fundamental component in deep Earth. Under am-
bient conditions, FeO crystallizes in the NaCl-type (B1) struc-
ture. At pressure up to ~ 16 GPa, B1 FeO exhibits lattice
distortion along the [111] axis to the rhombohedral R structure
(1B1).12324 In the deep lower mantle, the rB1 phase trans-
forms to the NiAs-type (B8) phase at about 70 GPa after an-
nealing at 1000 K.!*! Knittle ef al. (1986) measured the re-
sistance of B1 wiistite using the shock wave method. The re-
sistivity has a negative correlation with pressure and reaches
approximately the level of 1076 Q-m at 72 GPa and 1200 K,
which may suggest the onset of metallization./?! The metal-
lic phase of FeO was then proved by x-ray diffraction and ra-
diometric measurements.?”) Ohta e al. measured the elec-
trical conductivity of both B1 and B8 FeO up to 169 GPa
and 2050 K using a laser-heated diamond anvil cell. The
temperature-dependent resistance measurements at 140 GPa
and 150 GPa further demonstrate that B8 FeO is a metallic
phase (Fig. 1).18] The high-pressure Mdssbauer studies on
FeO (Fig. 2) show that the IS values of the nonmagnetic com-
ponent decrease discontinuously in 114.5-131.1 GPa and the
QS values also display a discontinuity in 109-131.1 GPa,?"!
which is close to the metallization pressure range.

Other than experiments, theoretical studies have met ma-
jor challenges in describing the electronic structure of FeO.
Density functional theory (DFT) alone falsely predicts that
FeO is metal under ambient conditions, and the problem is
aided by correcting the exchange—correlation energies. For ex-
ample, the first-order correction of Hubbard parameters works
fairly well in reproducing the band structures.*”! However,
the parameter U is the simplest approximation of exchange—
correlation energies and the value may change by pressure and

other thermodynamical variables. Varying pressure, U may

5.39 To remedy those is-

reach different self-consistent value
sues, the dynamical mean-field theory (DMFT) is later com-
bined with DFT to accurately predict the electronic structures
of FeO. Most recent studies can reproduce its Mott insulator
at ambient conditions with an energy gap of ~ 2 eV and trans-

formation to the metal state at about 60-70 GPa.[31-33
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Fig. 1. The electrical conductivity of FeO at various temperatures. At
59 GPa, FeO is a semiconductor (blue symbol). The electrical conductivity
of FeO decreases with the increasing temperature at above megabar pres-
sures (red symbol), which is typical metallic behavior. The figure inset is
the electrical conductivity variation of FeO as a function of pressure. Three
black stars are from the shock wave experiment of Ref. [26], and the rest of
the data are from the diamond anvil cell experiments of Ref. [28].
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Fig. 2. The isomer shift (IS) and quadrupole splitting (QS) of iron oxides ob-
tained from Mossbauer spectroscopy as functions of pressure. 23437 The
purple dotted line represents the possible phase transition of Fe304. The
orange dotted line represents the possible phase transition of Fe;O3, and the
orange area represents the phase transition region of FeO. The discontinu-
ities of IS and QS values of iron oxides are used to indicates possible phase
transitions.
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3. Site-selective electronic transition in hematite
F8203

The structural phase diagram of ferrous hematite «-
Fe, O3 (space group Rc) is more complicated than wiistite. It
proceeds through a set of site-selective structural transforma-
tions under high P-T conditions.!”-** The ambient o-Fe,0;3
transforms to a RhyOs3-II-type (Pbcn) phase at 40 GPa and
exhibits slight lattice distortion to a GdFeOs-perovskite-type
(Pbnm) phase at 50 GPa. High-pressure polymorphs of Fe;O3
contain the post-perovskite 1-Fe,O3 (Cmcm) and a metastable
orthorhombic 6-Fe,03 (Aba2).-3840 Both of them are stable
in a wide pressure range of 60—120 GPa, which covers the en-
tire deep lower mantle.

At ambient pressure, a-Fe,O3 is a wide-gap Mott insu-
lator with a bandgap width of 2.0-2.7 eV, where the 0.7 eV
bandgap range is inferred from different studies.*!**>) Recent
DFT+DMFT results show that the closure of the bandgap
under pressure is due to the iron and oxygen band broaden-
ing and the FeOg octahedra crystal-field splitting in eg—t,.
The bandgap closes at approximately 50 GPa in the RhyO3-
II-type phase, suggesting the onset of metallization.*3] Kune
et al. predicted that the insulator-metal transition in Fe;O3
results from the gap closing mechanism!**! rather than the
local state transition. The local state transition suggests that
the insulator—metal transition is induced by the electron states
transforming from localized to itinerant. 4]
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Fig. 3. Electrical conductivity of Fe;O3 with perovskite (square)0! and
o phase (circle). 8] Below decompression to 34.5 GPa, Fe;03 is a semi-
conductor (black symbol). ¢-Fe;Ozexhibits the same temperature behavior
at ambient pressure. The temperature variation of electrical conductivity
shows that perovskite type Fe,O3 becomes a metal at above 44.5 GPa (red
symbol). The inset is the resistance of Fe;O3 as a function of pressure at
300 K, 10 which shows an abrupt decrease of about 6 orders of magnitude
at 40-60 GPa.

Cold compressing a piece of Fe;O3 and measuring its
electrical resistance measurements also show an abrupt 6 or-
ders of magnitude decrease between 40 GPa and 60 GPa and
the resistance reaches 1 Q at above 60 GPa and ambient tem-
perature (Fig. 3).14¢! Greenberg et al. regarded the metalliza-
tion as induced by a site-dependent collapse in the 3d elec-
trons of iron (octahedral B sites).!*®) For the Aba2 phase, Shim

et al. employed Mossbauer spectroscopy and x-ray diffrac-
tion to show that Fe;O3 features reduced electron mobility
near the Fermi level, which is evidence of strongly correlated
metal (Fig. 2).3* Such electronic structure transition is also
implied by the x-ray absorption spectroscopy with the crystal-
field splitting of the Fe K edge, indicating that Fe,O3 trans-

forms from a high-spin insulator to a low-spin metal. 4’}

4. Metallization of ferrous-ferric valence mix-
ture magnetite Fe;O4

Magnetite (Fe3O4) is the oldest known magnetic ma-
terial. It has an inverse spinel structure at ambient condi-
tions, in which Fe3* occupies the tetrahedral site and (Fe*t,
Fe3*) holds the octahedral site. The ambient phase transforms
to a high-pressure phase Pbcm at 29.7 GPa and 300 K, 4]
and further to an orthorhombic phase (h-Fe3O4) with the
CaTipO4-type structure (Bbmm) at above 41 GPa and 1000 K
or 65.1 GPa and 300 K,!**3! where the Fe** is sixfold and
the Fe>* is eightfold coordinated in distorted FeOg octahedra.

Similar to FeO, a pioneering study using the full poten-
tial linear muffin-tin-orbital (FPLMTO) method also under-
estimates the bandgap of magnetite and h-Fe304.1°° Those
theoretical results are against the pressure-dependent resis-
tance measurements, in which Fe;Oy4 is a semiconductor un-
til ~ 50 GPa, where the resistance decreases rapidly and
reaches a few Q at above megabar pressure.[>?! And at above
~ 50 GPa, the resistance of h-Fe3O4 exhibits positive values of
dR/dT with metallic features>’! (Fig. 4). At the same pres-
sure, MoOssbauer spectroscopy finds a correlation breakdown
(Mott—Hubbard transition) of Fe3* at ~ 50 GPa, which sug-
gests closure of the Fe-d and O-p gap.’?) Other Mossbauer
study on Fe3O4 indicates a structural phase transition at about
30 GPa (Fig. 2).537]
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Fig. 4. The temperature-dependent resistance of high-pressure h-Fe3O4 af-
ter laser annealing. The solid red circles taken at 51 GPa are measured
upon synthesis.! The open circles measured at lower pressures are pres-
sure quenched from 51 GPa. It shows that the quenched metastable Fe304
keeps the metallic properties. The inset (a) is the resistance of Fe3O4 as a
function of pressure at 300 K taken from Ref. [53], which is conducted up
to 30 GPa. The data inset (b) is also the temperature-dependent resistance of
Fe304 without heating, which show the metallic behavior at 18.9 GPa. [54]
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So far, all three natural-occurring iron oxides are metal-
ized under high pressure but their critical metallization pres-
sure points are not correlated with their stoichiometry. In-
stead, the crystal structure becomes the controlling factor of
their electronic structures. We sketch a semiconductor to metal
phase diagram of the three iron oxides in Fig. 5. While we still
lack experimental data points on the electrical conductivity of
Fe, 03 before it decomposes to FesO7,!7! the diagram shows
that the metalized areas of iron oxides are largely overlapped
and cover large regions from the mid to the lowermost mantle.
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Fig. 5. Semiconductor to metal phase diagram of iron oxides. The
translucent blue and green zones stand for the P-T regions of metal-
lic FeO and Fe3Oy4, respectively. The data points are reported from
literature. [7-26:28:46.50.331 Each color and symbol are labeled by the data
points. The high-P-T electrical conductivity of Fe;O3 is still unknown
below its decomposition conditions. We use the adiabatic geotherm
from Katsura.>> Grey lines sketch the overlapping P-T regions of Fe3O4
and FeO.

5. Pilot studies of other mFeO-nFe, O3 mixtures

Most of the recently reported unconventional stoichiom-
etry of high-pressure iron oxides can be described as the

Fez0s FesOas

Cmem Bbmm

FesOs

Cmcm C2/m

mixed-valence state of FeO and Fe,O3, in the chemical for-
mula of mFeQ-nFe,03. For instance, Fe4O5 is 2FeO-Fe,0s3.
This mixed-valence structure can be expressed as building
blocks of octahedral FeOg into a post-perovskite type Fe,O3
or the structural assembly of FeOg octahedra and FeOg trigo-

[7.8,36] Previous research suggests that the

nal prisms (Fig. 6).
stability of Fe4Os in the upper mantle extends to oxygen fu-
gacity higher than the diamond stability field®”! and it also can
form solid solutions with Mg>* and Cr3* in the deep Earth. 18]
While FesOg can be stable in the upper mantle with the oxygen
fugacity in equilibrium with the diamond formed.>®! Other re-
search focused on Fe4O5 and Fe;Og showed that the stability
of FesOg is above 10 GPa and 1600 K. And Fe4O5 only exists

at relatively low temperatures. !

Due to the similarity of basic structural motifs, the elec-
tronic structures of mFeO-nFe,O3 resemble that of natural
iron oxides. For example, DFT+DMFT calculation results
reveal that the total density of states of FesOg at the Fermi
level is dominated by the Fe-3d bands and possesses bulky
quasi-particle peaks, which indicates that FesOg is metallic

e.l] Employing the same calculation method,

at high pressur
the electronic conduction in Fe4Os is constrained by the Fe-
3d bands, which are dominant by the total density of states at
the Fermi level Eg.[°!] They conclude that Fe4Os stays metal-
lic nature from ambient conditions through the core-mantle
boundary (up to 140 GPa).[%! Although more electronic in-
vestigations on these mFeO-nFe, O3 mixtures are called, they
should be expected to undergo similar electronic structure

transitions which have the same electronic mechanism.

FesOs

Fe7rO1o

Cmcm

Cmcem

C2/m

Fig. 6. The series of the high-pressure crystal structures of iron oxides with O2. Brown colors represent octahedral FeOg, while blue colors represent
trigonal FeOg. Different packing orders with face-shared and edge-shared FeOg blocks consist of high-pressure iron oxide phases with different

crystal structures.
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6. Complex bonding and electronic structure in
oxygen-enriched FeO,

Except for the iron oxides with usual 02, FeO, with con-
current O> and O could be stable with a pyrite-type struc-
ture above 76 GPa and 1500 K, equivalent to approximately
1800 km depth.l°! Its crystal structure has co-existed Fe—O
and O-O bonds and can be regarded as FeO holding extra
0,.1581 The synthesized FeO, has a semi-transparent color but
it is still technically challenging to perform direct measure-
ment on its bandgap.[°! In the meantime, DFT4+DMFT calcu-
lations demonstrate that FeO; is a metal with wide overlapping

(921 From the derived density of states,

of tpg and o* bands.
the O, dimer adopts two electrons near an iron atom, causing
its orbital to span approximately 3 eV right above the Fermi
level. A following up work by the same theoretical group
defines the electronic spin-state transition of Fe in FeO,,3]
which explains the previous argument of Hubbard parameters
U in modeling the system.[*] Coincidently, the metallization
of FeO, is accompanied with spin transition,[%3! which is also

found in its hydrogen-bearing e-FeOOH.?"!

7. Discussion and implication

Our review of previous works demonstrates that all iron
oxides display metalized characteristics under high-pressure
conditions. In Earth’s deep interior, such metallization gen-
erally starts from the mid-lower mantle and keeps the metal-

lic state at least to the lowermost mantle. Together with

other components such as oxyhydroxide,?%%! davemaoite
(CaSi03),10! and A1,03%7) that are possible metals in the
lower mantle, the deep Earth’s interiors may feature high con-
ductivity patches that generate electromagnetic phenomena
and drive the geodynamics.

The electrical and thermal conductivities of the metalized
minerals are coupled through the Wiedemann—Franz law. (%3]
Through this relation, the thermal conductivity is positively
associated with the electrical conductivity of the metal. High
thermal conductivity will facilitate the thermal convection, in-
crease the heat flux, and finally influence the thermal dynamic
at the mantle. The high thermal conductivity of metallic iron-
oxides also implies a more stable and thicker D” layer,!%°! and
an increase in plume temperature!’?! that breaks through the
phase boundary.

High electrical conductivity of metals will also heat cer-
tain areas at the base of the mantle, which will induce buoy-
ancy to increase above the liquid outer core directly affecting

(71721 The strength of the magnetic

the core dynamo process.
field, which is largely determined by the core dynamo process,
will be certainly influenced by the quasi-periodic variation.

And the poloidal magnetic field structure at the lowest man-

tle will also be modified, or even determined by the high elec-
trical conductivity. The energy of the poloidal magnetic field
will increase with the rising conductivity of the mantle.[”3!

8. Conclusions

In this work, we review the evolution of crystal and elec-
tronic structures of typical iron oxides and iron oxyhydrox-
ides under high pressure conditions. Both theoretical and ex-
perimental works show that metallization is a universal phe-
nomenon among those materials, whose bandgaps between
the conduction band and valence band are closed by pres-
sure. Meanwhile, their electrical conductivities soar to exhibit
metallic behaviors. The metallic iron oxides represent an im-
portant class of materials for studying the electronic structures
of strong-correlated matters. Its potential to form high elec-
trical and thermal conductivity patches in the mantle will also
impose profound influences on the dynamos of the mantle and
core.
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