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ABSTRACT: The metal—insulator transition driven by electronic correla- Fe,O;
tions is one of the most fundamental concepts in condensed matter. In Ven’:'v&;;r‘t’%ggﬁaigseuc'%%rﬂng | Metal
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mixed-valence compounds, this transition is often accompanied by charge 300 Phase | (Cmem) | (Cmem

i . A o HS | HS+LS { LS+HS
ordering (CO), resulting in the emergence of complex phases and unusual £ | 5
behaviors. The famous example is the archetypal mixed-valence mineral 2250' e @ . .
magnetite, Fe;O,, exhibiting a complex charge-ordering below the Verwey ® orace X

ot . ¢ o L
transition, whose nature has been a subject of long-time debates. In our 2-200 Narrow-gap insulator
study, using high-resolution X-ray diffraction supplemented by resistance & Trimeron/dimeron ordered state
measurements and DFT+DMFT calculations, the electronic, magnetic, and 150p _ Phase IV
structural properties of recently synthesized mixed-valence Fe,O5 are i el
investigated under pressure to ~100 GPa. Our calculations, consistent with 100
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experiment, reveal that at ambient conditions Fe,Oj is a narrow-gap insulator
characterized by the original Verwey-type CO. Under pressure Fe,O;
undergoes a series of electronic and magnetic-state transitions with an
unusual compressional behavior above ~50 GPa. A site-dependent collapse of local magnetic moments is followed by the site-
selective insulator-to-metal transition at ~84 GPa, occurring at the octahedral Fe sites. This phase transition is accompanied by a 2+
to 3+ valence change of the prismatic Fe ions and collapse of CO. We provide a microscopic explanation of the complex charge
ordering in Fe,O5 which “unifies” it with the behavior of two archetypal examples of charge- or bond-ordered materials, magnetite
and rare-earth nickelates (RNiO;). We find that at low temperatures the Verwey-type CO competes with the “trimeron”/“dimeron”
charge ordered states, allowing for pressure/temperature tuning of charge ordering. Summing up the available data, we present the
pressure—temperature phase diagram of Fe,Os.

Pressure (GPa)

1. INTRODUCTION

The electronic and magnetic transitions in strongly correlated
transition metal oxides have been among the main topics of
materials science and condensed matter physics over the last
several decades.'”* In such materials, the complex interplay

It was recently shown that under pressure, iron oxides
demonstrate unexpected complexity of their compositions,
such as FeO,, Fe,O;, Fe;Og, FesO,, Fe,O,, etc., with unusual
crystal structures and complex electronic and magnetic
properties,”’” "> which can be systematized by homologous
structural series nFeO-mFe,0; (with the exception of FeO,)."

between electronic correlations and the spin, charge, orbital,
and lattice degrees of freedom leads to a wealth of ordering
phenomena and complex phases, which makes these
compounds highly attractive for technological applications.' ™
While being Mott or charge-transfer insulators at ambient
pressure, these materials often exhibit a pressure-induced Mott
insulator-to-metal phase transition (IMT), complicated by a
spin-state crossover, collapse of magnetic moments and unit-
cell volume, and suppression of charge and orbital ordering (in
the charge and/or orbitally ordered compounds). In this
respect basic iron oxides wiistite (FeO), hematite (Fe,0;), and
mixed-valence magnetite (Fe;O,), the archetypal correlated
insulating materials, have attracted much attention due to their
complex electronic, magnetic, and structural behaviors.”
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Moreover, recent high-pressure (HP) studies of Fe,O; and
Fe;0, suggest that these materials undergo a site-selective
Mott transition, accomipanied by a site-dependent collapse of
magnetic moments.'°~™® In both cases it goes along with site-
dependent delocalization (metallization) of the 3d electrons.
As a result, the high-spin to low-spin (HS-LS) state crossover
and metallization at crystallographically different Fe sites occur
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at different pressures. Interestingly, in Fe,O; the site-selective seal L

Mott transition is accompanied by a charge disproportionation & 0-50 GPa

of Fe ions, with Fe®**9* and § ~0.05—0.09."” We note that of ul e Vo= 356.86(5)

specific interest is the case of mixed-valence compounds, such
as the archetypal mixed-valence material Fe;O,, which exhibits
a complex charge ordering (CO) below the Verwey metal—
insulator transition at Ty ~ 122 K."”7*° While being
intensively studied, the Verwey CO transition in Fe;O, is
still a subject of debates and the mechanism of the Verwey
transition remains controversial.>~>" Only recently it was
shown that Verwey’s hypothesis of CO of the Fe 2+ and 3+
ions below Ty in a regular pattern caused by a minimum of the
electrostatic repulsion is correct to a first approximation. In
fact, the localized Fe 3d electrons are proposed to be
distributed over a linear arrangement of three octahedral Fe
units, called “trimerons”.”” This behavior suggests the complex
interplay between electronic correlations and the lattice in the
low-temperature CO phase of Fe;O,.

In our study, we focus on a recently discovered mixed-
valence oxide Fe,Os, which can be synthesized at moderate
pressure—temperature conditions and is found to be
recoverable at ambient pressure.” " It was previously shown
that Fe,O; crystallizes in an orthorhombic CaFe;O-type
crystal structure (space group Cmcm), which is comprised of
chains of trigonal prisms (Fel site), filled with Fe** cations and
an octahedral network consisting of single and double chains of
octahedra (Fe2 and Fe3 sites, respectively), whose sites are
occupied by mixed Fe*"/Fe** cations’™® (see Figure lc and
Supporting Information, Figure S1). In close similarity to
magnetite, Fe,O; exhibits a complex CO transition at low
temperature below ~150 K, involving different dimeric and
trimeric CO states within the chains of Fe ions,*” with a high
sensitivity of the CO pattern and ordering temperature to
applied pressures.”® Interestingly, the parent system CaFe;Oy
also exhibits a complex trimeron CO below room temperature
(RT).* Nonetheless, the electronic properties of Fe,O; and, in
particular, the interplay of the electronic structure, spin and
CO states, and phase stability of Fe,O under pressure are still
poorly understood, and the mechanism behind the complex
CO behaviors of Fe,O5 under pressure is unknown. Moreover,
we also note that the high-pressure crystal chemistry of iron-
bearing compounds is highly relevant for geoscience and for
understanding extra- and terrestrial minerals, where the
disproportionation reaction may have played a key role in
redox processes and the evolution of Earth (see ref 34 and
references therein).

We explore the electronic structure, magnetic, and structural
properties of Fe,O5 under HP to ~100 GPa using high-
resolution single-crystal and powder synchrotron X-ray
diffraction (XRD) combined with resistance measurements
and the DFT + dynamical mean-field theory (DFT+DMFT)
electronic structure calculations.>> With DFT+DMFT, it
becomes possible to capture all generic aspects of the interplay
between the electronic correlations, magnetic states, and
crystal structure of paramagnetic (PM) Fe,O; under
pressure. #5737 Our combined experimental and theoretical
results give a microscopic understanding of the complex
pressure-induced evolution of the electronic, magnetic, and
structural properties of Fe,O;. We show that at ambient
conditions, Fe,Oj exhibits a narrow-gap Mott insulating state
associated with the “classical” Verwey-type CO of Fe®'/Fe®"
cations at the crystallographically distinct Fe sites. Under
pressure, it exhibits a series of electronic transitions
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Figure 1. Compressional behavior of Fe,O;: (a) unit-cell volume, (b)
average Fe—O distances, and (c) polyhedral volumes for different
crystallographic sites of Fe,O; as a function of pressure. The solid,
dashed, dashed-dotted, and short-dashed lines in part a are fits with
the second-order Birch—Murnaghan equation of state (BM2 EOS)
(see the Supporting Information). Extrapolation of the low-pressure
V(P) to higher pressures gives a volume drop AV/V ~5.2% at ~100
GPa. The solid, dashed, and dotted lines in part c are fits with the
BM2 EOS for the Fel, Fe2, and Fe3 sites, respectively. In the inset,
we show the crystal structure of Fe,Os.

characterized by a site-dependent collapse of local moments
above ~50 GPa and site-selective Mott insulator—metal
transition at ~84 GPa, corroborating with a collapse of
charge-ordering. We explain the complex CO in Fe,O; which
“unifies” it with the behavior of charge-ordered magnetite,
Fe;0,. Our results suggest that the Verwey-type CO competes
with the trimeron/dimeron charge ordered states at low
temperatures, allowing for pressure and temperature tuning of
CO in Fe,O;.

2. MATERIALS AND METHODS

We perform high-resolution single-crystal and powder synchrotron
XRD study of Fe,O5 samples synthesized at Bayerisches Geoinstitut,
Bayreuth (Germany).*® Symmetric membrane and custom diamond
anvil cells (DACs) were used to induce high pressure, with neon as a
pressure-transmitting medium. Pressure was determined using the
ruby R1 fluorescence line as a pressure marker, and the Ne and gold
unit-cell volumes in the case of X-ray diffraction studies. Single-crystal
(SC) and powder XRD experiments were performed at the ID15B
beamline at the European Synchrotron Radiation Facility (ESRF),
Grenoble, France, and at the 13-ID-D beamline of the Advanced
Photon Source (APS), Argonne National Laboratory (Argonne, IL).
Electrical resistance measurements were performed as a function of
pressure and temperature using a standard four-probe method.

We supplement our experimental results with the DFT+DMFT
electronic structure calculations of PM Fe,O; under pressure.”® In
DMFT a quantum many-body lattice problem is mapped onto a

https://doi.org/10.1021/jacs.2c00895
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multiorbital quantum impurity model which is solved within a path
integral formalism using, e.g, quantum Monte Carlo techniques.35
This allows us to treat on the same footing the spin, charge, orbital,
and temperature dependent interactions of the d or f electrons which
are quantified by an impurity self-energy, which is defined on the
Matsubara frequency domain. We use the DFT+DMFT method
implemented with full self-consistency over the charge density***” to
compute the electronic structure, magnetic properties, and spin and
valence configurations of iron of Fe,Os. In our DFT+DMFT
calculations, we construct a basis set of atomic-centered symmetry-
constrained Wannier functions for the partially occupied Fe 3d bands
evaluated within DFT.*> The DFT+DMEFT calculations are
performed in the local basis set determined by diagonalization of
the corresponding Fe 3d occupation matrices. We adopt the crystal
structure parameters taken from single crystal XRD and compute the
spectral properties, Fe 3d Wannier orbital occupancies, and local
magnetic moments of PM Fe,O; for the three distinct pressure
regimes: at ~39, 62, and 84 GPa. In our calculations, we employ the
DFT+DMFT method implemented with plane-wave pseudopoten-
tials’® with a continuous-time hybridization-expansion quantum
Monte Carlo (segment) algorithm in DMFT.** We use the Hubbard
U = 6 eV and Hund’s exchange J = 0.89 eV, in accordance with
previous estimates.'®'”*® In addition, we perform DFT+DMFT
calculations with a smaller Hubbard parameter U = S eV in order to
check the stability of the obtained results. In our DFT+DMFT
calculations, the Coulomb interaction was treated within the density—
density approximation neglecting spin-flip and pair hopping terms
(which are generally assumed to be small) in the multiorbital
Hubbard Hamiltonian. We also neglect the spin—orbit coupling. In
DFT, we use the generalized gradient Perdew—Burke—Ernzerhof
approximation for the correlation exchange functional.*' For further
details on the experimental and theoretical methods, see the
Supporting Information.

3. RESULTS

3.1. XRD Measurements and Compressional Behav-
ior. We begin with a combined high-resolution single-crystal
and powder synchrotron XRD study of RT Fe,Os. Our results
for the compressional behavior of Fe,Os are summarized in
Figure 1. In agreement with previous experiments, at ambient
conditions Fe,O; crystallizes in the orthorhombic Cmcm
crystal structure®™® (see Figure S1). We observe that the
Cmcm phase persists up to ~100 GPa (see Figures $2—S5 and
Table S1). In particular, no new diffraction spots due to
lowering of the Cmcm crystal symmetry were observed in the
single-crystal XRD with pressure increase up to ~94 GPa at
RT (see Figures S2 and S3). Most notably, under pressure, we
obtain two consecutive first-order phase transitions at ~50 and
84 GPa, which are characterized by a collapse of the unit-cell
volume of ~2.4% and 0.3%, respectively, and by a drastic
change of compressional behavior. We note that while the
volume collapse at ~50 GPa is obvious from both powder and
SC XRD data, the structural changes at ~84 GPa are subtle,
with our thorough analysis of the powder XRD data detecting a
volume anomaly of ~1 A? which exceeds the error estimates
according to GSAS-II of up to ~0.5 A%* In addition, our
results for the compressional behavior and the electronic
transition observed within this pressure range in our resistance
measurements (see below) clearly indicate a robust phase
transformation at ~84 GPa.

The bulk modulus of the LP phase Ky ~ 190 GPa, which is
within the range of that for FeO (Fe’*) and Fe,0, (Fe’*) at
ambient pressure,''****7* unexpectedly drops to ~102
GPa in the HP1 phase. At 84 GPa, there is an apparent slight
increase of K, to ~140 GPa upon the transition to the HP2
phase (see Figure 1 and Table S2). Nonetheless, the latter

value is remarkably over 20% lower than that of the LP phase,
implying a highly unusual compressional behavior of Fe,Os.
We note that at SO GPa, the bulk modulus is Ky, = 375(1) and
279(11) GPa for the LP and the HP1 phases, respectively, and
at ~84 GPa it is Kg, = 388(11) and 430(60) GPa for the HP1
and HP2 phases, respectively (see also Table S2). Thus, for
both types of analysis, the trend of the bulk modulus change is
the same, implying anomalous softening of the lattice above
~50 GPa.*® Moreover, we note a significant difference in the
compressibility of the Fe sites at the 0—45 GPa range, which is
likely related to the different types of oxygen coordination of
the prismatic Fel and the octahedral Fe2 and Fe3 sites. It leads
to the different Fe—O bonding and significantly different
crystal-field splitting of the Fe 3d electronic states.

Since no symmetry change is observed in our XRD up to
high pressures, we conclude that the phase transitions at S0
and 84 GPa are of electronic origin. Moreover, an unexpected
softening of the lattice at ~50 GPa, suggests that this phase
transition is not related to a Mott IMT, which in contrast
usually leads to a sizable increase of bulk modulus upon
metallization.”*° It is interesting to note that other iron oxides,
FeO, Fe,0;, and Fe;0, also reveal phase transitions which
occur under a pressure of several dozen to 100
GPa.'¥107183043% However, in contrast to Fe,Oj, the phase
transitions in those systems are usually accompanied by a
symmetry change.

Under pressure, we find a continuous decrease of the Fe—O
distances, with indications of the reduced compressibility of
the FeOg4 octahedra comprising the Fe2 sites at about the 20—
35 GPa range (see Figure 1b). This feature coincides with an
unusual compressional behavior of the lattice parameter b
indicative of a high axial compression anisotropy of the LP
phase. Namely, while parameters a4 and ¢ show a similar
behavior and almost do not exhibit any peculiarities over the
entire pressure range, the parameter b shows a higher stiffness
followed by a sudden drop around SO GPa (see Figure S6).
Only above ~56 GPa, the b axis behaves similar to two other
lattice parameters indicating the collapse of the axial
anisotropy. This anomalous behavior can be tentatively
attributed to an antiferromagnetic spin alignment at the Fe2
sites along the b axis (for details see the Supporting
Information). The following remarkable shrinkage of the b
axis and Fe2—O distances at around 50 GPa (see Figure 1b
and Figure S6) suggests that the phase transition at ~50 GPa is
accompanied by a change of the electronic state of the Fe2
sites. Below we will show that it is indeed related to a HS—LS
state crossover at the Fe2 sites.

Our bond valence sum (BVS) analysis*” suggests that the
trigonal Fel sites are filled with Fe?* cations, while the
octahedral Fe2 and Fe3 sites are occupied by mixed-valence
FezJ'/Fe'?’+ states, consistent with previous estimates.”® We
note, however, that BVS has a limited sensitivity and
understanding of the valence states of Fe,Os requires a
microscopic modeling of its electronic structure. In particular,
a mixed valence state of the octahedral Fe2 and Fe3 sites
proposed by BVS would imply metallic behavior of Fe,O; at
RT, similar to a metallic state of Fe;O, for T > Ty.'*7>"** As
we will show below, this assumption contradicts our resistance
measurements and the DFT+DMFT calculations.

3.2. Resistance Measurements. In order to clarify the
electronic state of Fe,Os, we perform electrical resistance
measurements. Our findings are summarized in Figures 2 and
3. Up to about 88 GPa, our results show an activation type
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compression, E, gradually decreases and at ~88 GPa R(T)
shows a metallic behavior. We note, however, differences in the
onset pressures of the IMT as discerned by R(P, T) (~88
GPa) and XRD (~84 GPa) measurements. In principle, this
may be attributed to the different pressure transmitting media
used and how the degree of nonhydrostaticity affects the
electronic transition. In addition, in the synchrotron XRD
measurements, the signal derives from a small central part of
the sample, whereas in electrical transport studies the signal is
collected from a much larger region of the sample diameter,
resulting in possible pressure gradient effects which could be
significant in determining phase transition pressures. Thereby,
we conclude that at ~88 GPa, RT Fe,Os undergoes
metallization, which is consistent with an appreciable increase
of its bulk modulus. This implies that at pressures below 88
GPa (ie, in the insulating phase), RT Fe,O; exhibits
localization of the Fe 3d state, which taking into account the
mixed-valence nature of Fe,O5 presumes its charge ordering
(see below). Moreover, we note that at ~88 GPa the slope of
R(T) curves changes from positive to negative with a
temperature decrease (Figure 2a, inset) suggesting a carrier
localization at low temperatures.

Our results reveal an appreciable decrease of the pressure-
dependent resistance R(P) upon compression to ~25 GPa at
RT and then an additional drop above ~S50 GPa, while
metallization at ~88 GPa is accompanied by an appreciable
change of the R(P) slope (see the inset of Figure 2c).
Moreover, upon decompression, R(P) does not exhibit any
visible hysteresis. Under pressure, we notice an anomalous
variation of the inverse-temperature dependence of In(R(1/
T)) at about 230—245 and 110—130 K (see Figure 3a). We
propose that these anomalies in R(1/T) behavior are
associated with different CO transitions observed in Fe,Og at

0 10 20 30 40 50 60 70 80 90 100
Pressure (GPa)

Figure 3. (a) Temperature-dependent resistance measured for
different pressures plotted as In(R) vs 1/T. Note the slope changes
at about 240 and 110—130 K (arrows indicate kinks) coinciding with
the onset of novel charge-ordered phases.® (b) Pressure—temperature
phase diagram of charge ordered states of Fe,O;. The phase diagram
is based on the resistance measurements, namely, the P, T points
(solid circle symbols) corresponding with the change of electrical
transport activation energy (see Figure 3a) and results of single crystal
XRD experiments (present and recently published®). Experimental
points on the diagram corresponding to different structural phases are
shown in different open symbols: stars, squares, Phase-I (Cmcm),
present and measurements from ref 8, respectively; circles, Phase-IT;*
diamonds, Phase-III;* triangles, Phase-III+IV.® The light-olive-shaded
area shows the proposed stability regions of the CO “trimeron”/
“dimeron” II, III, and IV phases. The phase boundaries between
phases II and III as well as between phases III and III+IV are
demarcated by the blue and red dashed lines, respectively.® The
yellow-shaded area shows the proposed stability regions of the
Verwey-type CO Phase-I. The dotted line, separated Verwey-type and
“trimeron”/“dimeron” CO states above 50 GPa, is only a guide for
eyes drawn as an approximation of the low-pressure data and our R(P,
T) measurements above 50 GPa. The vertical dashed-dotted and
dashed lines demarcate the pressures where electronic transitions are
onset (LP - HP1 — HP2, respectively, see text). We note that the
spin state of HP1 phase changes gradually with a pressure increase
due to the increase of LS abundance. The bottom edge of the metal
region based on the P, T points (half-solid circles) corresponding with
the change of R(T) slope sign. The arrows show the directions of the
temperature variation during the experiments.® Some points show the
phase coexistence. We note that according to ref 8, since the basic
structural reflections of the Phase-I and Phase-III structures are
identical, the region of their coexistence could not be properly
delineated.
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low temperature below 40 GPa.® As was previously shown, the
latter are accompanied by a complex structural rearrangement
associated with the formation of iron trimerons and dimerons
(i.e, with the formation of charge density wave with Fe(250)+
and 0 < 0.5 in the structurally distinct Fel, Fe2, and Fe3
sites).””®

3.3. DFT+DMFT Results: Verwey-Type CO at Low
Pressures. Next, we perform a microscopic calculation of the
electronic structure and magnetic state of Fe,O; using a fully
charge self-consistent DFT+DMFT method.’**” Our DFT
+DMFT results for the Fe 3d spectral functions of Fe,Og are
summarized in Figure 4. We find that paramagnetic Fe,O; (at

Spectral density (a.u.)

e

Energy (eV)

Figure 4. Fe t,, and e, spectral functions of PM Fe,O as obtained by
DFT+DMFT for different pressures. We note that all three
crystallographically distinct Fel, Fe2, and Fe3 sites are seen to be
Mott insulating at 39 and 62 GPa (for U = 6 eV). At ~84 GPa, the
prismatic Fel sites remain to be Mott insulating, while we observe
metallization of the octahedral Fe2 and Fe3 sites (due to the Fe tae

states).>”

39 GPa) is a correlated (Mott) insulator characterized by
charge ordering of Fe 2+ (“ferrous”) and 3+ (“ferric”) cations
at the structurally distinct Fel/Fe2 and the Fe3 sites,
respectively, with a relatively large d—d energy gap of ~1.3
eV. We find that at 39 GPa, the Fe 3d electrons are strongly
localized and form the HS state for all the Fe sites. The local
magnetic moments are 3.97, 3.21, and 4.85 puj for the prismatic
Fel and the octahedral Fe2 and Fe3 sites, respectively (see
Table 1). The corresponding fluctuating moments M, are
3.94, 3.05, and 4.32 pg.>° The energy gap sits between the
occupied Fel and Fe2 t,, and unoccupied Fe t,, states.
Interestingly that the energy difference between the Fe3 3d
states is large of about 4 eV, while for the Fel and Fe2 3d
states is of ~2 eV. It seems to relate to a different electronic
(valence) state of these sites and, hence, to a different degree
of correlation strength of the Fe 3d electrons. We note that the
energy gap depends very sensitively on the choice of the
Hubbard U value of the multiorbital Hubbard model solved
within DFT+DMFT, reducing to ~0.3 eV for U = § &V,”'
compatible with that in the experiment.

Our analysis of the Fe 3d Wannier occupations and local
moments are consistent with robust charge ordering of Fe**/
Fe*" cations (at low pressures). In particular, we observe a
substantial charge disproportionation with the Wannier Fel,
Fe2, and Fe3 3d orbital occupations of 5.97, 5.98, and 5.03,

Table 1. Fe 3d Local Magnetic Moments (M), Wannier Fe
3d Electron Occupations (N,), the HS/LS/IS Spin-State
Weights (W,) of Fe Ions and the Weights of the Fe 3d°, d,
and d’ Atomic Configurations (W,) of Fe, O Evaluated by
DFT+DMFT with U = 6 eV and J = 0.89 eV for Different
Pressures

Fe ion 39 GPa 62 GPa 84 GPa
Fel M, ug 3.97 3.97 4.85
Fe2 321 2.66 1.7
Fe3 4.85 4.7 3.1
Fel Ny 5.97 593 5.08
Fe2 5.98 5.96 5.93
Fe3 5.03 5.05 S.55
Wi HS/LS/IS
Fel 0.96 0.00 0.04 0.94 0.01 0.05 0.98 0.00 0.02
Fe2 0.64 0.33 0.03 0.43 0.55 0.02 0.14 0.84 0.02
Fe3 0.96 0.03 0.01 0.90 0.09 0.01 0.38 0.60 0.02
Wy d*ded’
Fel 0.04 0.94 0.02 0.08 0.90 0.02 0.86 0.11 0.00
Fe2 0.04 0.94 0.02 0.05 0.92 0.02 0.09 0.88 0.03
Fe3 0.94 0.0S 0.00 0.89 0.08 0.00 0.42 0.55 0.02

respectively, implying a 2+ valence state for the Fel and Fe2
and 3+ for the Fe3 sites. On the other hand, our results for the
electron occupations obtained by integration of charge density
inside the atomic sphere with radius 0.86 A are only 5.31, 5.34,
and S5.18 for the Fel, Fe2, and Fe3 sites, respectively. That is,
the physical charge density difference around the structurally
distinct prismatic Fel and octahedral Fe2 and Fe3 sites is
weak, ~0.14. This implies the importance of Fe 3d to O 2p
charge transfer, i.e., the charge disproportionation is signifi-
cantly screened due to the Fe 3d—O 2p charge redistribution,
with Fe®59* and § < 0.5>"* Our results for charge
disproportionation agree well with previous estimates for the
low-temperature charge-ordered phases of the mixed-valence
oxides such as Fe;O, and rare-earth nickelates RNiO;, which
give a 20—40% of the ideal ionic disproportiona-
tion 21~23,25,2942,53-55

In addition, our results for the decomposition of the
electronic state into atomic configurations (valence states) give
direct evidence for charge ordering. We find that the valence
value for the prismatic Fel and octahedral Fe2 sites is nearly
2+ (see Table 1; the Wannier 3d° configuration has a weight of
about 94% with a 2% admixture of the 3d° state), while the Fe3

sites are 3+ (=+/0.941d%) + /0.051d%). Most interestingly,
this valence configuration is consistent with the Verwey-type
Fe?*/Fe** CO model.”? In fact, assuming that the Fel and Fe2
sites adopt a 2+ state, while the Fe3 sites are 3+, we obtain the
Verwey-type CO model,'”*’ with a simple charge arrangement
of iron (010) planes of Fe,Oj alternately occupied by 2+ and
3+ Fe cations. Our results for the decomposition of electronic
state into atomic spin-state configurations within DFT+DMFT
show that all the Fe sites are in the HS state (see Table 1).°*%

3.4. Site-Selective Mott IMT at High Pressures. Our
DET+DMFT results further demonstrate a series of
complicated pressure-induced electronic and magnetic state
transformations in PM Fe,Os. At 62 GPa, it is a correlated
insulator with an energy gap of ~0.95 eV characterized by a
site-selective collapse of local moments. The calculated local
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magnetic moments are ~3.97, 2.66, and 4.7 ug for the
prismatic Fel and the octahedral Fe2 and Fe3 sites,
respectively, implying a significant reduction by ~17% of the
octahedral Fe2 moments under pressure. We conclude that
above ~50 GPa the Fe2 magnetic moments undergo a HS—LS
state crossover, while the Fel and Fe3 sites remain in the HS
state. In accordance with this, our analysis of atomic spin-state
configurations shows that for the Fe2 sites, the LS state has a
predominant weight of ~55% with a large ~43% admixture of
the HS state (the latter is due to quantum mixing and
temperature effects). Moreover, for the Hubbard U = 5 eV, we
obtain the site-selective Mott insulator phase with the Fe2 3d
states being a LS metal, while the Fel and Fe3 states are
insulating (with localized 3d electrons). Taking into account
that our resistance measurements reveal an activation-type
behavior below ~88 GPa, we conclude that at about 50 GPa
Fe,O; adopts the site-selective Mott phase. The latter is
characterized by site-dependent collapse of local moments at
the octahedral Fe2 2+ sites, in close similarity to the behavior
of the insulating phases of rare-earth nickelates, RNiO;
(although the microscopic origins of CO in RNiO; and
Fe,O; might be significantly different).”*>>

The HS—LS crossover at the Fe2 sites is accompanied by
redistribution of charges between the t,, and ¢, orbitals within
the Fe2 3d shell. Fe2 t,, orbital occupations are found to
increase with pressure, resulting in a (nearly) fully occupied
state at 62 GPa (tzg occupation is ~0.82, while e, is 0.26). We
note that this phase transition does not affect charge
disproportionation between the Fe sites. The Fe 3d Wannier
orbital occupancies are close to that at 39 GPa (5.93, 5.96, and
5.0S, respectively), implying the robust Verwey-type CO. This
agrees well with an activated behavior of electrical resistivity up
to about 86 GPa. In accordance with this, the valence value for
the prismatic Fel and octahedral Fe2 sites are nearly 2+, while
the Fe3 sites are 3+.

Upon further compression to ~84 GPa, we obtain the site-
selective Mott phase characterized by a site-dependent
metallization of the 3d electrons. In DFT+DMFT, we found
significantly reduced local magnetic moments for the
octahedral Fe2 and Fe3 site, ~1.7 and 3.1 pg, whereas for
the Fel sites the local moments increase to 4.85 . We note
that the pressure-induced increase of the local moments at the
prismatic Fel sites, from 3.97 to 4.85 g, is highly unexpected,
and as we will show, it is related to a change of the valence
state of the Fel ions.

While the octahedral Fe2 and Fe3 3d electrons are metallic
and seems to be predominantly in the LS state (see Table 1),
the prismatic Fel 3d states remain in the HS state and are
Mott insulating (see Figure 4; the Fe3 3d states are nearly
metallic, becoming a good metal for U = S eV). Most notably,
the phase transition is accompanied by a change of the valence
state of the prismatic Fel sites from 2+ to 3+ (its Fe 3d
Wannier occupation is now ~S5.08, with the 3d° state weight of
86%), while the octahedral Fe sites are mixed-valent Fe 2+/3+.
This suggests that above ~84 GPa, Fe,O5 undergoes a site-
selective Mott IMT which is accompanied by a Fe 2+ to 3+
valence crossover at the Fel sites (with an alignment of the
valence state of the Fe2 and Fe3 sites). Note that the site-
selective Mott insulator phase of Fe,Og with site-dependent
metallization closely resembles that recently found in HP
Fe203.16’17 Indeed, our calculations suggest that above 84 GPa,
the prismatic Fel sites undergo a valence crossover but still
remain insulating, while the octahedral Fe2 and Fe3 sites are

mixed-valent metallic. This seems to be related with a collapse
of the Verwey-type CO and agrees well with a suppression of
activation energy and metallic behavior observed above ~88
GPa in our resistance measurements as well as with a change of
compressional behavior of Fe,Og found in our XRD.

Interestingly, more simplified spin-polarized DFT electronic
structure calculations of the compressional behavior of Fe,O;
with a long-range antiferromagnetic ordering also predict two
consecutive pressure-induced HS-LS crossovers at the
octahedral Fe sites, first at Fe2 at ~58 GPa and then at Fe3
above 80 GPa, while the prismatic Fel ions remain in the HS
state up to a high pressure of ~150 GPa (see the Supporting
Information). Moreover, our DFT calculations show a sizable
decrease of the bulk modulus (i.e., softening of the lattice)
associated with the HS-LS crossover at the octahedral Fe2
sites, from K, = 172 GPa in the LP phase to 140 GPa in the
HP1 phase, consistent with our experimental and DFT
+DMFT results. The calculated phase transition at ~58 GPa
is accompanied by a volume collapse of ~3.5%, while above
~80 GPa we found a HS—LS crossover at the octahedral Fe3
sites accompanied by a reduction of the unit-cell volume by
~1.5% and by a bulk modulus increase to ~176 GPa (in the
HP2 phase). We note however that the DFT calculations
cannot explain the insulating state of Fe,Oj, yielding a metallic
solution. Moreover, they cannot properly explain a 2+ to 3+
valence crossover at the prismatic Fe sites at high pressure
which, according to our DFT+DMFT results, is related to the
site-selective Mott IMT (metallization of the octahedral Fe2
and Fe3 sites, while the prismatic Fel sites remain Mott
localized). This implies the crucial importance of the effects of
strong electronic correlations, consistent with previous studies
of the Mott IMT in correlated oxides.'®'”*

4. DISCUSSION

For Fe,Os, our DFT+DMFT calculations show a significant
increase of the abundance of the LS state at the octahedral Fe
sites with a pressure increase to 62 GPa and then to 84 GPa.
The calculated onset of the HS—LS crossover at ~50 GPa is in
excellent agreement with the observed sharp volume drop of
~2.4% and shrinkage of the b axis and Fe—O octahedral
distances at this pressure range. It is noteworthy that a very
similar volume drop associated with a spin-state crossover of
the octahedral Fe2 ions at ~58 GPa was also obtained by the
more simplified spin-polarized DFT calculations. Thus, we
conclude that the experimentally observed phase transition at
~50 GPa is driven by a HS—LS crossover of the octahedral
Fe2 sites.

Moreover, the gradual nature of the spin transition (at finite
temperatures), suggested by the DFT+DMFT calculations,
elucidates a drastic change in the compressional behavior of
Fe,O; above 56 GPa. Such a gradual spin-state transition
should be accompanied by a sluggish decrease in the unit-cell
volume that explain the apparent softness of HP Fe,O;, which
contradicts with the anticipated hardening of the lattice at the
spin-state transition or Mott IMT.">'*'®*7=% Thys, the
experimentally observed behavior of the crystal volume is
attributed to the interplay between normal compressibility and
spin variation effect on the Fe ionic radius.”” This is in
agreement with the DFT calculations showing a sizable
decrease of the bulk modulus associated with the HS—LS
crossover at the octahedral Fe2 sites. Most notably, an estimate
of the relative difference in polyhedral volumes, expected for
the HS and LS FeOg octahedra for Fe*" and Fe®" ions, gives
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~21% and 12%, respectively,””> which significantly exceeds

the volume change observed at ~50 GPa and an ~5.2%
reduction of the volume at ~100 GPa (as compared to the
equation of states for the LP phase, see Figure la). These
estimations are in qualitative agreement with our theoretical
calculations showing a progressive site-selective collapse of
local magnetic moments at the octahedral Fe sites, not
completed at ~84 GPa, and metallization.

We note that according to our R(P, T) measurements, the
electrical transport activation energy (charge gap) gradually
decreases above ~50 GPa, corroborating with the onset of the
HS—LS crossover at the Fe2 sites. This suggests that the HS—
LS transition under pressure affects the charge gap caused by
the Verwey-type CO and finally leads to its suppression. In
fact, our electrical transport and XRD measurements show that
at ~88 GPa, RT Fe O; undergoes a reversible insulator-to-
metal phase transition, which coincides with a subtle volume
drop and appreciable bulk modulus increase. This implies a
collapse of the Verwey-type CO under pressure above 88 GPa
and corresponds well with the DFT+DMFT results, which
show that the site-dependent spin-state crossover on the
octahedral Fe sites of Fe,O; is followed by a site-selective Mott
IMT above ~84 GPa. According to our DFT+DMFT
calculations, this phase transition is accompanied by a drastic
change of the valence state of the Fe sites suggesting that the
site-selective electron delocalization above ~84 GPa concurs
with a substantial redistribution of the charge density between
the different Fe sites. This anomalous high-pressure behavior
of Fe,O; corroborates with a highly unusual softening of the
lattice at ~50 GPa that in accordance with XRD the bulk
modulus drops from K, ~190 to 102 GPa in the HP1 phase,
and upon further compression above 84 GPa, K, increases to
~140 GPa in the HP2 phase.

Most notably, our DFT+DMFT calculations show that the
Mott insulating state of RT Fe,O5 below ~84 GPa is
accompanied by the Verwey-type CO of the crystallo-
graphically distinct Fe sites. In fact, our theoretical calculations
(consistent with the BVS analysis) show that the prismatic Fel
and octahedral Fe2 sites adopt a 2+ state, while the octahedral
Fe3 sites are 3+. This leads to a simple charge arrangement of
iron (010) planes of Fe,Ojs alternately occupied by 2+ and 3+
Fe cations, reminiscent of that of the CO proposed by Verwey
in Fe;0,."” With this, the physical charge density difference
around the structurally distinct prismatic Fel and octahedral
Fe2 and Fe3 sites (calculated taking into account a significant
screening due to the Fe 3d—O 2p charge redistribution, with
Fe®59)+ and § < 0.5) is weak, ~0.14, consistent with our BVS
analysis. The latter value agrees well with previous estimates
for charge disproportionation in the low-temperature charge-
ordered phases of the mixed-valence oxides such as Fe;O, and
rare-earth nickelates RNiO;, which give 20—40% of the
nominal ionic disproportionation.”' ~*¥**7##33755 Mean-
while, our calculations reveal a drastic change of the valence
state of the Fe sites above ~84 GPa, suggesting that
metallization of RT Fe,Og concurs with a collapse of CO.
This implies that the Mott insulating state of Fe,Os below ~84
GPa is driven by the complex interplay of electronic
correlation (Mott localization) and CO effects (localization
due to electron—lattice coupling and long-range electron—
electron repulsion).

Moreover, our analysis suggests that Fe,Os provides a
“missing link” in understanding of the Verwey charge-ordering
phenomenon in mixed-valence materials, showing a transition

from the narrow-gap insulator with the Verwey-type CO at RT
to a complicated “trimeron” and “dimeron” ordered state at
low temperatures.”® Summing up the available data, we
present in Figure 3b the pressure—temperature phase diagram
of charge ordered states of Fe,O5 based on our resistivity and
XRD results combined with the previous XRD results from ref
8.

Based on our results, we propose the following microscopic
model which explains the complex electronic and charge
ordering behavior of Fe,Og under pressure. In fact, although
the Verwey CO model possesses the minimum electrostatic
repulsion energy (e.g., in Fe;O,), the “trimeron” and
“dimeron” ordering is stabilized due to a complex competition
between the electrostatic and elastic contributions in the total
energy.”” It leads to a “partial” occupation of the Fe (001)
planes that makes the difference between the [010] and the
[001]/[100] directions less pronounced. This reduces the
lattice stress and, as a result, reduces the “elastic” energy. We
propose that this competition is the primary cause for
development of the complex CO in low-temperature Fe,Os.
We believe that the same mechanism is responsible for CO in
the low-temperature phases of mixed-valent nFeQ-mFe,0;"
(e.g, FesOq shows a very similar R(P, T) behavior''). In
contrast to RT Fe;O, with mixed-valence Fe?*/Fe®* ions
occupying identical octahedral positions of the cubic structure,
in Fe Oy, localization of the Fe 3d charges occurs on the
structurally distinct prismatic Fel and octahedral Fe2 and Fe3
sites, which makes charge disproportionation more feasible. It
is also interesting that upon a moderate compression of ~25
GPa, Fe;0, undergoes a structural phase transition (with a
symmetry change), while in Fe,O; the Cmcm crystal phase
(CaFe;05-phase) persists up to ~100 GPa. This seems to
explain the anomalous stability of the Verwey-type CO in RT
Fe,O; until high pressure ~84 GPa.

We also note that a complexity of the Fe,O; compound
results in much more intricate phase diagram compared to the
case of magnetite (see refs 24 and 61). Furthermore, an onset
of metallization in Fe,Oj takes place at pressures above 86 GPa
at RT and above 1 Mbar at the low-temperature range, while in
Fe;0, a charge-ordered insulating phase comprises a relatively
small pressure—temperature range (below 8 GPa and 120 K).
While the details of the high pressure behavior of Fe,O; are
still unsettled, our results indicate the existence of a triple point
near ~88 GPa and 220 K in the phase diagram of Fe,O; (see
Figure 3b). Most notably, the compressional behavior of Fe,O;
“unifies” the behavior of both the rare-earth nickelates RNiO;
and highly pressurized Fe,O; at moderate and high pressures,
respectively, showing a site-selective collapse of magnetic
moments in the Mott insulating phase at moderate pressures
and site-dependent metallization of the Fe 3d electrons under
high pressures,'®'7935

5. CONCLUSIONS

In conclusion, using single-crystal and powder XRD, in
combination with resistance measurements and the DFT
+DMFT electronic structure calculations, we show that at low
pressures RT Fe, Oy is a narrow-gap correlated insulator with
an orthorhombic CaFe;Os-type crystal structure characterized
by the “classical” Verwey-type charge ordering of Fe 2+ and 3+
ions. We found that Fe,Os undergoes a series of complicated
pressure-induced electronic and magnetic state transformations
characterized by a site-selective collapse of local moments and
metallization. In particular, we found a HS—LS state crossover
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to set in for a fraction of the octahedral Fe’* ions starting at
~50 GPa, which results at higher pressures in the site-selective
Mott insulator with metallization of the octahedral Fe states.
Upon compression above ~84 GPa, our DFT+DMEFT
calculations show a Fe 2+ to 3+ valence crossover at the
prismatic Fel sites, accompanied by a mixed-valence metallic
behavior of the octahedral Fe sites, consistent with our
resistance measurements. The phase transitions are electronic
in origin and are associated with the site-selective Mott IMT. It
leads to a drastic change of compressional behavior of Fe,O; at
high pressures. Most notably, the Verwey-type CO is found to
compete with the “trimeron”/“dimeron” charge ordered states
at low temperatures, allowing for a pressure and temperature
tuning of CO in the system. This behavior explains a rich
diversity of different types of CO patterns experimentally
observed in Fe,O4 under pressure.
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