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High-pressure phonon density of states (PDOS) of Fe,O3 across structural and electronic transitions has been
investigated by nuclear resonant inelastic x-ray scattering (NRIXS) and first-principles calculations together

with synchrotron Mossbauer, x-ray diffraction, and x-ray emission spectroscopies. Drastic changes in elastic,
thermodynamic, and vibrational properties of Fe,O; occur across the Rh,O;(II)-type structural transition at
40-50 GPa, whereas the Mott insulator-metal transition occurring after the structural transition only causes
nominal changes in the properties of the Fe,O;. The observed anomalous mode-softening behavior of the elastic
constants is associated with the structural transition at 40—50 GPa, leading to substantial changes in the Debye-like
part of the PDOS in the terahertz acoustic phonons. Our experimental and theoretical studies provide new insights
into the effects of the structural and electronic transitions in the transition-metal oxide (TMO) compounds.
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I. INTRODUCTION

Hematite (Fe,O3), an antiferromagnetic insulator under
ambient conditions, is regarded as an archetypal Mott insulator
for the trivalent transition-metal oxides (TMOs), the majority
of which crystallize in the corundum-type structure.'? Since
iron is the most abundant transition metal in the Earth,
hematite as an end-member ferric iron (Fe3t) oxide is also
an important proxy for characterizing the oxidation state,
geomagnetism, and geochemistry of the planet’s interior.>~
Recent multidisciplinary studies have shown that hematite
undergoes a number of transitions under high pressures
including structural, insulator-metal, magnetic collapse, and
electronic spin-pairing transitions.”'8 Of particular interest is
the pressure-induced Mott insulator-metal transition with the
breakdown of the strong electronic d-d correlation and closure
of the Mott-Hubbard d-d band gap, resulting in a metallic phase
with zero moment at approximately 50 GPa."!%-1218 Although
the Mott transition was first proposed to occur concurrently
with the Rh,O3(II)-type structural and electronic transition,
effectively decreasing the Fe** radius and the unit cell volume
in the shift to the low-spin paramagnetic state, the metallic
state is reported to occur in the RhyO3(II)-type phase.>'® This
observation calls for further understanding on the interplay
and associated effects between the structural, electronic, and
magnetic transitions in Fe,O3 at high pressures.

Electronic and structural transitions in the TMOs have
been recently found to significantly affect their physical and
chemical properties under high pressures.'®?> Specifically,
the electronic spin-pairing transition of iron in ferropericlase
((Mg,Fe)O), an abundant mineral in the Earth’s lower mantle,
is found to result in changes in density, some of the elastic
constants, and transport and rheological properties, which in
turn affect a broad spectrum of geophysical, geochemical, and
geodynamic implications of the deep Earth.?”~>* Furthermore,
recent studies in the TMOs under high pressures also show
anomalous softening in elasticity as a result of the strong
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phonon-magnon coupling, leading to substantial changes in the
Debye-like part of the phonon density of states (PDOS).!*2°
Understanding the high-pressure PDOS behavior of hematite is
particularly interesting because of the multiple aforementioned
transitions and their potential couplings. Yet, the effects of
these transitions on elastic, thermodynamic, and vibrational
properties of Fe,O3 remain largely lacking. Here we have
measured the partial PDOS of iron in Fe,O3; by nuclear
resonant inelastic x-ray scattering (NRIXS) up to 85 GPa
in a diamond anvil cell (DAC). NRIXS is a relatively new
synchrotron technique that has been successfully applied
to study lattice dynamics of ’Fe-containing compounds
under extreme pressures and temperatures.”>~>® Together with
first-principles theoretical calculations, the PDOS are used
to characterize the behavior of Fe,O3; across the structural
and electronic transitions. We observed significant softening
in the elastic properties as well as other major changes in
thermodynamic and vibrational properties of Fe,Os3 between
40 and 50 GPa, which are attributed to the structural transition
in hematite. The magnetic collapse is reported to occur in the
Rh;03(II) phase between 55 GPa and 75 GPa, causing only
nominal changes in the PDOS of the Fe;0s3.

II. EXPERIMENTAL DETAILS

3TFe-enriched Fe,03 (>95% enrichment) was purchased
from the Cambridge Isotope Laboratories, Inc., and was
characterized for its crystal structure and chemical compo-
sition by x-ray diffraction and electron-microprobe analyses,
respectively. Samples measuring approximately 25-um thick
and 40-um wide were loaded into DACs with 300-um-flat
culets or beveled diamonds (150 pum in the inner culets and
300 pm in the outer culets) with Be gaskets of 3 mm in diam-
eter and cubic BN-gasket inserts. Pressures were determined
from the ruby spheres in the sample chamber using the ruby
fluorescence scale.?’ High-pressure NRIXS experiments were
conducted at sector 3 of the Advanced Photon Source, Argonne
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FIG. 1. Representative PDOS of Fe from 3'Fe, O3 at high pres-
sures. The PDOS spectra are derived from the NRIXS experiments in
a high-pressure DAC. Experimental error bars are shown as vertical
gray bars.

National Laboratory.”>~2® Energy spectra were obtained by
tuning the x-ray energy (approximately 80 to £95 meV in
steps of 0.25 meV) around the nuclear transition energy of
14.4125 keV with an energy resolution of 1 meV and an x-ray
beam size of approximately 10 um. The Ke,B-fluorescence
radiation from the 3"Fe-enriched Fe,05 sample, emitted with
time delay relative to the incident x-ray pulses due to the
lattice excitations of the iron sublattice, was collected by
three avalanche photodiode detectors, whereas the synchrotron
Mossbauer spectroscopy (SMS) spectra were collected by a
fourth detector in the forward direction. A quasiharmonic
model was used to extract the PDOS from the measured
energy spectra (Fig. 1).2-? In this model the atomic motions
relative to the temperature-dependent averaged position are
assumed to be harmonic under the given conditions of pressure,
temperature, and other parameters. Thermal effects such as
change of force constants with atomic distances are allowed
to change, but the vibrations are still assumed to occur in a
harmonic potential.>>~?’ Previous studies have confirmed the
reliability of this model to extract the PDOS and the bulk
Debye sound velocity (Vp) of Fe-containing compounds under
high pressures.?®

III. EXPERIMENTAL RESULTS

Elastic, thermodynamic, and vibrational properties of the
iron component in Fe,Oz have been derived from the inte-
gration of the measured PDOS in Fe,Os3 (Figs. 1 and 2).
The Vp of the sample is derived from parabolic fitting of the
low-energy slope of the PDOS in the range of approximately
0.2 meV to 15 meV (Fig. 2).2%?7 In this lattice dynamics
model, the Debye velocity of a material is derived from the
initial slope of the density of states (DOS) versus energy
squared (E?) plot (a parabolic function in the PDOS versus
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FIG. 2. Elastic, thermodynamic, and vibrational parameters of
Fe,0; as a function of pressure obtained from integration of the
PDOS. (a) Debye sound velocity; (b) mean force constant, D,,; (c)
Lamb-Mossbauer factor, fiy; (d) vibrational specific heat, Cyy, (k3,
Boltzmann constant); (e) vibrational entropy, S.i»; (f) characteristic
temperature or Lamb-Mdssbauer temperature, 71 ;. We note that these
values only represent the contribution of the Fe sublattice in Fe,05.
Using the theoretical densities we computed the sound velocities of
Fe, O3 in the corundum structure at 40 GPa and Rh,O;(1II) structure
at 70 GPa to be 4.7 km/s and 3.8 km/s, respectively.

energy). In the acoustic region, the translation motions of
all the atoms in the system (in this case both Fe and O)
are in phase. Therefore, the Debye velocity estimated from
the Fe PDOS should be exactly the same as that from the
full consideration of the DOS. The Debye theory is valid for
the acoustic modes in the harmonic solids with Debye-like
low-frequency dynamics, and Fe, O3 has been shown to exhibit
Debye-like lattice-dynamic behavior in previous studies.?®
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FIG. 3. (Color online) Representative (a) x-ray diffraction and
(b) Fe-KB x-ray emission patterns of Fe,O; at high pressures.
X-ray diffraction spectra confirmed the structural transition from the
corundum-type to the Rh,O;(II)-type phase at high pressures. The
intensity of the satellite K4’ peak can be used to understand the elec-
tronic spin pairing and metallization in Fe,Os3. Its intensity remains
similar across the structural transition but reduces significantly at
higher pressures.
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It has also been demonstrated that the Debye sound velocity
(Vp) measured in NRIXS corresponds to the Vp of the whole
matrix (not the Fe atoms alone).?® That is, the projected DOS
of Fe represents the total PDOS of Fe, O3 in the low-frequency
region. For this reason the extraction of the long wavelength
properties of the Fe, O3 from just the Fe-partial DOS is thus in
principle valid.

The characteristic temperature or Lamb-Mdssbauer tem-
perature (71 ) in Fig. 2 is defined as

1 2ERecoil
— =k E)dE,
o e

where kg is the Boltzmann’s contant, E...; is the recoil
energy for >’Fe nucleus (1.96 meV), and g(E) is the par-
tial PDOS. The recoil-free fraction, commonly known as
Lamb-Mossbauer factor (fim), is related to the characteris-
tic temperature, or Lamb-Mdssbauer temperature (T1y), as
follows:

T 2,.2

—In fim(T) = -— = kj{x7),

Tm
where k¢ is the momentum of the photons with 14.412 keV,
which equals to 7.3 A, and (x?) is the average displacement.
One can also relate Tyy to the Debye temperature as
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FIG. 4. (Color online) (a) Representative synchrotron Mossbauer spectra of Fe,O; at high pressures. Corresponding energy spectra
calculated from the fits are shown in the right panels. Red dots: experimental SMS spectra; black lines: modeled spectra. (b) Analyzed
hyperfine parameters and percentage of the magnetic phase in high-pressure Fe,O3. Up to 55 GPa the only spectral component is that of the
low-pressure magnetic phase characterized by the hyperfine field of 51 T, a typical value of the hyperfine field for ionic ferric-oxide bonding.
A NM quadrupole-splitting component emerges at approximately 55 GPa, which we assigned as the high-pressure component, coexisting with
the low-pressure magnetic-split component. The relative abundance of the low-pressure component continues to decrease until the magnetic
collapse is completed at around 75 GPa. We note that the hyperfine field of the magnetic component is slightly reduced by about 10% within

the transition.
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FIG. 5. (Color online) Projected Fe vibrational PDOS of Fe,0;
at high pressure from first-principles calculations. (a) The AFM
corundum-type phase at 40 GPa. (b) The theoretical AFM corundum-
type phase (black line) and the NM Rh,O;(II)-type phase (red line) at
55 GPa. Black lines: corundum-type phase; red lines: Rh, O3 (II)-type
phase. (c) The NM Rh,O;(II)-type phase at 75 GPa. The black and
red circles in (a) and (c) represent the experimental and theoretical
Fe PDOS, respectively.

follows:
6ERecoiI
E5(T)
where Ep is the Debye cut-off energy, as given by the
maximum in the Debye distribution of the PDOS. Hence,
_ B
6k B ERecoi] ’

—1In fim(T) = kpT

Tim

Abnormal behavior of these properties is observed to
occur between 40 GPa and 50 GPa. Specifically, Vp, the
mean force constant (D,y), and the Lamb-Mossbauer factor
(fim) suddenly drop between 40 and 50 GPa, suggesting
a softening in Fe,;O3 in this pressure range. Furthermore,
vibrational specific heat (C,;,) and vibrational entropy (Syib)
decrease with increasing pressures but jump significantly
between 40 and 50 GPa. To understand these observations,
we have employed x-ray diffraction, SMS, and x-ray emission
spectroscopy (XES) to confirm the crystal structures, hyperfine
parameters, and total-spin momentum of Fe,O3 under high
pressures, respectively (Figs. 3 and 4). X-ray diffraction
spectra were consistent with a structural transition from the
corundum to the RhyO3(II) structure that has been reported
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FIG. 6. Calculated phonon dispersive curves (top) and Fe-
projected DOS (bottom) of the NM Rh,05 (II) structure of Fe,O3
at 55 GPa using the GGA method.

to occur at approximately 40-50 GPa,”~'° whereas the SMS
and XES results indicated that the magnetic collapse occurs
in the high-pressure Rh,O3(II) phase and is completed at
approximately 75 GPa, consistent with previous studies>!>!3
(Figs. 3 and 4).

IV. THEORETICAL CALCULATIONS

In order to qualitatively decipher the interplay between
the structural, magnetic, and electronic transitions of Fe,O3
under high pressures, first-principles electronic and phonon
calculations using the VASP suite program were performed
to investigate structural and magnetic transitions in hematite
(Figs. 5-8).%3 Projected augmented potentials were used
for both the Fe and O atoms, and the semi-core 3s and 3p
orbitals of Fe were treated as valence.’'*> The rotationally
invariant LSDA + U model with the Perdew-Burke-Ernzerhof
exchange-correlation function (U = 4.0 eV and J = 0.9
eV) in the generalized gradient approximation (GGA) was
used to model the strongly correlated Fe 3d states in the
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FIG. 7. Calculated phonon dispersive curves (top) and Fe-
projected DOS (bottom) of the NM Rh,05 (II) structure of Fe,O3
at 70 GPa using the GGA method.

antiferromagnetic (AFM) corundum structure.’**? Based on
previous studies,'* we have used the Rh,O3(II)-type structure
(space group: Pbcn) with experimentally reported lattice pa-
rameters for our theoretical calculations for the high-pressure
phase.'* It is well known that it is necessary to include the
Hubbard U to describe the band gap of the insulating magnetic
state. Whether it is necessary to involve the Hubbard U term to
describe the metallic nonmagnetic state is not certain. We have
performed calculations with the same Hubbard U parameter as
in the corundum structure, but the calculated PDOS does not
agree with the experimental results at all. The GGA method, on
the other hand, agrees well with experiments, leading us to rule
out the use of the Hubbard U in the calculations. It is found that
the GGA approximation is consistent with experimental results
and adequate to describe the electron and phonon structures
of the high pressure nonmagnetic (NM) Rh,O; (II) phase
(Fig. 5).>* Phonon dispersion and Fe-projected DOS were
calculated with the small displacement method*® employing
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FIG. 8. (Color online) Calculated Fe-projected DOS and total
DOS of Fe,0; in the corundum structure (top) and Rh,Os (II)
structure (bottom).

supercells constructed from a 2 x 2 x 2 replicate of the
corundum structure and a 1 x 2 x 2 replicate of the Rh, O (II)
crystallographic unit cell. Calculations were performed at 40
GPa for the AFM corundum-type phase, at 55 GPa for both the
NM corundum-type phase and AFM Rh,O;(II)-type phase,
and at 70 GPa for the NM Rh,O3;(II) (Figs. 5-8). We have
also calculated the stability of the NM corundum and AFM
Rh,O3(II) structures at these pressures and have found them
to be unstable when compared to the AFM corundum and NM
Rh,O3(I1) structures.

The theoretical Fe PDOS of the AFM corundum structure
at 40 GPa and the NM Rh,03; (II) structure at 70 GPa are
compared with corresponding experimental results in Fig. 5(a)
and 5(c), respectively. The experimentally observed decrease
in Vp of 14% from the magnetic corundum to metallic
Rh;0O5(II) phase is correctly reproduced by the calculated
value of 16% (Figs. 2 and 5). The agreements are very good,
and all the salient features of the experimental PDOS are
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correctly reproduced. The most distinctive differences in the
calculated vibrational PDOS features are the drastic shift of
the first PDOS peak from approximately 21 meV in the AFM
corundum-type phase to approximately 37 meV in the AFM
Rh,O53(ID)-type structure at 55 GPa, and as a consequence,
a significant drop in the gradient of the acoustic phonon
dispersion. These predictions are qualitatively consistent with
experimental observations on the softening of the Debye sound
velocity across the structural transition (Figs. 1 and 5). There
are also shifts in the high-frequency vibrations, dominated by
the oxygen motions, to higher energy. Across the structural
transition, the Debye sound velocity suddenly becomes much
slower in the Rh, O5(II)-type phase than in the corundum-type
phase; though, it should be noted that these phases are all in
the AFM state. In absence of the structural transition, the
low-frequency Debye-like vibrations in the corundum-type
and the Rh, O5(II)-type structures, respectively, behave rather
normally with a weak pressure effect; this weak pressure
effect persists across the AFM to the NM transition in the
Rh,O3(II)-type phase, suggesting that electronic transitions
do not significantly affect elastic and vibrational properties of
Fe, O3 at high pressures.

V. DISCUSSION

Based on our experimental results and first-principles
calculations, here we address how the properties of Fe,O3
are affected by structural and electronic transitions under high
pressures. Together with the previous studies, it is now well
documented that the transition from the AFM hematite to the
AFM Rh,0;(II) phase occurs at approximately 40-50 GPa
with a volume reduction of approximately 10% and shortening
of the bond lengths.>™'> Our observed dramatic changes
in the elastic, vibrational, and thermodynamic properties
correspond to the structural transition to the AFM Rh,O3;(II)-
type occurring at 40-50 GPa, without the involvement of the
spin-pairing and magnetic-collapse transitions. This structural
transition is thus associated with the softening in the lattice
vibrational phonons in Fe,O3 and significant reductions in
the Vp, Lamb-Mossbauer factor, and the mean-force constant,
among others. The drop in the Vp across the transition
suggests that compressional and shear velocities of Fe,O3
would also decrease significantly as well. On the other hand
the mean-force constant represents the short-range repulsive,
interatomic forces arising from the charge distributions and
Hund’s rules of atoms, and its decrease thus corresponds to a
softening in the lattice incompressibility and likely the lattice
strength within the transition. The Lamb-MGdssbauer factor is
related to the mean-square displacement of the iron atoms
in the lattice, (x?), through fiy = eXp(—k2 (x?)), where k is
the wave number of the resonant x-ray. That is, the structural
transition reduces the lattice displacement of the Fe** atoms
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and is manifested in the reduction of the Lamb-Mdssbauer
factor by approximately 5%. This transition also results in an
increase in the thermodynamic vibrational heat capacity and
entropy.

Previous studies showed that the electronic transition and
the magnetic collapse, the Mott transition, occur at higher
pressures only in the Rh,O3(II) phase.!® A Mott transition, as
defined by Mott himself, is an isostructural paramagnetic metal
to paramagnetic insulator transition.'?! This isostructural
transition implies that the crystal symmetry of the Rh,O3(II)
phase is preserved across the magnetic collapse. Our studies,
together with previous results,”"'4 confirm this behavior, in
which the AFM character with magnetic moments persists up
to approximately 75 GPa before the magnetic collapse is fully
completed. Based on our NRIXS results and first-principles
calculations, the Mott transition does not significantly affect
the elastic, thermodynamic, and vibrational properties of
the Rh,Oz(II)-type Fe,Os; these properties change rather
monotonically with increasing pressures (Fig. 2). The high-
spin AFM Rh;0O;(II)-type phase is found to be dynamically
unstable at 55 GPa in our calculations, and a soft phonon mode
is found at the M-symmetry point.

VI. CONCLUSIONS

In summary significant changes in the PDOS of Fe,03
were observed with the softening on the sound velocities,
interatomic-force constant, and Lamb-Mossbauer factor asso-
ciated with the corundum-type to the Rh, O3 (I)-type structural
transition at 40—50 GPa, but the isostructural Mott transition
only occurs in the Rh,O3(II) phase and does not have a strong
effect on the properties of Fe,O3. The structural transition
under pressure corresponds to anomalous mode-softening
behavior of the elastic constants preceding the Mott transition,
leading to substantial changes in the Debye-like part of the
PDOS in the terahertz acoustic phonons. Our studies on
the high-pressure behavior of the archetypal Fe,O3 provide
new insights into the effects of the structural and electronic
transitions in the TMO compounds.
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