PHYSICAL REVIEW B 105, 035157 (2022)

Metal-insulator transition and local-moment collapse in negative charge
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We compute the electronic structure, spin and charge state of Fe ions, and the structural phase stability of
paramagnetic CaFeO; under pressure using a fully self-consistent in charge density DFT + dynamical mean-field
theory method. We show that at ambient pressure CaFeOs; is a negative charge transfer insulator characterized
by strong localization of the Fe 3d electrons. It crystallizes in the monoclinic P2,/n crystal structure with a
cooperative breathing mode distortion of the lattice. While the Fe 3d Wannier occupations and local moments
are consistent with robust charge disproportionation of Fe ions in the insulating P2, /n phase, the physical charge
density difference around the structurally distinct Fe A and Fe B ions with the “contracted” and “expanded”
oxygen octahedra, respectively, is rather weak, of ~0.04. This implies the importance of the Fe 3d and O 2p
negative charge transfer and supports the formation of a bond-disproportionated state characterized by the Fe
A 3d°~°L*® and Fe B 3d° valence configurations with § < 1, in agreement with strong hybridization between
the Fe 3d and O 2p states. This complex interplay between electronic correlations, strong covalency, and lattice
effects, resulting in bond disproportionation, is in many ways reminiscent of the behavior of rare-earth nickelates,
RNiO; (R = rare earth). Upon compression, CaFeO; undergoes the metal-to-insulator phase transition (MIT)
which is accompanied by a structural transformation into the orthorhombic Pbnm phase. The phase transition is
accompanied by suppression of the cooperative breathing mode distortion of the lattice and, hence, results in the
melting of bond disproportionation of the Fe ions. Our analysis suggests that the MIT transition is associated with
orbital-dependent delocalization of the Fe 3d electrons and leads to a remarkable collapse of the local magnetic
moments. Our results imply the crucial importance of the interplay of electronic correlations and structural

effects to explain the properties of CaFeOs.
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I. INTRODUCTION

The transition metal oxides with perovskite crystal struc-
ture have attracted much attention due to their diverse
electronic and magnetic properties, allowing for a broad range
of applications, e.g., in electronics and spintronics, and energy
storage [1-6]. A particular interest is given to the under-
standing of a Mott metal-insulator transition (MIT) driven
by correlation effects, the description of which has been a
long-standing challenge [1,2]. In this context metal oxides
with an unusually high valence state of the transition metal,
Ni** (nickelates) and Fe** (ferrates), are notable because of a
complex interplay of ligand holes and electronic correlations
in the 3d shell of Ni and Fe ions [7-13], which leads to their
complex physical behavior.

Such materials are often regarded as “negative charge
transfer” compounds, implying the importance for a charge
transfer from oxygen to the transition metal atom, leaving
holes at oxygen ligands, to explain their electronic proper-
ties [14,15]. In particular, the rare-earth nickelate perovskites
RNiO3 (R = rare earth, R*") with a high oxidation state of
nickel, Ni** 347 (with a nominal Ni z e} electron configu-
ration) exhibit a sharp metal-insulator transition (except for
LaNiO3) upon cooling and under pressure [11-13,16,17]. The
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MIT transition is accompanied by a structural transformation
from the orthorhombic metallic (Pbnm, distorted GdFeOj;
type) to monoclinic insulating (P2 /n) crystal structure, with
a cooperative breathing mode distortion of NiOg octahedra
in the insulating P2, /n phase [16,17]. While analysis of the
Ni-O bond lengths and x-ray absorption spectroscopy sug-
gests charge disproportionation of Ni ions in the insulating
RNiO; phases, their electronic state is more accurately de-
scribed in terms of bond disproportionation, with alternating
Ni ions which (nearly) adopt a Ni>* 34® (Ni** ions with local
moments) and 3d3L? (nonmagnetic spin singlet) electronic
configuration (L denotes a hole in the O 2p band) [18-27]. We
also note that the complex interplay between (negative) charge
transfer and correlation effects can result in unusual charge or
bond disproportionation of the A-site ions of the perovskite
ABOj structure, e.g., in BiNiO3 [28-34], PbFeOs3 [35,36], and
PbCoOs3 [37-39].

In the present work, we focus on a negative charge
transfer material CaFeO3 with a nominal Fe 3d* (13,¢;) elec-
tronic state which exhibits the MIT upon cooling below
~290 K (at ambient pressure) [9-13]. Moreover, the MIT
occurs upon compression of CaFeO3; above ~30 GPa [7]. It
shows a complex screw antiferromagnetic structure below the
Néel temperature ~115 K [9,10]. Similarly to the rare-earth
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nickelates, the MIT in CaFeO; is accompanied by a struc-
tural transformation from the orthorhombic metallic (Pbnm)
to monoclinic insulating (P2 /n) crystal structure, with a co-
operative breathing mode distortion of FeOg octahedra with
the difference in Fe-O bond lengths ~0.1 A in the insulating
P2, /n phase [9,10]. We note however that in contrast to the
rare-earth nickelates, in CaFeOs a nominal Fe*+ tgge; electron
configuration yields a half-filled (magnetic) Fe #,, band. This
leads to the five-orbital effective degeneracy of low-energy
excitations, implying the importance of the interband #,.-e,
correlation effects in CaFeOs. The latter are negligible in
RNiOj in which the Ni 1,, states are fully occupied (and non-
magnetic). Moreover, this leads to an addition complexity of
the electronic structure of CaFeOs; under pressure associated
with the interplay between the high-spin and low-spin states
of Fe ions.

Given the electronic and structural complexity of CaFeO;
(e.g., doped with Ca and La) and its similarity to the rare-earth
nickelates, this system has been intensively studied using
both experimental and theoretical methods [7-10,40-56].
Previous calculations were mostly employed band-structure
methods supplemented with the on-site Coulomb correla-
tions for the Fe 3d states within density functional theory
(DFT) +U method [57,58] with a major focus on the ground
state properties of the insulating P2,/n phase with a long-
range magnetic ordering [49-53]. Using the DFT+U and
more advanced strongly constrained appropriately normed ex-
change and correlation functional (SCAN) methods [57-59]
the authors address the questions about the origin of a band
gap, charge and bond disproportionation, ligand hole effects,
Mott vs charge transfer insulator behaviors, etc., in CaFeOs3
[54-56]. We note however that although the static mean-
field DFT4+U and SCAN methods can be useful to explain
many of the (static) properties of strongly correlated electron
materials (presumably with a long-range magnetic order),
these techniques by construction neglect electron dynamics
(one-electron approximation) and hence cannot capture corre-
lated electron phenomena related to the Mott MIT such as a
coherence-incoherence crossover, quasiparticle behavior, and
strong (orbital-selective) quasiparticle mass renormalizations.

Recently, the electronic structure of CaFeO3 has been dis-
cussed [60] in the context of a five-orbital tight-binding model
using the DFT+dynamical mean-field theory (DFT4+DMFT)
method [61-68]. DFT+DMFT has been proven to be among
the most advanced theoretical methods for studying the elec-
tronic properties of strongly correlated materials, such as
correlated transition metal oxides, heavy fermions, and Fe-
based superconductors, e.g., to study the Mott metal-insulator
phase transition, collapse of local moments, large orbital-
dependent renormalizations, etc. [65-92]. The DFT+DMFT
results for the tight-binding model [60] show the competi-
tion between high-spin and low-spin homogeneous and an
inhomogeneous charge-disproportionated state, implying the
importance of Hund’s coupling [93-96]. Nonetheless, the
electronic properties of CaFeO; and, in particular, the inter-
play of the electronic structure, magnetic states, and phase
stability of CaFeO3 near the MIT are still poorly understood.

We address this problem in our study by using a
fully self-consistent in charge density DFT+DMFT method
[65-71] implemented with plane-wave pseudopotentials [97].

In particular, we explore the electronic structure, magnetic
properties, spin and charge state of Fe ions, and structural
phase stability of paramagnetic CaFeO3 near the pressure-
induced MIT. Our results show the importance of the Fe 3d
and O 2p negative charge transfer due to strong covalency
and support the formation of the bond-disproportionated state
in the insulating phase of CaFeO;. This complex interplay of
charge transfer and electronic correlations in the 3d shell of Fe
ion is in many ways reminiscent of the behavior of rare-earth
nickelates.

II. METHOD

We employ the state-of-the-art DFT+DMFT method
[62—-64] with full self-consistency over the charge density
[65-71] to explore the electronic structure, spin and charge
state of Fe ions, and lattice properties of paramagnetic
CaFeO; under pressure. For simplicity, to model pressure
effects we adopt the crystal structure parameters determined
experimentally for the monoclinic P2,/n phase (at ambient
pressure and temperature ~15 K) and for the orthorhom-
bic Pbnm structures (taken above the insulator-to-metal and
charge-disproportionation transition, at 300 K) [9,10], and
evaluate the DFT4+DMFT total energies as a function of the
unit-cell volume (keeping fixed all the internal crystal struc-
ture parameters of the P2;/n and Pbnm phases) [69-T71].
We fit the total-energy results using the third-order Birch-
Murnaghan equation of states separately for the low- and
high-volume regions [98,99].

We start by constructing the effective low-energy Hamil-
tonian for the partially occupied Fe 3d and O 2p states
and consider the multiorbital Hubbard Hamiltonian with
the local electron-electron interaction part for the Fe 3d
orbitals
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where 71,,,, is the occupation number operator with spin o and
(diagonal) orbital indices m. U,y and J,,,, are the Coulomb
repulsion and Hund’s exchange coupling matrix elements.
In Eq. (1) we assume summation over all Fe sites. For the
partially filled Fe 3d and O 2p orbitals we construct a basis set
of atomic-centered symmetry-constrained Wannier functions
[100-102] (the localized Fe 3d orbitals are constructed using
the Fe 3d band set, while the O 2p orbitals were defined over
the full energy window spanned by the O 2p-Fe 3d band
complex [103]). This makes it possible to explicitly account
for charge transfer effects between the partially occupied Fe
3d and O 2p states and strong Coulomb correlations of the
Fe 3d electrons. We use the continuous-time hybridization
expansion (segment) quantum Monte Carlo algorithm in order
to solve the realistic many-body problem [104].

The DFT+DMEFT calculations are performed in the para-
magnetic (PM) state at an electronic temperature 7 = 387 K.
The Coulomb U,,, and Hund’s exchange J,,, matrix ele-
ments are parametrized in terms of the Slater integrals Fy, F>,
and F; which are expressed in terms of the average Coulomb
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repulsion U = Fy and Hund’s exchange coupling Jy = (F, +
Fy)/14, with a fixed ratio Fy/F, = 0.63. We take the aver-
age Hubbard U = 6 eV and Hund’s exchange Jy = 0.86 eV
in accordance with previous DFT+DMFT studies [91,92].
The fully localized double-counting correction evaluated from
the self-consistently determined local occupations was used,
Hpc =U(N — 3) —J(N, — 1), where N, is the total Fe 3d
occupation with spin o and N = N; +N,. The Coulomb
interaction is treated in the density-density approximation,
neglecting spin-flip and pair-hopping terms in the multiorbital
Hubbard Hamiltonian. The spin-orbit coupling is neglected
in our calculations. The spectral functions were computed
using the maximum entropy method. In order to estimate the
quasiparticle mass enhancement m* /m of the Fe 3d states we
perform analytic continuation of the self-energy X(w) deter-
mined self-consistently on the Matsubara contour using Padé
approximants. In order to analyze a degree of localization of
the Fe 3d electrons we compute the local spin susceptibility
x(t) = (M (7)m,(0)) within DMFT, where 7.(7) is the in-
stantaneous magnetization on the Fe 3d site at the imaginary
time t (T denotes an imaginary-time evolution ranging from
0to B = 1/kgT in the path integral formalism).

In DFT we use the generalized gradient Perdew-Burke-
Ernzerhof approximation for the correlation exchange func-
tional [105], with the ultrasoft pseudopotential (USPP) with
the nonlinear core correction for Fe (Fe.pbe-nd-rrkjus.UPF),
USPP for O (O.pbe-rrkjus.UPF), and GBRYV version 1.4 USPP
for Ca [97,106-109]. In the DFT calculations we use the
kinetic energy cutoffs for the wave functions of 45 Ry and
for the charge density and potentials of 650 Ry.

III. RESULTS AND DISCUSSION

A. Electronic structure and phase stability
of P2, /n CaFeQOj; at low pressures

We start by computing the electronic properties and struc-
tural phase stability of PM CaFeO3 under pressure. Our results
for the total energy calculations and compressional behavior
of CaFeO; are summarized in Fig. 1. The P2,/n phase is
found to be energetically favorable, i.e., thermodynamically
stable at ambient pressure, with a total-energy difference of
~13 meV/atom with respect to the Pbnm phase. This im-
plies that at low pressure and temperature conditions CaFeO3
crystallizes in the P2, /n phase which is characterized by the
cooperative breathing-mode distortion of the crystal structure,
in agreement with the x-ray and neutron diffraction experi-
ments [9,10]. The calculated equilibrium lattice volume for
the P2, /n phase is Vo = 375.4 a.u.® (by ~4% larger than that
in the experiment) and bulk modulus Ky = 151 GPa (with
K' = dK/dP fixed to K’ = 4.0). Our results for the instan-
taneous magnetic moments of the structurally distinct Fe A
and Fe B sites with the “contracted” and “expanded” oxygen
octahedra, respectively, are 3.18 and 4.65 wp (see Fig. 2).
These values are close to the calculated fluctuating moments
~2.98 and 4.58 up, evaluated as the imaginary-time aver-
age of local spin susceptibility x (t) = (m1,(7)m1,(0)), myee =
[kgT [ x(v)dt]"/?. This suggests strong localization of the Fe
3d electrons at low pressures, implying the crucial importance
of electronic correlations to explain the electronic properties
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FIG. 1. Total energy of PM CaFeO; calculated by DFT+DMFT
at T = 387 K as a function of lattice volume. The lattice volume
collapse associated with the P2, /n-Pbnm structural phase transition
(the lattice volume difference at the common pressure) is depicted
by red shading. Inset: Enthalpy difference (relative to the high-spin
P2, /n solution) obtained by DFT+DMFT as a function of pressure.
The P2,/n-Pbnm structural transition at ~41 GPa is shown by a
vertical dotted line.

of CaFeO3;. We also note that the calculated local moments
are in good agreement with the experimental estimates of
2.5-3.5 pup and 3.5-5.0 up for the Fe A and B sites obtained
from the fit of neutron diffraction data using different spiral
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FIG. 2. The local magnetic moments of the ambient-pressure
P2,/n (AP) and high-pressure Pbnm (HP) structural phases of PM
CaFeO; obtained by DFT+DMFT at T = 387 K as a function of
the unit-cell volume. The unit-cell volume collapse associated with
the MIT and the P2, /n-Pbnm structural transition is depicted by red
shading.
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FIG. 3. Orbitally resolved spectral functions of PM CaFeO; cal-
culated by DFT+DMFT for the P2, /n (left panel) and Pbnm (right
panel) phases for different lattice volumes.

magnetic structures [9,10]. We note that in the DFT+U and
SCAN calculations the magnetic moments are 3.42/3.85 up
and 2.66/3.72 g, respectively [55,56].

B. Spectral function and spin state of iron

In agreement with experiment, we obtain a negative charge
transfer insulator [14,15] with an energy gap of ~0.6 eV (see
the left panel of Fig. 3). Our results for the orbitally resolved
spectral functions of PM CaFeO; are shown in Fig. 3. The
energy gap lies between the occupied Fe B e, states strongly
mixed with the O 2p and the unoccupied Fe A 3d states.
The latter strongly hybridize with the empty O 2p states. The
occupied O 2p band appears at about —6 eV to near the Fermi
level. The top of the valence band has a strongly mixed Fe 3d
and O 2p character, with a resonant peak in the filled Fe e,
states located at about —0.4 eV below the Fermi level. This
behavior can be ascribed to the formation of a Zhang-Rice
bound state [110].

Fe t,, and e, Wannier orbital occupancies are 0.55 and
0.25 per spin orbit for the Fe A and are 0.52 and 0.5 for
the Fe B ions, respectively. These findings clearly indicate
that at ambient pressure the Fe B ions are in the high-spin
(HS) state. In fact, in an ionic picture, the Fet jons have a
3d> configuration with three electrons in the t, and two in
the e, orbitals (in the octahedral crystal field), forming the
S = 5/2 state. This result is in agreement with our results for
the decomposition of the electronic state into atomic spin state
configurations within DFT+DMFT. In particular, for the Fe B
ions the HS state has a predominant weight of ~97% with
a small admixture of ~3% due to the intermediate-spin (IS)
state in the insulating P2, /n phase (at ambient pressure). On
the other hand, the Fe A ions show a strong mixture of the HS
and IS state configurations whose corresponding weights are
~ 47% and 43%.

C. Fe 3d Wannier orbital occupancies
and bond disproportionation

Moreover, our analysis of the Fe 3d Wannier occupations
give a remarkable charge disproportionation between the Fe
A and Fe B sites (due to a sufficiently different oxygen en-
vironment of these sites in the insulating P2, /n phase, with
the difference in Fe-O bond lengths ~0.1 A [9,10]). In fact,
at ~6.7 GPa the total Fe 3d Wannier occupation for the

Fe A site is only ~4.3, while for the Fe B sites it is 5.1,
implying a rather large charge difference of ~0.8 electron.
We note that this charge difference is about 40% of the ideal
ionic Fe**-to-Fe>* charge disproportionation, roughly consis-
tent with the bond valence sum estimate of ~1.1 [9,10], as
well as is in agreement with the significantly different local
magnetic moments for the Fe A and Fe B sites (see above).
Interestingly, previous estimates of a charge disproportion-
ation in the low-temperature charge-ordered phases of the
mixed-valence oxides such as Fe;O4 and rare-earth nickelates
RNiO; give ~20-40% of the ideal ionic disproportionation
[11,16,17,111-116], consistent with our results.

In agreement with this, our analysis of the eigenvalues
of the reduced Fe 3d density matrix, i.e., an estimate of a
fluctuating valence state of Fe ions, shows that the Fe B ions
(with “expanded” oxygen octahedra) are 3+. In fact, for the
Fe B ions the 3d° configuration has a predominant weight of
about 74% with a ~7% admixture of the 3d* and ~18% of the
3d® configurations (due to quantum mixing and temperature
effects). On the other hand, for the Fe A ions the 3d* and
3d? configurations are nearly equally weighted, of ~48% and
34%, respectively, in accordance with above estimates. That
is, the electronic state of the Fe A ions consists of heavily
mixed d* and d°L states, reflecting the importance of Fe 3d
to O 2p negative charge transfer due to strong covalency in
CaFeOs.

While our results for the Fe 3d Wannier occupations and
local moments give a robust charge disproportionation in the
P2, /n insulating phase, a difference of the total charge density
p(r) around the structurally distinct Fe A and Fe B ions is
rather weak. In particular, our result for the corresponding
charge difference within the Fe-ion radius of 0.86 A gives
an order of magnitude smaller value of ~0.04 (in fact our
estimate is consistent with the results of the previous DFT+U
and SCAN calculations [55,56]). This implies the importance
of the Fe 3d and O 2p negative charge transfer and suggests
the formation of a bond-disproportionated state characterized
by the Fe 3d°7°L?>7? and 3d° electronic configurations with
6 < 1 for the “compressed” Fe A and “expanded” Fe B sites,
respectively, in the insulating phase of CaFeOj;. This result
is consistent with a substantial Fe-O covalence and strong
hybridization between the unoccupied Fe e, and O 2p state
[14,15]. We also note that this behavior is in line with that of
the rare-earth nickelate perovskites, RNiO3 [18-27].

D. Pressure-induced Mott MIT and delocalization
of the Fe 3d electrons

Under pressure the energy gap of P2;/n CaFeOs gradually
decreases, resulting in an insulator-to-metal phase transition.
Within the P2;/n structure (i.e., by neglecting the struc-
tural effects) the MIT occurs upon compression to ~0.74V,,
above ~85 GPa. The phase transition is accompanied by a
remarkable anomaly of our DFT4+DMFT total-energy and
local-moment results. In fact, the local moments of the Fe A
and B ions are significantly different and are seen to retain
their high-spin values down to ~0.74V};, while upon further
compression collapse to a nearly same moment value of
~2.3 up, at 102 GPa. The phase transition is accompanied by
a large transfer of the Fe 3d spectral weight, with a formation
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FIG. 4. Orbitally resolved local spin correlations functions
x (t) = (i, (t)m,(0)) of the P2,/n phase of CaFeO; calculated by
DFT+DMEFT for different pressures.

of the Fe 3d quasiparticle peak near the Fermi level. It is as-
sociated with a substantial redistribution of charge within the
Fe 3d shell. Fe 1, orbital occupations are found to gradually
increase with pressure (#5¢ occupation is about 0.66 per spin
orbit for the Fe A and 0.69 for the Fe B sites at 102 GPa).
This comes along with a significant depopulation of the Fe e,
states. Fe A and B e, occupations are 0.17 and 0.19 per spin
orbit, respectively, while the Wannier Fe 3d total occupancies
change to 4.6 and 4.87 for the Fe A and Fe B ions. This
implies a significant reduction of charge disproportionation
upon metallization of the P2;/n structure, to about 0.26 at
102 GPa.

Our results for the local (dynamical) spin-spin correlation
function x(t) = (M. (t)m,(0)) reveal significant delocaliza-
tion of the Fe 3d electrons under pressure as seen in Fig. 4.
x (1) is strongly suppressed, quickly decaying with the imag-
inary time 7 (it is most pronounced for the Fe B e, states). On
the other hand, a relatively large value of x(t) of ~ 0.3-0.4
uy at T >~ B/2 (with B = 1/kgT =30 eV~ at T = 387 K)
for the Fe A and B 1,, states suggests the proximity of Fe 3d
magnetic moments to orbital-selective localization.

However, we note that the calculated critical pressure of
the MIT ~85 GPa in the P2 /n phase (neglecting a structural
change at the MIT) of CaFeOs is significantly, by almost
three times, higher than that found in the experiments [7].
It is know experimentally that the MIT in CaFeO; is ac-
companied by a structural change to the orthorhombic Pbnm
phase [7-10]. In agreement with this, our DFT+DMFT total-
energy calculations show that upon compression to ~0.83Vj,
the P2, /n lattice becomes energetically unfavorable, with the
orthorhombic Pbnm phase being thermodynamically stable.
We therefore conclude that above p. ~ 41 GPa, CaFeO3 un-
dergoes a phase transition from a monoclinic P2;/n to the
orthorhombic Pbnm crystal structure (see Fig. 1). We note,
however, that this value should be considered as an upper-
bound estimate because of neglecting the pressure-induced
atomic displacements upon fitting the DFT+DMFT total-
energy results to the third-order Birch-Murnaghan equation of
states. In agreement with this, a large reduction of p. upon
taking into account a change of the crystal structure suggests
a crucial role of the coupling between electronic correla-
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FIG. 5. Orbitally resolved local spin correlations functions
x(t) = (m,(r)m,;(0)) of the Pbnm phase of CaFeO; calculated by
DFT+DMEFT for different pressures.

tions and lattice, in agreement with the behavior of nickelates
[18-27].

E. Electronic structure and spin state of iron in Pbnm CaFeQO;

In agreement with experiment, the phase transition is ac-
companied by metallization of CaFeOj. Interestingly, the
calculated local magnetic moments for the Pbnm phase are
nearly equal to that in the highly compressed metallic P2;/n
phase of CaFeOs, ~2.22 up at ~0.7Vy. The phase transition is
accompanied by a remarkable collapse of the unit-cell volume
of AV—V ~ 4% and results in suppression of the cooperative
breathing mode distortion of the lattice. In fact, in the Pbnm
phase Fe sites have a regular oxygen coordination with no
evidence for charge disproportionation. We also note that the
charge-disproportionated state is found to be unstable within
our DFT+DMFT calculations for the Pbnm lattice. The cal-
culated bulk modulus for the high-pressure Pbnm phase is
about 197 GPa. This suggests that the P2;/n to Pbnm phase
transition is accompanied by a remarkable increase of the bulk
modulus upon the pressure-induced insulator-to-metal phase
transition, implying a crucial importance of the interplay of
electronic correlations and the lattice to explain the properties
of CaFeOs;.

Our analysis of the atomic spin state configurations and
local spin susceptibilities shows that the phase transition is
associated with a spin state transition accompanied by a sig-
nificant delocalization of the Fe 3d states (see Figs. 4 and 5).
In particular, in the metallic Pbnm phase at 93 GPa (i.e., above
the MIT) the Fe ions adopt the IS state with a predominant
weight of ~56%, with a strong admixture ~34% of the low-
spin state. Our analysis of fluctuating valence state of the Fe
ions yields a predominant contribution of the 3d° configura-
tion, ~47%, with a considerable admixture of the 3d* and 3d°
states of ~ 34% and 16%, respectively. This implies that the
electronic state of the Fe ions in the Pbnm phase consists of
heavily mixed d°L and d* states, highlighting negative charge
transfer due to strong covalency in CaFeOs;. We therefore
identify the metallic Pbnm phase of CaFeO; as a negative
charge transfer material with a local Fe 3d°7°L'~% electron
configuration (with § < 1), implying the important role of Fe
3d to O 2p negative charge transfer.
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F. Spectral function and quasiparticle weights

The MIT transition results in a significant redistribution
of the spectral weight near the Fermi level. It leads to the
formation of a quasiparticle peak originating from the Fe
I, states with the lower and upper Hubbard bands located
at —1.2 eV and 1.5 eV, respectively (see the right panel of
Fig. 3). It gives a strong depopulation of the Fe e, orbital
occupations. Thus, the Fe e, orbital occupations change from
0.38 (at ambient pressure in the Pbnm phase) to 0.17 per
spin orbit under pressure increase to 93 GPa. On the other
hand, it results in a gradual increase of the Fe ;, occupa-
tions, while the total Wannier Fe 3d occupation in the Pbnm
phase remains essentially unchanged with pressure, ~4.73.
We note that this value nearly equals the average Wannier
Fe 3d total occupancy of the Fe ions in the metallic P2;/n
phase.

The Pbnm phase of CaFeOs is a strongly correlated metal,
characterized by a Fermi-liquid-like behavior with a large
orbital-dependent damping of Im[X(w)] ~ 0.52 and 0.09 eV
for the Fe f,, and e, quasiparticle states at the Fermi energy,
at about 93 GPa. The latter indicates strong incoherence of
the Fe 3d electronic states caused by proximity of the 3d
state to orbital-selective localization. We evaluate the quasi-
particle mass enhancement '”7 =1 —dIm¥(w)/dw|y=0o using
extrapolation of the self-energy X(w) to w =0 eV, which
gives a quantitative measure of the correlation strength. At
93 GPa we obtain m*/m ~ 5.0 and 1.7 for the Fe f,, and
e, bands, respectively. We also note that similarly to the
insulating P2;/n phase the Pbnm phase of CaFeOs3 exhibits
a remarkable collapse of the local magnetic moments under
pressure at about 43 GPa (which is almost equal to the critical
pressure p,. of the P2, /n to Pbnm structural transition). This
implies that the P2;/n to Pbnm phase transition is accompa-
nied by a collapse of the local magnetic moments of the Fe
ions.

Overall, our results for the electronic structure, spin and
charge state of Fe ions, and phase stability of CaFeOs3 under
pressure agree well with available experimental studies. Our
DFT+DMFT calculations give a microscopic understanding
of the pressure-induced evolution of the electronic structure
and lattice properties of CaFeOs. It reveals the complex in-
terplay between the electronic correlations and lattice effects
in the vicinity of a pressure-induced MIT in CaFeOs;. We
note that our results are compatible with the scenario of bond
disproportionation, which comprises the “compressed” Fe A
3d°~°L>7? and “expanded” Fe B 3d° sites with § < 1 alter-
nating in the insulating P2, /n phase and a homogeneous Fe
3d>~°L'~? state in the metallic Pbnm phase. This implies the
key role of the coupling between electronic correlations, neg-
ative charge transfer effects, and the lattice, in close similarity
to the behavior rare-earth nickelates RNiO5 [18-27].

IV. CONCLUSION

In conclusion, we employed the DFT+DMFT computa-
tional approach to study the effects of electronic correlations
on the electronic structure, spin and charge state of Fe ions,
and structural phase stability of paramagnetic CaFeO3 across
the pressure-induced insulator-to-metal phase transition. In
agreement with experiments, the DFT4+DMFT calculations
show that at low pressure and temperature CaFeOj3 is a
negative charge transfer insulator characterized by strong
localization of the Fe 3d electrons. It crystallizes in the mon-
oclinic P2;/n crystal structure with a cooperative breathing
mode distortion of the lattice. While our analysis of the Fe
3d Wannier occupations and local moments for the insulat-
ing P2;/n phase give a robust charge disproportionation, a
charge difference evaluated as an integral of the charge density
around the structurally distinct Fe A and Fe B ions is rather
weak, ~0.04. This implies the importance of the Fe 3d and
O 2p negative charge transfer and supports the formation
of a bond-disproportionated state characterized by the Fe
3d°~°L?~% and 3d° valence configurations with § < 1 for the
“compressed” Fe A and “expanded” Fe B sites, respectively,
in the insulating phase of CaFeO;. This behavior is consistent
with a substantial Fe-O covalence and strong hybridization
between the unoccupied Fe e, and O 2p states.

In agreement with experiment, above critical pressure of
~41 GPa CaFeO; undergoes the insulator-to-metal phase
transition which is accompanied by a structural transforma-
tion into the orthorhombic Pbnm phase. The phase transition
is accompanied by suppression of the cooperative breathing
mode distortion of the lattice and, hence, results in the melt-
ing of bond disproportionation of the Fe ions. Our analysis
suggests that the MIT transition is accompanied by orbital-
dependent delocalization of the Fe 3d electrons and leads
to a remarkable collapse of the local magnetic moments.
Our results imply the crucial importance of the interplay
of electronic correlations and structural effects to explain
the electronic properties and structural phase equilibrium of
CaFeOj3. Our findings highlight the subtle interplay between
electronic correlations, charge transfer effects, and structural
phase stability in a negative charge transfer material CaFeO3
across the pressure-induced MIT. We believe that this topic
deserves further detailed theoretical and experimental consid-
erations.
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