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ABSTRACT: Perovskite-type oxides have been the subject of intense research
due to their various fascinating physical properties stemming from their charge
degree of freedom. PbFeO; has an unusual Pb*';Pb*"( Fe’*O, charge
distribution with a long-ranged ordering of Pb** and Pb*" and two inequivalent
Fe®' sites in a perovskite structure. Combined synchrotron X-ray diffraction and
Mossbauer spectroscopy revealed a change to an orthorhombic GdFeO,
structure with a unique Fe’* site and randomly distributed Pb*" and Pb*" at
29.0 GPa, namely, pressure-induced amorphization of Pb** and Pb*. The
absence of a charge transfer transition to the Pb*'Fe*'O; phase, which was
expected from the comparison with PbCrO; and PbCoOj, was verified using ab
initio density functional theory calculations in the range of 0—70 GPa.

B INTRODUCTION

The charge degrees of freedom exhibited by transition metal
ions in the perovskite oxides have attracted great interest due
to the various fascinating properties such as magneto-
resistance,"”” metal—insulator transition,” and superconductiv-
ity." Bi and Pb are not only main group elements but also have
electronic configuration freedoms of 6s* (Bi**, Pb**) and 6s°
(Bi**, Pb*"). Because the 6s' configurations (Bi*", Pb**) are
prohibited, these are called valence-skipping ions or negative-U
ions. We previously reported that the charge distribution of
BiMOj; and PbMO; (M: 3d transition metal ions) systemati-
cally changes depending on the position in the periodic table.
As the atomic number of the 3d transition metal increases, the
d-level becomes deeper and the valence decreases. Accord-
ingly, Bi and Pb gradually change from 6s* (Bi**, Pb**) to 6s°
(Bi**, Pb*).>~"” The systematic change in the valence state
distribution is due to the fact that the 6s level is close to the d
levels of the transition metal and the 2p level of oxygen.

In Pb-based systems, tetragonal PbTiO; and PbVO; have
Pb>*M* O, charge distribution, while tetravalent lead is
observed in PbNiO;.'"'”'® Other PbMO; exhibit charge-
disproportionated Pb** and Pb*" with average valences of Pb*"
or Pb**, In PbCrOs, the coexistence of Pb** and Pb*" without
long-range ordering (charge glass) is observed. In this
compound, due to the melting of the Pb charge disproportio-
nation and simultaneous charge transfer between Pb*" and
Cr®* at 2.5 GPa, a transition from insulating
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Pb**, sPb**sCr**O; to metallic Pb**Cr**O; accompanied by
a large volume collapse occurs.'® Further, complex charge
distribution of Pb**y,Pb*,<Co**;Co’**(;0; with Pb**/Pb*
and Co®'/Co®" orderings is present in PbCoO; at ambient
condition."® While Co®" is in the low-spin state, the spin state
of Co®" is progressively affected by external pressure, and the
high-spin state at ambient pressure (AP) completely trans-
forms into the low-spin state when the pressure reaches 15
GPa. When the pressure is further increased, charge transfer
between Pb* and Co®" occurs between 20 and 30 GPa,
resulting in a Pb**; ;Pb*"(Co** O, charge distribution. These
results suggest the possibility of pressure-induced crystal
structure changes and charge transfer transitions in other
PbMO,,

We previously reported that PbFeO; has a
Pb**, ;Pb*" ;Fe’*O; charge distribution with a complex
ordering of Pb** and Pb*" in a 2a, X 6a, X 2a, superstructure
with the Cmcm space group, where a, is a unit cell of simple
perovskite.'" In this structure, a layer with only Pb*" (A) and
layers of ordered Pb*>* and Pb*" in a 1:3 ratio (B) are stacked in
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an A—B—B—A—B-B sequence along the b-axis.'' Such
ordering of Pb** and Pb*" generates two inequivalent Fe®"
sites with different surroundings, leading to the occurrence of a
spin reorientation transition at 418 K despite the absence of
magnetic ions other than Fe**. Similar to PbCoO, and PbCrO,
mentioned above,'”'® a pressure-induced charge transfer
between Pb and Fe is expected to occur, resulting in a
Pb**Fe** O, high-pressure (HP) phase. Such a transition is
expected to be accompanied by a huge volume reduction
which leads to the development of technologically important
new negative thermal expansion materials as seen in the cases
of BiNiO; and PbVO,.'>*7%*

In this study, PbFeO; was comprehensively investigated
under HP conditions by synchrotron X-ray diffraction
(SXRD), Mossbauer spectroscopy, and density functional
theory (DFT) calculations. At pressures above 29.0 GPa,
PbFeO; takes a GdFeO;-type orthorhombic \/Zap X 2a, X

2a, structure with a space group of Pnma, in which
equivalent Pb and Fe sites are present. The absence of distinct
volume shrinkage indicated a Pb*"( Pb*"(Fe*’O; charge
combination with a glassy distribution of Pb** and Pb*" in
the Pnma phase. The unique Fe®* site was verified by
Mossbauer spectroscopy. In addition, the HP structural
phase-transition determined by our DFT calculations is in
good agreement with the experimental observation. The DFT
calculation also confirmed the absence of a charge transfer
transition to Pb>'Fe**O; up to 70 GPa.

B EXPERIMENTAL SECTION

Materials Synthesis. Polycrystalline samples PbFeO; were
synthesized using a high-pressure and high-temperature method
following the previously reported method.""

Characterizations. The HP-SXRD experiment on PbFeO; was
performed at the BL22XU beamline of SPring-8 by using an X-ray
wavelength of 0.49594 A. The sample was loaded into a membrane-
driven diamond anvil cell (DAC) with rhenium gasket and He
pressure medium using a gas-loading system.”” The curet size was 350
um and the sample space was 175 um diameter and 56 pm height.
The ruby fluorescence was used to determine the pressures in this and
following HP experiments.’® The lattice constants were refined using
the Le Bail method with the software TOPAS.*!

HP *’Fe Mossbauer data were acquired at room temperature using
a Bassett-type DAC with rhenium gaskets and Daphne 7474 pressure
medium.”” The curet size was 600 ym, and the sample space was 350
um diameter. *’Co in a Rh matrix was used as the y-ray source with an
output of 1430—1720 MBq and a circular active area having a 4 mm
diameter. The velocity scale for each spectrum was determined to be
relative to that for a-Fe at room temperature.

HP Raman measurements were conducted at room temperature
using a Mao—Bell-type DAC with a rhenium gasket without pressure
medium. The curet size was 300 um, and the sample space was 120
pum diameter and 25 ym height. The Raman spectra were excited
using a 785 nm laser and recorded using a HORIBA Evolution Raman
microscope. The laser beam spot was about 20—30 ym.

Computational Details. To investigate the ground state structure
and associated electronic structure of PbFeO; as a function of
hydrostatic pressure, we performed first-principles calculations based
on DFT. To simulate the effect of external pressure, we optimized the
atomic positions of PbFeO; by varying the volume (V) of the system
and calculated the corresponding total energies E(V). Then the third-
order Birch—Murnaghan isothermal equation of state, given below,
was used to estimate the value of the bulk modulus (K,) and its
derivative with respect to pressure (K')
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Here, V; represents volume of the system corresponding to the
minimum energy.”® Then the value of pressure associated with each
volume for each phase of PbFeO; was estimated by
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To calculate E(V), we used the projector augmented plane-wave
(PAW) basis method as implemented in the Vienna ab initio
simulation package (VASP). 473 The revised Perdew—Burke—
Ernzerhof form of the generalized gradient approximation (GGA)
for solids (PBEsol) was used to calculate the exchange-correlation
functional, and the GGA + U method developed by Dudarev et al. was
used to describe electron—electron correlation in the Fe 3d state. All
calculations were performed with an effective Hubbard parameter U, ¢
= U — Ji = 4.5 €V for the Fe 3d states, where U, and ]y represent the
effective on-site Coulomb and exchange parameter, respectively.*” >’
A kinetic energy cutoff value of 500 eV and appropriate Monkhorst—
Pack I' centered k-point meshes were selected. The equilibrium
crystal structure was obtained for each structural phase of PbFeO; by
performing unconstrained optimization of the crystal structure by
considering the electronic convergence criterion of 107 eV and the
Hellman—Feynman force convergence criterion of 0.001 eV A™'.
Around the equilibrium crystal structure, we optimized the structural
parameters by varying the volume of the system. At each volume, we
optimized the structure by keeping the symmetry fixed but by
allowing possible change in the shape. We also computed the
frequencies of the zone-center and zone-boundary phonon modes for
the equilibrium structures of the phases to examine the dynamical
instabilities.

To investigate the nature of chemical bonds in various structural
phases of PbFeOj3, we analyzed crystal orbital Hamiltonian population
calculated by using local-orbital basis suite toward electronic-structure
reconstruction package.*® Using this package, the optimized PAW
wave functions were projected onto an auxiliary local basis set
corresponding to unitary transformation from a delocalized plane
wave basis set to a localized Staler-type orbital.*" Here, the COHP as
a function of energy (E) is defined as, —COHP[]-(E) = Hijznc?cj*”ﬁ(E
— E,), where H;; denotes the matrix element between atomic orbitals
®; and @, and ¢} represents the coefficients associated with ®; in a
molecular orbital, ¥, = Y c/®,. According to the convention, the plus
sign is added to plot COHP as a function of E. While ~-COHP(E) > 0
indicates a bonding character between a pair of atomic orbitals,
—COHP(E) < 0 denotes antibonding interactions. The bonding and
antibonding interactions have stabilizing and destabilizing effect on
the energy, respectively. If the interaction between atomic orbitals has
no impact on the energy and, hence, is a nonbonding character, then
COHP(E) = 0. Therefore, by analyzing the partial COHP (pCOHP)
between two considered atoms one can evaluate if the interaction is
bonding, antibonding, or nonbonding. We also calculated the energy
integrated COHP up to the Fermi level to evaluate the electronic
energy associated with the chemical bond covalency.

We further cross-checked the electronic structure of each structural
phase of PbFeOj; by using the full-potential linear augmented plane-
wave method as implemented in WIEN2k code with the same value of
Uy as we used in VASP calculations.*” All calculations were
performed by using a plane-wave cutoff of RKyux = 7.5 and a
Monkhorst—Pack I" centered k-point mesh based on the symmetry of
the respective structural phase of PbFeOs.
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B RESULTS AND DISCUSSION

Crystal Structure of PbFeO; under High Pressure.
Figure 1 shows the results of SXRD experiments at 3.78—29.0
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Figure 1. SXRD patterns for PbFeO; under HP conditions. The inset
shows a magnified view around the peaks showing the phase
transition. The simulated patterns for the Cmcm AP phase are shown
at the bottom. Plotted at the top is the result of the Le Bail fitting for
the Pnma HP phase. The crystal structure of PbFeO; at AP (Cmcm)
and HP conditions (Pnma) are also shown.™

GPa. As pressure increased, the peaks shifted toward the high-
angle side overall, indicating continuous decreases in lattice
constants and unit-cell volume. However, we did not observe a
distinct shift that indicated volume collapse due to the charge
transfer transition. In addition to the merging of the peaks, the
021, 040, 041, and 131 peaks disappeared at 29.0 GPa, as
shown in Figure I, suﬁesting the disappearance of 6-fold
periodicity in the b-axis.""**

The SXRD pattern at 29.0 GPa can be indexed assuming a
\/ 2a, X 2a, X \/ 2a, unit cell with the Pnma space group
(Figure 2). The lattice constants refined by Le Bail fitting are a
=5.3823(5) A, b =7.5059(9) A, and ¢ = 5.3516(2) A. The HP
phase has a GdFeOj;-type structure with unique Pb and Fe sites

Pnma (Space Group 62)
. R,,=376
3 + Observed
L —— Calculated
=2 —— Difference
(2]
C
9
£
3
4 8 12 16 20 24 28

26 (degree), A= 0.495936 A

Figure 2. Le Bail fitting results of SXRD data for PbFeO; at 29.0
GPa*® showing the observed (red crosses) and calculated (solid black
lines) profiles. The solid green lines represent the differences between
the two profiles.
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and a”b*a” tilting of the FeOg octahedron. Polar BilnOj-type
structure with the space group of Pn2,a and the same a b*a”
tilting of the FeOy octahedron is also possible from the
extinction rules.”> Since this structure has unique Pb and Fe
sites, our conclusion, pressure-induced amorphization of Pb**/
Pb* does not change. In addition, BilnO; transforms into
nonpolar Prma phase at 2 GPa.'” The Pn2,a phase of PbFeO,
is not expected to be stable at 29.0 GPa. It should be noted
that the refinement of the atomic positions and determination
of the space group, Pnma or Pn2,a, by Rietveld analysis were
impossible because of the unreliable intensity ratios due to the
limited number of particles in a DAC.

Figure 3 plots the pressure dependence of the lattice
parameters and the reduced unit-cell volume. Invisible errors
are smaller than the markers. No distinct decrease was
observed in both the lattice volume and lattice parameters at
the charge glass transition, suggesting the absence of a charge
transfer between Pb* and Fe® and the preservation of Fe** in
the HP phase. As shown in Figure S1, intensity of 040 peak
originating from the 6-fold periodicity in the b-axis does not
decrease before the sudden disappearance at 29.0 GPa
indicating the first order nature of the transition although
the lattice constant changes are continuous.

Mossbauer spectroscopy was conducted under pressure to
obtain detailed information about the Fe ions. The results are
plotted in Figure 4 and the fitting parameters are listed in
Table 1. At 3.0 GPa, the spectrum can be fitted with three sets
of magnetic sextets, which are attributed to Fe at the 16h and
8d sites shown in green and blue, respectively, and to the a-
Fe,O; impurity shown in pink. This result is consistent with
the Fe site ratio of 2:1 in the PbFeOj; crystal structure under
ambient conditions. At 23.0 GPa, the impurity-derived
magnetic splitting became indistinct, making it impossible to
separate from Fe at the 16h sites. We observed an increased
proportion of the 16h site in the magnetic splitting pattern.
The Mossbauer parameters indicate that the local crystallo-
graphic structure of the 8d sites gradually become closer to
that of the 16h site as the pressure increases. At 32.5 GPa, the
spectra could be fitted with only one set of magnetic sextets.
Judging from the isomer shift (IS), Fe remained in the trivalent
high-spin state. These results are consistent with our SXRD
study, which indicated a GdFeOj-type structure in the HP
phase with a unique Fe site. Considering the trivalent nature of
Fe ions and the existence of only one crystallographic Pb site,
the charge distribution of the HP phase should be
Pb**(Pb* sFe’*O; with a glassy distribution of Pb**/Pb**
as observed in the AP phase of PbCrO;. Interestingly, the
glassy distribution of Pb**/Pb*" in PbCrO; is absent in the
Pb**Cr** O, HP phase, while PbFeOj exhibits pressure-induced
amorphization of Pb**/Pb*. Such pressure-induced amorph-
ization has been reported in a wide variety of systems such as
AIPO,,*"** snI,,* VO,,”° Euln,As,,”" and EuSn,P,”” and has
been a growing area of interest.”> >

We also verified the pressure-induced phase transition with
Raman spectroscopy under high pressure, as shown in Figure
S2. The mode position exhibits a blue shift as the pressure
increases, attributed to the reduction in lattice volume.
Furthermore, an incremental rise in the phonon width is
observed with increasing pressure, which may stem from the
effects of strain and changes in particle size induced by HP
conditions. Although there is no discernible active mode
appearing and disappearing (Figure S2a), when a plot of the
active modes with pressure is extracted as in Figure S2b, a

https://doi.org/10.1021/acs.chemmater.3c02569
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Figure 3. (a) Pressure dependence of the reduced lattice parameters: 1/2 for a (circle) and c (square), 1/6 for b (triangle) for the Cmcm (black)
and Pnma phase (orange). (b) Pressure dependence of the reduced unit-cell volumes: 1/24 for 2a, X 6a, X 2a, Cmcm phase (black) and 1/4 for

\/ 2a, X 2a, X \/2a, Pnma phase (orange).

+3.0 GPa

23.0 GPa

Counts

32.5 GPa

-10 -5 0 5 10
Velocity (mm/s)

Figure 4. *’Fe Mdssbauer spectrum for PbFeOj at elevated pressures
at room temperature.

distinct pressure dependence can be seen in the two phases,
which corresponds to the phase transition from the Cmcm to
Pnma phase as determined by SXRD. In addition, we also
attempted to conduct the measurement of the electrical
transport properties under high pressure. When we used the
standard four-wire method in the DAC, we found that the
resistance of the sample was >1 X 10° Q, which is beyond the
range of the multimeter. Even though the pressure increased to
41 GPa, the magnitude of resistance was still too large to
detect. Therefore, the phase transition occurring around 29
GPa is again shown to be independent of charge transfer,
where metallic behavior is expected to occur if a transition to
HP Pb**Fe*" O, phase occurs.

Theoretical Investigation of the Effect of Hydrostatic
Pressure. PbFeO; at AP shows Cmcm symmetry that arises
out of the condensation of zone-boundary modes involving
rigid rotations of oxygen octahedra [R,"(0, 0, a) and M;*(a; 0;

0)] and the charge disproportionation in the lead sublattice
and subsequent formation of nontrivial long-range charge
ordered pattern in the 2a, X 6a, X 2a, supercell of the cubic
Pm3m structure. In contrast to the common a b"a~ FeOjq
octahedra rotational pattern of the Pnma structure, the ground
state phase exhibits an a*b™c" rotational pattern. The system
also exhibits multiple zone-center and zone-boundary phonon
distortions.'" The crystal structure has two inequivalent Fe
sites (8d and 16h) and six inequivalent Pb sites having a 4c
Wyckoff label. Figure Sa shows the computed partial DOS and
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Figure 5. Computed partial density of states (DOS) and COHP for
the Fe—O, Pb—O bonds of the ground state Cmcm (a) and Pnma (b)
phase of PbFeO;. The right and left panels denote the computed
pCOHP for the spin majority and minority channel, respectively. The
partial DOS corresponding to Fe, Pb, and O states are plotted in red,
blue, and gray color, respectively.

COHP curves of the insulating Cmcm phase of PbFeO,
corresponding to the lowest energy G-type antiferromagnetic
(AFM) phase. The Fe ions, being in the high spin state (mp,
~4.2 uB) in the majority spin channel the Fe—O pd bonding

Table 1. Fitting Parameters of >’Fe Mossbauer Spectrum

line color IS (mm/s) QS (mm/s) By (T) ' (mm/s) AB (T) area (%)
3.0 GPa green (16h) 0.40 0.17 49.8 0.36 0.7 63.0
blue (8d) 0.36 —0.89 43.5 0.50 0.0 323
pink (a-Fe,0) 0.38 0.47 529 0.30 0.0 47
23.0 GPa green (16h) 0.32 0.14 S1.0 0.35 1.0 71.7
blue (8d) 030 —0.57 47.3 039 2.0 283
32.5 GPa red (4c, Pnma) 0.28 0.08 50.3 0.43 1.0 100
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states with predominantly Fe—3d orbital character are
occupied and are well separated (~10 eV) from the
corresponding unoccupied antibonding states are in the
minority spin channel. The Fe—O bonding and antibonding
states primarily formed of the oxygen p orbitals lie within an
energy window of ~6 eV below the Fermi level. Therefore, in
the ground state crystal structure, the Fe ions are expected to
form d° electronic configurations. Two different types of Pb
ions are observed here, namely Pbl and Pb2. The computed
COHP between the orbitals of Pb and oxygen atoms show that
in the case of Pbl, both bonding and antibonding sp states are
occupied, indicating the formation of 6s* electronic config-
uration with nominal valence state of 2+ (6s*%, according to
Mulliken population analysis). Pbl 6s orbitals form weak
covalent bonds with the oxygen p orbitals. On the other hand,
the covalency between the Pb2 6s and oxygen 2p orbitals was
found to be significantly stronger as shown in Figure Sa. In
both the majority and minority spin channels, the lowest
energy conduction band is formed by Pb2—O sp* antibonding
states with strong hybridization with the oxygen p orbitals,
while the Pb2—O sp bonding states having Pb 6s character are
occupied and well separated from the sp* states. This indicates
the formation of the 6s’L* configuration (6s'**, according to
Mulliken population analysis), where L denotes ligand hole, as
has been observed in various lead and bismuth based oxide
materials.’* ™% The ligand holes are, therefore, localized in the
Pb2—O bonds. We denote these Pb ions as Pb*".

Compared to this ground state structure, the cubic Pm3m
and orthorhombic Pnma phases are 0.82 and 0.14 eV/fu.
higher in energy, respectively. The Pnma phase without charge
disproportionation is metallic in nature (see Figure Sb). From
the computed DOS (see Figure Sb), we observe that similar to
Cmcm phase, the Fe ions form high spin state having t,, and e,
states almost occupied and empty in the majority and minority
spin channels, respectively, forming L0 configuration, where
value of 0 is negligibly small. In the proximity of the Fermi
level, under the influence of the Pb—O bonds, the states
assume antibonding sp* character. Formation of these
antibonding states indicates the 6s*L'™® electronic config-
uration (6s'”*, according to Mulliken population analysis) of
the Pb ions where the ligand holes are delocalized in the Pb—O
covalent bond. This is in sharp contrast to ferrite perovskite
with divalent A-site cations, such as CaFeO, and BaFeQ,.*”%
In case of Pnma phase of CaFeO; (see Figure S3), the Fermi
level falls in a Fe—O pd* antibonding states strongly
hybridized with the oxygen p orbitals. The presence of such
antibonding states at the Fermi level may lead to the charge
disproportionation in the Fe sublattice [Fe** (d°) and Fe®*
d°L?], as was reported.61 Similarly, in case of BaFeOj,
formation of ligand hole delocalized in the Fe—O bond of
the cubic Pm3m phase was also reported, which was found to
have significant impact on the defect formation.”> It is also
noteworthy in this context that the electronic structure of
Pnma phase of PbFeOj is significantly different from that in
case of BiNiO; (Figure S4), which exhibits pressure induced
charge transfer transition.'” While in the case of BiNiOs, the
states crossing the Fermi level have predominantly Ni—O pd*
antibonding character, in the case of PbFeO;, the same have
Pb—O sp* antibonding character. Therefore, transition to the
orthorhombic Pnma phase in PbFeO; in contrast to the
similar transition in BiNiOj;, is not expected to change the
character of ligand hole from Pb—O to Fe—0.'" This
mismatch can be attributed to the influence of the half-filled
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electron occupancy of the Fe 3d states and the strong
covalency between lead and oxygen ions in the latter system.

Formation of large antibonding states near the Fermi level
may lead to structural distortions forming lower-symmetry
phases. The Pnma phase was indeed found to be dynamically
unstable with phonon modes having imaginary frequencies at
both the zone center (I') and the zone boundary k-points.
Interestingly, the phonon modes with high imaginary
frequencies drive layered arrangements between Pb*>" and
Pb*" type ions. The long-range charge ordered state along the
q; (crystallographic [010] axis) propagation vector (C, ) has
noncentrosymmetric space group Pmc2, (see Figure SSa)
associated with the structural distortion having I'; irreducible
representation. The Pmc2, phase exhibits layered ordering
along the crystallographic [010] axis. On the other hand, the

structural distortions at U(%, 0, %) with U;" U," irreducible
representation leads to the centrosymmetric charge ordered
state having P2,/m symmetry. The Pb**/Pb*" ordered states,
as depicted in Figure SSb,c, having g, (crystallographic [101]
axis) and g (crystallographic [10—1] axis) propagation vectors
being energetically equivalent, form a charge frustration in the
crystallographic (010) plane. Nontrivial layered structures
driven by the structural instabilities at the Y (0, 1/2,0) and DT
(0, 1/3, 0) k-points exhibit Ly, — Lpy — Lpy* — Lpy* (Cyy)
and Lpp+ — Lpg+ — Lgg — Lpp+ — Lpg+ — Lgg (CqDT) type
patterns, respectively, along the crystallographic [010] axis.
Where Ly and Lp,* denote layers containing Pb** and Pb**
ions, respectively. Moreover, in the Lgg layer, the Pb** and
Pb* ions are ordered in rock-salt pattern. The calculated
energy of these identified phases as a function of volume is
shown in Figure 6a. Among the layered phases, the most stable
configuration has Pc symmetry with C,y charge pattern
compared to which the Cypy state is only 3 meV/fu. higher
in energy. Several layered states lie within ~20 meV/fu. energy
window. We also have observed that
Lpy+ — Lpy+ — Lpyp+ — Lpy+ — Lpy+ — L+ type charge

pattern along the [010] axis with metallic solution that leads

— AE,
1 AEC(Q
— — AECUDT

— AECW
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Figure 6. (a) Computed relative energy of the various layered charge
ordered phases within the a”b*a”~ FeOg octahedra rotational
framework. (b) Computed relative enthalpy of various phases of
PbFeO; as a function of pressure with respect to the ground state
Cmcm structure. The estimated bulk modulus (K, ~170 GPa) of
PbFeOj; does not vary significantly, depending on the structural phase.
We calculated the energies as a function of volume by optimizing the
structure with symmetry and volume fixed. The inset shows change of
volume as a function of pressure.
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to the creation of mixed valent Fe ions is ~48 meV/fu. higher
in energy compared to most stable layered charge ordered
state. Our detailed investigations pointed toward the following
key characteristics of the orthorhombic Pnma phase, (1)
tendency of charge disproportionation in the lead sublattice
with 1:1 ratio which stabilize the d° electronic configuration of
Fe ions, (2) high probability of formation of charge disordered
phase at finite temperature as various competing charge
ordered phases lie close to the most stable structure. The
preference of layered ordering over other common charge
ordered phases, such as rock-salt and columnar, is expected to
be contributed by the d° electronic configuration of the Fe ions
which display antiferroelectric type displacements in all the
layered phases (see Figure SS). Compared to the most stable
layered phase, the rock-salt and the columnar phases (Figure
S6) are ~12 and ~54 meV/fu. higher in energy, respectively.
The presence of energetically competing long-range ordered
phases in PbFeO; bears a likely relation with the strong
cation—anion hybridization and high stiffness constant of the
corresponding bonds in the PbFeOj3, as was discussed in ref 63.

Finally, we investigated the stability of the ground state
structure as a function of external pressure ranging from 0 to
70 GPa, the results of which are summarized in Figure 6b. We
optimized the structural phases by taking into account the G-
type AFM order of the Fe spins as was detected in the previous
study.'" As can be clearly observed from Figure 6b, we did not
observe any charge transfer transition associated with the
transfer of ligand holes from the Pb—O to Fe—O bonds. Here,
it is worthwhile to mention that the transition from the
ambient pressure phase to the cubic Pm3m phase (see Figure
S7) can lead to partial charge transfer from Pb—O sp* — Fe—
O pd* antibonding state. However, according to our results,
the system did not transit to the cubic phase even at a high
pressure of 70 GPa. Instead, a change in the oxygen octahedral
rotational pattern from a*b™c* — a“b'a” was observed at P,
~30 GPa, which was in good agreement with experiment. All
of the layered phases are insulating in nature in contrast to the
metallic Pm3m phase. This phase above ~30 GPa shows the
formation of charge disproportionation in the lead sublattice
and is associated with just a small reduction in volume
(~0.5%), which is in good agreement with the experiment (see
Figure 6b). DFT calculations were performed considering
layered charge ordered phases with an a"b'a” rotational
pattern. However, as it has been experimentally observed, at
finite temperature the charge amorphization is more likely to
occur. However, it should be noted that during the phase
transition, we observed a corresponding change in the oxygen
octahedral rotational pattern instead of any transfer of charge.
This, however, is in contrast to our observation in other Pb-
based perovskite oxides.

The phase diagram of PbFeO; constructed based on our
experimental and theoretical investigations is compared with
that of PbCrO; in Figure 7. The behavior of PbFeOj; is in
contrast to that of PbCrO;, where the melting of charge glass
and simultaneous Pb—Cr charge transfer take place under the
HP condition, indicating that such a glassy distribution of
charges is sensitive to external stimuli. The charge combination
Pb**, sPb*", sFe*" O, with a glassy distribution of Pb** and Pb**
is expected to change into the Pb**Fe*'O; state at higher
pressure, but our DFT calculations indicated the absence of a
charge-transfer transition below 70 GPa. An even higher
pressure is necessary to observe the transition to the
Pb**Fe*'O; phase.
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Figure 7. Phase diagram of PbCrO; and PbFeO; at room
temperature.

B SUMMARY

We investigated the HP behavior of perovskite oxide PbFeO;
with Pb**,Pb* Fe’*O; charge distribution and complex
ordering of Pb** and Pb*" and two Fe’* sites at AP. HP-SXRD
and Mossbauer and Raman spectroscopies revealed a pressure-
induced structural phase transition at 29.0 GPa to an
orthorhombic GdFeOj-type structure with a glassy distribution
of Pb** and Pb* and a unique Fe®" site, namely, pressure
induced amorphization of Pb** and Pb*'. Further change into
the Pb>*Fe* O, state is expected at higher pressure, but our
DFT calculations indicated the absence of a charge—transfer
transition below 70 GPa.
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