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ABSTRACT: Perovskite PbCoO; synthesized at 12 GPa was found to have an Pb?Pb*,Co*,C0™,0,,
unusual charge distribution of Pb**Pb**;Co**,C0*",0,, with charge orderings in both
the A and B sites of perovskite ABO;. Comprehensive studies using density functional
theory (DFT) calculation, electron diffraction (ED), synchrotron X-ray diffraction
(SXRD), neutron powder diffraction (NPD), hard X-ray photoemission spectroscopy
(HAXPES), soft X-ray absorption spectroscopy (XAS), and measurements of specific
heat as well as magnetic and electrical properties provide evidence of lead ion and
cobalt ion charge ordering leading to Pb**Pb*;Co**,C0**,0,, quadruple perovskite
structure. It is shown that the average valence distribution of Pb***Co>**O; between
Pb**Cr** O and Pb*'Ni**O; can be stabilized by tuning the energy levels of Pb 6s and
transition metal 3d orbitals.
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1. INTRODUCTION

Charge degree of freedom in transition metals gives rise to
various fascinating properties such as charge ordering associated
with metal—insulator transition,' " high-temperature (HT) super-
conductivity,"”* colossal magnetoresistance” and high thermo-
power.'” Changes in the oxidation state of Mn even play a crucial
role in photosynthesis,"" while in redox-based resistive random
access memory (ReRAM) valence changes of the transition-metal
ions lie behind the changes of the resistance of the device."”
Metal ions with half-integer valence tend to split into two
integer valence ions, and these §et spatially ordered as typically
observed in Lag sCagsMn>**0;."” To realize a half-integer valence
state and charge ordering in the B site of a perovskite ABOj, it is
generally necessary to mix two or more elements with different
valences in the A site.” In this report we show that charge orderings
in both the A and B sites of perovskite ABO; can be stabilized
by tuning the energy levels of Pb 6s and transition metal 3d
orbitals.

Bi and Pb are main-group elements, but they have charge
degree of freedom stemming from the possibility of having
either the 65> (Bi**, Pb**) or the 6s° (Bi**, Pb*") electronic
configurations, typically found in BaBiO; (BaBi**,Bi**(50;)."
They are called valence-skipping (or negative-U) ions because
the 6s' configurations (Bi*, Pb*") are prohibited.'* This
characteristic of Pb is utilized in lead-acid batteries."” Since the
6s states of these elements are close to the d levels of transition
metals and the oxygen 2p level, BiMO; and PbMO; exhibit
systematic valence distribution changes with changes in the 3d
transition metal M. From left to right in the periodic table,
BiCrO, through BiCoOj are all Bi** M**O,'® but BiNiO; has the
unusual valence state Bi**) (Bi**y sNi**O;."” Temperature-induced
intermetallic charge transfer accompanied by negative thermal
expansion is observed for Bi;_,Ln,NiO; (Ln: lanthanides)'®"” and
BiNi,_ Fe 05> Similar charge distribution change is observed
twice in PbMO; depending on the depth of the 3d level of
the transition metal: PbTiO; and PbVO,*" are Pb*Ti*'O; and
Pb**V*0;, PbCrO,* is Pb**(Pb*"(Cr**O; with charge
disproportionated Pb** and Pb*, and PbNiO;> is Pb*Ni**Os.
This trend indicates that we can control the energy difference
between Pb 6s and M 3d levels by changing the transition metal.
The compounds between PbCrO; and PbNiOj; are not completely
explored, and we expected that the unusual half-integer average
charge system Pb***M*3*O; with charge ordering in both the
A and B sites of a perovskite would be found among these
compounds. We focused our attention on PbCoO3, which used
to be a “missing piece” in PbMO; family. Despite the extensive
investigations of Pb-3d transition metal perovskites as candidate
multiferroics, perovskite PbCoO; had not been obtained
previously because synthesis at a pressure above 12 GPa is
essential. Perovskite PbCoO; synthesized at 12 GPa has an
unusual charge distribution of Pb**Pb*;Co**,Co’*,0,, with
charge orderings in both of A and B sites (average charge
distribution of Pb***Co***0,). Comprehensive studies using
density functional theory (DFT) calculation, electron diffraction
(ED), synchrotron X-ray diffraction (SXRD), neutron powder
diffraction (NPD), hard X-ray photoemission spectroscopy
(HAXPES), soft X-ray absorption spectroscopy (XAS), and
measurements of specific heat as well as magnetic and electrical
properties provide evidence of lead ion and cobalt ion charge
ordering leading to quadruple perovskite structure. The present
results offer a much needed new strategy to realizing mixed
valence states (possibly of multiple ions) in single-phase oxides
and thus open an avenue to the production of next-generation
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materials with exotic properties such as superconductivity, colossal
magnetoresistance, and high thermopower.

2. METHODS SECTION

Polycrystalline samples of PbCoO; were prepared at 12 GPa as follows.
Stoichiometric mixtures of PbO, PbO,, and Co;0, were sealed in gold
capsules and then held at 12 GPa and 1473 K for 30 min in a Kawai-type
apparatus. When we tried to make it at 6 GPa, the product was an
oxygen-deficient pyrochlore phase (to be reported elsewhere). Our
attempt to convert this phase into perovskite by heat treatment at
12 GPa was not successful. It was necessary to start from the mixture of
PbO, PbO, and Co;0,. In addition, the temperature window was quite
narrow: the reaction was incomplete when the temperature was too low,
and the product reacted with the container when the temperature was
too high.

SXRD patterns were collected using a large Debye—Scherrer camera
installed at the BLO2B2 beamline of SPring-8 and were analyzed using
RIETAN-FP programs.”* The wavelength was 0.41955 A. NPD patterns
were collected with time-of-flight diffractometers installed at Super
HRPD (BLO08) at the Material and Life Science Experimental Facility
(MLF) of the Japan Proton Accelerator Research Complex (J-PARC)
and were analyzed using Z-Rietveld.”* A vanadium cell 5.8 mm in
diameter was used, and sample was sealed with an indium ring under
Ar or He atmospheres. ED patterns of samples at 298 K were obtained
using a JEOL JEM-2100F transmission electron microscopy equipped
with a double-tilting holder.

Pb-4f HAXPES measurements were made at 300 K with E = 5950 eV
at the undulator beamline BL15XU of SPring-8.”*® A hemispherical
photoelectron analyzer (VG Scienta, R4000) were used in these
measurements. The polycrystalline samples used in the HAXPES
measurements were fractured in situ. The binding energies were
calibrated using the Au 4f,/, peak (84.0 eV) and the Fermi edge of
gold reference samples. Total energy resolution was set to 240 meV at
E = 5953 eV.

The Co-L, ; XAS spectrum was recorded at the 08B beamline of the
National Synchrotron Radiation Research Center (NSRRC) in Taiwan
using the total-electron-yield mode. The spectrum of a single-crystal
CoO sample was measured simultaneously to serve as an absolute energy
reference. Clean sample surfaces were obtained by cleaving pelletized
samples in situ in an ultrahigh-vacuum chamber with a pressure in the
107" mbar range.

Electrical resistivity was measured by a pseudo 4-probe method. The
temperature dependence of the magnetic susceptibility of PbCoO; was
evaluated using the susceptibility measured with a SQUID magneto-
meter (Quantum Design, MPMS §) in an external magnetic field of
1 kOe. The specific heat data were collected using a physical property
measurement system (Quantum Design, PPMS-9T).

The structural optimization was based on first-principles density-
functional calculations made with the Vienna ab initio simulation
package (VASP)** and the PAW potentials.”® The hybrid functional
HSE06”" was used with the mixing factor @ = 0.15, which was previously
found to yield reasonable results for a set of perovskites containing
3d-transition elements.>” In order to compare the theoretically obtained
and the experimentally observed structures, we fully relaxed a ferro-
magnetic unit cell containing 40 atoms (2 X 2 X 2 simple perovskite unit
cells) within several symmetry constraints. Relaxations with accuracies
up to 0.01 eV/A were carried out with a plane-wave cutoff of 500 eV
and a 4 X 4 X 4 I'-centered k-points mesh (corresponding to an
8 X 8 X 8 mesh in the simple perovskite unit cell). In order to investigate
the core level shifts, we used the all-electron FLEUR code®
based on the full-potential linearized augmented planewave method.
Here a 3 X 3 X 3 I'-centered k-points mesh (corresponding to a
6 X 6 X 6 mesh in the simple perovskite unit cell) and a LAPW basis
cutoff parameter k.., = 4.2 bohr™" were used. A generalized gradient
approximation (GGA)-based exchange and correlation functional
(PBE)** was used in conjunction with the DFT+U approach with a
U = 5.9 eV. This value reproduces the difference in the core level
positions of Pb*" and Pb** cations obtained in our calculations with
the HSE06 functional in VASP (0.52 eV with GGA+U vs 0.59 eV
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Figure 1. SXRD, ED, and NPD patterns indicating Pb**Pb*,Co0?*,C0**,0,, superstructure and valence distribution changes depending on
composition and condition. (a) Observed (red points), calculated (blue line), and difference (green line) patterns from the Rietveld analysis of the
SXRD data at RT. The tick marks correspond to the positions of Bragg reflections of the Pn3 cubic phase (red) and Pb;(COs;),(OH), (blue).
Anisotropic atomic displacement parameters of A’-site: U, = 1.76(8) X 1072 A% Uy, = 6.40(9) X 107 A% U;; = 0.86(6) X 107> A2 R values (%): Ry, =
5.09, Rp = 3.85, S = 2.83. Inset shows the magnified view of SXRD. (111) super lattice reflection which is characteristic for Pn3 structure is observed.
(b) ED patterns along the [011] pseudocubic zone axis at RT. The unit cell is 2a X 2a X 24, where a represents the lattice parameter of the ideal cubic
perovskite structure (Pm3m). ED patterns along the [001] and [111] pseudocubic zone axis at RT are summarized in Figure S1. (c) Observed
(red points), calculated (blue line), and difference (green line) patterns from the Rietveld analysis of the NPD data at RT. The tick marks correspond to
the positions of Bragg reflections of the Pn3 cubic phase (red), a Pb;(CO;),(OH), impurity (blue), and the vanadium cell (black). The data in the ranges
without the difference plot were excluded in the refinement because of the presence of reflections from unidentified impurities. (111) super lattice
reflection which is characteristic for Pn3 structure is also observed (see Figure S2). (d) Valence distribution changes in PbMO; perovskites. (e) Crystal
structures of the phases with a variety of charge distributions expected to appear in PbCoO; under high-pressure or in chemically modified compounds
in high-temperature conditions.

with HSE06) and has previously been used for calculating the electronic ions because JT distortion stabilizes the square-planar coordi-
properties of a spinel oxide containing mixed-valence Co cations.*® nated A’-site.”>” However, several compounds with JT inactive

ions (Mn**, Co*", and others)**™* in the A’-site are reported.
3. RESULTS AND DISCUSSION These have large atomic displacements of A’-site ions in the
The product’s SXRD pattern (Figure 1a) appeared to be that of a direct.ion. perpendicular to the A'O, square-plane, amﬁoﬁrOPiC
simple cubic perovskite structure (Pm3m), but the presence of at/ormc dlsplacemgg_t Jparameters (U1 Uy, and Usy) or splitting of
(111) reflection both in the SXRD (inset of Figure 1a) and ED A’-site positions. Therefore, anisotropic atomic displace-
patterns (Figure 1b and S1) revealed the presence of a 2a X ment parameters were applied for the A'-site (6d). The fittings

2a X 2a superlattice, where a is the lattice constant of a simple successfully converged. A large value of Uy, which corresponds to
cubic perovskite. The reflection conditions of 0kl (k + I = 2n), the displacement in the direction perpendicular to the square-
hhl (any), and 00! (I = 2n) indicated the Pn3 space group, the planar is consisten_t with a JT inactive character of a lead. Structure
same as that of the low-temperature phase of the quadruple parameters for Pn3 model and reliability factors of other perovskite
perovskite CaCu,Fe,0,, (Ca®*Cu**;Fe*,Fe**,0,,).”° Rietveld model (simple cubic Pm3m, double perovskite Fm3m, and
refinement of SXRD data was carried out based on Pn3 struc- quadruple perovskite Im3) are summarized in Table S1 and S2.
tural model. The A’-site of quadruple perovskites AA’;B,O,, or It is impossible to accurately refine the oxygen position from

AA’;B,B’,0,, are generally occupied by Jahn—Teller (JT) active SXRD because of the presence of heavy lead atom.
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NPD patterns were therefore obtained in order to determine
the oxygen position precisely and estimate the valence distribu-
tion from bond valence sum (BVS) calculations. Figure lc
shows the result of Rietveld refinement of NPD data collected
at room temperature (RT). The structural parameters are
summarized in Tables 1 and 2. The oxygen position was

Table 1. Crystallographic Parameters of PbCoO; at RT
Refined from NPD Patterns”

U,
atoms  site g x y Z (><10_f A?)
Pbl  2a 1 12 1/2 1/2 3.44(12)
P2 6d 1 1/2 0 0 5.34°
Col 4b 1 1/4 1/4 1/4 2.44(44)
Co2  4c 1 3/4 3/4 3/4 3.32(48)
0 24h 1 05091(3)  0.2997(2)  0.1960(2) 3.95(4)

“Space group Pn3 (No. 201), Z = 2, a = 7.64742(3) A, p.c =
9.331(1) g/cm® V = 447.245(3) A’ YEquivalent isotropic atomic
displacement parameters. Anisotropic atomic displacement parameters
of Pb2 atom: Uy, = 1.76(8) x 107> A% U,, = 6.40(9) X 1072 A2, Uy, =
0.86(6) X 107> A%, R values (%): R, = 1.78, Ry = 4.74, * = 1.97.

Table 2. Pb—O and Co—O Bond Lengths and BVSs“ for
PbCoO; at RT

site Pbl Pb2 Col Co2
M—-Obond  2785(3)x12  2.144(3)x4  2.059(3)x6  1.926(3)X6
length (A)
2.740(3) x4
3.265(3)x4
BVS 1.95 3.79 222 3.26

V= XS S = exp{(ry — r;)/0.37}. Values calculated using r, =
2.112 for Pb**, 2.042 for Pb*, 1.692 for Co**, and 1.70 for Co’*.

determined with a satisfactorily small standard deviation.
The result of BVS calculations indicated the valence distribution
of Pb*"Pb**,Co**,C0°",0,, where both Pb and Co have charge
orderings in spite of the simple PbCoO; chemical composition.
The average oxidation state is Pb***Co*>*O, with half-integer
valences in both A and B sites of the perovskite structure
stabilized by the balanced Pb 6s and Co 3d levels, as we
expected. The valence distribution of PbMOj; can be controlled
according to the depth of the d level of M as schematically
illustrated in Figure 1d. No melting of charge orderings was
observed when heating PbCoO; to temperatures below its
decomposition temperature (573 K), but considering the
valence-skipping nature of Pb and the pressure-induced
intermetallic charge transitions observed in BiNiO,'® and
PbCrO,,** sequential transitions Pb** ,sPb*") -sCo**; sCo>*) 5O,
(Pb>Pb**3C0*",C0°*,01,) — Pb*(,Pb*;5Co™**0; —
Pb** ;Pb*,Co**0; — Pb**Co* 0, are expected to occur
under pressure as shown in Figure le. Substituting other
elements for Pb and Co is also expected to stabilize the
high-pressure phase and result in heating-induced charge-
transfer transitions like those seen in Bi,_,Ln NiO; and
BiNi,_,Fe,O;.

The unusual A- and B-site charge orderings were reproduced
theoretically by our DFT calculations. We obtained a charge
order in 3Pb*:1Pb** ratio at the Pb site accompanied by
a rocksalt type of Co**-Co®" charge order at the Co site. The
ground-state structure is found to have R3 symmetry, and is
characterized by a slight rhombohedral distortion and antiparallel
displacements of Pb cations, in the [001] direction of the
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Figure 2. Theoretically predicted ground state structure (R3) and the
corresponding density of states. (a) Pb-cation displacements lower the
total energy in the calculated ground state structure. Antiparallel
displacements of Pb* and Pb** cations are observed in the [001]. and
[111], directions, respectively. (b) Calculated total and atom-resolved
density of states (DOS) of the calculated antiferromagnetic ground-state
structure of PbCoO;. Black lines, total DOS per formula unit; green
lines, Pb>* DOS per atom; brown lines, Pb* DOS per atom; red lines,
Co* DOS per atom; blue lines, Co** DOS per atom. Two types of both
Pb and Co cations are distinguishable.

cubic cell ([001],) for Pb* and in the [111], direction for Pb*
(see Figure 2a and Table S3), while the experimentally observed
cubic phase with Pn3 symmetry lies 0.06 eV/f.u. higher in energy
(see Table S4). The f.u. used in all the calculations was unified to
PbCoOj; to compare the energies between different structures.
Other calculated structures—Im3 without Co charge ordering,
Fm3m, and Pm3m—are all far higher in energy (see Table SS).
We speculate that the predicted order of the Pb-cation
displacements melted at RT, but the influence may be indirectly
observed as the large thermal vibration in A'-site. As shown in
Figure 2b, the difference in the two present kinds of both Pb and
Co cations is clearly visible in the density of states for both Pn3
and R3 structures. Co>" ions were found to be in the low-spin
(LS) state, where the t,; orbitals are fully occupied by six
electrons; and Co®" ions were found to be in the high-spin (HS)
state, where in the majority spin direction all three ,; and the two
¢, orbitals are occupied and in the minority spin direction there
are only two electrons in the t,; orbitals. The calculated magnetic
moment within the Co?* sphere is 2.6 ji and the calculated band
gap of the Pn3 phase is 1.35 eV.

To further confirm this unusual valence distribution, Pb-4f
HAXPES and Co L-edge XAS measurements were made.
The HAXPES results for PbCoO; and Pb standard materials
are shown in Figure 3a, and fitting results are summarized in
Table S3. The peak top energies for PbCoO3, 137.44 eV (4f;/,)
and 142.30 eV (4f;,), are close to those for Pb*Ni*"O,,
indicating that Pb*" is dominant, but the Pb** contribution less
pronounced than that for Pb**,Pb*Cr**O; is also present.
We estimated the fraction of Pb** from the area ratio of Pb**
and Pb*" contributions by using PbCrO, data as the standard for
Pb**Pb* . The result was Pb*")3,Pb* ¢, in good agree-
ment with the Pb*,.Pb* . oxidation state indicated by our
structural and theoretical studies. The present results indicate
that the 4f binding energy of Pb*" is greater than that of Pb*".
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Figure 3. Spectroscopic data confirming the Pb**,,sPb*,Co>*,sCo** 05 valence distribution of PbC0Os. (a) Pb 4f HAXPES results for PbTiO;, PbCrO,,
PbCoO;, and PbNiO; at RT. Predominant Pb* and the presence of Pb*" are evident in the spectrum for PbCoOs, Fitting results are summarized in Table S6.
(b) The Co-L, ; X-ray absorption spectra for PbCoO; and for CoO and LiCoO, asa HS Co* and a LS Co®* references, respectively. The data for La, ;SrysCoO,
is quoted from ref 47 as a Co™** reference. The red dotted line represents the sum of CoO and LiCoO, spectra at a ratio of 0.45:0.55 (Co****). (c) Schematic
illustration of screening effects of Pb>* and Pb* cations. The binding energy of Pb*" gets smaller than that of Pb** because of the strong screening effect. (d) The
distribution of the screening charge in the transition-state calculation where half an electron was removed from the j = 5/2 4flevel of Pb** in the lower left part of
the unit cell; Pb**, Pb*, Co, O, and the screening charge are depicted with pink, gray, blue, and red spheres and with yellow clouds, respectively. (e) Same as in
(d) but for the j = 5/2 4f level of Pb* in the upper left part of the unit cell. Charge densities were plotted with the aid of VESTA visualization software.**

This is opposite to the result of above-mentioned DFT calcula-
tion and to a naive expectation that the core levels of the more
positive ions have a higher binding energy, but can be understood
considering the strong screening effect.

The positively charged core hole created when an electron is
ejected from a core level in an HAXPES experiment is screened
by the other electrons in the system as schematically illustrated in
Figure 3c. This process can be evaluated by DFT calculations
using the Slater-Janak transition-state approach,*"** where half
an electron is removed from the investigated core level and
placed into the valence band to calculate the corresponding core-
level shift (CLS). Our calculations using this approach showed
that the core-level shifts of the Pb*" 4flevels are much larger than
those of the Pb** 4f levels, yielding the picture observed in our
experiment: after the CLS is taken into account, the calculated
binding energies of the Pb*" 4f levels end up being lower than
those of the Pb** 4f levels, by ~0.56 €V for both j = 5/2 and
j = 7/2 states. In order to explain such a large difference in the
binding energies of the two cations, it is helpful to plot the
distribution of the (screening) charge, which in the transition-
state calculation occupies the bottom of the conduction band.*
This is done in Figure 3d and 3e for the cases when half an
electron was removed from the j = 5/2 4flevels of Pb*>" and Pb*".
The difference in the screening charge distribution is
striking. While in the case of the hole in Pb** core there is no
screening charge on Pb?" itself, in the case of the Pb*" core hole
the screening charge is almost entirely situated on Pb*" and the
neighboring oxygen anions. Such a distribution leads to the
“overscreening” observed in our experiment (i.e., to the binding
energies of the 4flevels of Pb>* appearing to be higher than those
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of the 4f levels of Pb*") and is the consequence of the specific
electronic density of states of this compound (Figure 2b), where
the bottom of the conduction band consists mainly of Pb*
s states hybridized with oxygen p states. It should be noted that in
other compounds such as PbO,** PbO,* and Bi,_Pb,NiO;*
experiments also yield higher binding energies for the 4f levels
of Pb** (Bi**) and lower ones for Pb** (Bi**) ions.

XAS was also used in present work because it is very sensitive
to both the valence state and spin state of Co. For comparison,
the Co-L, ; XAS of CoO with a HS Co®" state and LiCoO, with a
LS Co’" state were also measured. As shown in Figure 3b,
the PbCoQ); spectrum is very similar to that of La, ;SrysCoO,"
composed of these two references at a ratio of about 1:1. The
average valence calculated for the Co in PbCoOj is close to
2.55, indicating the Pb**Pb*;Co*",C0*",0,, charge combina-
tion with HS Co*" and LS Co’" states. The proposed spin
states are also in agreement with the theoretical calculation and
with the temperature dependence of magnetic susceptibility as
discussed later.

The electrical and magnetic properties of PbCoOj; are
consistent with Co**ysCo* s charge ordering. The semi-
conducting behavior with a gap of 0.28 eV determined by the
Arrhenius plot of resistivity data shown in the inset of Figure 4a is
consistent with the rocksalt-type ordering of Co** (HS) and Co®*
(LS). Figure 4b shows the temperature dependence of magnetic
susceptibility y of PbCoO3, measured in a magnetic field of 1 kOe
on heating after zero-field cooling. The fitting gives y, = 5.5(9) X
107 emu/mol, C = 1.365(4) emu-K/mol, and 0 = —17.9(3) K.
If Co’ is in the nonmagnetic LS state with S = 0 as illustrated in
Figure 4c, the effective magnetic moment (peff) per magnetic
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Figure 4. Electrical and magnetic properties of PbCoO;. (a) Temperature dependence of electrical resistivity. The inset shows an Arrhenius plot of the
data. PbCoOj; is a semiconductor with band gap of 0.28 eV. (b) Temperature dependence of magnetic susceptibility measured in a magnetic field of
1 kOe on heating after zero-field cooling. The blue line between 100 and 400 K, well above Ty, shows the results of fitting to the Curie—Weiss law with a
temperature-independent term yy: y = ¥, + C/(T — 8), where Cis the Curie constant and € is the Weiss temperature. The inset shows a magnified view of
susceptibility near Ty. Two step antiferromagnetic transitions are evident. (c) Spin states of Co® and Co®" in PbCoO5. Co*" is in a magnetic high-spin
state and Co®" is in a nonmagnetic low-spin state. (d) Configuration of magnetic Co** cations in the Pn3 perovskite structure. Tetrahedral structure
creates geometrical frustration. (e) A magnified view of susceptibility near Ty. Two step antiferromagnetic transitions are evident. (f) Temperature
dependence of specific heat divided by temperature. Two step anomalies confirming magnetic orderings at 4.0 and 7.8 K are evident. The blue line is an
estimation of the lattice contribution C; estimated from the data between 20 and 25 K. Its equation is C; = 3, T° + 3,T°, where f3; = 9.98(10) x 10™*]/
molCo? K* and 3, = —9.40(31) X 1077 J/molCo** K. This f3; value gives a Debye temperature of 200 K.

Co*" ion is 4.73 pip, which is close to the 4.80 up* expected for which was reported to be Pb**Mn*"O;>> despite Mn’s atomic
HS Co** with S = 3/2 identified by the XAS. It should be noted number being between those of Cr and Fe both PbCrO; and
that the relatively small negative Weiss temperature of —17.9 K PbFeOj being reported to be Pb** ;Pb*; sM**O,. However, the
agrees with above picture because the magnetic interaction is valence state of PbMnO; was determined using a sample with
mediated by a Co**—O—Co**—0—Co?* path. Magnetic Co*" at significant oxygen deficiency and with the assumption that Pb
the special positions of a cubic cell forms a regular FCC lattice was divalent. This compound should be reinvestigated using a
(in other word, tetrahedron as schematically illustrated in spectroscopic method and a stoichiometric sample.

Figure 4d) where strong geometrical frustration is expected.”’
Accordingly, the Néel temperature (Ty) is smaller than the 4. CONCLUSIONS

absol_u.te value of t}ieo\/éews sen}llp eraﬂlre, an;lSurlléls%lal two-_step We have shown that PbCoO; has the valence distribution of
transition, one at 4. and the other at 7. , 1S seen In a Pb2+0_25Pb4+0'75C02+0.5Co3+0.503 in the qua druple perovskite

magnified view of the temperature dependence of the compound’s structure Pb**Pb*,Co>,Co™,0;, charge ordered at both A
magnetic susceptibility and specific heat measured in a zero
magnetic field (Figure 4e and 4f).

The Pb**;,sPb*,sCo>*,C0° ;O valence distribution in

site and B site. The complex valence distribution is expected
to change on perturbations such as pressure and chemical
modifications. For example, the melting of Co charge ordering

the quadruple perovskite structure Pb**Pb*,Co**,Co’*,0,, leading to Pb*',;Pb*gsCo>*O, and intermetallic charge trans.
charge ordered at both A site and B site. is thus confirmed. fer between Pb and Co resulting first in Pb**, ;Pb*"sCo**O; and
To the best of our knowledge, PbCoOj is the first example finally in Pb**Co**O, would be possible under pressure. The
where main group element occupy the A’-site. A large atomic investigation of such a rich variety of phases under pressure and the
displacement of Pb*" shows the absence of the energy lowering realization in chemically modified PbCoO; of temperature-change-
due to the JT distortion, which implies that PbCoO; has another induced intermetallic charge transfer accompanied by negative
phase at the HP and HT synthetic condition. PbMO3 changes thermal expansion as achieved for B1N103 and LaCusFe4012‘3 are
with increases in M’s atomic number hence in the depth of its big challenges. Finally, we note the present strategy, realizing mixed
d level: from Pb>*M* O, (M = Ti or V) to Pb** ;Pb*; ;M>*O, valence states in both the A and B sites of perovskite compounds by
(M = Cr or Fe,”" with an average valence state of Pb>*M>*0,) tuning the energy difference between Pb 6s and transition metal 3d
to Pb**,sPb*,sM* o M 05 (M = Co, Pb>***M>3*0,), and orbitals, can be applied to other systems with valence-skipping
finally to Pb**M>*O5 (M = Ni). The only exception is PbMnO,, elements such as Au, T, and Sb. Efforts to do so are underway.
4579 DOI: 10.1021/jacs.7b01851
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