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ABSTRACT: A metal to insulator transition in integer or half integer charge systems can be regarded as crystallization of charges. The 

insulating state tends to have a glassy nature when randomness or geometrical frustration exists. We report that the charge glass state is 

realized in a perovskite compound PbCrO3, which has been known for almost 50 years, without any obvious inhomogeneity or triangular 

arrangement in the charge system. PbCrO3 has a valence state of Pb2+
0.5Pb4+

0.5Cr3+O3 with Pb2+-Pb4+ correlation length of three lattice-

spacings at ambient condition. A pressure induced melting of charge glass and simultaneous Pb-Cr charge transfer causes an insulator to 

metal transition and ~ 10% volume collapse. 

 

1．  Introduction  

Charge degrees of freedom of transition metal ions gives rise to various fascinating properties of transition-metal compounds, such as 

superconductivity or magnetoresistance. The ordering or disproportionation of charges in systems with integer or half integer charge number 

per atom, such as Pr0.5Ca0.5MnO3
1 or CaFeO3,

2 causes a metal-insulator transitions. These can be regarded as crystallization of charges. The 

insulating state tends to have a glassy nature when randomly located dopants are introduced.3 A charge cluster glass state owing to geometric 

frustration arising from a triangular arrangement without randomness was recently found in an organic compound θ-(BEDT-

TTF)2RbZn(SCN)4 and is attracting significant attention.4 
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Bi and Pb are main group elements, but they have a charge degree of freedom depending on 6s0 and 6s2 electronic configurations. 

These are so-called valence skippers because the 6s1 state is prohibited.5 This characteristic of Pb is utilized for lead-acid batteries.6 Charge 

disproportionation of Bi is found in perovskites Ba2+Bi3+
0.5Bi5+

0.5O3
7 and Bi3+

0.5Bi5+
0.5Ni2+O3.

8 The latter compound exhibits a pressure 

induced intermetallic charge transfer between Bi5+ and Ni3+ leading to volume collapse and insulator to metal transition.9,10 Similar 

intermetallic charge transfers were observed in FeTiO3,
11 hexagonal Bi/Ir perovskite12 and double perovskite LaCu3Fe4O12.

13 PbCrO3 has 

long been regarded as a perovskite compound with a Pb2+Cr4+O3 oxidation state like CaCrO3 and SrCrO3.
14-16 The latter two compounds are 

extensively studied as rare examples of antiferromagnetic metals with complex orbital ordering and a C-type spin structure.17-20 Despite the 

fact that Sr2+ and Pb2+ have similar ionic radii and that PbCrO3 and SrCrO3
 have the same cubic structure with Pm-3m symmetry, PbCrO3 is 

an antiferromagnetic insulator with an enhanced lattice constant of 4.01•, namely, 4.8% larger than that of SrCrO3.
14,21,22 This value is even 

larger than that of LaCrO3 where Cr is 3+. These facts strongly suggest that the electronic states of the chromium ions in PbCrO3 and SrCrO3 

are different. Recently, PbCrO3 was reported to exhibit a large pressure-induced volume collapse of  9.8 %22 at 1.6GPa accompanied with a 

change in the slope of pressure dependence of resistivity.23 A scenario based on a first-principles calculation indicating a tetragonal to cubic 

transition in PbCrO3 was proposed by Ganesh and Cohen as the origin of this volume collapse,24 but such a tetragonal distortion in PbCrO3 

has never been observed. Moreover, to our knowledge, only two first-principles calculations so far have reproduced the experimentally 

observed insulating nature of PbCrO3, one of them assuming a Pb-Cr antisite disorder25 (that, however, still underestimates the volume) and 

the other assuming a charge-disproportionated Cr site.26 The latter calculation reveals a minimum in the total energy close to the energy of 

the cubic phase, but corresponding to the experimentally observed volume. From a structural point of view, X-ray and neutron diffraction 

Bragg peaks attained for PbCrO3 are broad, suggesting the presence of some kind of defect structure. Indeed, a modulated micro domain 

structure was observed by ArŽvalo-L—pez and Alario-Franco in high-resolution transmission electron microscopy (HRTEM)27 and was 

attributed to the periodical distribution of lead deficiency. However, it doesnÕt explain the insulating nature of PbCrO3, its large lattice 

constant, and the pressure-induced volume collapse. Here, we investigate the structure and electronic configuration of PbCrO3 employing 

synchrotron X-ray powder diffraction (SXRD), pair distribution function (PDF) analysis, neutron powder diffraction, scanning TEM 

(STEM), X-ray photoelectron spectroscopy (XPS), density functional theory (DFT) calculation and X-ray absorption spectroscopy (XAS). 

We show that PbCrO3 has a Pb2+
0.5Pb4+

0.5Cr3+O3 valence state with glassy distribution of Pb2+ and Pb4+ ions and that intermetallic charge 

transfer between Pb4+ and Cr3+ induced by application of pressure or Sr substitution for Pb leads to the volume collapse and insulator to 

metal transition.  

2．  Experimental section  

Polycrystalline samples were prepared from a mixture of PbO and CrO2 at a ratio of 1.1:1 and from PbO, PbO2, SrO, and Cr2O3 with 

stoichiometric compositions for PbCrO3 and for Pb1-xSrxCrO3, respectively. These mixtures were sealed into gold capsules with a diameter of 

3.6 mm and a height of 5 mm and were treated at 8 GPa and 1073 K for 30 min in a cubic-anvil-type high-pressure apparatus. The obtained 

PbCrO3 sample was crushed into powder and washed with dilute HCl acid to remove the remaining PbO and other impurities. The SrCrO3 

was prepared in the same way as reported.18 SXRD data for PbCrO3 and Pb1-xSrxCrO3 at ambient pressure were collected on a large Debye-

Scherrer camera installed on the BL02B2 beamline (with a wavelength of 0.420002 • ) of SPring-8. The energy-dispersive SXRD data for 

PbCrO3 at high pressure were collected at beamline BL14B1of SPring-8 using a cubic-anvil-type high-pressure apparatus with a solid-state 

detector fixed at 2θ = 4.0¡. The chemical composition of PbCrO3 was determined by ICP spectrometry with a HORIBA Ultima 2 ICP optical 
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emission spectrometer. HRTEM and STEM observations were carried out using JEOL JEM-2100F transmission electron microscope and 

ARM-200F scanning transmission electron microscope with HAADF detector, respectively.  The temperature dependence of the magnetic 

susceptibility of PbCrO3 was measured with a SQUID magnetometer (Quantum Design, MPMS XL) in an external magnetic field of 10 kOe. 

Electrical resistivity under high-pressure and high temperature conditions was measured with a cubic anvil-type high-pressure apparatus by a 

four-probe method. Gold electrodes were deposited on both faces of a disk-shaped sample (%4 mm&1.7 mm). The pressure medium was 

pyrophyllite. The resistivity of Pb1-xSrxCrO3 at room temperature was measured by a two-probe method. 

       PDF data were collected by using the diffractometer28 at beamline BL22XU of SPring-8. A powder sample of PbCrO3 was loaded into a 

cylindrical kapton capillary of 1 mm in diameter. Monochromatized synchrotron x-ray of 69.91 keV (' = 0.1773 •) was irradiated to the 

sample at room temperature. The total scattering data that includes both Bragg reflection and diffuse scattering was recorded on a large flat-

type imaging plate detector with the area size of 400&400 mm2. The sample capillary was rotated around the cylindrical axis during the 

measurement in order to make further improvements of both the absorption correction and the powder average. The scattering data was 

obtained up to the maximum momentum transfer Qmax of 27 • -1 (2θmax = 45 deg.). The scattering signal from the kapton capillary was 

removed by subtraction of the empty capillary data. Various other corrections were made as shown in the reference.29 The PDF was obtained 

by using the PDFgetX2 program.30 The local structural analysis was made by using the PDFgui program.31   

       The valence states of PbCrO3 were determined by XPS. The Pb-4f and Bi-4f XPS measurements were performed at 300 K with E = 

7935 eV and 5950 eV at the undulator beamlines BL47XU and BL15XU of SPring-8, respectively. The Cr-2p XPS measurement was 

performed at 300 K with E = 1253.6 eV (Mg K(  source). For these measurements, hemispherical photoelectron analyzers (SES2002/R-4000 

and JPS9200) were used. The polycrystalline samples were fractured in-situ for the XPS measurements. The binding energies were calibrated 

using Au-4f7/2 peak (84.0 eV) and Fermi edge of gold reference samples. The total-energy resolutions were 280 meV at E = 7935 eV, 230 

meV at E = 5950 eV and 1 eV at E = 1253.6 eV. The Cr-2p XPS spectrum is analyzed by the standard configuration-interaction calculation 

on the CrO6 cluster model for LaCr3+O3.
32 Neutron powder diffraction data was collected at beamline HB-2A at HFIR, ORNL on a sample 

without acid washing loaded into a vanadium can. Using a Ge monochromator measurements were performed with wavelengths of 2.41 •.  

Polarized neutron diffraction data was collected at beamline HB-1 at HFIR, ORNL, using neutron beam with wavelength of 2.46 • polarized 

by Heusler monochromator. XAS spectra around the O K-edge for the Pb1-xSrxCrO3 sample were measured at 300 K by a total-electron-yield 

method at BL27SU of SPring-8. Energy resolution (E/) E) at the O K-edge was greater than 5000. The incident photon energy was calibrated 

by measuring the energies of the Ti L2, 3-edges of TiO2 and the Ni L2, 3-edges of NiO. Each powder sample was pasted uniformly on a sample 

holder by using carbon tape. 

       We carried out first-principles density-functional calculations within the spin-polarized generalized gradient approximation (GGA). Both 

PBE33 and PBEsol34 functionals yield the same ground state (the energies indicated in the text are obtained with PBEsol). Correlation effects 

at the Cr site were taken into account within the DFT+U approach of Liechtenstein et al.,35 with U = 4 eV and J = 1 eV. For all crystal 

symmetries, we performed a full relaxation of the G-type antiferromagnetic unit cell, employing the Vienna ab initio simulation package 

(VASP)36 with the PAW potentials37 up to an accuracy of 0.005 eV/• with a plane-wave cutoff of 500 eV and a k-point mesh corresponding 

to 8 & 8 & 8 in the simple perovskite unit cell. Spin-orbit interaction was included. The genetic algorithm based calculations were performed 

with the USPEX code.38-40 For the 40-atoms unit cell with variable lattice vectors, we ran 30 generations with about 30 individuals in each 

(i.e. in total, about 1000 structures were considered). 
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3. Results and discussion  

Since ArŽvalo-L—pezÕs HRTEM study was performed on a sample with considerable amounts of impurity phases and the chemical 

analysis of the composition was absent, we started with the preparation of a sample without detectable secondary phase. The SXRD pattern 

of our PbCrO3 powder is shown in Fig. 1a. All the peaks can be indexed for a cubic unit cell with a = 4.0028±0.0076 • . Contrary to previous 

studies,27 no additional peak from any impurity phase was found. The broad features at around 5¡ and 7¡ do not come from an impurity 

phase; in fact, they are 1/3 1/3 2/3 and 0 2/3 1 (See the indices in Fig. 1a) diffuse scatterings that reflect the modulated structure observed by 

HRTEM.27 The peak positions expected for the tetragonal structure with c/a = 0.88 proposed by Ganesh and Cohen24 are indicated in the Fig. 

1a as the blue marks at the bottom. The peaks are broad, but no peak splitting indicating such tetragonal distortion was found. Furthermore, if 

the tetragonal distortion is the origin of the peak broadening, the width of hk0 and 00l peaks should be smaller than hkl peaks. However, such 

difference was not observed, the full width at half maximum (FMHW) of all peaks were 0.1¡. The Rietveld refinement assuming a cubic 

perovskite structure (See Fig. 1b and Table S1) resulted in an unusualy large atomic displacement factor Biso of Pb 6.31 • 2 (corresponding to 

Uiso = 0.080 • 2) for Pb, suggesting the presence of structural disorder, either of Pb deficiency or splitting of the Pb position. 

The cation ratio of the pure-PbCrO3 sample as determined by inductively coupled plasma (ICP) was Pb : Cr = 1.01±0.02. This value is 

inconsistent with ArŽvalo-L—pezÕs report27 that 10% of the lead deficiency is the origin of the modulated structure observed by HRTEM. 

High-angel anular dark-field (HAADF) STEM image and the fast Fourier transform (FFT) of this image for our PbCrO3 sample viewed 

along the perovskite [001] zone axis are shown in Fig. 1c and the inset of Fig. 1c. Bright spots corresponds to the Pb column locations while 

Cr columns surrounded by four Pb columns appear as darker spots. The FFT pattern shows diffuse intensity in the form of streaks, which is 

characteristic of modulated structures arising from periodic perturbations or modulations of the basic cell with a peridicity of ~3a0 where a0 

is the lattice parameter of the cubic cell. The FFT pattern are similar to those in the previous report.27 These results clearly indicate that the 

modulated structure is not caused by lead deficiency. The lateral shift of Pb positions is evident in the magnified HAADF image shown in 

Fig. 1d taken at the thin edge of a grain where the effect of lateral modulation within each column is minimized. To quantitatively evaluate 

the shift, the location of Pb ions are connected with red lines and the distribution of Pb-Pb distances are plotted in Fig. 1e.  The Pb-Pb 

distances range from ~3.5 • to ~4.3 •.   As shown below, this modulation should be attributed to partial ordering of Pb2+ and Pb4+. High-

resulution TEM (HRTEM) image with lower magnification (Fig. 1f) shows the presence of amorphous phase at the surface of grains. 

However, consideing the thickness of the amorphous region of ~2  nm, only 0.01 of the typical grain size, and the local EDX result of unity 

ratio of Pb/Cr, our ICP result is not affected. As discussed later, we tentatively assign this to amorphous PbCrO4.  

Next, hard X-ray photoelectron spectroscopy was conducted to investigate the valence state of lead. The Pb-4f Hard X-ray 

photoemission (HAXPES) spectrum for PbCrO3 is shown in Fig. 2a. Both the 4f5/2 and 4f7/2 peaks which are split by the spin-orbit 

interaction are doublet, asymmetric with shoulders at higher binding energy, suggesting the coexistence of two valence states, namely, Pb2+ 

and Pb4+. The blue and green lines for both the 4f5/2 and 4f7/2 peaks show the fitting results, under the assumption of the presence of two 

individual peaks with fitting parameters summarized in Table S2. The ratios between the peak areas of Pb 4f7/2 and Pb 4f5/2 for both Pb2+ and 

Pb4+ are close to the theoretical value of 4:3.41 It should also be noted that the splitting of Pb2+ and Pb4+, 0.75 eV, agrees well with the value 

we obtained from first-principles calculations (0.68-1 eV) assuming the Pb2+/Pb4+ ordering as discussed later. Furthermore, similar 

asymmetric HAXPES spectrum as shown in Fig. S1 with shoulders at higher binding energy was observed for BiNiO3 where Bi3+/Bi5+ 
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disproportionation was established8 (fitting parameters were summarized in Table S3). The Pb2+
0.5Pb4+

0.5 valence state of Pb is therefore 

confirmed. 

Since Pb is disproportionated into Pb2+ and Pb4+, the valence of the Cr ion should be 3+. This explains the large lattice constant of 

PbCrO3. The bond valence sum42 for chromium ions calculated from the Cr-O bond length of 2.0014 • , namely, half of the a-axis length, is 

+2.85, which is close to +3. The temperature dependence of the magnetic susceptibility of PbCrO3 measured on heating after zero-field 

cooling (ZFC) and on cooling in a magnetic field (FC) from 5 to 400 K is shown in Fig. 2b. The data between 300 K and 400 K, well above 

the Neel temperature of 240 K14 were fitted to the Curie-Weiss law with a temperature-independent term, !  = ! 0 + C/(T - ! ), where ! 0 is 

temperature-independent susceptibility, C is the Curie constant, and !  is the Weiss temperature. The fitting result shown as a black line in Fig. 

2b gives ! 0 = －3.4!10-4 emu/mol, C = 1.72 emu/mol!K, and !  = －283 K indicating that the effective magnetic moment is 3.71 µB, which is 

close to 3.87 µB expected for Cr3+, rather than 2.82 µB for Cr4+. 

The trivalent nature of the Cr ion was further confirmed by binding energy and charge-transfer (CT) satellites in Cr-2p XPS as shown in 

Fig. 2c. The Cr-2p XPS spectrum is composed of the Cr 2p3/2 and Cr 2p1/2 peaks. Both peaks have two components, indicating the presence 

of two valences. While the component with lower binding energy can be assigned to Cr3+, the higher binding energy (located at 581 eV for 

2p3/2 and 592 eV for 2p1/2) is characteristic for Cr6+. The Cr6+ component is derived from the surface since its intensity decreases with x-ray 

energy E. Assuming that photoelectron escape depth is 2 nm for E = 1253.6 eV and 8 nm for E = 7953 eV, the thickness of the surface Cr6+
 

layer is estimated to be 1.06 nm and 1.10 nm from the intensity ratio between the surface Cr6+ and bulk Cr3+ components obtained at E = 

1253.6 eV and E = 7953 eV, respectively. These values are consistent with one another and agree with that observed by HRTEM. It should 

be noted that formation of a surface layer with a d0 ion was found for MgTi2O4 as well,43 and that a Cr6+ contribution is present even in our 

XPS specra for SrCrO3 measured as a reference. Here, one can safely conclude that the Cr6+ is derived from the surface amorphous PbCr6+O4 

layer observed by our HRTEM study. The charge-transfer satellite is clearly observed in PbCrO3 which is similar to LaCr3+O3
32 and is 

different from SrCr4+O3. The binidng energy and the charge-transfer satellite of the bulk component are consistent with La3+Cr3+O3, and the 

charge-transfer satellite is well reproduced by the cluster model calculation for Cr3+ oxides32 after the subtraction of the Cr6+ contribution 

from the amorphous PbCrO4. Both of the above results clearly show that the bulk Cr valence is 3+. We suspect that the Cr6+ component 

found in the XAS data26 is coming from the surface of the particles. 

Our first-principles calculations also confirm that the valence of Cr should be 3+, accompanied by a charge disproportionation at Pb 

site. Namely, we searched for the ground-state structure of PbCrO3 in a systematic way, by examining all possible combinations of Jahn-

Teller and tilting modes.44 Carpenter and Howard showed that these combinations allow for 44 different crystal symmetries.45 In addition to 

Jahn-Teller and tilting modes, we incorporated all modes that are allowed by symmetry of the particular space group at the Wyckoff positions 

of Pb, Cr, and O and carried out a full structural relaxation for each of the 44 possible symmetries, the largest simulation cell containing 8 

formula units of PbCrO3. We do cover the full set of tilt structures that lead to different patterns of cation charges. In particular, we find that 

the lowest-energy structure is characterized by a 3+ charge on Cr and a 2+/4+ charge-ordered Pb sublattice. We present the density of states 

of the relevant atomic orbitals for the calculated ground-state structure in Fig. 2d, where it can be seen that the charge order leads to 

insulating behavior (we include the corresponding band structure in the inset of the same figure where the band gap is more obvious). The 

ground state we find is centrosymmetric, characterized by the Pmnm (No. 59) symmetry and tilts of oxygen octahedra (see Table S4 and Fig. 

2e). The distance between the apical oxygens of the CrO6 octahedra is ~4 ! , in good agreement with experiment. However, due to the tilts of 
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the octahedra, the calculated pseudocubic lattice parameter is ~3.4 % smaller than the experimentally measured one. Additionaly, we 

employed a genetic algorithm to investigate possible structures in a 40-atom unit cell with variable lattice vectors and found that most of the 

low-energy perovskite structures are localized in the vicinity of our previously determined ground-state orthorhombic structure (having 

similar volumes too). Analyzing these low-energy structures, we found that there is some degree of freedom in positions of Pb atoms, 

accompanied by various tilting patterns of oxygen octahedra, which leads to many metastable states in a very narrow range of energies (about 

0.15 eV/f.u.) depicted by the black circles in Fig. 2f. This result may suggest the degeneracy of the ground state, in other words, the ground 

state may in fact be structurally frustrated, leading to the increased volume and a glassy charge distribution on the Pb site. In this sense, the 

charge ordered state we present in Figs. 2d and 2e is merely a representative of a group of the lowest energy states. Notably, in a fully 

symmetric cubic perovskite unit cell, without the tilts and Pb displacements, no charge order and no band gap is observed in the calculations. 

We performed an additional check by comparing the total energies of our ground state with the (insulating) state characterized by the Cr-Pb 

antisite defects, suggested in reference 25: the charge-ordered ground state we found lies 0.30 eV/f.u. lower in energy. The simple cubic 

perovskite structure of Pb2+Cr4+O3 is 0.38 eV /f.u. higher than the Pmnm one. We note that we have also performed a genetic-algorithm based 

scan of the possible states in a 3a0 !  3a0 !  3a0 supercell suggested by the diffuse scatterings observed in our diffraction data. While here the 

charge order on Pb sites is suppressed (due to the odd number of Pb atoms). We found a state with a volume close to the experimental one, 

with charge disproportionated Cr site, as suggested in Ref. 26. In order to compare this possibility to the scenario in which a charge 

disproportionation on Pb site takes place and allow for the antiferromagnetic ordering of Cr, we enlarged the unit cell found by the genetic 

algorithm to the one containing 54 formula units and relaxed the atomic positions and the cell volume again. This resulted in an insulating 

antiferromagnetic state with 8Cr6+, 12Cr5+, 6Cr4+ and 28Cr3+. However, the energy of this Cr-charge-disproportionated state (large green 

circle in Fig. 2f) is very close to that of the simple cubic high-pressure phase, similar to the phase suggested in Ref 26. This places it 

approximately 0.3 eV/f.u. higher than the Pb-charge-disproportionated model we propose. We note that our Pb-charge-ordered state 

continues to be the ground state also for smaller values of the Hubbard U: for U = 3eV and J = 1 eV. We find that this state is approximately 

120 meV lower than the Cr-disproportionated one, and 160 meV lower than the simple cubic state. If we lower the Hubbard U further, to 

U=2 eV and J=1 eV, both charge-disproportionated states collapse to the metallic cubic phase. For further comparison with previously 

published ab-initio studies, we include in Fig. 2f our calculation of a metallic tetragonal state with P4mm symmetry as suggested by Ganesh 

and Cohen24 (indicated by the orange square) and note that, although we also find it to be a local energy minimum, we could not reproduce 

the high volume of this state reported in Ref. 24. Finally, we note that our model with all Cr atoms in a formal charge state of 3+ fits well the 

observed picture of the super-exchange driven simple G-type antiferromagnetic ordering. The alternative possibilities involving various Cr-

charge disproportionation patterns and/or Jahn-Teller type distortions and orbital ordering (that could lead to insulating behavior in case Cr 

was in oxidation state 4+) could possibly yield more complicated magnetization patterns than experimentally observed G-type ordering.. 

Although the complete long-range ordering of Pb2+ and Pb4+ which yields the lowest-energy structure in our calculation was not found 

in the structural studies, modulated local structure was suggested by TEM observation. PDF analysis of synchrotron X-ray total scattering 

data was performed to investigate the local structure. We first assumed a cubic unit cell with Pb at the body center (see Fig. 3b). The 

agreement of the calculated and observed PDF data was quite poor as shown in Fig. 3a. Then the Pb position was split in 12 equivalent 110 

directions (see Fig. 3d) with the refined shift of 0.44 • . For both models, isotropic thermal displacement parameters for Pb and Cr were fixed 

to rather large values, Uiso(Pb) = 0.02 • 2, Uiso(Cr) = 0.01 • 2 and Uiso(O) = 0.02 • 2. The split of Pb positions drastically improved the fitting 
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(Fig. 3c) in the higher r region (r >~12 • ). On the other hand, the peak shape in the lower r region (r < ~12 • ) is still not well reproduced. 

The discrepancy in the lower r region, most significant for peaks at ! a0 and ! a0 indicates that the Pb shift is not random (See Fig. 3c), but 

short-range correlation to each other is present. The correlation length of Pb displacement is 12 • , approximately 3a0, is consistent with the 

periodicity of modulation estimated from the location of diffuse intensity in the FFT image. Next we employed an ordered model with 3a0 !  

3a0 !  3a0 superstructure. The 27 Pb sites are divided into 2 groups, A and B, corresponding to Pb2+ and Pb4+ or vice versa as clarified by 

HAXPES with the rock-salt type arrangement as shown in Fig. 3f. Then, longitudinal wave type shift of the Pb positions were applied to both 

sublatttices. The Pb positions were constrained so that these form sine waves in a, b, and c directions. Namely the Pb coordinates of 

! ! ! ! ! ! ! ! ! ! !  cell were expressed by the following formula, 

! ! ! ! ! ! ! ! !
! !"# ! ! ! !

! ! ! !
! ! ! !

! ! ! !
! !"# ! ! ! !

! ! ! !
! ! ! !

! ! ! !
! !"# ! ! ! !

! ! ! !
! ! ! !

!  

where ! ! ! !or!!  for sublattice A or B respectively, and ! ! ! ! ! ! ! !  is the coordinates of A-cite center. Positions of Cr and O were fixed to 

the corners of each 27 cube and at the centers of two Cr ions, respectively. The fitting further improved as shown in Fig 3e, especially the 

discrepancy of the intensities of peaks at  ! a0 and! ! a0 is solved. The amplitudes and the phases of the sine waves were refined to 

! !
! ! ! !

! ! ! !
! ! ! !

! ! ! !
! ! ! !

! ! ! !!"# ! ! ! !!!" ! ! ! !!"# ! ! ! !!" ! ! ! !! ! ! ! !!" ! , 

! !
! ! ! !

! ! ! !
! ! ! !

! ! ! !
! ! ! !

! ! ! !!"# ! ! ! !!"# ! ! ! ! !!"# ! ! ! !! ! ! ! !! ! ! ! !!" ! ! ! . 

The crystal structure parameters derived from these values are found in Table S5. The averaged displacements of Pb positions of sublattice A 

and B are 0.66 • and 0.36 •, respectively. These large displacements are the origin of relatively large Uiso(Pb) and are the most probably 

caused by the stereo active 6s2 lone pairs of Pb2+
. Similar distorted Bi3+O6 octahedron was found in BiNiO3.

8 The coexistence of large Pb2+ 

and small Pb4+ further enhances the displacements. The difference between the values of the two sublattices is attributed to the difference of 

the valence of Pb ions. It should be noted that the distribution in the Pb-Pb lengths, 3.4 ~ 4.2 • agrees quite well with that estimated from the 

HAADF image (3.5 ~ 4.3 •). To achieve further agreement in lower r region, oxygen positions should also be shifted. Unfortunately we 

cannot prepare a large amount of the high-quality sample required for neutron PDF study as discussed below. Other models, rock-salt 

ordering with transverse wave type shifts, columnar type and layered type orderings of Pb2+ and Pb4+ and simple application of transverse or 

longitudinal wave type shift of Pb positions without the ordering of Pb2+ and Pb4+ sites were also examined, but the best fit was obtained for 

the rock-salt ordering model with longitudinal wave type Pb position shifts. It should be noted that the numbers of Pb2+ and Pb4+ are different 

in the 3a0 !  3a0 !  3a0 cell, 14:13 or vice versa. Furthermore, there are A-A or B-B arrangements at the interface between 3a0 !  3a0 !  3a0 

cells. The long-range ordering of Pb2+ and Pb4+ is therefore prohibited, resulting in the absence of super lattice spots in ED, but the presence 

of diffuse scattering instead. Because of the absence of superlattice peaks, the PDF analysis was very useful for investigating the distorted 

structure. Simulation of HRTEM image or Rietveld analysis of SXRD data were impossible. Taking into account the result of PDF, the short-

range correlation of the Pb positions, one can conclude that Pb2+ and Pb4+ form a glassy structure, namely, charge glass.  

Our PDF analysis indicates the modulation of Pb positions from the centers of Cr cubes. On the other hand, Pb atoms in our calculated 

model are confined in narrow tunnels formed by buckled Cr-O-Cr bonds (in other words, tilted CrO6 octahedra) which makes the volume 

smaller than the experimental value. We conjecture that the structural frustration blocks the coherent tilt ing of the octahedra and leads to the 

observed modulation of Pb positions and a larger volume. Note that A-site cation dynamics could also block the oxygen-octahedra tilts, as 

suggested in case of EuTiO3.
47 Since our calculated volume is underestimated, the EOS curve of Pb2+

0.5Pb4+
0.5Cr3+O3 phase in Fig 2f should 
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be shifted to the large volume side, and should cross with that for the simple cubic and metallic Pb2+Cr4+O3 phase. This assumption could 

explain the experimentaly observed pressure induced volume collapse and also predicts an insulator to metal transition.  

The valence state of PbCrO3 is thus determined to be Pb2+
0.5Pb4+

0.5Cr3+O3. The insulating nature of PbCrO3 reflects the Cr3+ electronic 

configuration with half-filled t2g orbitals as that in LaCrO3.
48 The remaining problem is the ordered magnetic moment of 2 µB, rather than 3 

µB expected for Cr3+ determined by neutron diffraction. We performed the analysis of neutron diffraction data collected on our sample 

showin in Fig. S2. Even assuming the splitting of the Pb position as suggested by the PDF data, the determined Cr magnetic moment was 

still 2.10(6) µB. This may be a consequence of the magnetically frustrated nature of the lattice leading to incomplete magnetic ordering or a 

reflection of the itinerint nature of the Cr ion. It is possible that the ordered moment of PbCrO3 is smaller than that expected for Cr3+ owing 

to the presence of antiferromagnetic second nearest neighbor interaction. A peak at around 39 deg, which appears at low temperatures, is 

suggestive of non-collinear spin structure. Although our polarized neutron scattering data shown in Fig. S3 revealed that it was magnetic in 

origin, the transition temperature was considerably higher than that of PbCrO3. The peak should be attribute to the secondary phase, probably 

0 3/2 1/2 or 1 3/2 0 peak of Pb2CrO5.
49 The simple G-type spin structure is thus confirmed. 

Pressure effects on the structure and electrical resistivity of PbCrO3 were investigated next. Pressure dependence of energy-dispersive 

SXRD patterns is shown in Fig. 4a. A sudden shift of peak positions to the high-energy side, indicating shrinkage of the lattice, is observed 

for pressures between 2 and 3 GPa. The lattice parameters calculated from the peak positions are plotted in Fig. 4b as a function of pressure. 

The lattice parameters' decrease by 2.7%, corresponding to a volume collapse of 7.8% at 2.5 GPa, as previously reported, is confirmed for 

the present sample as well. The electrical resistivity shown in Fig. 4c suddenly drops at the corresponding pressure and the temperatue 

dependence shown in the inset clearly indicates the insulator to metal transition at this pressure. As stated above, it was clarified that the 

valence state of PbCrO3 was Pb2+
0.5Pb4+

0.5Cr3+O3 under ambient conditions. The observed volume collapse and simultaneous insulator-to-

metal transition can be explained by assuming a pressure-induced intermetallic charge transfer between Pb4+ and Cr3+ ions and a Pb2+Cr4+O3 

valence state for the high-pressure phase. Indeed, the lattice parameter of the high-pressure phase is close to that of SrCrO3, which has a 

Sr2+Cr4+O3 valence state. Such a charge-transfer transition accompanied by an insulator-to-metal transition and volume decrease was 

established for BiNiO3
9,10,50 and LaCu3Fe4O12.

13 In all of these cases, Pb(Bi) disproportionation is induced by the instability of Pb3+(Bi4+) 

with 6s1 electronic configurations.5 

      The insulator to metal transition and volume collapse due to the Pb-Cr charge transfer observed for PbCrO3 is induced not only by 

application of pressure, but also by Sr substitution for Pb. Fig. 5a shows the SXRD patterns for Pb1-xSrxCrO3. All the peaks shift to the high-

angle side between x = 0.1 and 0.6, indicating a shrinkage of the lattice. Two phases coexist for x = 0.2 to 0.5. The lattice constants plotted in 

Fig. 5b clearly show that Pb1-xSrxCrO3 can be divided into PbCrO3- and SrCrO3-type phases with 11% volume difference. The electrical  

resistivity at 300 K is also plotted in the same figure. The insulator-to-metal transition reflects the Cr3+ to Cr4+ valence change and the 

decrease of the full width at half maximum (FWHM) of the SXRD peak from 0.049 deg. for the lead-rich phase to 0.030 deg. for the 

strontium-rich phase (see Fig. 5a) due to the disappearance of Pb2++Pb4+ disproportionation. Our O-K edge XAS data shown in Fig. S4 

support this scenario. 

4. Conclusion  

      In conclusion the valence state of PbCrO3 was investigated using a newly synthesized phase pure sample. PDF analysis of the 

synchrotron X-ray scattering and XPS data clearly indicated a Pb2+
0.5Pb4+

0.5Cr3+O3 valence state with local ordering of Pb2+ and Pb4+, which 
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can be termed charge glass. The partial ordering of Pb2+ and Pb4+ was found to be the origin of the modulated structure observed by HRTEM, 

while Cr3+ gives the insulating nature and a large lattice parameter compared with that of SrCrO3. DFT calculations confirm a Pb2+/Pb4+ 

charge-ordered ground state. The origin of the glassy nature of Pb2+/Pb4+ distribution is not clear at this stage. We examined the possibility of 

deviation of the Pb2+/Pb4+ ratio from 1:1 because of the partial charge transfer between Pb and Cr, but judging from the highly insulating 

character, the deviation of Cr valence from 3+ is less than 5%.51 The glassy state may be common for the Òvalence skipperÓ elements. 

Indeed, possible Pb2+
0.5Pb4+

0.5FeO3
52 valence state and the absence of Bi3+/Bi5+ ordering in (Bi0.8Pb0.2)

4+Ni2+O3
53 perovskite were reported by 

the authors. These are the next candidates for the observation of Pb2+/Pb4+ or Bi3+/Bi5+ glass state. A pressure-induced intermetallic charge 

transfer between Pb4+ and Cr3+ leads to a metallic Pb2+Cr4+O3 high-pressure phase. The large volume collapse was attributed to the oxidation 

of chromium ions from Cr3+ to Cr4+. A similar insulator-to-metal transition accompanied by the volume decrease was also induced by 

strontium substitution for lead. Since the insulator to metal transition is due to the valence change of Cr ion, rather than the melting of Pb 

charge glass, we can not investigate the glassy nature by the transport measurements. Thermodynamical studies under pressure are desired. 

We note that the valence distributiuon of Pb-3d transition metal perovskte systematically changes from Pb2+Ti4+O3 and Pb2+V4+O3
54 to 

Pb2+
0.5Pb4+

0.5Cr3+O3 and finally to Pb4+Ni2+O3
55 as the d-level of the transition metal becomes deeper. The experimental and theoretical 

investigation of such composition dependent intermetallic charge transfer should be a big challenge. 
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Figure legends  

Figure  1 Structural data for PbCrO3 indicating the presence of modulated structure. (a) SXRD pattern of PbCrO3. The pink labels denote the diffuse 

scattering that reflect the modulated structure. The blue lines denote the Bragg reflection positions expected for the tetragonal structure 

with c/a = 0.88 proposed by Ganesh and Cohen (24). (b) Rietveld refinement of SXRD pattern of PbCrO3 at room temperature. Observed 

(+), calculated (line), and their difference (bottom line) profiles are shown. The pink labels denote the diffuse scattering that reflect the 

modulated structure. The blue lines denote the Bragg reflection positions. (c) HAADF STEM image viewed along the perovskite [001] 

zone axis. Inset shows the FFT pattern of this image. (d) Magnified HAADF STEM image of the dotted region in (c).  The location of Pb 

columns are connected with red lines at thin edge part of the sample. (e) The distribution of Pb-Pb distances measured in (d).  (f) HRTEM 

image with lower magnification.  The arrows mark the amorphous layer. 

Figure  2 Investigations of the valences of Pb and Cr ions revealing Pb2+
0.5Pb4+

0.5Cr3+O3 valence state. (a) Pb-4f core-level XPS spectrum of PbCrO3 

with the fitting results. The black and red lines are observed spectra and total fitted spectrum, respectively; the green and blue lines show 

the contributions of Pb2+ and Pb4+, respectively. (b) Temperature dependence of magnetic susceptibility of pure PbCrO3 and the fitting 

results to the Curie-Weiss law. (c) Cr-2p core-level XPS spectra of pure PbCrO3 sample compared with that of SrCrO3. The charge-

transfer (CT) satellite is clearly observed in PbCrO3 which is similar to LaCr3+O3 and is different from SrCr4+O3. After subtraction of the 

Cr6+ component from the surface layer (dashed line), the XPS spectrum is compared with the cluster model calculation for Cr3+ oxides. (d) 

Atom and orbital-decomposed DOS  calculated for the Pb2+/Pb4+ ordered structure (space group Pmnm) with U = 4 eV, J = 1 eV on Cr d-

states. The zero of the abscissa corresponds to the Fermi energy EF. The 4+ valence of one of the Pb ions is reflected in its high s-DOS just 

above EF. (e) The Pb2+/Pb4+ ordered crystal structure (space group Pmnm). The black and blue atoms are Pb and Cr respectively. (f) Total 

energy per formula unit vs. volume of the antiferromagnetic simple cubic (red circles) and the Pb2+/Pb4+ ordered structure (blue circles); 

the lines of the corresponding colors are the fits to the Munaghan equation of state.46 A tetragonal state with P4mm symmetry (orange 

square) and a Cr-charge-disproportionated state (large green circle) are shown for comparison (both at their optimized volumes). The black 

circles indicate various metastable structures found by the genetic algorithm-based search for the ground state. All calculations are 

performed with U=4eV and J=1 eV on Cr d-states.  

Figure  3 PDF data for PbCrO3 revealing the presence of short range Pb-Pb correlation. (a) Observed (open circles) and calculated (blue line) PDF of 

an A-site centered Pb model. (b) Crystal structure of PbCrO3 with an A-site centered Pb model. (c) Observed (open circles) and calculated 

(pink line) PDF of a random Pb-shift model (pink line). The Pb position is split in 12 equivalent 110 directions with the refined shift by 

fitting of 0.44 •. (d) Crystal structure of PbCrO3 with a random Pb-shift model. (e) Observed (open circles) and calculated (red line) PDF 

of an ordered model with 3a0 & 3a0 & 3a0 superstructure. (f) The refined crystal structure of the ordered model with 3a0 & 3a0 & 3a0 

superstructure. In all of the crystal structures the pink color atoms are Cr and the other atoms are Pb. In all the models the isotropic 

displacement parameters of each element are fixed at Uiso(Pb) = 0.02 •2, Uiso(Cr) = 0.01 •2, and Uiso(O) = 0.02 •2.  

Figure  4 Pressure effect on PbCrO3 indicating the Pb2+
0.5Pb4+

0.5Cr3+O3 to Pb2+Cr4+O3 intermetallic charge transfer transition. (a) Energy-dispersive 

SXRD patterns at high pressure. Characteristic X-rays from lead are indicated with vertical lines. (b) Lattice parameter as a function of 

pressure. The error bars for the lattice parameter are smaller than the corresponding symbols. (c) Pressure dependence of electrical 

resistivity of PbCrO3 at room temperature. Inset shows the temperature dependence of electrical resistivity under 2GPa and 5GPa. 

Figure  5 Doping effect on Pb1-xSrxCrO3. (a) SXRD pattern of Pb1-xSrxCrO3. (b) Lattice parameter and resistivity at 300 K of Pb1-xSrxCrO3 as 

functions of strontium content x. The error bars for the lattice parameter and resistivity are smaller than the corresponding symbols. 
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Figure  4   
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Figure 5  
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