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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 rawrsgoor geometrical frustration exists. We report that the charge glass state is
realized in a perovskite compound Pbgr@hich has been known for almost 50 yeavihout any obvious inhomogeneity or triangular
arrangement in the charge system. Pbn@s a valence state of PpPr*, £rto; with PE*-Pb* correlation length of three lattice
spacings at ambient condition. A pressure induced melting of chargeagldssimultaneous Rix charge transfer causes an insulator to

metal transition and ~ 10% volume collapse.

1. Introduction

Charge degrees of freedomof transition metalons gives rise to various fascinating propertastransitionrmetal compoundssuch as
superconductivity or magnetoresistance. The ordering or disproportionation of chargsterm sgth integer or half integer charge number
per atom suchasPr, sCa sMnOs* or CaFeQ? causs a metatinsulator transition These caie regarded as crystallization of charges. The
insulating state tends to have a glassy nature when randomly located dopants are introduced.® A charge cluster glass state owing to geometric
frustration arising from a triangular arrangememtithout randomnss was recently found in an organic compouf\dBEDT-

TTF),RbZn(SCN) and is attractingignificantattention®



Bi and Pb are main group elents, but thg havea charge degree of freedom depending chasel 63 electronic configurations.
These ar@o-called valence skippers because the 6s state is prohibited.This characteristiof Pb is utilized for leadcid batteries® Charge
disproportionation of Bi is found in perovskites BBi*' Bi**4 05" and B, sBi%*,sNi%* 052 The latter compound exhibits a pressure
induced intermetallic charge transfer betweer’ Bind NP* leading to volume collapse and insulator to metahsition®° Similar
intermetallic harge transferwere observed in FeTiQ" hexagonal Bi/lr perovskité and double perovskite Lage,01,.1° PbCrQ, has
long been regarded aperovskitecompoundwith a PE¥*Cr*" O oxidation state like CaCrand SrCO;.**®The ktter two compoundare
extensively studieds rare examples ahtiferromagnetic metswith compkx orbital ordering ané C-type spinstructure*”?° Despite the
fact thatSP?* and PB" havesimilar ionic radiiandthat PbCrG, and SrCrO; havethe same cubic structure wiBm-3msymmetry, PbCr@is
anantiferromagnetic insulator with an enhanced lattice constah0a#, namely,4.8% larger than that of SrCs&??’This value is even
larger than that of LaCr{whereCr is 3+.Thesefactsstrongly suggest that the electronic statethefchromiumonsin PbCrG and SrCrQ
are different. Recently, PbCg@asreportedto exhibita large pressurinduced volume collapsef 9.8 %2 at 1.6GPaaccompanied with a
change in the slope of pressure dependence of resigtivitgcenario based on a firstinciples calculationindicating atetragonal to cubic
transitionin PbCrQ, was proposethy Ganesh and Coheasthe origin of this volumeollapse?* but such a tetragonal distortion PbCrG
has never been observed. Moreover, to our knowleaiglg, two first-principles calculatios so far hae reproduced the experimentally
observed insulating nature of PbGr®ne of themassuming a PEr antisitedisordef® (that, however, still underestimatthe volumé and
the other assuming a chargiésproportionagd Cr site? The latter calculation reveals a minimum in the total energy close to the energy of
the cubic phase, but corresponding to the experimentally observed véitonea structural point of view, Xay and neutron diffraction
Bragg peaksattained forPbCrQG are broagsuggesting the presence of some kind of defect strudhdeed,a modulated micro domain
structure was observed MrZvaloL—pez and AlariBranco inhigh-resolution transmission electron microscopyRTEM)?” and was
attributed to the periodical distribution of lead deficiendpwever, it doesnOt explaithe insulating natureof PbCrQ, its large lattice
constant, andhe pressurenduced volume collapse. Here, we investigate the structure and electronic configur&Rio@r6f employing
synchrotron Xray powder diffraction(SXRD), pair distribution function(PDF) analysis neutron powder diffractignscanning TEM
(STEM), X-ray photoelectron spectroscof¥PS), density functioral theory (DFT) calculation andX-ray absorption spectrosco)XAS).
We show that PbCrphasa P, sPb*, «Cr¥*0; valence state with glassy distribution of?Phnd PB* ions andthat intermetallic charge
transfer between Bband CP' induced by application of pressure or Sr substituf@nPb leadsto the volume collapse and insulator to
metal transition.

2. Experimental section

Polycrystalline samples were prepared from a mixture of PbO ang a@r®ratio of 11:1 and from PbO, PbQSrO, and GO; with
stoichiometric compositions f&tbCrG and for Ph,Sr,CrOs, respectivelyThese 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 inaneutige highpressure apparatuthe obtained
PbCrG sampe was cushed into powder and washed with dilute HCI acid to remove the remaining PbO and other impurit&<rThe
was prepared in theameway as reported® SXRD data for PbCr@and Ph.,SrCrO; at ambient pressure were collected on a large Debye
Scherrer camera installed on the BLO2B2 beamline (with a wavelength of 0.420@02SPring8. The energyispersiveSXRD data for
PbCrQ at high pressure were collected at beamline BL14B1of SBringng a cubieanvil-type highpressure apparatus with a sedigite

detector fixed at2= 4.0j. The chemical composition of PbCy@as determined biCP spectrometryith a HORIBA Ultima 2 ICP optical



emission spectrometeHRTEM andSTEM observations werearried out using JEOUEM-2100F transmission electron microscope and
ARM-200F scanningtransmission electron microscopéth HAADF detector, respectivelyThe temperature dependence of the magnetic
susceptibility of PbCr@was measured with a SQUID magnetometer (Quantum Design, MPMS XL) in an external magnetic field of 10 kO
Electrical resistivity under highressureandhigh temperatureonditions was measured with a cubic atyjle highpressure apparatus by a
four-probe method. Gold electrodes were deposited on both faces of-ahdigkd sampleg mm&1.7 mm). The pressure medium was
pyrophyllite. The resistivity of PhSrCrO; at room temperature was measured by apvabe method.

PDF data were collected Ingsing thediffractomete?® at beamline BL22XU of SPrin@. A powder sample of PbCg@vas loaded into a
cylindrical kapton capillary of 1 mm in diameter. Monochromatized synchrotmay f 69.91 keV (' = 0.1773 ) was irradiated to the
sample at room temperature. The total scattedatgthat includes both Bragg reflection and diffusattering was recorded on a large-flat
type imaging plate detectavith the area size of 400&400 rnThe sample capillary was rotated around the cylindrical axis during the
measurement in order to make further improvements of both the absorption coregalidthe powder average. The scattering data was
obtained up to the maximum momentum transfge@f 27 ™ (20max = 45 deg.). The scattering signal from the kapton capillary was
removed by subtraction of the empty capillary data. Various other consatiere made as shown in the referéfidéne PDF was obtained
by using the PDFgetX2 prograinThe local structural analysis was made by using the PDFgui prégram.

The valence states of PbGr@ere determined byXPS. The Pb4f and Bi4f XPS measurements were performed at 30@ith £ =
7935 eVand 5950 eVat the undulator beamliseBL47XU and BL15XU of SPring8, respectively The Cr-2p XPS measurement was
performed at 300 Kvith £ = 1253.6 eV (Mg K source) For these measurements, hgshisrical photoelectron analys4SES2002/R4000
and JPS9200wnvereused.Thepolycrystallinesamples were fractured-sizu for the XPS measurement&he binding energies were calibrated
using Au4fy, peak (84.0 eV) an&fermiedge of gold reference sampl@$e totatenergy resolutionwere 280 meV atk = 7935 eV 230
meV atE = 5950eV and 1 eV afr = 1253.6 eV. The GBp XPS spectrum is analyzed by the standard configuraitieraction calculation
on the CrQ cluster modefor LaCr*0,.% Neutronpowder diffraction data was collected at beamline2Bat HFIR, ORNL on a sample
without acid washing loaded into a vanadium can. Using a Ge monochromator measurements were performed with wavelehgths of 2.
Polarized neutron diffraction data was collected at beamlind ABHFIR, ORNL, using neutron beam with wavelength of 2.46 « polarized
by Heusler monochromataXAS spectra around the ©-edge for the PhSr,CrO; sample were measured at 300 K by a tetattronyield
method at BL27SU of SPrirg. Energy resolution/) E) at the OK-edge was greater than 5000. The incident photon energy was calibrated
by measuring the energies of theL}izredges of TiQand the NiL, sedges of NiO. Each powder samplas pasted uniformly on a sample
holder by using carbon tape.

We carried out firsprinciples densitffunctionalcalculations within the spipolarized generatied gradient approximation (GGA). Both
PBE®and PBEsd functionals yield the same gmd state (the energies indicated in the text are obtained with PBEsol). Correlation effect:
at the Cr site were taken into account within the DFT+U approach of Liechteastgi® with U = 4 eV and J = 1 eV. Fall crystal
symmetries, we perfored a full relaxation ofthe G-type antiferromagnetianit cél, employing theViennaab initio simulation package
(VASP)®with the PAW potentiaf€ upto an accuracy of 005 eV/s with a planewave cutoffof 500 eV and &-point mesh corresponding
to 8 & 8 &8 in the simple perovskite unit cebpin-orbit interaction was included@he genetic algorithm based calculations were performed
with the USPEX cod&“° For the40-atons unit cell with variable lattice vectarsve ran 30generations with about 30 iniuals in each

(i.e. in total,about 1000 struates were considered).



3. Results and discussion

Since ArZvaloL—pe@s HRTEM study was performed on a sample with considerable aréumipurity phases and the chemical
analysis ofthe composition was abeg we startedvith the preparation of a sample without detectaldeosdary phaselhe SXRD pattern
of our PbCrQ powderis shown in Fig. 1a. All the peaks can be indexed for a cubic unit wéth a = 4.0028+0.00/6 « . Contrary to previous
studies’” no additional peakrém any impurity phase wsfound. The broad featwset around 5jand 7jdo not cone from an impurity
phasein fact,they are1/3 1/3 2/3 and 2/3 1 (Se¢he indicesn Fig. 1) diffuse scatteringthatreflect the modulated structure observed by
HRTEM.?” The peak positions expected for the tetragonal streavithc/a = 0.88 proposethy Ganesh an@oherf* are indicated in thEig.
laas the bluenarks athe bottom The peaks are broad, but peak sptting indicaing suchtetragonal distortiomas foundFurthermore, if
the tetragonal distortion is the origin of the peak broadening, the widitkD@nd00 peaks should be smaller thiakl peaks. However, such
difference was not observed, thél width at half maximum(FMHW) of all peaks werd®.1j. The Retveld refinementassuming a cubic
perovskite structuréSee Fig. b andTable S1yesulted inanunusuay largeatomic displacemeriactor Bs, of Pb6.31 2 (corresponding to
Uiso= 0.080- ?) for Ph, suggesting theresence of structural disordeither of Pb deficiency aplitting of the Pb position.

The cation ratio of the pulebCrG sample as determined Iyductively coupled plasmdCP) was Ph: Cr = 1.01+0.02. Thiwvalueis
inconsistentwith ArZvaloL—pe@seport’ that 10% ofthe leaddeficiercy is the origin of the modulated structure observed by HRTEM.
High-angel anular darkeld (HAADF) STEM imageand the fast Fourier transform (FFdj this image forour PbCrQ sample viewed
along the perovskite [001] zone asigeshown inFig. 1c and the inset of Fig.cl Bright spots corresponds to the Pb column locations while
Cr columns surrounded by four Pb columns appear as darker pefsET pattern showdiffuse intensity in the form of streaksvhichis
characteristic of modulated structures arising from periodic perturbations or modulations of the besilk agberidicity of -3a; wherea,
is the lattice parameter of the cubic c@he FFTpatternare similar tothosein the previousreport?’ These results clearly indicate that the
modulated structure is neaused by leadeficiency.The lateral shiftof Pb positions is evident in the magnified HAADF imad@wn in
Fig. 1d taken at the thin edge ad grainwhere the effect of lateral modulation within each column is minimizedjuantitatively evaluate
the shift the location of Phons areconnected with red lineand the distribution of RBb distances are plotted in Fige. 1”The PbPb
distance range fom ~3.5 « to ~4.3 ». As shown below, this modulation should be attributed to partial orderifg‘dfand PB*. High-
resulution TEM(HRTEM) image with lowermagnification (Fig. 1f) shows the presence of amorphous phase asutface of grains.
However,consideing the ilckness of the amorphous region~& nm only 0.01 of theypical 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 twasBtpCrQ.

Next, hard Xray photoelectron spectroscopyas conducted to investigate the valence state of [€hd. Pb4f Hard X-ray
photoemission(HAXPES) spectrunfor PbCrQ is shown in Fig. 2a. Both the 4fs, and 4f,, peakswhich are split by the spiarbit
interactionare doublet, asymmetric with shoulders at higher binding ensuggesting the coexistence of two valence states, namély, Pb
and PB*. The blue and green lindsr boththe 4fs;, and 47, peaksshow the fitting resultsunder the assumptiosf the presence of two
individual peakswith fitting parameérs summarized in TabB2. The ratiosbetween thgeak areasf Pb 4f,, andPb 4, for both PB*and
PB"* areclose to theheoreticalvalue of 4:3" It should also be noted that tplitting of PB* and PB*, 0.75 eV, agrees well withé value
we obtained from firsprinciples calculations (0.68 eV) assuming the PWPBE" ordering as discussed lateFurthermore, similar

asymmetricHAXPES spectrumas shown in Fig. Swith shouldes at higher binding energy was observed for BijNihere BF*/Bi®*



disproportionation was tblished (fitting parameters were summarized in TabB). She PB'Pb" 5 valence state of Pb is therefore
confirmed.

Since Pb is disproportionated into’Pland P#", the valence ofhe Cr ion should be 3+This explains the large lattice constant of
PbCrQ. The bond valencsun{? for chromiumions calculated from the G0 bond length of 2014+ , namely,half of thea-axis length is
+2.85, which is close te-3. The temperature dependence of the magnetic susceptibility of PiIm@¥&uredn heating after zerfield
cooling (ZFC) andon cooling in a magnetic éid (FC) from 5to 400K is shown inFig. 2b. The data between 300and 400K, well above
the Neel émperature of 24&**were fitted to the CuridVeiss lawwith a temperaturéndependent terqi = 1o + C/(T - 1), where!, is
temperaturéndependent susceptibility, I8 the Curieconstantand! is the Weissemperature. The fitting result shown as a blackitirfeig.

2b gives! o= —3.4110 emu/mo] C =1.72 emu/mollK and! = —283 Kindicating that the effective magnetic moment is 31iZ1which is

closeto 3.87pis expected for G, ratherthan2.82 g for Cr**.

The trivalent nature ahe Cr ion was further confirmebly binding energy and chargeansfer(CT) satellitesin Cr-2p XPSas shown in
Fig. 2c. The Cr2p XPS spectrum is composed of the @gx2and Cr Py, peaks. Both peaks have two composemidicating the presence
of two valencesWhile the component with lower binding energy can be assigned®*fpti& higher binding energy (located 381 eV for
2par and 592eV for 2pyy) is characteristic for Gt. The CP* components derived fromthe surface since its intensitjecreasesvith x-ray
energyE. Assuming that photoelectron escape depth is Zanms = 1253.6 eV and 8 nm fdt = 7953 eV, the thickness of the surfaeé*
layer is estimated to be 1.06 nm and 1.10 nm fronirttemsity ratio between the surface ®and bulk C* components obtained &t=
1253.6 eV and: = 7953 eV, respectively. These values are consistent with one another and agree with that observedvhyltt$RaEd
be noted that formation efsurface layer witha d® ion was found foMgTi,O, as wel|** andthat aCr®" contribution is present even in our
XPS specra for SrCrmeasured as a referenétere, one can safely cdude thathe Cr®* is derived from the surfacmorphous®bCFf*0,
layer observed by our HRTEM studbhe chargeransfer satellite is clearlpbservedin PbCrQ which is similar to LaCF0;** and is
different from SrCt0;. The binidng energgnd the chargéransfer satellitef the bulk compnentare consistent witha**Cr**O,, andthe
chargetransfer satellite isvell repraduced by the cluster model calculatiéor Cr** oxides? after the subtraction ahe Cr®* contribution
from the amorphous PbCsOBoth of the above resultglearly show that the bulk Cr valenie3+. We suspect that the Ercomponent
found in the XAS dafd is coming from the surface of the particles.

Our firstprinciples calculations also confirm that the valence of Cr should be 3+, accompanied by aidpaogertionatiorat Pb
site. Namely, wesearched for the grourstate structure of PbCgGn a systematic way, by examiniral possible combinations ofin
Tellerand tiltingmodes* Carpenteand Howard showethat these combinatioralow for 44 different crystasymmetries® In addition to
JahnTellerand tilting mods, we incorporated all modes that atlowed by symmetry of thearticularspace group at the Wyckgdbsitions
of Pb, Cr, andD and carried out a full structural relaxation for each of the 44 possible symenttedargest simulation cell containing 8
formula units of PbCr@ We do cover the full set of tilt structures that lead to different patterns of cation charges. In particular, we find thi
the lowestenergy structure is characterized by a 3+ chargeran@ a 2+/4+ chargerderedPb sublattice. We present the density of states
of the relevant atomic orbitals for the calculated grestade structure ifFig. 2d, where it can be seen that the charge order leads to
insulating behaviofwe include the corsponding bandtructure in the inset of the same figure rehthe band gap is more obvigu$he
ground state we find is centrosymmetric, characterized biprtiven (No. 59) symmetry and tilts of oxygen octahedra (see Tabknd Fig.

2e). The distancéetween the apical oxygens of the gm@tahedra is ~4 , in good agreement with experiment. However, due to the tilts of



the octahedra, the calculatpdeudocubic lattice parameter is ~3.4 % smaller than the experimentally measurédiditienaly, we
enployed a genetic algorithio investigatgossible structures in40-atom unit cell with variable lattice vectomsdfoundthat most othe
low-energy perovskitestructures are localized in thecinity of our previously determinedroundstate orthorhombic structur@aving
similar volumes top Analyzing thesdow-energystructureswe found that there is some degree @eftom in positions of Pb atoms,
accompanied by various tilting patteraf oxygen octahedravhich leads to may metastable states &very narrow range of energies (about
0.15 eVf.u.) depicted bythe black circles irrig. 2f. This resultmay suggest thelegeneracy of thground statgin other wordsthe ground
state may in fact bstructurally frustratedgeading to the increased volume and a glassy charge distribution on the Pb site. In this sense, t
charge ordered state we present in Figsad 2 is merely a representative of a group of the lowest energy skaeably, in a fully
symmetric cubic pmvskite unit cell, without the tilts and Pb displacementscharge ordemndno band gaps observed irthe calculations
We performed an additional check by comparing the total energies of our ground state with the (insulating) state ctidra¢terigaPb
antisite defects, suggestedriference25: the chargeordered ground state we found lies 0.30faM lower in enegy. The simple cubic
perovskite structure of BICr*'05 is 0.38 eVif.u. higher than thePmnm one.We note that we have also performed a gerstjorithm based
scan of the possible states iBa ! 3a;! 3ag supercellsuggested by the diffuse scatterings observed in our diffraction\Waite here the
charge order on Pb sites is suppressed (due to the odd number of Pb\A®foshd a state with &olume close to the experimental one,
with charge disproportionatedr Gite, as suggested in Re26. 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 tsiltfeugdnetic
algorithm b the one containing 54 formula units and relaxed the atomic posai@hthe cell volumeagain. This resulted in an insulating
antiferromagnetic state with 8y 12CrP*, 6CF** and 28Ct. However,the energy othis Cr-chargedisproportionated stat@arge green
circle in Fig. 2f) is very closeto that of the simple cubic higbressure phaseimilar to the phase suggested Ref 26. This places it
approximately 0.3 eV/f.u. higher than the-&tmargedisproportionated model we proposé&/e note thatour Pb-chargeordered state
continues to be the ground state also for smaller values of the Hubbard U=feWand J 1 eV. Wefind that this state is approximately
120 meV lower than the Gfisproportionated one, and 160 meV lower than the simple ctdie I§ we lower the Hubbard U further, to
U=2 eV and J=1 eV, both chargésproportionated states collapse to the metallic cubic pHasefurther comparisonwith previously
publishedab-initio studies we includein Fig. 2f our calculation of anetallic tetragonal state witR4mm symmetryas suggested by Ganesh
and Coheff (indicated by therangesquare) and note that, although we also find it to be a local energy minimum, we could not reproduc
the high volume of this state reported in R&f. Finally, we note that our model with all Cr atoms in a formal charge state of 3+ fits well the
observed picture of the supexchange driven simple-§pe antiferromagnetic ordering. The alternative possibilities involvargpusCr-
charge disproportionian patternsand/or JahiTeller type distortions and orbital ordering (that could lead to insulating behavior in case Cr
was in oxidation state 4-puld possibly yield more complicated magnetization pattéras experimentally observedt@pe ordering.

Although thecompletelong-rangeordering of PB" and PB* which yields the lowesenergy structure iour calculationwas not found
in the structural studies, modulated local structure was sugdest€EM observationPDF analysisof synchrotron Xray total scattering
data was performed to investigate the local structue first assumed a cubic unit cell with Pb at the body center (see WjigTie
agreement of the calculated and observed PDF data was quite poor as shownanTign 3hePb posiion was split in12 equivalent 110
directions (see Fig.d} with the refined shifof 0.44 « . For both models, isotropic thermal displacement parameters for Pb and Cr were fixed

to rather largevalues, U(Pb)= 0.@ « % Uis(Cr)= 0.0 « > and Ujso(O)= 0.02+ % The split of Pb positiondrastically improved the fitting



(Fig. X) in the higher region ¢ >~12 « ). On the other handhe peak shapia thelowerr region ¢ < ~12 « ) is still not well reprodiced.
The discrepancy ithelowerr region most significant for peaks & a; andv1 a indicates that the Pb shift is not rand¢@ee Fig. 8), but
shortrange correlationio each otheis presentThe correlation lengttof Pb displacement i$2 « , approximately &y, is consistent witlihe
periodicity of modulation estimated from the location of diffuse intensity in the FFT image. Next we employed an orderedtimdald
3ay! 3a, superstructureThe 27 Pb sites arevided into 2groups A and B, correspmiing to PB* and PB* or vice versaas clarified by
HAXPES with the roclsalt type arrangement as showrFig. 3. Then, longitudinal wave type shift of the Pb positions were applied to both
sublatttices.The Pb positions were constrained so that these form sine wawedjrand c directions.Namely the Pb coordinate®f
P e, cell wereexpressed by the following formula,
it frimgQorfr )i g e vy e g r ey il

where! ! !'lorll for sublattice A or B respectively, aift !!,!!,) is thecoordinatef A-cite centerPositions 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 shovenasp@ml8/ the
discrepancy of the intensities of peaks\atay andv! a, is solved The amplitudes and the phases of the sine waves were refined to

(Cfrbn bbby g (O QO o oo ()3,

(RN RI NN E R AN N (U N (DURE N (DU N (IR R (DIIRIERINES
The crystal structure parameteierived from these valuesefound in Table S. The averaged displacements of Pb positions of sublattice A
and B are 0.66 « and 0.36 e, respectively. These ladjsplacements are the origin of relatively large,(Bb) and are the most probably
caused by the stereo active? fone pairs ofPl?* Similar distorted BY'Og octahedron was found in BiNi$ The coexistence of large Pb
and smallPB*" further enhances the displacemefiise difference between the values of the two sublattices is attributed to therdiéfef
the valence of Pb ion# should be noted that the distribution in theblengths, 3.4 ~ 4 2agrees quite well with thaéstimated from the
HAADF image (3.5 ~ 4.3 ¢). To achieve further agreement in loweregion, oxygen positions should also be shifted. Unfortunately we
cannot prepara large amount othe high-quality sample required for neutron PDF study as discussed below. Other modelsalt
ordering with transverse wave type shiftsjumnar type and layered type ordesing Pi¥* and PB* and simple application of transverse or
longitudinal wave tpe shift of Pb positions without the ordering of Pand PB" sites were also examined, but the best fit was obtained for
the rocksalt ordering modekith longitudinal wave type Pb position shiftsshould be noted that the numbef Pt¥* and P8* aredifferent
in the 3y ! 3ay! 3ay cell, 14:13 orvice versa Furthermore, there are-A or B-B arrangements at the interface betweaf!33a, ! 3ay
cells. The longrange ordering of Pband PB" is therefore prohibited, resulting in the absence of super latticeisp®b, but the presence
of diffuse scattering insteaBecause of the absencesafperlattice peaks, the PDF arsa$ was very useful for investigating the distorted
structure Simulation of HRTEM image or Rietveld analysis of SXRD data were impos3ibking into account the result of PDF, the short
range correlation of the Pb positions, one can conclude thaafth PB* form a glassy structure, namely, charge glass.

Our PCF analysis indicatethe modulationof Pb positions fronthe centers of Ccubes. On the other hand, Pb atoms in our calculated
model are confined imarrowtunnels formed byuckled CrO-Cr bonds ifi other wordstilted CrQ; octahedra) which makes the volume
smaller than the experimental valWee conjecture that thetructural frustration blocks the coherdiiting of the octahedrand leads to the
observedmodulation ofPb positios and alarge volume Note that Asite cdion dynamics could also block the oxygectahedrdilts, as

suggestedh case ofEuTiOs.*” Since our calculated volume is underestimated, the EOS oliRIEF" PB CrH0, phase in Fig £2should



be slifted to the large volume side, and should cross with thahosimple cubicand metallicP?*Cr**O; phase. This assumptia@ould
explainthe experimentaly observed pressure induced volume collapse and also predicts an insulator to metal transition.

The valence state of PbCgQs thus determined to be BpsPb*oCr*0s. The insulating nature of PbCg@eflecs the CP*electronic
configuration with hakHfilled t,; orbitalsas that in LaCr@*® The remaining problem is the ordered magnetic momentygf Pather than 3
s expected for Cf determined by neutron diffraction. We performed the analysis of neutron diffractiorcalletedon our sample
showin in Fig.S2 Evenassuming the splittm of the Pb position as suggested by the PDF, ttedadetermined Cr magnetic moment was
still 2.10(6)ps. This may be a consequence of thagneticallyfrustrated nature of the lattice leading to incomplete magnetic ordering or a
reflection of theitinerint nature of the Cr iarit is possible that the ordered moment of Pbgssmaller than that expected for’Cowing
to the presence of antiferromagnetic second nearest neighbor interAcfieak at aroun®9 deg which appears at low temperasris
suggestive of nowollinear spin structureAlthough 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 PBGwOpeak should be attributethe secondary phase, probably
0 3/2 1/2 or 1 3/2 0 peak of rOs.*° The simple Gtype spin structure is thus confirmed.

Pressure effects othe structure and electricaksistivity of PbCrQ; were investigatednext. Pressure dependence of enedigpersive
SXRD patternss shown in Fig. 4a. A suddenshift of peak positions to the higgnergy sideindicating shrinkage of the lattices observed
for pressurebetween 2 and 3 GP&he lattice parameters calculated from the peak positions are plotted 4 Bigya function of pressure.
Thelattice parametersiecrease by 2.7%orresponding t@ volume collapse o7.8% at2.5 GPa as previously reporteds confirmed for
the presnt sample as wellThe electrical resistiity shown inFig. 4c suddenlydrops at the corresponding pressure and the temperatue
dependence shown in the insetaely indicates the insulator to metal transition at this pressé stated abovet was clarified that the
valence state of PbCgQvas PH*y P <Cr*0; underambient conditioa The observed volume collapse and simultaneous insutator
metal transitiorcan be explained by assuming a pressudeced intermetallic charge transfer betw&efi' and CP*ions anda P**Cr** 0,
valence state for the higiressure phase. Indeed, the lattice parameter of thephégBure phase close to that of SrCr9) which has a
SP'Cr*'0O; valence stateSuch achargetransfer transition accompanied lay insulatorto-metal transition and volume decrease was
establishedor BiNiOz*1**°and LaCyFe,0:..*% In all of thesecass, Pb(Bi) digroportionationis induced by the instability of PBi*")
with 6" electronicconfigurations’

The insulator tametal transition and volume collapse due to theCPlzharge transfer observed for Pbgii® induced not only by
application of pressure, but also by Sr substitution for Pb.5&ighows the SXRD patterns for BiSr,CrOs. All the peaks shift to the high
angle side between= 0.1 and 0.6 indicatinga shrinkage of the lattice. Two phases coexistfer02 to 0.5. The lattice constants plotted in
Fig. 5b clearly show that PRSrCrO; can be divided into PbCeOand SrCOs-type phasesvith 11% volume differenceThe electrical
resistivity at 300 K is also plotted in the same figure. The insutatoretal transition reflects the €ito C** valence change and the
decrease of thé&ull width at half maximum RWHM) of the SXRD peak from0.049 deg for the leadrich phase t0.030deg for the
strontiumrich phase(see Fig. 8) due to the disappearance of?’PPE"" disproportionation. Our & edge XAS data shown in FiG4
supportthis scenario.

4. Conclusion
In conclusion he valence state of PbCyQuas investigatedising anewly synthesizedphasepure sample PDF analysis of the

synchrotronX-ray scattering and XSdata clearly indicated P PB* <CrP*O5 valence state withocal ordering ofPt?* and PB*, which



can betermedcharge glass. The partial ordering of Rind PB* wasfound to bethe origin of the modulated structure observed by HRTEM,
while CP** gives the insulating nature and a large lattice parameter comparethatitbf SrCrQ,. DFT calculations confirm a PHPB"
chargeordered ground state. The origin of the glassy nature Bf" distribution is not clear at this stag&/e examined the possibility of
deviation of the PB/PH"™ ratio from 1:1 because of the partial charge sfanbetween Pb and Cr, but judging from the highly insulating
characterthe deviation of Cr valence from 3+ is less tH86.>* The glassy statenay be common for the Ovalence skipperO elements.
Indeed, possible Bh P8*, FeO®? valence state and tledsence of Bi/Bi®* ordering in (Bi.sPhy.)*Ni> O3> perovskite were reported by

the authors. These are the next candidates for the observatioA"&bor Bi**/Bi®" glass state. A pressuireduced intermetallic charge
transfer between Pband CP* leadsto a metallic PB'Cr**O; high-pressure phase. The large volume collapse was attributed to the oxidation
of chromiumions from Cr*to C#**. A similar insulatorto-metal transition accompanied liye volume decrease wasiso induced by
strontiumsubstitution folead Since the insulator to metal transition is due to the valence change of Cr ion, rather than the melting of F
charge glass, we can not investigate the glassy nature by the transport measuféreenbdynamicaltadies underpressue aredesired

We note that the valence distributiuon of-Bb transition metal perovskte systematically changes frofiTBHO; and PB'V4*03%* to

PB* PB" 0 sCr0; and finally to PB'NiZ*O5%° as the devel of the transition metal becomes deeper. &kgerimental and theoretical
investigation of such composition dependent intermetallic chargeférashould be a big challenge.

Associated C ontent

Supporting Information. HAXPES spectrum of BiNig) Rietveld refinement of the neutron powder diffractidata on PbCr@at 4 K
temperature dependence of the magnetic intensities of Bd@i(peak and the unknown peak at 39 deg., measured using polarized neutror
diffraction techniqueO-K edge XAS data for RRSK,CrO;, Rietveld refinement result of PbCg@t room temperaturditting results for Pb

4f core level of XPS on pure PbGy@ndBi-4f core level of XPS on pure BiNiDtheoreticalstructural parameters of PbGy@nd efined
crystal structure parameters of Pb@w@th ordered model of&@ ! 3 ay! 3 ag superstructureThis material is available free of charge via the
Internet at http://pubs.acs.org.

Author informa tion

Corresponding Author

mazuma@msl.titech.ac;jpu.r.aa@m.titech.ac.jp

Notes
The authors declare no competing financial interest.

Acknowledgements

We thank Dr.ShigenoriUeda of Synchrotron Xray Station at SPring, and SynchrotronX-ray Group, Quantum Beatdnit, National
Institute for Materials Science (NIMS$9r his help in HAXPES measuremeithis work was partially supported by the Elements Science
and Technology Project of the Ministry Bflucation, Culture, Sports, Science drathnology, Japan, by ti@abinet Office, Government of
Japan through its OFungdiRrogram for NexGeneration World_eadingResearchersO (GRO3%rantin-Aid for Scientific Research on
Innovative Areas (26106507)oung Scientits (B) (26820291, and 2680018Md 15K14119 fromhte Japan Society for the Promotion of
Science (JSPSXKanagawa Academy of Science and Technolagg by the Young Investigators Group Program of the Helmholtz
Association (OComputational Nanoferronics Laboratory,“N@+409), GermanyThe synchrotrorradiaion experiments were performed
SPring8 with the approval othe JapanSynchrotron Radiation Research Institute (2012A1008, 2012A3B172A3701 2012B1787,

2013A3615 2013A3703 2014A490% and under the Shared User Program of JAEIlities (2012AE18 and 2013AE16) with the



approval of Nanotechnology Platform project supported by the Ministry of Education, Culture, Sports, Science and Teéha8iada (
0011). Research conducted at ORNL's High Flux Isotope Reactor was sponsored by the Sciantifiadilgies Division, Office of Basic
Energy Sciences, US Department of Energy. firstciples calculations were supported by the JYlich Supercomputing Centre (project

JIFF38) andJARA-HPC from RWTH Aachen University under Project jara0081.

References

(1) Mori, S; Katsufuji, T.; YamamotoN.; Chen, CH.; Cheong, SW. Phys. Rev. B 1999, 59, 13573

(2) TakangM.; Nakanishi, N.; Takeda, Y.; Naka, S.; TakadaMater. Res. Bull. 1977, 12, 923.

(3) Dagottq E. Science 2005, 309, 257.

(4) KagawaF.; Sato, T.; Miyagawa, K.; Kanoda, K.; Tokura, Y.; Kobayashi, K.; Kumai, R.; MurakanNa¥ Phys. 2013, 9, 419.

(5) Harrison W. A. Phys. Rev. B 2006, 74, 245128

(6) Bode H. Lead-acid batteries; John Wiley and Sons, IndNew York, 1977

(7) Cox D. E.; Sleight A. W. Acta Crystallogr. B 1979, 35, 1.

(8) Ishiwata S.; Azuma, M.; Takano, M.; Nishibori, E.; Takata, M.; Sakata, M.; Kata), Blater. Chem. 2002, 12, 3733.

(9) Azuma M.; Carlsson, S.; Rodgers, J.; Tucker, M. G.; Tsujimoto, M.; Ishiwata, S.; Isoda, S.; Shimakawa, Y.; Takano, M.; Attfigldind. ®hem.
Soc. 2007, 129, 14433.

(10) Azuma, M.; Chen, W. T.; Seki, H.; Czapski, M.; Olga, S.; Oka, K.; Mizumaki, M.; Watanukshimatsu, N.Kawamura, N.;Ishiwata, S.; Tucker,
M. G.; Shimakawa, Y.; Attfield, J. Plat. Commun. 2012, 2, 347.

(11) SedaT.;HearneG. R.J. Phys.: Condens. Matter 2004, 16, 2707.

(12) Huang, Z. X.; Auckett, J. E.; Blanchard, P. E. R.; Kennedy, B. J.; Miiller, W.; Zhou, Q. D.; Avdeev, M.; Johnson, M. iRN|.ZIGarbarino, G.;
Marshall, W. G.; Gu, Q. F.; Ling, C. Dlngew. Chem., Int. Ed. 2014, 53, 3414

(13) Long, Y. W.; Hayashi, N.3aito, T.; Azuma, M.; Muranaka, S.; ShimakawaN¥ture 2009, 458, 60.

(14) Roth W. L.; DeVries R. C. J. Appl. Phys. 1967, 38, 951.

(15) ChamberlandB. L.; Moeller, C. W. J. Solid. State. Chem. 1972, 5, 39.

(16) DeVries R. C.; Roth W. L. J. Am. Ceram. Soc. 1968, 51, 72.

(A7) Zhou J. S; Jin, C.Q.; Long, Y. W.; Yang, L. X.; GoodenoughlJ. B. Phys. Rev. Lett. 2006, 96, 046408.

(18) Komarek, A. C.; M3ller, T.; Isobe, M.; Drees, Y.; Ulbrich, H.; Azuma, M.; Fernfiitlaz, M. T.; Senyshyn, A.; Hoelzel, M.; AndrZ, G.; Ueda, Y.;
GrYninger, M.; Braden, NPhys. Rev. B 2011, 84, 125114.

(19) Komarek, A. C.; Streltsov, S. V.; Isobe, M.; MSller,; Hoelzel, M.; Senyshyn, A.; Trots, D.; Fernfnd®az, M. T.; Hansen, T.; Gotou, H.; Yagi, T.;
Ueda, Y.; Anisimov, V. |.; Gr¥Yninger, M.; Khomskii, D. |.; Braden, Rlys. Rev. Lett. 2008, 101, 167204.

(20) OrtegaSanMartin, L.; Williams, A. J.; Rodgers, JAttfield, J. P.; Heymann, G.; Huppertz, Phys. Rev. Lett. 2007, 99, 255701.

(21) AeranL—pezA. M.; Dos santosarc’a A. J.; Alario-Francq M. A. Inorg. Chem. 2009, 48, 5434.

(22) Xiao, W. S;; Tan D. Y.; Xiong, X. L.; Liu, J.; Xu, J. Proc. Natl. Acad. Sci. 2010, 107, 14026.

(23) Wang W.D.; He, D. W.; Xiao, W. S.;; Wang S. M.; Xu, J. A. Chin. Phys. Lett. 2013, 30, 117201.

(24) GaneshP,; CohenR. E. Phys. Rev. B 2011, 83, 172102.

(25) Wang B. T.;Yin, W.; Li, W. D.; Wang F. W. J. Appl. Phys. 2012, 111, 013503.

(26) Cheng,J. G.; Kweon, K. E.; Larregola, S. A.; DinY,; Shirako, Y.; Marshall, L. G.; Li, Z. Y.; Li, X.dos Santosg, A. M.;Suchomel, M. R.;

Matsubayashi, K.; Uwatoko, Y.;whang, G. S.Goodenough, J. B.; Zhou, J.Boc. Natl. Acad. Sci. 2015, 112, 1670.



(27) ArzZvaloL—pezA. M.; Alario-Francq M. A. J. Solid. State. Chem. 2007, 180, 3271.

(28) Watanuki, T.; Machida, A.; Ikeda, T.; Ohmura, A.; Kaneko, H.; Aoki, K.; Sato, T. J.; Tsai,#iBs. Mag. 2007, 87, 2905.

(29) Egami T.; Billinge, S. J. L. Underneath the Bragg Peaks: Structural Analysis of Complex Materials; Pergamon, OxfordJK, 2003

(30) Qiu, X.; ThompsonJ. W.; Billinge, S. J. L. J. Appl. Crystallogr. 2004, 37, 678.

(31) Farrow, C. L.; Juhas, P.; Liu, J. W.; Bryndin, D.; Bo"in, E. S.; Bloch, J.; Proffemillinge, S. J. L.J. Phys.: Condens. Matter. 2007, 19, 335219.

(32) Saitoh T.; BouquetA. E.; Mizokawa T.; Fujimori, A. Phys. Rev. B 1995, 52, 7934.

(33) Perdew J. P,; Burke K.; Ernzerhof M. Phys. Rev. Lett. 1996, 77, 3865.

(34) Perdew, J. P.; Ruzsinszky, ACsonka, G. |.; Vydrov, O. A.; Scuseria, G. E.; Constantin, L. A.; Zhou, X. L.; Burk@hj&. Rev. Lett. 2008, 100,
136406

(35) LichtensteinA. I.; Asinimov, V. |.; ZaanenJ. Phys. Rev. B 1995, 52, 5467.

(36) KresseG.; FurthmYllerJ. Phys. Rev. B 1996, 54, 11169.

(37) BI&chl, P. E. Phys. Rev. B 1994, 50, 17953.

(38) Oganov, A. R.; Glass, C. W. J. Chem Phys 2006 124, 244704.

(39) Oganov, A. R.; StokesH.; Valle, M. Acc. Chem. Res. 2011, 44, 227.

(40) Lyakhoy, A. O.; OganovA. R.; StokesH.; Zhu, Q. Comp. Phys. Comm. 2013, 184, 1172.

(41) Vickerman J. C.; Gilmore, |. Surface Analysis: The Principal Techniques, 2nded.;Wiley: New York, 2009.

(42) Brown, |. D.; Altermatt, D. Acta Crystallogr. Sect. B 1985, 41, 244. (5= 1.708, B = 0.37)

(43) Fujiwara, H.; Ishige, Y.; Mizokawa, TSasaki, T.; Isobe, M.; Ueda, ¥PL Mat. 2013. 1,022110.

(44) Schlipf Martin Heyd-ScuseriaErnzerhof ScreeneBxchange Hybrid Functional for Complex Materials:-Electron Implementation and Application
PhD. Thesis Peter GrYnberg InstitytdYlich Germany SeptembeR012

(45) CarpenterM. A.; Howard C. J. Acta Cryst. B 2009 65, 134.

(46) MurnaghanF. D. Proc. Natl. Acad. Sci. 1944, 30, 244,

(47) Bessas, D.; Rushchanskii, K. Z.; Kachlik, M.; Disch, S.; Gourdon, O.; Bednarcik, J.; Maca, K.; Sergueev, |.; Kab&Jai#SM.; Hermann, R.
P. Phys. Rev. B 2013, 88, 144308

(48) Imada M.; Fujimori. A.; Tokura Y. Rev. Mod. Phys. 1998, 70, 1039

(49) Indovski, B.; Singh, M. P.; Razavi, F. 8.Mag. Mag. Mater. 2013, 331, 72.

(50) Ishiwata, S.; Azuma, M.; Hanawa, M.; Moritomo, Qhishi, Y.; Kato, K.; Takata, M.; Nishibori, E.; Sakata, M.; Terasaki, |.; Takan@®/. Rev. B
2005, 72,045104.

(51) Pal S.; HebertaS,; Yaicle, C.; Martin, C.; Maignan A. Eur. Phys. J. B 2006, 53, 5.

(52) Tsuchiya, T.; Saito, H.; Yoshida, M.; Katsumata, Ohba, T.; Inaguma, Y.; Takao Tsurui, T.; Shikano,Mézer. Res. Soc. Symp. Proc. 2006, 988,
QQ09-16.

(53) Ishiwata S.; Azuma M.; Takang M. Chem. Mater. 2007, 19, 1964.

(54) Belik, A. A.; Azumg M.; Saitg T.; Shimakaway .; Takang M. Chem. Mater. 2005, 17, 269.

(55) Inaguma, Y.; Tanaka, K.; Tsuchiya, T.; Mori, D.; KatsumataOhba, T.; Hiraki, K.; Takahashi, T.; Saitoh, HAm. Chem. Soc. 2011, 133, 16920.



Figure legends

Figure 1 Structural data for PbCrOndicating the presence of modulated struct(@eSXRD patternof PbCrQ. The pinklabelsdenote thediffuse
scattering that reflect the modulated structure. The blue lines denoBxabg reflectionpositions expected for the tetragonal structure
with c/a = 0.88 proposed by Ganesh and CdqRdh (b) Rietveld refinement of SXRD pattern of PbGr&@ room temperature. Observed
(+), calculated (line), and their difference (bottom line) profiles are shda pink labels denote ttdiffuse scattering that reflect the
modulated structure. The blue lindsnote theBragg reflection positiongc) HAADF STEM imageviewed along the perovskite [001]
zone axisInset show the FFT patternof this image (d) Magnified HAADF STEMimage ofthe dottedregionin (c). The location of Pb
columns are connected wited lines at thin edge part of the samp& The distribution of P#b distancemeasured ind). (f) HRTEM
imagewith lower magnification.Thearrowsmarkthe amorphous layer.

Figure 2 Investigations of the valences of Pb andds revealing PBysPb**, sCr**O; valence state(a) Pb-4f corelevel XPS spectrunof PbCrQ
with thefitting results.The black and red lines are obsergp@ctraand total fitted spectruprespectivelythe green and blue lines show
the contributions of Pband PB", respectively(b) Temperature dependence rafgnetic susceptibility ofure PbCrQ andthe fitting
results to the CurigVeiss law.(c) Cr-2p corelevel XPS spectra of pure PbGr@amplecompared with that of SrfCEOThe charge
transfer (CT) satellite islearly observed in PbCgQvhich is similar to LaCf‘F03 and is different from SrCF03. After subtraction of the
Cr** component from the surface layer (dashed line), the XPS spectrum is compared with the cluster model calculdfiomittesGd)
Atom and orbitaldecomposed DOS calculated for thé " ordered structure (space group Pmnm) withU=4eV,J=1eVonCrd
statesThe zero of the abscissa corresponds to the Fermi enerhd4+ valence of one of the Pb ions is reflected in its RigDS just
aboveE:. (€) The PB*/Pb" orderedcrystalstructure (space group Pmnrithe black and blue atoms are Pb and Cr respectifgljotal
energy per formula unit vs. volume of theifettomagnetic simple cubic (red circles) and Bt#'/PB** ordered structure (blue circles);
the lines of the corresponding colors are the fits to the Munaghan equation 4% atastragonal state with PAmm symmetry (orange
square) and a @hargedisproportionated state (large green circle) are shown for comparison (both at their optimized volumes). The blac
circles indicate various metastable structures found by the genetic algbaged search for the ground staddl. calculations are
performed \ith U=4eV and J=1 eV on Crstates.

Figure 3 PDF data for PbCrgrevealing the presence of short rangeFBhbcorrelation(a) Observed (open circles) and calculated (blue line) PDF of
an A-site centered Pb modé¢b) Crystal structure of PbCrQuith an Asite centered Pb modét) Observed (open circles) and calculated
(pink line) PDF of a random P%hift model (pink line). The Pb position is split in 12 equivalent 110 directions with the refined shift by
fitting of 0.44 «. (d) Crystal structue of PbCrQ with a random Pishift model () Observed (open circles) and calculated (red line) PDF
of an ordered model with 3& 3a & 3a superstructure(f) The refined tystal structure othe ordered model with 3a& 3a & 3a
superstructureln all of the crystal structusethe pink color atomare Cr and the other atoms are .Rh all the models the isotropic
displacement parameters of each element are fixe@d.&2h) = 0.02 <, Uiso(Cr) = 0.01 +% and W,(O) = 0.02 %

Figure 4 Pressure effean PbCrQ indicating the P, sPb",sCr**O; to PIF*Cr**O; intermetallic charge transfer transitida) Energydispersive
SXRD patterns at high pressure. Characteristiayé from lead are indicated with vertical knéb) Lattice parameter asfanction of
pressure.The error bas for the lattice parametesre smaller thanthe correspondingsymbobk. (c) Pressure dependence of electrical
resistivity of PbCr@at room temperaturénsetshows the temperature dependerafeelectricalresistivityunder 2GPa and 5GPa.

Figure 5 Doping effect on P SKCrOs. (@) SXRD patternof Pb.4SiCrOs. (b) Lattice parameter and resistiviat 300 K of PhSKCrO; as

functions ofstrontiumcontent x. The error bafor the lattice parameter and resistivity are smaller thanahespondingymbok.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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