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We have investigated the local electronic structure of PbCrO; by conducting x-ray absorption spectroscopy at
the lead L3 and chromium L, 3 edges. We found that lead is divalent and chromium is charge-disproportionated
into trivalent and hexavalent states at ambient pressures, explaining their insulating behavior. The high-resolution
partial fluorescence yield of lead L; spectra as a function of pressure revealed that the divalent state of lead ions
remains unchanged at high pressures, when PbCrO; changes into metal and its volume collapses by more than
10%. We infer that the insulator-to-metal transition does not involve a Pb-Cr charge transfer, but is associated
with the conversion of Cr** /Cr®* charge-disproportionated states into a Cr** valence state.

DOI: 10.1103/PhysRevB.107.024107

I. INTRODUCTION

PbCrOs; is an antiferromagnetic insulator with a Néel tem-
perature of about 7y = 240K and is believed to exhibit a
cubic perovskite crystal structure [1-3]. It has also been re-
cently discovered to undergo a large volume collapse of more
than 9.8% [4], and concurrently, an insulator-to-metal transi-
tion [5,6], at a pressure of ~1.6 GPa. The following aspects
make PbCrO; intriguing: (i) Why is PbCrO3 an insulator at
ambient pressures? (ii) What is the mechanism behind the
insulator-to-metal transition under pressure?

Numerous band structure studies have been conducted to
determine the electronic structure of the cubic perovskite
PbCrO; and all found a metallic solution [7—-10], which dis-
agrees with the experimentally observed insulating state at
ambient pressures. Even the inclusion of the Hubbard U in
the calculations to account for electron correlation effects
did not resolve the problem [8—10]. In fact, this fits to the
experimental observation that all Cr** oxides with octahedral
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coordination exhibit the tendency to be metallic [11-15]. This
phenomenon can be related to the heavily negative oxygen 2p
to chromium 3d charge transfer energy [16—18] that pins the
chemical potential inside the oxygen band [11].

A microstructure study [19] provided the first indications
that the crystal structure might be more complicated than
the widely accepted pure cubic perovskite PbCrOs. Assum-
ing, for example, that CrPbOj is present in the material, one
could arrive at an insulating solution in band structure calcu-
lations [9]. Valuable insight was gained from x-ray absorption
spectroscopy (XAS) at the chromium L, 3 edges, revealing
the presence of charge disproportionation of chromium ions
into Cr** and Cr®" configurations at ambient pressures [20].
A careful analysis of neutrons and x-ray diffraction (XRD)
data showed anomalously large thermal factors of the lead,
chromium, and oxygen ions [6], motivating the proposal of
the chromium charge-disproportionated state that will allow
density functional theory to produce an insulating state for
moderate values of the Hubbard U. The metallic high-pressure
phase is the result of lifting the charge disproportionation
situation into a phase in which all chromium elements be-
come tetravalent [6]. Another study proposed that lead ions
are charge-disproportionated into Pb>™ and Pb**, and that
all chromium ions are Cr>t at ambient pressures [21]. Ac-
cordingly, the high-pressure phase is a transformation that
involves a Pb-Cr charge transfer into homogenous Pb** and
Cr** valence configurations. Recently, unusual lattice elastic-
ity properties have also been observed [22] across the volume
collapse and insulator-to-metal transition.

We followed a complementary route of research to un-
derstand the peculiar properties of PbCrO3; and to resolve
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the debate about the origin of insulator-to-metal transition.
We aimed to determine lead valence spectroscopically un-
der ambient and high-pressure conditions. To achieve this
objective, we used known information about the PbMO;
(M = 3d transition metal) series [23—25]. PbM O3 undergoes
a sequence of transitions in electronic configuration across
the 3d transition metal row from left to right in the peri-
odic table. The valence state gradually evolves from +2/
+ 4 to +4/ + 2 for Pb/M ions—namely, from Pb>* M** O,
(M =Ti, V) [26,27] to PbJtPbit Fe’™ 05 [28], and fur-
ther to Pb*" Ni** O3 [29]. Manganese and cobalt ions in
the middle of the series exhibit a complicated mixed va-
lence state—namely, Pbj s Pbg*,s Mn3 % Mng "< O [30] and
PbZt. Pbgts Colt Colt O3 [31,32], respectively. From this se-
ries, one may infer that Pb>* valence is likely for PbCrOs, but
also that Pb** state cannot be excluded. In the current study,
we used bulk-sensitive lead Lz XAS by measuring the signal
in the transmission mode by using the high-resolution partial
fluorescence yield (PFY) mode [28,30,32-35]. We compared
the spectra of our PbCrO; with those of PbTiO; and PbNiOs.
This experiment was accompanied with a detailed XRD and
chromium L; 3 XAS investigation of our PbCrO3 sample.

II. EXPERIMENTAL

Polycrystalline samples of PbCrO3; were synthesized via a
solid-state reaction under high pressure and high temperature
of 1273 K. The starting materials PbO (Aldrich, 99.0% pure)
and CrO; (Alfa, 99.995% pure) were mixed homogeneously
in accordance with a molar ratio of 1:1 and sealed in a gold
capsule with a diameter of 2 mm. High-pressure experiments
were performed in a Walker-type multianvil module (Rock-
land Research Co.). After pressure was gradually increased
to 15 GPa, the system was heated to 1273 K within 10 min,
and this temperature was maintained for 30 min. Then, the
temperature was quenched to room temperature before releas-
ing the pressure. After the high-pressure and high-temperature
process, polycrystalline PbCrO; was obtained.

Sample quality and crystal structure were characterized
via powder XRD using a Huber diffractometer with wave-
length A = 1.5406 A (copper K, radiation, 40 kV, 30 mA).
Diffraction data were collected in the angle (26) range from
10° to 100°, with steps of 0.005°. XRD data were analyzed
by using the Rietveld refinement program GSAS [36]. The
high-resolution PFY lead L3 XAS spectra with an overall
experimental resolution of ~2.5 eV were collected at the ID
20 beamline of the European Synchrotron Radiation Facil-
ity in France [37]. The PbTiO3; and PbNiO; samples were
also measured to serve as Pb?>" (6s%) and Pb** (6s°) refer-
ence materials, respectively. The chromium L, 3 XAS spectra
of PbCrO; together with Cr,Os3 as a Cr’* reference and
Ag,Cr,O7 as a Cr®" reference were measured at BL11A of
the National Synchrotron Radiation Research Center in Tai-
wan.

III. RESULTS AND DISCUSSION

The experimental XRD pattern of PbCrO; collected at
room temperature is shown in Fig. 1. In the beginning, the
XRD pattern was simulated with a cubic Pm-3m perovskite
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FIG. 1. Rietveld structural refinement of the XRD pattern for
PbCrO; collected at 300 K using the Cr**/Cr®" charge dispropor-
tionation model. Observed (crosses), calculated (red), and difference
(blue) are shown in the figure. The R,,, R,, and x2 are 3.89%,
3.35%, and 4.276. The ticks indicate the allowed Bragg reflections
of PbCrO; with the charge disproportionation model.

structure model that provided reliability factors R, = 3.66%,
R, =3.16%, and x2 = 4.103. However, the isotropic thermal
factor Bjs, of the lead, chromium, and oxygen sites exhibited
abnormally high values: Bjs, (Pb) = 8.95(2) A?, Biso (Cr) =
6.77(5) A2, and B, (O) = 6.7(1) A2. These findings are sim-
ilar to those of Cheng et al. [6]. We also conducted simulations
with the thermal factors fixed to reasonable values. We deter-
mined that the reliability factors rapidly increased to R,,, =
9.87%, R, = 7.62%, and X2 = 12.28. These findings indicate
that the cubic perovskite structure model is inaccurate.
Following the interpretation of Cheng et al. [6], we also
considered the charge disproportionation scenario as follows:
the lead, chromium, and oxygen atoms are allowed to be
off from the (0, 0, 0), (0.5, 0.5, 0.5), and (0, 0.5, 0.5) po-
sitions and, instead, they occupy the general Wyckoff sites
8 g (0.0619, 0.0619, 0.0619), 8 g (0.5442, 0.5442, 0.5442),
and 24 m (0.0489, 0.5348, 0.5348), respectively. With this
new structural model, the thermal factor dropped significantly
to 1.70(3) A2, 2.95(6) A2, and 3.7(1) A? for lead, chromium,
and oxygen, respectively, providing reliability factors R, =
3.89%, R, = 3.35%, and x2 = 4.276, and the lattice con-
stant (a = 4.0043 A) in accordance with previous reports
[1,3,4,6,19-21]. Figure 1 displays this refinement model with
charge disproportionation and shows that all XRD peaks are
reproduced well, indicating that our PbCrO3 sample prepared
under 15 GPa exhibits no evident impurity phases [1,6,19].
Figure 2 presents the PFY lead L; XAS spectrum of
PbCrOs, along with those of PbTiO; (as Pb>" reference)
and PbNiO3 (as Pb** reference). The sharp pre-edge peak at
13043 eV in the lead L3 XAS spectrum for the Pb** reference
PbNiOj can be assigned to the dipole-allowed transition from
the 2p3,» core level to the fully unoccupied 6s shell. By
contrast, in the case of PbTiOs, the pre-edge peak is absent
due to the fully occupied 6s shell. Figure 2 shows that PbCrO;
has a lead L3 XAS profile similar to that of PbTiO3. Only
a more broader shoulder A at the leading edge (13047 eV)
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FIG. 2. High-resolution XAS spectra at the lead L; edge of
PbCrO; and PbTiO; (as Pb** reference) and PbNiO; (as Pb**
reference).

was observed in both Pb?>* oxides PbCrO; and PbTiO5. This
shoulder A at the leading edge is related to the lowest lead 6d
state above Fermi energy, which is mixed with lead 6p and
oxygen 2p [38]. The lack of a pre-edge peak in PbCrO; thus
establishes that the lead ion is in the divalent state. This result
contradicts the assessment of Yu et al. [21] who proposed that
lead ions are charge-disproportionated into Pb>* and Pb** at
ambient pressures.

Having determined the divalent state of the lead ion, we
must now confirm that chromium is, on average, tetravalent
to fulfill the charge balance requirement. The energy position
and line shape of the 3d transition-metal L, 3 XAS spectra
are well known to be highly sensitive to the valence and local
environment of the ion [39-42]. In case of a mixed valence
material, its spectrum can be obtained by the superposition
of some related components [43]. In Fig. 3(a), we present the
chromium L, 3 XAS spectrum of PbCrO;. This spectrum is
extremely different from that of a Cr** ion that is coordi-
nated octahedrally by oxygen atoms [41,42]. To interpret the
spectrum, we also plot in Fig. 3(a) the experimental spectrum
of Cr,0; (red curve) as a Cr** reference material with CrOg
octahedral coordination, and that of Ag,Cr,O; (green curve)
as a Cr®" reference material with CrOy tetrahedral coordina-
tion [44]. We then construct a superposition of the Cr,O3 and
Ag,Cr,07 spectra with 2/3 and 1/3 weights, respectively. We
can observe that this superposition (blue curve) reproduces
the experimental spectrum of PbCrOs. Although the PbCrO3
spectrum of Wu et al. [20] contains somewhat too much
Cr®" signal, we can state that we essentially reproduce their
chromium L; 3 XAS analysis. Therefore, we can conclude that
a Cr’*/Cr" charge disproportionation of chromium occurs
in PbCrO; at ambient pressures as proposed by Wu ef al.
[20] and Cheng et al. [6]. Notably, the 2/3 Cr’* and 1/3
Cr* weights used for the superposition imply that the average
valence of chromium is +4, completely fulfilling the charge
balance, with lead being divalent.

To obtain a deeper understanding of the local electronic
structure of the chromium ion in PbCrOs;, we performed
cluster calculations that included full atomic multiplet in-
teractions, local ionic crystal field spitting, and oxygen

(a) —o— PbCIO,_exp
= Cr,0,
Ag,Cr,0,
= Sum of _2/3Cr**+1/3Cr**

Intensity (a.u.)

(b) === PbCrO,_exp
——calc_Cr*"_oct

calc_Cr®"_tet

sum_2/3 Cr*+1/3 Cr*"

Intensity (a.u.)

Photon Energy (eV)

FIG. 3. (a) Chromium L, 3 XAS experimental spectra of PbCrO;
(black circles) and sum (blue line) of Cr** reference Cr,0O; and
Cr®* reference Ag,Cr,07 in a 2:1 ratio. (b) Calculated chromium
L3 XAS of Cr*" in octahedral coordination (red line), Cr%" in
tetrahedral coordination (green line), and the sum of them in a 2:1
ratio (blue line).

2p-chromium 3d hybridization. The calculations were per-
formed using XTLS 9.0 code [45]. We used an octahedral
CrOg cluster for Cr’* and a tetrahedral CrO, cluster for
Crét. (The parameter values, in electron volts, are as follows:
octahedral Cr** Qg cluster: Udd = 5.5, Ued = 7.0, A = 5.0,
10Dq = 1.15, Slater integrals set at 75% of the Hartree-Fock
values; tetrahedral Cr®* Oy cluster: Udd = 5.5, Ued = 7.0,
A = —4.0, 10Dq = 0.35, Slater integrals set at 70% of the
Hartree-Fock values.) As displayed in Fig. 3(b), we are able
to reproduce excellently the spectra of Cr,03, Ag,Cr,07, and
PbCrO3, confirming our experimental conjectures. Here, we
like to stress that we have used a tetrahedral coordination
for Cr®* calculations. Our modeling is related to the empir-
ical observation that extremely high-valent chromium oxides
(pentavalent and hexavalent) have chromium ions that are
not octahedrally, but tetrahedrally, coordinated. A combined
experimental and theoretical study on YCrO, found that tetra-
hedral coordination can still stabilize an insulating state for
high-valent chromium oxides while an octahedral coordina-
tion cannot [46]. This finding, along with the notion that a
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FIG. 4. (a) High-resolution XAS spectra at the lead L; edge of
PbCrO; as a function of pressure from 0 GPa to 14.1 GPa. The
inset shows the simulation of the lead L3 XAS spectrum at 0 GPa.
(b) Pressure-dependent FWHM of shoulder A.

Cr37 oxide is readily a Mott insulator, such as Cr, O3, provide
the necessary ingredients for PbCrO; to become an insula-
tor. Through these Cr**/Cr®" charge disproportionation band
structure calculations, one can find an insulating solution for
modest and realistic values of the Hubbard U [6]. Moreover,
the quasi-tetrahedral coordination of the Cr®" ion proposed in
a previous study [6] explains why the crystal structure cannot
be described as a pure, undistorted cubic perovskite.

We then investigate what happens with lead valence when
pressure is applied. Figure 4(a) shows the high-resolution PFY
XAS spectra at the lead L3 edge of PbCrO; over a wide

range of pressures—namely, from 0 GPa to 14.1 GPa—i.e.,
from the insulating phase under ambient conditions to deep
inside the volume-collapsed metallic state. We do not observe
a pre-edge peak in all the instances. This result shows that
the valence state of the lead ions in PbCrO; always remains
divalent. That is, our pressure-dependent PFY lead L; XAS
results show that no relevant Pb-to-Cr charge transfer occurs
in PbCrOs, contradicting the assertions of Yu et al. [21].
Moreover, we observe in Fig. 4(a) a systematic variation of
the lower energy shoulder A with pressure. To be quantitative,
we analyze the spectra by simulating its components. As an
example, we show in the inset, the analysis for the 0-GPa
spectrum. The curve with the black dots is the experiment,
the blue line represents the shoulder A, while the magenta
and green lines stand for the main unoccupied lead 6d state
[38] and the continuum edge, respectively. We have done the
simulation for all pressures. The full width at half maximum
(FWHM) of shoulder A as a function of pressure is presented
in Fig. 4(b). We can observe that the FWHM of shoulder A
increases from 5.8 at 0 GPa to 7.4 at 14.1 GPa. This indeed
indicates an increase in the bandwidth of the lowest lead 6d
with pressure, reflecting the pressure-induced insulator-metal
transition.

IV. CONCLUSIONS

We found evidence from our high-resolution PFY XAS
at the lead L3 edges and soft XAS at the chromium L3
edges for the divalent state of lead ions and the occurrence
of Cr**/Cr®* charge disproportionation in PbCrOj; at ambi-
ent pressures. This charge disproportionation, along with the
tetrahedral coordination of high-valent chromium, provide the
necessary ingredients to form the insulating state and explain
the presence of large lattice distortions away from the ideal
cubic perovskite. The stability of the Pb>* state as a function
of pressure indicates that volume collapse and insulator-to-
metal transition are not connected to Pb-to-Cr charge transfer,
but rather to the suppression of the chromium charge dispro-
portionation and the appearance of octahedrally coordinated
tetravalent chromium.
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