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ABSTRACT: We have studied by means of X-ray diffraction and Raman spectroscopy the
high-pressure behavior of PbCrO, nanorods. We have found that these nanorods follow a
distinctive structural sequence that differs from that of bulk PbCrO,. In particular, a phase
transition from a monoclinic monazite-type PbCrO, to a novel monoclinic AgMnO,-type
polymorph has been discovered at 8.5 GPa. The crystal structure, Raman-active phonons,
and compressibility of this novel high-pressure phase are reported for the first time. The
experimental findings are supported by ab initio calculations that provide information not
only on structural and vibrational properties of AgMnO,-type PbCrO,, but also on the
electronic properties. The discovered phase transition triggers a band gap collapse and a
subsequent metallization at 44.2 GPa, which has not been observed in bulk PbCrO,. This
suggests that nanoengineering can be a useful strategy to drive metallization under

PbCrO, Nanorods

under HP

compression.

bCrO, is a semiconductor with a monoclinic monazite-

type structure (space group P21/n)," which is shown in
Figure 1. This material has recently received a great amount of
attention from both fundamental and applied research. Its
applications are many, going from optoelectronic” to photo-
catalytic water splitting”* and degradation of pollutants under
visible-light irradiation.” For optimizing them, it is necessary
to accurately characterize the physical properties of PbCrO,.
This information is also relevant for understanding the
manufacturing processes of objects of cultural and historical
significance; like Kandinsky’s reverse paintings on glass.” It is
also relevant for geophysical studies and for radioactive waste
management.” As a consequence, several studies have been
performed in order to improve the characterization of PbCrO,
at ambient,” high-pressure (HP),'°~" low-temperature,'* and
high-temperature (HT) conditions,” as well as to develop
green synthesis methods for nanoscale PbCrO,.'®"” One of the
most relevant achievements on the study of PbCrO, is the
discovery of a very rich polymorphism. An orthorhombic
Barite-type polymorph (space group Pnma) has been reported
at HT,”> and a sequence of phase transitions has been
observed under HP.'”"” These transitions include a trans-
formation to a tetragonal scheelite-type polymorph (space
group I4,/a) and a subsequent transformation to an
orthorhombic distortion of Barite (space group P2,2,2,). All
these studies have been carried out either in natural samples
(mineral crocoite) or in bulk materials. The HP properties of
PbCrO, nanomaterials have not been studied yet.
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It is known that the investigation of nanomaterials under HP
offers new avenues for the study of fundamental phenomena
and for the creation of new polymorphs with enhanced
properties.'® Essentially, the volume reduction associated with
compression favors the interaction among nanoobjects. This,
combined with the relevance of surface atoms in nanomateri-
als, leads in many nanocompounds to phase transitions that do
not exist in their bulk counterpart. In the case, of PbCrO,, this
is a reasonable way for the creation of new polymorphs with a
modified electronic structure and a band gap energy close to
the Shockley—Queisser optimum bandgap (1.34 eV)."”

In this work we present a combined experimental and
theoretical study of PbCrO, nanorods up to 15 GPa, reporting
the existence of a new monoclinic polymorph at pressures
higher than 8 GPa, which has an electronic band gap smaller
than the ambient-pressure monazite-type polymorph and is
predicted to metallize at 44.2 GPa.

In Figure 2a we present a scanning electron microscopy
(SEM) image of the synthesized nanorods. It reveals that the
as-synthesized submicron crystals were uniform with a rodlike
morphology. The results of the dimension analysis of 100 rods
are shown in Figure 2b. The average diameter is 330 nm with a
standard deviation of 130 nm and a length of 1100 nm with a
standard deviation of 120 nm. Energy-dispersive X-ray analysis
(EDX) shows that in the synthesized nanorods the molar ratio
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Monazite

AgMnO,

Figure 1. Schematic view of the crystal structure of monazite-type
(left) and AgMnO,-type PbCrO,. The coordination polyhedra of Pb
and Cr are shown in gray and blue. The red spheres are the oxygen
atoms.

of Pb, Cr, and O is close to 1:1:4 (Pb 16.8 at%, Cr 16.6 at%,
and O 66.6 at%), indicating stoichiometric PbCrO, was
successfully prepared. Powder X-ray diffraction (XRD)
measurements determined the crystal structure to be
monazite-type with unit-cell parameters a = 7.091(4) A, b =
7.398(4) A, ¢ = 6.782(3) A, and f = 102.51(2)°, the unit-cell
volume (V = 347.3(6) A%) of the nanorods being 1.3% smaller
than that of the bulk counterpart.

In Figure 3 we show a selection of HP powder XRD
measurements collected under quasi hydrostatic conditions.
The XRD patterns measured up to 7 GPa can be undoubtedly
assigned to the low-pressure monoclinic monazite structure.
This is illustrated by the Rietveld refinement performed at 0.5
GPa where all the peaks can be matched up with the monazite
structure with small residuals (RP =4.63%, R, = 6.63%, and I a
= 1.98). Up to 7 GPa only a gradual evolution of the XRD
patterns was observed with no qualitative changes and peaks
moving toward high angles due to the contraction of the crystal
structure. At 7.9 GPa we found the appearance of many new
peaks (the most evident ones are depicted by asterisks in the
figure). The appearance of these peaks is indicative of the
onset of a phase transition, which is consistent with our
findings from Raman experiments and density-functional
theory calculations. Upon further compression we observed
the phase coexistence up to approaching 9.4 GPa. At this
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Figure 2. (a) SEM image of PbCrO, nanorods. (b) Histograms of
nanorods dimensions. The lines are the Gaussian fits.

pressure all the XRD peaks can be assigned to the HP phase.
We have identified the crystal structure of the HP phase and it
is different from any of the previously reported polymorphs.
This means that the structural sequence followed by PbCrO,
nanorods under compression is different from that of its bulk
counterpart. As in other oxides,'®* probably, in PbCrO,
nanorods, particle-size effects lead to the different phase
transition routes compared to the bulk counterpart.

After tryin§ several postmonazite structure reported in the
literature,”' ~** we have found that the crystal structure of the
HP polymorph can be assigned to a structure isomorphic to
AgMnO,. The results of the Rietveld refinement considering
this structure are shown in Figure 3. The quality of the
refinement is similar to that obtained for the low-pressure
phase, supporting the identification of the HP polymorph as
the AgMnO,-type. In the figure it can be seen that the residuals
are small. In this case the quality refinement parameters are R,
=4.32%, R, = 5.63%, and y? = 1.76. The unit-cell parameters
are a = 6.788(7) A, b = 6.954(7) A, ¢ = 6.255(7) A, and B
92.80(4)°, which gives V = 294.9(9) A*. More information on
the crystal structure of AgMnO,-type PbCrO, is given in Table
S1 of the Supporting Information. The HP structure is shown
in Figure 1. Notice that it can be described by the same space
group as for the low-pressure monazite structure. However, the
phase transition implies a very important structural restructu-
ration, with a collapse of the b- and c-axes, an expansion of the
a-axis, and a considerable decrease of the monoclinic # angle.
The coordination polyhedra are consequently distorted,
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Figure 3. Powder XRD patterns measured for PbCrO, nanorods.
Patterns assigned to the low-pressure monazite phase are shown in
black. Patterns of the HP phase are shown in blue. In the pattern
measured at 7.9 GPa (shown in red) the coexistence of the two phases
is observed. At 0.5 and 9.4 GPa the dots correspond to the
experiments. The lines to the refinements and residuals and the ticks
to the position of Bragg peaks.

becoming more irregular than in the low-pressure monazite
phase. This has consequences on the electronic and vibrational
properties. In addition, the transition involves a volume
collapse of the unit-cell volume of 2.5%. The new HP
polymorph is a distortion of the Barite structure with few
structural similarities with the monazite structure.

In Figure 4 we show a selection of Raman spectra measured
at different pressures. The spectra measured from ambient
pressure up to 7.1 GPa are very similar to those reported for
monazite PbCrO, in the literature,'”"” where the pressure
evolution of Raman modes of monazite-type PbCrO, has been
already discussed in detail. We will focus here ion changes
observed beyond 7.1 GPa. As can been seen in the figure, there
is a substantial change in the Raman spectrum from 7.1 to 8.1
GPa. This fact confirms the occurrence of the phase transition
detected in XRD experiments. The Raman spectrum of the HP
phase is very different from that of the scheelite-type HP
polymor?h discovered in single-crystal studies on bulk
PbCrO,. ”° This phase only has 13 Raman-active modes and
three modes above 800 cm™!, while we detect here 20 modes
at 8.1 GPa, with four of them for wavenumbers larger than 800
cm™'. However, the Raman spectra measured here at 8.1 GPa
and higher pressures also differ from those reported by
Bandiello et al. from natural PbCrO,."" Therefore, the present

4746

/L
7t ' I

P (GPa)

10.7

9.6
—~~
[72]
=

C 8.1
>
o)
—

S 7.1
>
=

n 52
C
(O]
—
£

3.8

2.7

0.6

1 1 1 " | L 1 L 1 /L | 1 1 L |

100 200 300 400 500 800 900 1000
Raman shift (cm'1)

Figure 4. Raman spectra of PbCrO, nanorods at different pressures
(indicated in the figure). The low-frequency region has been
magnified five times. We show in black (blue) the spectra from the
low(high)-pressure phase.

Raman experiment support the existence of a new polymorph
in PbCrO, that is different from all the polymorphs found in
previous studies on bulk PbCrO,. It has been stablished that
the high-frequency Raman modes in PbCrO, are associated
with internal vibrations of the CrO, tetrahedron, which do not
involve any movement of the Pb cation or the center of mass of
CrO,." Thus, the increase of the number of modes in the high-
frequency region of the AgMnO,-type polymorph of PbCrO,
in comparison with the previously known HP scheelite-type
polymorph'® is a consequence of the distortion induced by the
phase transition in the CrO, polyhedron.

In Figure 5 we present results from density-functional theory
(DFT) calculations. There it can be seen that the calculated
enthalpy of AgMnO,-type PbCrO, becomes smaller than that
of the stable monazite polymorph at 11.5 GPa. This supports
the occurrence of the phase transition found in the
experiments. The calculated transition pressure is about 3
GPa larger than the experlmental pressure. Such differences are
typical of DFT calculations.”> The overestimation of the
calculated transition pressure can be caused by the fact that
calculations were performed at 0 K while experiments were
carried out at 300 K,*° but it could be also that nanosize effects
reduce the transition pressure in experiments.'® In order to
determine which one is the possible dominant factor in this
case, experiments as a function of temperature and particle size
should be performed. The calculated crystal structure for
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Figure S. Enthalpy difference between monazite and AgMnO,-type
PbCrO, as a function of pressure taking monazite as reference.

AgMnO,-type PbCrO, at 10.2 GPa is included in Table S2 of
the Supporting Information. The agreement with the structure
determined from experiments at 9.7 GPa is quite good.

By means of lattice-dynamics calculations we have computed
the phonon frequencies of Raman- and infrared (IR)-active
modes of AgMnO,-type PbCrO,. Factor group analysis
indicates this polymorph has 36 Raman-active phonons (I" =
18A, + 18B,) and 33 IR-active phonons (I" = 17A, + 16B,).
The calculated frequencies and pressure dependences of the
different modes are summarized in Table S3 and S4 of the
Supporting Information. The phonon distribution of Raman-
active modes is very similar to the experimental phonon
distribution. In the experiments only 20 modes are observed
because several modes are nearly degenerated and because
some modes have a weak Raman-scattering cross-section. In
Table S3, it can be seen that experiments and calculations
agree not only in phonon frequencies but also in their pressure
dependences, which happen to be nonlinear. A remarkable fact
is the presence of a soft mode (a B, mode) with a frequency of
49.3 cm™', which indicates that the AgMnO,-type polymorph
is expected to become unstable at a pressure beyond those
covered by the present study.”® Regarding the IR-active modes,
they have frequency distributions and pressure dependences
similar to those of the Raman-active modes. The information
given in Table S3 and S4 is fundamental to study the heat
capacity and thermal expansion of the novel polymorph of
PbCrO, as a function of pressure. Notice that both Raman-
and IR-active phonons are distributed in three bands, with
frequencies @ > 840 cm™} 410 em™ > @ > 300 cm ™, and 240
cm™ > @ (see Figure 4). The bands can be identified as
internal stretching and bending modes of the CrO,
tetrahedron and external modes that involve movements of
Pb and CrO, respectively. The high-frequency stretching
modes are the most intense modes as expected. As we
comment above, the increase in the number of these modes
after the phase transition is a fingerprint of the distortion of the
CrO, tetrahedron induced by the transition.
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From the XRD experiments we extracted the pressure
dependence of the unit-cell parameters and volume of the two
polymorphs. The results are shown in Figure 6 together with
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Figure 6. Pressure dependence of the unit-cell parameters and
volume. The red symbols are the experimental results from this work.
Black solid lines are the theoretical calculations. The red solid lines
correspond to the third-order BM EOS fit. Black circles are results
from ref 13, empty circles are from ref 12, and empty squares are from
ref 10.

results from DFT calculations and results from the
literature.'”'>"* In the monazite structure, in spite of the
small volume decrease of the nanorods, the pressure
dependence is very similar to that of bulk PbCrO,. The a-
axis is the most compressible axis of monazite PbCrO, and the
B angle gradually decreases under compression. The agreement
with calculations is good not only for the low-pressure phase
but also for the HP phase. After the phase transition, which
involves a volume collapse (see Figure 6), the compression
becomes nearly isotropic. In addition, the B angle is less
affected by pressure in the HP polymorphs than in monazite.
We have analyzed the pressure dependence of the volume of
the two phases using a third-order Birch—Murnaghan equation
of state (EOS).”” The fit has been carried out using EOSFit.**
For monazite-type PbCrO, nanorods the volume at ambient
pressure (V;), bulk modulus (B,), and its pressure derivative
(By') are V, = 347.2(3) A3 B, = 52.7(6) GPa, and B’
3.8(5), being the implied value® for the second pressure
derivative B,” = —0.0708 GPa~'. These values agree within
uncertainties with the results obtained from bulk PbCrO,,
suggesting that the compressibility is not affected by the
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Figure 7. (Top) Band structure of AgMnO,-type PbCrO, at 12.9 (left) and 44.2 GPa (right). (Bottom) Total and partial electronic density of state
at 12.9 (left) and 44.2 GPa (right).

particle size. For the HP AgMnO-type phase we obtained V,, = which might be a hint that metallization could take place under
334(2) A3, By = 61(3) GPa, By’ = 4.1(3), and B,” = —0.0656 further compression.*
GPa™'. This indicates that the HP phase is less compressible In order to explore the possible metallization of AgMnO,-
than the low-pressure phase, which is consistent with the type PbCrO,, we have carried out band-structure calculations.
volume collapse associated with the transition, which shortens The calculated band structure and electronic density of states
Pb—O, increasing their strength. at two different pressures are shown in Figure 7. We found that
In order to analyze the anisotropy of the two phases this polymorph is an indirect band gap semiconductor with a
observed in our study, we have determined for the first time small band gap of 1.31 eV at 12.9 GPa, which is consistent with
the magnitudes and the directions of the principal axes of the the darkening of the sample. The maximum of the valence
compressibility tensor using PASCal.>® The obtained results band is in the point of the Brillouin zone between I" and Y2.
are given in Table SS of the Supporting Information. There it The minimum of the conduction band is at the A point of the
can be seen that monazite PbCrO, is highly anisotropic, the Brillouin zone. The bottom of the conduction band is

largest compressibility being 7.3(1) X 107> GPa™' and the dominated by Cr 3d and O 2p states and the top of the
smallest 1.2(1) X 1073 GPa™". The directions of the most and valence band by O 2p states (see Figure 7). Under

least compressible axes are in the plane perpendicular to the compression, the band gap further red shifts with a pressure
unique b-axis. The first one makes a 66.4° angle with the c-axis coefficient —32.7 meV/GPa. However, we found that not only
and the second one makes a 150.9° with the same axis. In the the band gap closes but also there is a change in the topology
HP phase the differences between the principal compressibil- of the band structure with several maxima developing in the
ities are much smaller than in monazite, ranging them from valence band and the minimum of the conduction band
2.1(1) X 1073 to 3.2(1) X 107> GPa™". In the HP phase, the moving to the I' point. Our calculations indicate that the band
most compressible axis makes a 15.2° angle with the ¢ axis and gap reaches a critical value of 0 eV (onset of metallization) at
the less compressible axis makes a —69.8° angle with it. 44.2 GPa, a low-pressure for a material with a band gap of 2.3
Pressure-induced metallization of oxides is a subject that has eV at ambient conditions.'' As can be seen in Figure 7, at this
caught a lot of attention.”’ In particular, it has been proposed pressure, the absolute maximum of the valence band is at a
that in oxides like PbCrO, metallization could take place at point between C2 and Y2 and the minimum of the conduction
relative low pressure due to the occurrence of a band gap band is at the I' point. According to the electronic density of
collapse.®* However, resistivity measurements have shown that states Pb, 6s states play a key role in metallization. This
bulk PbCrO, remains as a semiconductor material at least up happens because of the increase of the contribution of Pb 6s
to 35 GPa.'' In the case of PbCrO, nanorods, we have states to the bottom of the conduction band in part due to the
observed a darkening of the sample at the phase transition, hybridizations between O 2p and Pb 6s orbitals triggered by
4748 DOI: 10.1021/acs jpclett.9b01978
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compression.”* In conclusion, our calculations suggest that
AgMnO,-type PbCrO, is a good candidate for pressure-driven
metallization at pressures accessible to nowadays resistivity
measurements in diamond-anvil cells.***

In summary, we have discovered a new polymorph of
PbCrO,, which is obtained in nanorods under a compression
of 8.5 GPa. The novel HP phase has a monoclinic AgMnO,-
type structure, which was determined by means of XRD. The
transition from the low-pressure phase into the HP phase is
confirmed by Raman spectroscopy. DFT simulations confirm
the reliability of the experimental findings and provide detailed
information on the lattice vibrations. The compressibility has
been analyzed for the two polymorphs determining not only
the P—V EOS but also the magnitudes and directions of the
principal axes of the compressibility tensor. Finally, our
computational study shows that the HP polymorph has a
narrow band gap energy (1.3 eV) and that pressure is expected
to produce the metallization of PbCrO, nanorods at 44.2 GPa,
a pressure accessible with state-of-the-art techniques. The
present work therefore opens a new and promising avenue for
the exploration of pressure-induced metallization in complex
oxides, which at ambient conditions have a band gap in the
visible (2.3 eV).

B METHODS

Preparation of PbCrO, Rodlike Submicron Crystals. PbCrO,
samples were prepared by a hydrothermal method according to
the reported procedure.”” Analytical grade chemicals of
Pb(CH;C0O0),, K,Cr,0,, and the surfactants of polyvinyl-
pyrrolidone (PVP, average MW, 1 300 000) were used without
further purification. In a typical procedure, 1 mmol of
K,Cr,0,, 2 mol of Pb(CH;COO0),, 1 wt % PVP, and distilled
water were mixed with vigorous stirring. The pH value of the
mixture was adjusted to 7 by the addition of a 3 M NaOH
solution. The final volume of the mixture was kept as 35 mL.
After stirring for 10 min, the mixture was transferred into a
Teflon-lined stainless-steel autoclave with a capacity of S0 mL
for hydrothermal treatment at 140 °C for 20 h. The as-
prepared product was separated by centrifugation and washed
with H,O twice, followed by drying at 60 °C in air overnight.

PbCrO, Nanorod Characterization. Scanning electron mi-
croscopy images were recorded with a JEOL JEM-6700F
device. EDX measurements were carried out with the same
system.

High-Pressure Generation. High-pressure experiments were
performed using a Mao-type diamond-anvil cell with the
diamond-culet size of 400 ym. PbCrO, samples were placed in
a 200 um diameter hole of a T301 steel gasket, which was
preindented to a thickness of ~50 um. The loading was
carefully done to avoid sample bridging between anvils.’®
Pressure was determined using a ruby-fluorescence method.*
A 4:1 mixture of methanol and ethanol was used as the
pressure transmitting medium for both XRD and Raman
experiments.

X-ray Diffraction Measurements. HP angle-dispersive XRD
experiments with a wavelength of 0.6199 A and a focused
beam size of about 4 X 7 um* were performed at beamline
15U1, of Shanghai Synchrotron Radiation Facility (SSRF),
China. XRD patterns were collected for 20—40 s at each
pressure using a Mar-165 CCD detector and then were
integrated with FIT2D.

Raman Spectroscopy. HP Raman spectra were recorded using
a micro-Raman system assembled around a spectrometer
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(Acton SP2500, Princeton Instruments) and a liquid-nitrogen-
cooled CCD (PyLoN:100B, Princeton Instruments). A 532
nm single-mode laser with power of 0.5 mW was utilized to
excite the sample. The resolution of the Raman system was
better than 1 cm™.

Overview of the Calculations. Density-functional theory
simulations*’  were Iperformecl with the Vienna Ab-initio
Simulation Packa§e4 employing projected-augmented wave
pseudopotentials’* and the generalized-gradient approxima-
tion. We have used AMOS™ functionals to describe the
exchange correlation energy, which have been found to be the
most accurate describing PbCrO,, a cutoff energy of 520 eV,
and a 3 X 3 X 3 Monkhorst—Pack™ special k-points grid. The
direct force-constant method was employed to calculate
phonon frequencies.”
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