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Determination of the charge state configuration of PbMnOs

1. Introduction

Properties of transition metal oxides are greatly
influenced by the charge state and the ordering of the
constituent multi-valent transition metal (M) ions.
Change in the charge state induces changes in the
overall properties of the system. Therefore, external
manipulation of the charge state through carrier doping,
is an effective means of controlling and designing the
properties of these materials [1-4]. In complex oxides,
like PbMOsand BiMOs perovskite oxides, which
consist of multiple multivalent ions, this process of
external manipulation and determination of charge state
are rendered somewhat challenging and intriguing, on
account of the multiple
freedomexhibited by the main-group elements, Pb and
Bi. The multiple charge degrees of freedom exhibit
6s® (Pb*>") and 6s° (Pb*") electronic configurations.
As the 6s level of Bi and Pb are close to the d-level of
3d transition metals and oxygen 2p level, subtle change

charge degrees of

in the crystal structure itself can lead to spontaneous
exchange of charge between the cations leading to the
generation of interesting properties in the material,
such as metal-insulator transition, negative thermal
expansion and colossal magnetoresistance [5-8]. Even
though, both BiMOsand PbMOs; series of materials
exhibit
depending on the depth of the d-level of 3d transition
metal M, this phenomenon is more profound in the later

systematic charge distribution change

series [5], as shown in Table 1. Colossal negative
(NTE) was
originating from the

thermal  expansion observed in
Pb>*'V#' O3 based systems,
polar = non-polar phase transitions [9]. Polar = non-
polar phase transitions accompanied with NTE has also
been observed in Pb*'Ni**Os type systems [10]. R. Yu.
et al., showed formation of a charge glassy phase in
PbCrOs, where charge Pb?"/Pb*" disproportionation
with 1:1 ratio occurs [11]. The pressure induced charge
transfer transition is accompanied by metal-to-insulator
transition and NTE. On the other hand, even though
PbFeOs; has a

Pb?*)sPb*(sFe3*0s, charge transfer transitions and

valence state configuration of

NTE have not been observed yet [12-13]. Interestingly,
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this system shows spin-orientation transition at
high temperature rooted in the nontrivial charge pattern
of the Pb?*and Pb* ions [13]. Most interestingly,
PbCoO3; shows multiple temperature and pressure
induced phase transitions originating from the complex
change in the charge and spin states of Co ions [14]. As

\ Cr Mn Fe Co Ni
Bi | Bi**V30, | Bi3*Cr3*0, | Bi**Mn¥*0, | Bi*Fe¥0, Bi3*C0%0, Bi%*, 5Bi5*)
Ni2*0,
Pb | Pb2*V4+0, | Pb2*,sPbt*s 2 Pb2tosPb*gs | Pb2*g,sPh*oqs | PbNi2O,
Cr3+0, Fe3*0, C0%*5C0% ;505

Table 1 Experimentally observed charge states of main-
group and transition metal ions. The yellow and orange
regions  denote the presence of  charge
disproportionation in A-sublattice and both cation
sublattices, respectively, in AMOs3 oxides.

to the charge-property relationship of compounds in the
PbMOs series, least is known about
PbMnO3 whose charge state is still shrouded in
ambiguity.

The first case of synthesis of tetragonal perovskite
phase of PbMnO3 was reported in 2009 when the 6H
hexagonal phase was treated at 15 GPa and 1273 K[15].
Here, both the perovskite 3C and hexagonal 6H phases,
were found to be antiferromagnetic insulators. The
value of Curie constant in the former phase, however,
was 2.38 emu-K/mol which was significantly larger
compared to the value expected for Mn*" (S = 3/2) ions.
The hexagonal 6H phase, on the other hand, had a Curie
constant of value 1.87 emu-K/mol indicating the
Pb>*Mn*'Os charge distribution. Interestingly, recent
surface sensitive X-ray absorption spectroscopy (XAS)
studies have reported a
Pb?%0.875Pb* 0.12sMn*0 2sMn*" 7503 charge

configuration [16], which is not in agreement with
previous experimental observations. We, therefore,
have examined the stability of charge state and
structural of PbMnO;3 as
temperature and applied pressure by combining first-

phases functions  of
principles density functional theory (DFT) calculations,
self-consistent phonon (SCP) theory and genetic
algorithm, to develop higher insights into this direction.
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Our findings have been experimentally investigated by
means of bulk sensitive hard X-ray photoemission
spectroscopy (HAXPES), high-frequency electron spin
resonance (ESR) measurement and local structural
investigation employing atomic pair distribution
function (PDF) analysis of synchrotron X-ray total
scattering, by Azuma Group.

2. Methods

To determine the ground state structure of PbMnOs, we
investigated more than 100 candidate structures
selected on the basis of the dynamical instability at the
high temperature, high symmetry phase. First, we
calculated phonon dispersion curve of the cubic
Pm3m phase of PbMnOs perovskite structure using
harmonic approximation based on the first-principles
density functional theory (DFT) + U [17] method as
functions of electron-electron correlation factor (U) and
occupancy level of the 3d orbital of Mn ions to
determine structural distortions leading to symmetry
and energy lowering. Second, based on the determined
pool of initial structures, the phase stability was
evaluated based on calculated enthalpy. Finally, for
optimized  structure, we
corresponding phonon dispersion curve to make a

each calculated a
thorough assessment of their dynamic instability.
Parallelly, we adopted a complementary approach,
relying on a genetic algorithm combined with DFT+U
calculations. In the set of initial structures supplied to
the genetic algorithm, around 42 PbMnO3 candidate
structures which exhibit cooperative Jahn-Teller
distortions and tilting of BOs octahedra, as reported in
Ref[18] were considered to prepare seeds which are to
be used for determination of ground state structure
utilizing genetic algorithm. Since structural differences
have a larger impact on the resulting free energy
compared to the magnetic configurations, within the
seed preparation step, all calculations are limited to
ferromagnetic configurations.

3. Results and discussions

3.1 Identification of candidate structures: By
investigating and analyzing the phonon dispersion of
the cubic PbMnOs phase, i.e. with Pm3m symmetry,
as this is expected to be the high pressure and high
temperature phase, as a function of the effective
increase in the occupancy of the e, level of the Mn
ions, we identified more than 100 candidate structural

phases of PbMnO; and performed full structural
optimization as a function of electron-electron
correlation factor (U — Jy) at the Mn 3d states. The
evaluated phase diagram as a function of U — Jy is
shown in Figure 1. Our results indicate a strong
correlation between the electronic and structural phases
of PbMnOjs and the effective Hubbard parameter at the
Mn 3d orbitals that plays an important role to stabilize
these phases. Along with the known phases, such as
P4/mmm, Pnma and R3c,, two new structures, P1
and Pmnm, having competing energies and exhibit
cooperative Jahn—Teller (JT) distortions along with
octahedral tilts were identified, which were not
considered in the previous studies[15,16], having
competing energies and exhibit cooperative Jahn—
Teller (JT) distortions along with octahedral tilts. Based
on the calculated enthalpy at 0 K and zero pressure
P4 /mmm phase was found to be unstable compared
to the cubic structure. According to the DFT+U density
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Figure 1 (a) The relative energy (AE) of the lowest
energy phase with respect to Pnma structure as a
function of effective Hubbard parameter (U — Jy). (b)
The calculated value of the net magnetization my,
and the volume of the FM state of the lowest energy
structure as a function (U — J) of the PbMnOs3 system.

of states (DOS), the charge state of Mn ( Pb ) ions in
Pbnm and R3c phases are expected to be 4+ ( 2+ )
and 2+ ( 4+ ), respectively. Both structures are metallic
and FM in nature within the level of GGA (PBEsol)
[19], met-GGA (r?SCAN) [20] and hybrid HSE06
[21,22] exchange-correlation functional, which is not in



agreement with experimentally observed insulating
phase [15,16]. In addition to P1 and Pmnm, various
JT distorted patterns as observed in LaMnQOs3 [23] and
TbMnOs [24], have also been taken into consideration.
The Pb*/Pb’>" columnar ordering within these JT
distorted lattice frameworks tends to stabilize in the
P2, /m symmetry. However, the most stable P2,/m
structure is 49 meV/fu. higher in energy than the P1
structure. The layered and the rock-salt Pb*/Pb*"
ordered phases are also higher in energy than the P1
structure with values 100 and 24 meV/f.u., respectively.
We cross-checked the energetics of the assumed
structural phases of PbMnQOj by using hybrid exchange-
correlation functional (HSE06) and by considering
common AFM orders, like G-type, A-type and C-type,
along with the FM configuration. The lowest energy
structure was pinned down to P1 phase, where Mn
spins are ordered in FM pattern. This indicates that,
PbMnO3; does not form a trivial collinear AFM order
and further investigation is required to achieve insights
into this direction.

3.2 Electronic structure of DFT predicted ground-
state phase: The cooperative JT lattice distortion
pattern of the P1 phase is complex in nature where
each MnOs octahedron is composed of pairs of long,
medium and short bonds. As a direct consequence, two
types of Pb ions ordered in a columnar pattern were
formed. The calculated DOS indicates that one half of
the Pb ions (Pb1) have almost filled 65 orbitals and form
2+ valence state while the other half (Pb2) form ligand
holes. Computed crystal orbital Hamiltonian
population (COHP) (Figure 2) shows that in both spin
channels, the bands above Fermi level (within 3 eV) are
composed of strongly hybridized Pb2 — O sp*
antibonding states and the corresponding bonding
states form at around 10 eV below the Fermi level. This
indicates the formation of 6s2L? configuration, where
L denotes ligand hole. The ligand holes are therefore
localized in the Pb2 - O bonds and form 4+ valence
state. The calculated magnetic moment at the Mn site is
mvn ~ 4.02 pp and the net magnetization of the FM
state is M ~ 4.0 pp/f.u. We also observe that while ¢,
states of Mn ions are almost filled and completely
vacant in the majority and the minority spin channels,
respectively, the e, states are half filled in the majority
spin channel. These observations indicate the formation
of 3+ valence states of Mn ions. At the level of GGA
PBEsol and meta-GGA r?SCAN exchange correlation

functional, the P1 phase was found to be half-metallic.

At the level of HSEO6, this system is observed to be
insulating in nature with a band gap of value 1.6 eV,
which is in good agreement with previous experimental
reports. Interestingly, using genetic algorithms we
found the same ground state structure having P1
symmetry. Therefore, our theoretical investigation
strongly indicates the formation of Mn*" charge state
along with 1:1 Pb?*"/Pb*" charge disproportionation.
P1 > Pnma phase transition is expected to be
accompanied by the charge transfer and metal-to-
insulator transitions (see Figure 2). In the proximity of
the Fermi level, under the influence of the Pb — O bonds,
the states assume an antibonding sp* character, where
the ligand holes are delocalized in the Pb — O covalent
bond. This is in sharp contrast to BiNiOs, the states
crossing the Fermi level have predominantly Ni — O
pd* antibonding character. Therefore, transition to the
orthorhombic Pnma phase in PbMnOj3, in contrast to
the similar transition in BiNiOs[Ref], is not expected to
change the character of ligand hole from Pb - O to Mn
— O bonds and pressure induced weak negative thermal
expansion is not expected.
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Figure 2 Computed partial pCOHP for the Mn — O and
Pb— O bonds of the ground state P1 (left panel), Pnma
(middle panel) and Pm3m (right panel) phases of
PbMnOs. While —pCOHP(E) >0
bonding character between a pair of atomic orbitals,
—pCOHP(E) < 0 denotes antibonding interactions.

indicates a

3.3 Temperature Vs Pressure phase diagram: To
investigate the stability of the predicted structural
phases as a function of temperature and applied
pressure, we conducted self-consistent phonon (SCP)
[25-27] calculations by incorporating lattice
anharmonic effects. We studied P1 - Pnma -
Pm3m phase transitions. The results of SCP



calculations considering up to 4" order anharmonic
terms, are summarized in Figure 3. Our results show
temperature and pressure induced P1 - Pnma ->
Pm3m transitions, where the first transition is
accompanied by charge transfer (Mn*" - Pb*") and
metal-to-insulator transitions. The P1 phase exhibits
much smaller stability range compared to Pnma and
Pm3m at the level of GGA PBEsol exchange-
correlation functional. Note that we have conducted
SCP calculations by fixing the cell parameters to the
DFT evaluated values. To develop a comprehensive
stability of the
perovskite PbMnOj structure, other energetically close
phases that have been predicted by DFT calculations
and change in lattice parameters need to be taken into

analysis of the thermodynamic

consideration. Additionally, at the level of hybrid
functional the stability of the P1 phase compared to
Pnma
Therefore, the effect of e —e exchange-correlation
needs to be carefully investigated.

and other phases significantly enhance.
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Figure 3 Computed Temperature Vs Pressure phase
diagram of PbMnO3 using self-consistent phonon

(SCP) methods.

3. Conclusions

In summary, we have conducted detailed theoretical
investigations to determine the ground state crystal
structure and charge configuration of PoMnQOs. The
predicted ground state structure has P1 symmetry
exhibiting cooperative Jahn-Teller (JT) distortions
along with  octahedral tilts, and forming
Pb2*55Pb*"0sMn3*04 charge configuration.
Interestingly, by combining genetic algorithms with
DFT calculations we found the same ground state
structure having P1 symmetry. Therefore, our

theoretical investigation strongly indicates the
formation of Mn3* charge state along with 1:1 Pb?*/Pb**
charge disproportionation. However, the
thermodynamic stability of the P1 phase was found to
be much weaker compared to the Pnma and Pm3m.
Therefore, further investigations are required to gain
deeper insights in this direction.
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