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ABSTRACT: By means of first-principles calculations based
on density functional theory (DFT) and hybrid functional, we
studied the structural, electronic, and ferroelectric properties of
the two recently synthesized high-pressure perovskite-type
(orthorhombic, space group Pnma) and LiNbO;-type
(rhombohedral, space group R3c) polymorphs of CdPbO;.
Besides providing structural and electronic results in good
agreement with available experiments, our results are able to
correctly describe the pressure-induced Pnma — R3c¢ structural
phase transition and most importantly predict the realization of

proper ferroelectric behavior in LiNbO,-type CdPbO, with an electric polarization of 52.3 uC/cm® The proper covalent
interaction mechanism driving the ferroelectric transition is discussed and explained in terms of the analysis of Born effective
charges, potential-energy surfaces, charge density isosurfaces, and electric localization function.

I. INTRODUCTION

Perovskite-structure oxides with general formula ABO; are
known to exhibit a wide variety of physical properties such as
high dielectric constant, ferroelectric polarization, colossal
magnetoresistance, and superconductivity. For this reason
they form one of the most important classes of materials for
technological applications. In particular, perovskite compounds
display a large degree of structural freedom depending on the
relative size of the A and B ions and on the mismatch between
the A—O and the B—O equilibrium bond lengths. As a result of
this structural flexibility, a wide variety of distorted variants of
the prototypical cubic structure are observed as a function of
compositions and, also, external perturbations such as temper-
ature and pressure. The physical behavior of perovskite oxides
depends crucially on the details of these distortions, particularly
the electronic, magnetic, and dielectric properties.

The prototypical perovskite has cubic structure with Fm3m
symmetry, and it can be described as a framework of corner-
sharing BOy4 octahedra with the A cations located at the 12-
fold-coordinated voids within the octahedra. The stability and
distortion of perovskite crystal structures are often discussed in
terms of the Goldschmidt’s tolerance factor t, t = (ry + ro)/

2(rg + ro), where r,, 13, and rg are the ionic radii of A, B, and
O ions, respectively.”? t = 1 represents the ideal conditions
upon which the perovskite structure assumes its ideal cubic
symmetry. Depending on whether the tolerance factor ¢ is
greater or less than 1, different distorted structural variants are
formed. However, the tolerance factor of perovskite is not the
only predominant factor to determine the stability of a given
compound. As a means to alter the electronic bonding state, the
lattice, and thus the physical properties of perovskite
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compounds, high pressure has been widely used in geoscience
and related fields to provide access to new phases, unstable or
metastable at ambient pressure conditions, which may display
novel and fundamentally relevant physical properties.’

Recently, Inaguma et al.*® reported two high-pressure
polymorphs of the transition metal perovskites PbNiO; and
CdPbO; characterized by distinct crystal structures: (i) an
orthorhombic perovskite type with space group Prnma and (ii) a
hexagonal lithium niobate (LiNbO;)-type (LNO) structure
with space group R3c. In situ energy-dispersive X-ray diffraction
(XRD) experiment revealed that in PbNiO; the Pnma phase is
formed at 400 °C under a pressure of 3 GPa and that the
perovskite-type phase irreversibly transforms to the LNO-type
phase by heat treatment at ambient pressure.* At variance with
PbNiQ;, synthesis of the perovskite-type or LNO-type phases
in compressed CdPbOj; strongly depends on heating temper-
ature: XRD patterns showed that the Pnma phase is formed
under 7 GPa and at a heating temperature of 750 °C and the
LNO-type phase at 1200 and 1300 °C. It has been also shown
that both phases can coexist in the temperature range 750—
1000 °C.°

Apart from their relative stability, the Pnma (orthorhombic
perovskite-type) and R3¢ (hexagonal LNO-type) phases exhibit
interesting electronic properties. Particularly intriguing is the
physical properties of the LNO-type structure. In fact, the R3¢
symmetry allows development of spontaneous polarization
along the [111] direction and, as such, may give rise to
ferroelectricity, piezoelectricity, pyroelectricity, and second-
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Figure 1. Crystal structures of the perovskite-type (left) and LiNbO5-type (right, shown in the rhombohedral setting) CdPbO;. Magenta (medium),
black (large), and red (small) spheres represent Cd, Pb, and O atoms, respectively. Octahedron centered at one Pb atom is shown in both structures.

order nonlinear optical behavior.*” For example, the well-
known LNO-type oxides LINbO; and LiTaO; exhibit excellent
ferroelectric properties,®” and BiFeOs is one of the most
renowned multiferroic compounds.'®~'* Indeed, on the basis of
beyond density functional theory (DFT) calculations, some of
us recently predicted the LNO-type PbNiO; to be a
multiferroic material with exceptionally large ferroelectric
polarization of about 100 yC/cm®" It is therefore natural to
expect that the R3c phase of CdPbO; may also possess
interesting ferroelectric properties. Furthermore, though earlier
resistivity measurements indicate insulating behavior for the
perovskite-type phase of CdPbO;,'* the internal atomic
positions and underlying electronic properties of both high-
pressure CdPbO; polymorphs remain unknown.

In this work, we report the results of first-principle
calculations on structural optimization, phase stability, and
electronic and ferroelectric properties for the high-pressure
perovskite- and LNO-type phases of CdPbO; by means of
standard DFT and screened hybrid-functional methodologies.
The paper is organized as follows: in the next section, we give a
detailed description of the computational procedure. The
results are presented and discussed in section III. Finally, the
main outcomes of our study are summarized in section IV.

Il. COMPUTATIONAL DETAILS

First-principles calculations presented in this work were carried out
within standard and hybrid DFT using the Vienna ab initio simulation
package (VASP).'>'® In DFT the exchange-correlation energy
functional was constructed according to the generalized gradient
approximation (GGA) following the Perdew—Burke—Ernzerhof
(PBE) parametrization scheme.'” Due to the well-known difficulties
of standard DFT in predicting the band gaps of semiconductors and
insulators, we also employed the screened hybrid functional proposed
by Heyd, Scuseria, and Ernzerhof (HSE),'® which is constructed by
suitably incorporating 25% of exact Hartree—Fock exchange in the
short-range (SR) part of the DFT exchange (X) functional. The long-
range (LR) part and the correlation (C) functional are treated by the
PBE only, resulting in the following XC functional: EXe" = 1/4EgHS®#
+ 3/4ERESRH 4 ERBELRY . EPBE in which the parameter y controls the
decomposition of the Coulomb kernel into SR and LR contributions
to the exchange. According to the HSEO6 recipe, we set 4 = 0.2 A7L"
Hybrid functional, though computationally very demanding, has been
proven to convey better structural data and improved electronic (band
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gap), magnetic, and ferroelectric properties with respect to standard
DFT for transition-metal (TM) oxides.'>*°~>3

Full structural optimization was performed at both PBE and HSE
levels, in which all lattice parameters and internal atomic positions
were relaxed until the Hellmann—Feynman forces acting on each atom
were less than 0.01 eV/A and the energy difference between two
consecutive iterations was less than 0.0001 eV. Brillouin zone
integrations were performed with a Gaussian broadening* of 0.1 eV
during all relaxations. For both geometry optimizations and static
electronic structure calculations, the plane-wave energy cutoff was set
to 600 and 400 eV within PBE and HSE, respectively. The k-point
meshes over the total Brillouin zone were sampled by 8 X 6 X 8 and 8
X 8 X 8 Monkhorst—Pack grids* for the perovskite-type and LNO-
type phases, respectively. Structure and charge density visualization
and analysis were performed via the VESTA program.>® Born effective
charges were calculated using the linear-response technique within
density functional perturbation theory,”” whereas spontaneous polar-
ization was evaluated using the Berry phase formalism.**~*

Pressure was simulated by changing the volume of the cell (the
structure was optimized again under the constant volume constrain).
To obtain the bulk modulus, the energy—volume (E—V) curves
resulting from the structural optimization procedure at various
volumes were fitted to the third-order Birch—Murnaghan equation
of state (EOS)

E(V) =E, + 9V(,BO/16{[(VO/V)2/3 ~1TB,

+ [/ vy = 1|6 - a0y |} W
where B is the bulk modulus at zero pressure, By, its first derivative, E,
the minimum energy, and V; the volume at the minimum energy.
The pressure was obtained from the E—V graph by numerical
differentiation of the Birch—Murnaghan EOS fit to the thermodynamic
relationship P = —dE/dV. Since calculations were done at 0 K, the
Gibbs free energy is equal to the enthalpy H, expressed as H = E + PV.
Hence, we identified the phase transition pressure by comparing the
enthalpy as a function of pressure. Due to the exceedingly high HSE
computational cost, the EOS (eq 1) for the perovskite- and LNO-type
structures was calculated at the PBE level only.

lll. RESULTS AND DISCUSSION

A. Equilibrium Structures and Phase Stability. The
perovskite-type phase of CdPbOj; exhibits an orthorhombic
GdFeOs-type crystal structure with space group Pnma (No.
62). Its conventional unit cell, depicted in Figure 1, consists of
four formula units (20 atoms). The most peculiar structural
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feature of this phase is the presence of a nonpolar distortion of
the ideal cubic perovskite structure produced by the tilting of
the oxygen octahedra around the cubic [110] axis. The PBE-
and HSE-optimized equilibrium lattice constants, correspond-
ing cell volume, internal atomic coordinates, bond lengths, and
bond angles for the perovskite-type phase are listed in Table 1.

Table 1. Structural Parameters of Perovskite-Type CdPbO;
in the Pnma Unit Cell Optimized by PBE and HSE“

Pv—CdPbO, PBE HSE
a (A) 5.839 5.739
b (A) 8.379 8210
¢ (A) 5.750 5.639
V (A%/fu.) 70.3 66.4
Xcd 0.4539 0.4543
Zcq 0.0069 0.0075
Xo1 0.5786 0.5732
Zo1 0.6264 0.6224
X2 0.1866 0.1886
Yor 0.0698 0.0670
Z0n 0.3174 0.3157
Pb-0, (A) x 2 22643 22058
Pb-0, (A) x 2 2.1891 2.1394
Pb-0, (A) x 2 2.2045 2.1549
Cd-0, (A) x 1 2.3062 22764
Cd-0, (A) x 1 23222 2.3070
Cd-0, (A) x 2 22684 2.2494
Cd-0, (A) x 2 2.8113 2.7574
Cd-0, (A) x 2 3.0071 29355
Pb—O,—Pb (deg) 135.39 137.04
Pb—0,—Pb (deg) 137.68 139.06

“a, b, and c are the lattice constants, and V is the cell volume. Pb atoms
are located in the Wyckoff position 4a (0, 0, 0), and Cd atoms are on
4c (x, 025, y). Two nonequivalent O atoms (O, and O,) are
positioned on 4c (x, 0.25, y) and 8d (x, y, z), respectively. Pb—O/Cd—
O and Pb—O—Pb denote the corresponding bond lengths and bond
angles, respectively. Experimental values: a = 5.887 A, b = 8.061 A, ¢ =
5.676 A, and V = 67.3 A3/fu. are from ref 5.

Compared with the experiment,5 the lattice constants obtained
by the PBE calculations have an average deviation of 2.0%, with
the highest overestimation being 3.9% for the b vector. As a
consequence, the equilibrium volume is overestimated by
roughly 4.5% at the PBE level. Obviously, HSE results are
found to be in better agreement with the experiment, with an
average error of less than 1.7%. In particular, the cell volume is
well reproduced with an error of only 1.3%. The sizable
difference between the Cd—O and the Pb—O bond lengths
reflects a significant cooperative rotation of the PbOq
octahedra, quantified further by the large reduction of the
Pb—O,—Pb (Pb—0,—Pb) bond angle which is predicted to be
135.39° (137.68°) and 137.04° (139.06°) at the PBE and HSE
levels, respectively.

The LNO-type phase of CdPbO; can be visualized as highly
distorted perovskite with rhombohedral symmetry and an
acentric space group R3c (No. 161). The primitive unit cell,
shown in Figure 1, contains two formula units (10 atoms). This
structure can be reached from the ideal cubic perovskite
structure by two rather simple distortions: (i) counter-rotations
of neighboring oxygen octahedra along the cubic [111] axis,
and (ii) polar displacements of all the anion and cation
sublattices relative to each other along the [111] direction. The
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optimized lattice constants, equilibrium volume, internal atomic
positions, and corresponding bond lengths and bond angles
calculated within both PBE and HSE functionals are collected
in Table 2. To facilitate comparison with the measured data,

Table 2. Structural Parameters of LiNbO;-Type CdPbO,
Optimized via PBE and HSE“

LNO-CdPbO, PBE HSE

a (A) 5.787 5.679
c (A) 14.992 14.681
V (A%/fu) 72.5 68.3
Zcd 0.2795 0.2785
%o 0.0511 0.0541
Yo 0.3616 0.3572
25 0.0650 0.0674
Pb—O (A) x 3 2.1904 2.1364
Pb-0 (A) x 3 2.2857 22229
Cd-0 (A) x 3 22637 22333
Cd-0 (A) x 3 24649 2.5468
O-Pb—0 (deg) 164.29 166.367
Pb—O—Pb (deg) 137.51 139.59

“To facilitate the comparison with experiment, the optimized results
are presented in the hexagonal setting. The Wyckoff positions 6a and
18b are Cd (0, 0, z), Pb (0, 0, 0), and O (x, y, z). a and ¢ are the
hexagonal lattice constants, and V is the cell volume. Pb—O/Cd—0O
and Pb—O—Pb/O—Pb—O denote the corresponding bond lengths
and bond angles, respectively. Experimental values: a = 5.681 A, ¢ =
14.640 A, and V = 68.2 A3/fu. are from ref 5.

calculated results are projected in the hexagonal setting. PBE
delivers rather large lattice parameters (about 2.0% larger than
experiment) and consequently a largely overestimated (6.3%)
volume. As expected, inclusion of Fock exchange significantly
improves the accuracy of the calculations: the error in the
lattice parameters is reduced to ~0.11%, and the equilibrium
volume, 68.3 A’ per formula unit (fu.), is in excellent
agreement with the experimental value (68.2 A%/fu.). Similarly
to the perovskite-like phase, HSE predicts a slightly smaller
titing of the PbOg octahedra, which is mainly due to the
different PBE and HSE equilibrium volumes. Overall, we can
conclude that HSE conveys an improved description of the
structural properties as compared to PBE and should therefore
provide a good reference for future experiments aiming to
determine the internal atomic positions of both CdPbO,
polymorphs.

The EOS for the perovskite- and LNO-type structures is
shown in Figure 2, whereas the corresponding EOS parameters
are listed in Table 3. The bulk modulus of the Pnma phase is
larger than that of the R3c phase, indicating that the closely
packed Pnma phase is more difficult to compress than the R3¢
one. From the E—V stability curves shown in Figure 2a, it can
be seen that the R3c structure is energetically more favorable in
a wide range of volumes and is thus predicted to be the most
stable one under ambient conditions, whereas the ortho-
thombic Pnma phase is identified as a high-pressure phase as
confirmed by the enthalpy—pressure curves shown in Figure 2b.
This scenario is in accord with the experimental observations.
Also, the calculated critical pressure at which the R3C — Pnma
phase transition takes place, 9 GPa, is in good agreement with
the measured value of 7—7.5 GPa.> We attribute this residual
difference to the temperature effect, not included in our
computational scheme (our calculations are performed at 0 K).
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Figure 2. (a) PBE-calculated total energies as a function of volume for the perovskite- (Pnma) and LiNbOs-type (R3c) phases. (b) Stability of phase
vs pressure. (c) Relationship between pressure and volume for CdPbO;. Pressure stability regions for the two different phases are also indicated.

Table 3. Equation of State Parameters for the Perovskite-
(Pnma) and LiNbO;-Type (R3c) CdPbO; Obtained at the

According to the behaviors of the pressure—volume curves
shown in Figure 2¢, the R3C — Pnma phase transition is clearly

PBE Level first-order and involves a volume collapse of ~2.4%.
: B. Electronic Properties of the Perovskite-Type Phase.
structure Vo (A/tw) By (eV/tu) B (GPa) B Standard DFT is known to be inadequate to describe the
Prma 7038 —23.73 116.05 535 electronic properties of strongly correlated oxides. Indeed, the
R3c 72:54 —23.84 108.38 435 PBE functional predicts a metallic character for CdPbO; (see
100

Density of states (states/eV)

Density of states (states/eV)

Energy (eV)

Figure 3. HSE-calculated total and partial density of states for CdPbO; in (a) the Pnma phase and (b) polar R3¢ (full lines) as well as reference
centrosymmetric R3¢ (shadow) ones. Vertical dotted lines are set as the Fermi level.
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Supporting Information), in clear disagreement with experi-
ment."* Conversely, inclusion of the Fock exchange within the
HSE functional correctly gives an insulating state with a band
gap of ~1.17 eV as inferred from the electronic density of states
(DOS) shown in Figure 3a. Therefore, in the following we will
describe the electronic properties in terms of HSE only.

From the HSE-calculated results shown in Figure 3a, one can
see that the bands between —9 and —5 eV are dominated by Cd
4d hybridized with part of O 2p and Pb 6s states whereas the
highest occupied energy region is primarily formed by O 2p
states with minor contributions from Cd Ss and Pb 6p states.
Finally, the bottom of the conduction band is mainly made up
by a mixture of Pb 6s and anion 2p states (the lowest energy
region below —10 eV, not shown, is populated by O 2s and Pb
5d states). It is important to note that Pb does not donate all its
valence electrons away, as a large portion of Pb s states is found
below the Fermi level. Thus, similar to the case of PbNiO,,"
Pb is far from a nominal 4+ state.

C. Electronic and Ferroelectric Properties of the LNO-
Type Phase. As mentioned above, the LNO-type CdPbOj has
a rthombohedral structure with polar R3¢ space group. In this
section, besides providing a detailed description of the
electronic ground state of the LNO-type phase, we will report
on the possible realization of ferroelectric behaviors connected
with the observed polar crystal structure.

1. Electronic Properties. Similarly to the Pnma phase, also in
this case PBE predicts a metallic character (see Supporting
Information) whereas HSE finds a semiconducting ground state
with a finite band gap of 0.94 eV. The HSE-calculated total and
partial electronic DOS for LNO-type CdPbO; are shown in
Figure 3b. Significant changes are observed by comparing the
perovskite- (Pnma) and LNO-type (R3c) DOS: (i) the HSE
value of the band gap decreases from 1.17 (Pnma) to 0.94 eV
(R3c); (ii) there is a small but significant increase (0.4 eV) of
the Pb 6s and O 2p bandwidths in the valence band of the
rhombohedral structure with respect to the Pnma structure,
which indicates an enhanced interaction between the Pb 6s and
the O 2p orbitals in the R3¢ phase; (iii) this change in chemical
bonding is accompanied by an expansion of the corresponding
antibonding states in the bottom of the conduction band (this
can explain the reduced band gap in the R3¢ phase); (iv) as a
consequence of the structural transition, we also observe a
sizable downward shift of the Pb 5d (0.3 eV) and Cd 4d (0.4
eV) bands.

The existence of an energy gap and significant covalent
bonding between the cations and the oxygen in the acentric
crystal structure are crucial prerequisites and necessary
conditions for realization of ferroelectric behavior. In order to
explore the possible realization of ferroelectricity in LNO-type
CdPbO;, in the following we will evaluate the spontaneous
macroscopic polarization and discuss related ferroelectric
properties.

2. Ferroelectric Properties. One of the basic features of
ferroelectric materials is the spontaneous macroscopic polar-
ization P, which results upon application of an electric field and
persists at zero field in two (or more) enantiomorphous
metastable states of the crystal'’ An accurate quantitative
method for computing the polarization to all orders in
displacement is the Berry phase theory (BPT) developed by
Resta and King-Smith and Vanderbilt.” ™ In this approach,
the total polarization P, for a given material can be calculated
as a summation of the ionic contribution P,,, and the electronic

on
one Pg. As there is an arbitrariness in the Berry phase
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represented by an integer multiple of the polarization quantum
eR/Q (where ¢ is the charge of the electron, R is the primitive
lattice vector along the polarization direction, and €2 is the unit
cell volume), the spontaneous polarization should be calculated
properly as a variation along an appropriate adiabatic path.

Here, the spontaneous polarization is calculated as the
difference between the ferroelectric (FE) phase and a suitably
centrosymmetric paraelectric (PE) one. Since the crystal
structure of the high-temperature PE phase of CdPbO; has
not been determined experimentally, we assume the
rhombohedral R3¢ structure as the reference paraelectronic
state in this case. The R3c structure, which is adopted by
LiNbO; and BiFeO; in their PE phases,® "> can be derived
from the ideal cubic perovskite structure by only a counter-
rotation of the octahedra along the [111] axis. For the PE
phase, we use the same volume and rhombohedral angle of the
ferroelectric structure and further relax its internal atomic
positions at the HSE level.

The HSE-calculated spontaneous polarization for LNO-type
CdPbO; along the adiabatic insulating path is shown in Figure

4. The parameter A represents the polar distortion of crystal
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Figure 4. HSE-calculated total energy E, ionic P,,, electronic P, and
total polarization P, are illustrated as a function of the polar distortion
A along a ferroelectric switching path going from the reference
paraelectric R3¢ structure (4 = 0) to the ferroelectric R3¢ one (4 = 1).
The spontaneous polarization estimated from the point charge model
(Ppcyy) is also given for comparison.

structure between R3¢ (4 = 0) and R3¢ (4 = 1) along the [111]
direction. The polarization in the PE R3¢ phase is defined to be
zero. From the results summarized in Figure 4 we derive the
following information: (i) the ionic displacements (Figure 4a)
induce a symmetry lowering along the PE to FE path and a
concomitant decrease of the total energy. (ii) Both P, and P,
(Figure 4b) grow monotonically with the polar distortion,
giving rise to a total polarization P, of 52.3 uC/cm?* (Figure
4c). This value is comparable to that of ZnSnO; (56.9 uC/
cm?)*? but much smaller than that of LiINbO, (80.0 xC/cm?),’
BiFeO, (83.53 #C/cm?),"" and PbNiO3 (95.5 uC/cm?)."? (iii)
In Figure 4c we also compare the polarization obtained through
the BPT with the corresponding point charge model (PCM)
value.”® The negligible difference between the calculated P,
and Ppcy; is often indicative of a predominantly ionic character.

An alternative way to evaluate (within a lower degree of
accuracy) the polarization is through the Born effective charge
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Inorganic Chemistry

(BEC) and the polar displacements by using the expression P,
= 1/QY, sZ¥ sAu, 5, where Au, 4 is the displacement of atom k
along direction /3 from the PE to the FE phase and Z; is the
Born effective charge tensor of atom k.” The BEC tensors of
each ion in the FE (R3c) and reference PE (R3c) structure of
CdPbO; are calculated using the linear-response formalism
within the PBE approach. The results are summarized in Table
4. On the basis of the BEC tensor of the FE phase (Table 4),

Table 4. Born Effective Charge (in atomic units) Cd, Pb, and
0,, 0,, and O; of CdPbO; in the Reference Paraelectric R3¢
and Ferroelectric R3¢ Phases, Calculated via PBE

paraelectric phase ferroelectric phase

Cd 2.67 0.00 0.00 2.56 —0.20 0.00
0.00 2.67 0.00 0.21 2.57 0.00

0.00 0.00 2.10 0.00 0.00 2.28

Pb 4.42 0.64 0.00 4.44 0.76 0.00
—0.64 4.42 0.00 —0.73 4.43 0.00

0.00 0.00 4.59 0.00 0.00 4.64

0O, —2.24 —0.19 —0.43 —2.26 —0.22 —0.17
—0.19 —2.47 —0.75 —0.26 —2.39 —0.63

—0.43 —0.75 -2.22 —0.09 —0.76 -2.29

0, —2.58 0.00 0.87 —2.56 0.09 0.63
0.00 —2.14 0.00 0.04 —2.09 0.16

0.87 0.00 —-2.22 0.70 0.30 -2.29

0O, —-2.25 0.19 —0.44 —2.15 0.19 —0.46
0.19 —247 0.78 0.16 —2.50 0.46

—0.44 0.75 —-2.22 —0.61 0.45 -2.29

the polarization is estimated to be 56.8 and 53.8 uC/cm® using,
respectively, the PBE- and HSE-optimized geometries. These
results are in close agreement with the Berry phase estimate
(52.3 uC/cm?) and corroborate further our calculations.

After predicting the onset of a large spontaneous polarization
in LNO-type CdPbO;, we now turn to discussion of the
mechanism behind this FE behavior. As already pointed out,
the polar distortions in LNO—CdPbOj are very similar to those
observed in LNO—PbNiO,."”> In LNO-PbNiO, the EE
transition is driven by the strong Pb—O covalent interactions,
similarly to what was reported for BiFeO; and PbTiO;. By
analogy, we expect that also in this case the ferroelectric
mechanism can be assimilated to the partial covalency of some
bonds.

First, we describe in more detail the ferroelectric structural
distortions by comparing the energy path associated with the
PE to FE transition. As mentioned above, development of the
spontaneous polarization originates from the relative displace-
ment of all cations and anions along the [111] direction (ie.,
the c-axis direction in the hexagonal setting). With respect to
the centrosymmetric PE configuration and keeping the Pb
atoms fixed at the origin, the Cd atoms in the FE phase are
shifted along the 3-fold axis by 0.442 A while O atoms move
approximately in the opposite direction by 0.275 A. As already
pointed out, the O atoms not only move along the ¢ axis but
have sizable displacements along axes a and b. The calculated
potential energy path of LNO—CdPbO; as a function of the
atomic displacements from the centrosymmetric structure to
the polar one is displayed in Figure 5, decomposed over Cd-
only, O-only, and combined Cd + O displacements. The
abscissa indicates the amount of displacements as a fraction of
the PE to FE amplitude. When considering the combined Cd +
O contributions, the potential energy curve has the double-well
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Figure 5. PBE-calculated potential-energy surfaces vs atomic displace-
ments from their centrosymmetric positions. Abscissa indicates the
amount of displacements as a fraction of the paraelectric to
ferroelectric amplitude. Energy minimum corresponds to the ferro-
electric R3c structure.

shape typical of ferroelectric materials, indicating the special
role played by these atoms in determining the ferroelectric
transition. The total energy gain associated with the Cd + O
polar distortion is 229 meV/fu., comparable to the
corresponding ferroelectric energy gain in LiNbO; (249
meV/fu.)® and PbTiO; (200 meV/fu.)** (twice smaller than
the value predicted for BiFeO;'"). It is important to underline
that the distinct Cd and O displacements do not lead to any
sizable energy again. It is the combined motion of Cd + O
atoms along the [111] direction that determines the PE to FE
transition.

To gain further insight on the ferroelectric mechanism in
LNO-type CdPbO;, we now describe the nature of the
chemical bonding on the basis of (i) charge density analysis,
both electronic density and charge-transfer distribution, (ii)
BEC, (iii) DOS, and (iv) electron localization function (ELF).

Figure 6 shows the calculated electron densities and charge-
transfer distribution in a plane containing Cd, Pb, and O atoms.
From the electronic density plot in Figure 6 (left), it is obvious
that in the ferroelectric R3¢ phase the bonding interaction
between Pb and O as well as between Cd and O is not purely
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+ -0.008
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Figure 6. PBE-calculated valence-electron charge density (left) and
charge-transfer (right) plots for LINbO;-type CdPbOj. In the charge-
transfer plot, the solid line (black) is applied to lines of positive values
and dashed line (gray) to lines of negative values.
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ionic. This is also in line with the conclusions that can be
outlined for analysis of the BEC listed in Table 4: comparing
the PE and FE data, we observe a global increase of the Cd, Pb,
and O charges in the FE state, especially along the ferroelectric
polarization [111] direction. This reveals that the distortions in
the ferroelectric phase induce appreciable change in covalency.
The directional nature of the charge density distribution is
generally an indicator for the existence of finite covalent
bonding. In Figure 6 (right), the charge-transfer plot clearly
shows that electrons transfer from both Pb and Cd atoms to the
oxygen sites, highlighting an ionic-like character. On the other
hand, the anisotropic distribution of charge transfer in CdPbO;
confirms the presence of covalent bonding between the Cd
atoms and the oxygens and between the Pb atoms and its
oxygen neighbors. We can thus conclude that the chemical
bonding in the ferroelectric R3¢ phase has a mixed covalent—
ionic character, similarly to what has been observed in most
perovskite oxides, such as LiNbO;” and BiFeO,.""

The important role of covalency effects in the FE transition is
also reflected in the DOS. In Figure 3b we compare the FE
DOS with those of the reference PE phase. Although the
electronic structures of the R3¢ and R3¢ phases are similar,
there are some significant and relevant differences. In particular,
going from the PE to the FE phase there is an upward shift of
the center of mass of the Cd 4d manifold resulting in an
enhanced Cd—O admixture right below E, and a broadening of
the Pb 6s orbitals which also contributes to strengthening the
Pb—O covalent interaction. This effect is often referred as
stereochemical activity of the A-site cation and is invoked to
interpret the ferroelectric behavior lone-pair-like ferroelectrics
such as BiFeO,,'""'* BiMnO,,*>*® and PbTiO,.”’

Finally, we examine the ELF, which is a useful tool to
distinguish the nature of different types of bonding in solid
state systems.”® The HSE calculated valence ELF contours are
shown in Figure 7 for a plane containing Cd, Pb, and O atoms

Figure 7. HSE-calculated valence electron localization function (ELF)
contour of CdPbO; in the reference paraelectric R3¢ (left) and
ferroelectric R3¢ (right) structures. Both contours are plotted up to
0.75 ay™> (ag, Bohr radius) with an interval of 0.08. Atom labels in the
planes are same as that in Figure 6.

within the FE and reference PF structures. The negligibly small
value of the ELF in the interstitial region between the various
atoms indicates the existence of dominant ionic-like bonding in
both phases. In comparison with the PE phase, the absence of
an inversion center in the ferroelectric phase and the associated
atomic displacements induce a strong asymmetric ELF along
the [111] direction and a substantial increase of covalent-like
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nature of the Pb—O and Cd—O bonding. Along with the DOS
analysis discussed above, this, in turn, clarifies further the nature
of the covalent bonding between the Pb 6s and the O2p
orbitals and between the Cd 4d and the O 2p orbitals in the
ferroelectric R3¢ structure.

In conclusion, all our findings point out that the most
relevant electronic change associated with the PE—FE
transition is the substantial enhancement of the Pb—O and
Cd—O covalent interactions, which is the driving mechanism
behind the ferroelectric instability. LNO—CdPbOj; can be thus
considered a proper ferroelectric similar to PbNiO; and
BiFeO;. The anisotropic nature of electronic charge at the Pb
sites (see Figures 6 and 7) allows the off-centering displace-
ment of the Pb atom in the oxygen octahedra. This induces a
cooperative motion of the Cd atoms along the [111] direction
due to large direct and oxygen-mediated A—B repulsions. Cd
displacements transform CdOj; complexes in the reference PE
phase into CdOg cages in the FE phase, which explains the
obvious change of the spectral weight of the Cd 4d states
during the ferroelectric transition (see Figure 3b). The
cooperative displacements of all cations and anions ultimately
lead to formation of FE polarization in the LNO-type phase.
This is clearly reflected in the structural distortion which
predominantly involves the coupled motion of the Cd and O
atoms along the polar direction.

IV. SUMMARY

We performed a first-principles study of the structural and
electronic properties for the perovskite-type (space group
Pnma) and LNO-type (space group R3c) high-pressure
polymorphs of CdPbO; using first-principles calculations
within the standard DFT and hybrid-functional HSE
approximation. We predicted the ferroelectric nature of the
LNO-type phase and discussed the origin of the ferroelectric
behavior in terms of the BEC, DOS, charge density isosurfaces,
and electronic localization function analysis. The most relevant
results of our computational study can be summarized as
follows.

(1) Structural optimization: our PBE/HSE-optimized lattice
parameters for both high-pressure CdPbO; polymorphs
are in good agreement with the experimental lattice
parameters. We also fully optimized the internal atomic
positions. Besides serving as a reference for future
experimental studies, this structural analysis turned out to
be essential to understand the ferroelectric behavior.
Pressure-induced structural transition: our computed
critical pressure for the R3c—Pnma phase transition, 9
GPa, is in very good agreement with the measured value,
7—7.5 GPa. The phase transition is confirmed to be first
order with a volume collapse of ~2.4%. The R3c
structure is predicted to be stable under ambient
conditions, and the Pnma structure can be viewed as a
high-pressure phase of CdPbOj;. This scenario is very
consistent with the experimental findings.

Electronic character: HSE is capable to reproduce an
insulating ground state for both phases, whereas PBE
delivers a poorly metallic solution, in disagreement with
experiment.

Ferroelectricity: the LNO-type phase was predicted to be
a potential ferroelectric material. On the basis of the
Berry phase formalism, the spontaneous polarization was
estimated as $2.3 uC/cm® along the [111] direction,

©)

®)

©)

dx.doi.org/10.1021/ic302298s | Inorg. Chem. 2013, 52, 1032—1039



Inorganic Chemistry

which is in magnitude comparable to that of ZnSnOj.
The calculated potential-energy surfaces indicate that the
ferroelectric phase transition is not driven by the
displacements of the cadmium or oxygen alone but
rather from the combined Cd + O displacements along
the polar direction. The overall energy gain associated
with the PE — FE transition is estimated to be 229
meV/fu.

The driving force inducing the onset of a spontaneous
polarization in the ferroelectric phase of CdPbO; is the
enhanced Cd—O and Pb—O covalent interactions across
the ferroelectric transition, a mechanism similar to that
reported for BiFeO; and PbNiO;, though in this case the
role of lone-pair-like stereoactive electrons seems less
crucial.
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