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Ferroelectric instability and topological crystalline insulating nature in PbPo
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We have investigated the lattice instability and the topological property of the electronic structure in PbPo in
comparison with other IV-VI semiconductors, SnTe and PbTe. In the conventional exchange-correlation schemes
of the density functional theory, the fcc structure of PbPo tends to be unstable in the presence of spin-orbit coupling
(SOC) under [111] distortion so as to have a ferroelectric instability. This feature is revealed in the calculated
phonon dispersion of PbPo by the phonon softening instability at k = �. But, in the modified Becke-Johnson
(mBJ) potential scheme, we have shown that the tendency for SOC-driven ferroelectric instability is suppressed,
and the fcc structure becomes stabilized. We have demonstrated that PbPo is a semiconductor having a band
inversion at k = L, which leads to a topological crystalline insulator (TCI) phase of PbPo, and the TCI and the
ferroelectric states coexist for moderate [111] distortions.
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A topological crystalline insulator (TCI), which is a new
class of topological materials beyond Z2 topological insulators
[1], was proposed recently [2], and has attracted a great
deal of recent attention [3–8]. Narrow band gap IV-VI
semiconductors, such as SnTe [3,4] and Pb1−xSnxTe/Se [4–8],
were reported to be TCIs. A key characteristic of TCIs is that
metallic surface states are protected by crystal symmetry rather
than time-reversal symmetry. Recently, Liu et al. [9] proposed
a topological transistor device in thin films of TCIs, which
has two pairs of spin-filtered edge states with an electric field
tunable gap. Therefore, TCIs are very promising for future
device applications.

In this Rapid Communication, we propose that PbPo, which
also belongs to a IV-VI semiconductor, has the possibility of
being a TCI. PbPo is formed from the alpha decay of simple-
cubic Po, and it crystallizes in a NaCl-type fcc with a lattice
constant of a = 6.590 Å [see Fig. 1(a)] [10,11]. Due to its toxic
nature, there exist only a few experimental reports so far [11],
and most of the physical properties of PbPo were predicted
theoretically [12–16]. Based on empirical evidence, Dalven
[12,17] once argued that PbPo would have a possible band
inversion at L (L+

4,5, L−
6 , and L+

6 in ascending energy order)
and have a band gap of 0.1 eV at 77 K. On the other hand,
based on density functional theory (DFT), Rabii et al. [14,15]
reported that PbPo is a semimetal with L−

6 , L+
4,5, and L+

6 in
ascending energy order. However, the calculations by Rabii
et al. were done by using the conventional DFT, and so more
advanced band methods are needed to check the electronic
structure of PbPo.

We have studied the electronic structures and phonon
properties of IV-VI semiconductors, such as SnTe, PbTe,
and PbPo, based on the state-of-the-art DFT. We have found
that conventional DFT schemes tend to underestimate the
band gaps of IV-VI semiconductors, while advanced band
methods using the modified Becke-Johnson (mBJ) exchange
potential and G0W0 methods produce correct band gaps that
are comparable to the experimental values. Besides, the mBJ
method also describes the equilibrium lattice constants well.
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Furthermore, the calculated phonon dispersion for fcc PbPo
within conventional DFT schemes reveals phonon softening
instability in the presence of spin-orbit coupling (SOC), which
is related to the [111] lattice and ferroelectric instabilities
observed in other IV-VI semiconductors. But, in the mBJ
scheme, the tendency for SOC-driven ferroelectric instability
is found to be suppressed, and the fcc structure becomes
stabilized. We have shown that fcc PbPo is a semiconductor
with a band inversion at L, which leads to PbPo being a TCI.

We have employed the all-electron full-potential linearized
augmented plane-wave (FLAPW) band method implemented
in WIEN2K [18]. We used 36 × 36 × 36 k-point mesh in the
full Brillouin zone. The muffin-tin radii RMT were set to 2.50
a.u. for Pb and Po, and the product of RMT and the maximum
reciprocal lattice vector Kmax was chosen as RMT · Kmax = 7
[19]. We used the maximum L value of 10 for the orbital basis
inside the muffin-tin spheres and the largest reciprocal lattice
vector Gmax of 12 in the charge Fourier expansion. The SOC is
treated in the second variational way. To check the functional
dependency, we have used the local-density approximation
(LDA), the Perdew-Burke-Ernzerhof (PBE) [20], which is a
standard generalized-gradient approximation (GGA), and its
modification designed specifically for solids (PBEsol) [21].
We have also used the mBJ method [22,23] and the G0W0

method [24] implemented in VASP [25] to get an accurate band
gap. For the G0W0 calculation, we have used 100 unoccupied
states with an 8 × 8 × 8 k-point grid centered at the � point.
An energy cutoff of 400 eV was used for the number of plane-
wave bases.

For phonon calculations, we have employed the VASP and
the PHONOPY codes [26]. The force constants and the dynam-
ical matrix are obtained from the Hellmann-Feynman forces
calculated with small individual displacements of nonequiva-
lent atoms in a (4 × 4 × 4) supercell of a primitive unit cell.
A 5 × 5 × 5 k-point mesh was used for the force calculation.

To explore the surface states, we have employed the
slab calculations, and we have used the maximally localized
Wannier function (MLWF) [27,28] implemented in the WAN-
NIER90 code [29]. The construction of MLWF is performed
on 27 × 27 × 27 k-point meshes with the formerly converged
self-consistent charge and potential obtained by WIEN2K. We
considered a 300-layer slab in the calculations.
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FIG. 1. (a) NaCl-type crystal structure of PbPo. Black and red
lines represent conventional and primitive unit cells, respectively. (b)
Bulk and surface Brillouin zones (BZs) for a primitive unit cell of
PbPo. A band inversion at L of bulk BZ leads to double Dirac cones
at X̄. (c) Massless double Dirac cones near X̄. The hybridization
between double Dirac cones is not allowed along the �̄-X̄ direction
due to crystal mirror symmetry, and so two Dirac points emerge at
�̄1 and �̄2. (d) Massive double Dirac cones near X̄ in the presence
of [111] distortion. Since [111] distortion breaks (110) crystal mirror
symmetry, the double Dirac cones become massive.

Table I presents the equilibrium lattice constants and band
gaps of SnTe, PbTe, and PbPo, which are obtained within the
DFT level. For comparison, the experimental data are also
presented. The general tendency is clearly shown in that the
LDA (PBE) functional yields an equilibrium lattice constant
that is shorter (longer) than the experimental one. The PBEsol
functional is devised to improve the equilibrium properties
of solids [21] and gives equilibrium lattice constants that are
better than the LDA and PBE functionals. However, the band

TABLE I. Calculated equilibrium cubic lattice constants (Å) and
band gaps (eV_) for IV-VI semiconductors, SnTe, PbTe, and PbPo, in
comparison with experimental data. For PbPo, only the mBJ+SOC
yields a band gap, and there is no experimental datum available.

SnTe PbTe PbPo

With SOC aeq Egap aeq Egap aeq Egap

LDA 6.242 0.277 6.370 0.145 6.515 (−)
PBE 6.402 0.218 6.556 0.200 6.718 (−)
PBEsol 6.286 0.271 6.426 0.125 6.576 (−)
mBJ 6.282 0.178 6.424 0.207 6.602 0.093
Expt. 6.318a 0.2b 6.443c 0.18d 6.590e (·)
aReference [30].
bReference [31].
cReference [32].
dReference [33].
eReference [11].

gaps are underestimated in the PBEsol functional. The mBJ
with the SOC (mBJ+SOC) scheme is seen to describe both
equilibrium lattice constants and band gaps more properly than
other schemes. It is noteworthy that the band gap opens in PbPo
only by the mBJ. In fact, the mBJ method was thoroughly
tested for many semiconductors and insulators, to obtain band
gaps close to the experimental ones [22]. We have checked
that the G0W0 method also produces the gap feature as shown
in Fig. 3(d), which confirms the mBJ result. Thus, in view
of a much reduced computational time, the mBJ is indeed an
efficient method to get a reasonable band gap.

Figure 2(a) shows phonon dispersions of PbPo within
the PBEsol functional without and with the SOC schemes.
The SOC makes the optical phonon modes more softened to
have imaginary phonon frequencies at �. The normal mode
having an imaginary phonon frequency is shown in the inset
of Fig. 2(b), which corresponds to [111] distortion. In fact,
this distortion is related to ferroelectric instability. The total
energy versus [111] distortion is presented in Fig. 2(b). The
PBEsol without SOC has minimum energy at zero distortion
and gives higher energy with increasing [111] distortion. It
means that the NaCl-type fcc structure is stable, which is
consistent with the phonon dispersion in Fig. 2(a). In contrast,
the PBEsol with the SOC (PBEsol+SOC) scheme yields a
fcc structure that is unstable for [111] distortion. The [111]
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FIG. 2. (a) Phonon dispersions of PbPo in the PBEsol without and
with the SOC schemes. The SOC makes the �-point optical phonon
modes have imaginary phonon frequencies. The corresponding nor-
mal modes are shown in the inset of (b), which corresponds to [111]
distortion. (b) Total energy vs [111] distortion. The PBEsol+SOC
scheme yields the instability of the NaCl-type structure under [111]
distortion, with minimum energy at finite distortion (gray star), and a
metal to insulator transition for distortions of larger than 0.16 Å. The
PBEsol (without the SOC) and mBJ+SOC schemes, however, yield
a stable NaCl-type structure against [111] distortion.
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distortion up to a magnitude of 0.16 Å gives a metallic phase,
but the insulating phase emerges beyond it, which corresponds
to a Peierls-type distortion.

The SOC-induced lattice instability behavior in PbPo is
quite opposite to the case in simple-cubic Po [34–36], where
the SOC instead stabilizes the simple-cubic structure against
[111] Peierls distortion. The reason for the opposite behavior
would be related to the different bonding nature between the
two, namely, simple-cubic Po has a more covalent-bonding
nature while PbPo has a more ionic-bonding nature. Note
that the Born effective charges of Pb and Po without the
SOC (with the SOC) scheme give +6.20 (+8.19) and −6.20
(−8.19), respectively, which indicates that the SOC increases
the Born effective charges of both Pb and Po atoms and triggers
ferroelectric instability.

According to Fig. 2(b), however, the NaCl-type structure
is stable against [111] distortion in the mBJ+SOC scheme.
As shown in Table I, the mBJ scheme describes the physical
properties of PbPo better than other schemes [22,23]. Hence, it
is more likely that the NaCl-type fcc structure of PbPo is stable,
which is indeed consistent with experiments [11]. We have
also examined the phonon dispersions of fcc PbPo at elevated
temperatures within the PBEsol+SOC scheme [37], and found
that there is no imaginary phonon softening at T = 300 K (see
the Supplemental Material [38]). This indicates that, even in
the PBEsol+SOC scheme, the NaCl-type fcc structure of PbPo
would be stable at high temperatures.

Figure 3 shows the electronic band structures of PbPo
in several schemes. Band structures in the PBEsol and mBJ
schemes with SOC are shown in Fig. 3(a). The PBEsol+SOC
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FIG. 3. (a) Band structures in the PBEsol and mBJ schemes with
the SOC. (b), (c), and (d) are band structures of PbPo along K-L-� in
PBEsol, PBEsol+SOC, and mBJ+SOC, respectively. Red and blue
dots represent Po p and Pb p characters, respectively. Green dots in
(d) represent the G0W0 quasiparticle energies.

scheme yields that the valence band along the �-K direction
and the conduction band along the �-L direction cross the
Fermi level (EF ), resulting in a semimetallic phase. However,
the mBJ+SOC scheme yields an insulating phase with a band
gap of 93 meV.

The band structure in the PBEsol scheme (without SOC)
yields an insulating phase with a band gap of 0.35 eV, as
shown in Fig. 3(b). The valence and conduction bands are
mainly composed of Po p and Pb p, respectively, and there is
no band inversion. On the other hand, the band structure in the
PBEsol+SOC scheme in Fig. 3(c) shows the band/parity inver-
sion at L between the L+

6 and L−
6 bands. However, as shown in

Fig. 3(a), there is a slight overlap between the conduction and
valence bands, which breaks the charge gap protection. The
band symmetries are L−

6 , L+
4,5, and L+

6 in ascending energy
order, which is consistent with Rabii’s argument [14,15].
The band structure in the mBJ+SOC in Fig. 3(d) shows the
band/parity inversion at L between L+

6 and L−
6 bands with

a finite band gap. The band symmetries in this case are L+
4,5,

L−
6 , and L+

6 in ascending energy order, which is consistent with
Dalven’s argument [12]. The green dots in Fig. 3(d) represent
the G0W0 quasiparticle energies. It is seen that the G0W0

scheme gives a larger direct band gap at L than the mBJ+SOC
scheme. The gap feature at L in the G0W0 scheme suggests
that the mBJ+SOC scheme describes the electronic structure
of PbPo better than the PBEsol+SOC scheme.

Figure 4 shows the (001) surface band structures of PbPo
in the mBJ scheme. The mBJ without SOC in Fig. 4(a) yields
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FIG. 4. Bulk and surface band structures of PbPo with (001)
termination. (a) Band structure in the mBJ without SOC. Since no
band/parity inversion occurs without SOC, no surface states emerge.
(b) Band structure in the mBJ+SOC scheme. Since band/parity
inversion occurs at L, the topologically protected surface states appear
near EF . The surface states in (b) are visualized in Fig. 1(c) in the
three-dimensional (3D) version.
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no band/parity inversion, and so there is no topologically
protected in-gap surface states. Figure 4(b) presents the band
structure in the mBJ+SOC scheme. Since the band/parity
inversion occurs at L in this case, the topologically protected
in-gap surface states emerge near EF . These surface states
produce double Dirac cones near X̄, as discussed in Fig. 1(c),
and so PbPo is expected to be a TCI.

It is noteworthy that the lattice and ferroelectric instabilities
are driven by SOC, but the induced electric polarization
around the atoms having considerable ionicity in turn tends
to suppress lattice instability. Namely, competition occurs
between the SOC-driven ferroelectric instability and the
induced electric polarization. In the case of PbPo, the induced
electric polarization wins over lattice instability, and so the fcc
structure is stable, as shown in Fig. 2(b). We have also found
that the band inversion in the semiconducting state persists
under a moderate amount of [111] distortion, suggesting that
the topological nature is robust under [111] distortion. In the
presence of [111] distortion, one pair of Dirac cones in Fig. 1(b)
becomes massive due to broken (110) crystal mirror symmetry
[Fig. 1(d)], while the others remain massless because they still
possess (110) crystal mirror symmetry [Fig. 1(c)]. Therefore,
the ferroelectric and the TCI phases could coexist in the

semiconducting phase of PbPo. This coexistence of two exotic
phases is promising for future device applications as well as
for academic perspectives.

We have investigated the electronic structures and phonon
properties of PbPo and other IV-VI semiconductors, SnTe and
PbTe, based on the state-of-the-art DFT. We have found that the
conventional DFT scheme, such as the LDA, PBE, and PBEsol,
tend to underestimate the band gaps of IV-VI semiconductors,
whereas both the mBJ and G0W0 schemes give correct
band gaps that are comparable to experimental values. The
equilibrium lattice constants are also described better by the
mBJ method. Furthermore, in the mBJ scheme, the tendency
for the SOC-driven ferroelectric instability is suppressed so as
to retain the fcc structure, and PbPo becomes a semiconductor
with a band gap of 93 meV. In the semiconducting phase, the
band inversion occurs at L, which leads to PbPo being a TCI.
We hope that these findings could spur further experiments on
IV-VI semiconducting materials including PbPo.

This work was supported by the NRF of Korea (Grant
No.2015R1A2A1A15053564), the POSTECH BK21Plus
Physics Division, and the KISTI supercomputing center (No.
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