
PHYSICAL REVIEW B 98, 144105 (2018)

Anharmonic effect driven topological phase transition in PbO2 predicted
by first-principles calculations
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The crystal structures and electronic structures of lead dioxide are investigated with ab initio calculations.
We find the previously known tetragonal β-PbO2 (space group: P 42/mnm) is dynamically unstable at low
temperature due to the existence of a vibrational soft mode under the harmonic approximation, and it becomes
stable at finite temperature about 200 K attributed to the enhanced anharmonic effect. Under the guidance
of the vibrational soft mode, we find an orthorhombic structure (space group: Pnnm) that is a candidate of
the ground state of PbO2 at low temperature. Electronic structure calculations suggest the low-temperature
orthorhombic phase is a trivial insulator, while the tetragonal high-temperature phase is a topological Dirac
nodal line semimetal. Therefore, there is a topological phase transition from a trivial insulator to a topological
semimetal in PbO2, strongly coupled with the stabilized soft mode and thus anharmonicity-driven structural
transformation. For future experiment verification, the results for the temperature dependence of x-ray diffraction
and Raman spectra are also provided. Our work demonstrates the important role of anharmonicity in describing
the structural phase transition and exploits the impact of anharmonicity to the topological property of the system.
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I. INTRODUCTION

Topological materials have been widely studied since
they were found to possess novel properties and promising
prospects for applications. Topological insulators are materi-
als that are fully gapped in bulk states while having topolog-
ically protected gapless edge states [1–4]. These edge states
are spin-resolved, and thus they may exhibit great potential
in spintronic devices. In addition, a topological insulator has
been proposed to be used in quantum computation, as the
topological properties of non-Abelian particles are protected
by the symmetry of materials, thus a topological insulator
can protect quantum coherent states from decoherence and
avoid mistakes under perturbations [5]. Topological phase
transitions are essential for the emergence of topological
phases or their exotic properties. It is significant to find
new topological materials and tune parameters for topological
transitions. There are various ways to induce a topological
transition, e.g., applying pressure [6,7], temperature [8–11],
strain [12–14], an external electric field [15], and even intro-
ducing disorder [16], etc. From the viewpoint of practicality,
one may also be concerned about how temperature can affect
the electronic properties of topological materials. Therefore,
it is interesting to study temperature-induced topological
transitions.

Recently, much attention has been given to researching
anharmonicity in elementary substances, compounds, and
alloys due to its crucial role in describing the fundamen-
tal physical properties of materials. With regard to thermal
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transport, crystals would show no thermal expansion, and the
specific heat would become constant at high temperatures
without taking account of the interaction between phonons
[17]. With regard to electron-phonon coupling, the anhar-
monic effect also provides a plausible explanation for the
overestimation of the superconducting transition temperature
predicted by quasiharmonic theoretical calculations [18]. In
addition, anharmonic effects in lattice dynamics are also of
crucial importance for temperature-induced structural phase
transitions, e.g., in Ti, Zr, Hf [19], Fe [20], and ZrO2 [21].
However, it has rarely been reported whether the temperature-
induced structural phase transition will affect the topological
properties in an electronic system.

β-PbO2 is a material that has been used as the medium
in a lead-acid battery for more than 100 years. Unlike other
binary metal dioxides such as TiO2, GeO2, and SnO2, which
are usually semiconductors [22], β-PbO2 is reported to be
metallic with high-level electrical conductivity [23]. Although
β-PbO2 has been widely used for a long time, it is still
unclear whether it is intrinsically a metal or semiconduc-
tor; in addition, the origin of its high conductivity is still
under debate. Specifically, on the one hand β-PbO2 was
suggested to be intrinsically metallic from experiments, such
as x-ray photoelectron spectroscopy, x-ray photoemission
spectroscopy, and electron energy-loss spectroscopy [23–27].
Some density functional theory (DFT) calculations based
on the conventional generalized gradient approximation with
the Perdew-Burke- Ernzerhof functional (GGA-PBE) also
suggested that β-PbO2 is a semimetal with a small overlap
between conduction bands and valence bands [25,26,28]. On
the other hand, the intrinsic β-PbO2 was also reported as a
semiconductor [29,30], and the high conductivity can arise
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from vacancies [30,31] or the adventitious incorporation of
hydrogen [32,33]. Some DFT calculations with more sophis-
ticated Heyd-Scuseria-Ernzerhof (HSE) hybrid functionals
showed that β-PbO2 should be a semiconductor with an
indirect gap of 0.23 eV [34].

In addition, it is still a mystery whether the lead or
oxygen sublattice is substoichiometric [33,35]. Most x-ray
photoelectron spectroscopy measurements indicated that the
Fermi level was in the conduction bands instead of the en-
ergy band gap, which may be attributed to oxygen defects
[24]. The loss of oxygen in β-PbO2 was also confirmed
by neutron diffraction measurements [34]. However, some
neutron diffraction experiments indicated that β-PbO2 was
substoichiometric on the cation sublattice while the oxygen
sublattice was somehow complete [33,35,36]. In addition, it
was reported that PbO2 was a nonstoichiometric oxide of
variable composition [37,38]. The loss of oxygen was exother-
mic and spontaneous in the noninteracting limit, as confirmed
by neutron measurements [34]. All of these above-mentioned
contradictions show that β-PbO2 is an extremely complicated
system and needs to be revisited. In addition, the difficulty of
obtaining a pure and stoichiometric phase of β-PbO2 [28,29]
also implies to us that it could be thermodynamically or dy-
namically unstable, and that the real stable phase could still be
undiscovered.

In this paper, we study the dynamical property of tetrag-
onal β-PbO2 using ab initio calculations. The presence of
an imaginary frequency indicates its dynamical instability
at low temperature. We identify an orthorhombic phase of
PbO2 as the ground state at low temperature by distorting
oxygen atoms in β-PbO2 suggested by the soft mode. The-
oretical investigation indicates that the tetragonal phase is
unstable, but this phase has long been known from experi-
ments. This contradiction may be interpreted as showing that
the tetragonal phase is stable only at elevated temperature,
where the anharmonic effect plays an important role. We
investigate the potential energy surface, anharmonic double-
well, and temperature-dependent phonon spectra to prove
the strong anharmonic effect in β-PbO2. Electronic struc-
ture calculations show that the low-temperature orthorhom-
bic phase is a trivial insulator with a band gap of about
0.12 eV, while the tetragonal phase is a Dirac nodal line
(DNL) semimetal. These results suggest that PbO2 may
undergo a topological phase transition between a topologi-
cal trivial insulator and a topological nontrivial semimetal,
strongly coupled with a structural phase transition driven by
anharmonicity.

II. METHOD

The structural optimization and total energy calculations
are performed with the Vienna ab initio simulation package
(VASP) [39] utilizing the generalized gradient approxima-
tion (GGA) in the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functionals [40] and projector augmented-wave
(PAW) pseudopotentials [41]. Harmonic phonon spectra are
calculated with the PHONOPY package [42]. The temperature-
dependent phonon frequencies are evaluated with the self-
consistent ab initio lattice dynamical (SCAILD) method [19],
and the initial displacements are generated by the PHON

program [43] in a 2 × 2 × 2 supercell. Both structures are
optimized with kinetic energy for a plane-wave basis cutoff
of 700 eV and a �-centered 10 × 10 × 16 k-point mesh. The
band structures are also checked by nonlocal hybrid functional
HSE06 [44] calculations. To investigate the surface states
of both phases, tight-binding Hamiltonians are constructed
with maximally localized Wannier functions (MLWFs) [45]
based on Pb s and p orbitals and O p orbitals, and the semi-
infinite surface Green-function method [46] implemented in
WANNIERTOOLS [47] is used to construct the surface states.
The Raman spectra are calculated with the QUANTUM

ESPRESSO package [48] utilizing the local density approxima-
tion (LDA) exchange–correlation functionals.

III. RESULTS

A. Dynamical instability with the harmonic approximation and
the search for the low-temperature phase

The tetragonal phase β-PbO2 crystallizes with a rutile-
type structure (space group: P 42/mnm, No. 136, Z = 2)
[49]. Each lead atom is connected with six oxygen atoms,
while each oxygen atom is connected with three lead atoms.
Every six oxygen atoms form an octahedron in which lead is
centered. All oxygen atoms are strictly located on either the
(110) plane or the (11̄0) plane, as shown in Fig. 1(a).

Although PbO2 has been used in lead acid batteries for
more than 100 years, few studies have evaluated its dynamic
stability theoretically. We calculate the phonon spectra of
β-PbO2 with the harmonic approximation, and we find that an
imaginary frequency B1g mode is present at the � point. From
phonon density of states (PHDOS) analysis, it can be seen
that the oxygen atoms contribute the most to the imaginary
frequency, as shown in the inset of Fig. 1(e). Figure 1(b)
illustrates the vibration of the B1g mode, paralleling with the
(001) plane. The lead atoms seem not to participate in the
vibration, and the oxygen atoms vibrate around the centered
lead atom just like a pendulum, which is in accordance with
the PHDOS analysis.

Based on its dynamical instability predicted by our calcu-
lations and its thermodynamic instability observed in exper-
iments [28,29], we think that there should be a stable phase
at low temperature. After slightly shifting the oxygen atoms
according to the vibrational directions of the B1g soft mode
and optimizing the atomic positions and cell shape, we obtain
an orthorhombic structure (space group: Pnnm, No. 58, Z =
2). Figure 1(c) shows the top view of an exaggerated structure
of the orthorhombic phase. The structural information about
the two phases is listed in Table I. Specifically, this orthorhom-
bic structure can be obtained from the tetragonal phase by
slightly deviating the oxygen atoms from the (110) plane
or the (11̄0) plane in a clockwise direction, stretching along
the b axis and compressing along the a axis simultaneously.
Therefore, the fourfold screw axis is no longer present, and
lattice parameter a is no longer equal to b, which causes
the tetragonal structure to degenerate into an orthorhom-
bic structure. The dynamical stability of the orthorhombic
phase is confirmed by its phonon dispersions and PHDOS,
with no imaginary frequency emergence, as shown in
Fig. 1(f).
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FIG. 1. (a) The top view of the tetragonal phase. The lead and oxygen atoms are distinguished with a red ball and an orange ball. (b) The
red arrows piercing though the oxygen atoms point out the imaginary mode vibrational direction calculated with the harmonic approximation.
(c) Top view of the exaggerated orthorhombic phase. (d) The Brillouin zone (BZ) and high-symmetry path of the tetragonal phase. (e),(f)
The phonon frequencies of the tetragonal (orthorhombic) phase along the high-symmetry lines and the PHDOS obtained by the harmonic
approximation.

The Pnnm space group is the maximal subgroup of the
P 42/mnm space group with an index of 2, and the fourfold
rotation symmetry is broken during the transition. Mean-
while, the volume is almost the same during the transforma-
tion. The phase transition between the P 42/mnm and Pnnm
structure is a continuous second-order phase transition. This
phase transition driven by distortions can be viewed as a
three-dimensional Peierls-like phase transition. According to
Peierls’ theory, the energy decrease of the occupied states
will exceed the increase of the energy caused by the ionic
distortion, and it finally makes the resulting structure more
favorable. To confirm the superiority of the Pnnm phase in
energy, we calculate the total energy of both phases with
several different exchange-correlation functionals, including
GGA-PBE, GGA-PW91 [50], and the LDA [51,52]. All the
results show that the orthorhombic Pnnm phase is more
favorable than tetragonal PbO2 with P 42/mnm symmetry.
Although the energy difference between the two phases is
rather small (about 1 meV), we consider the consistent results
from different functionals to be reliable.

B. Anharmonic effect in β-PbO2

The interatomic interactions make some configurations ap-
pear at energy saddle points on the potential surface. Thus, the
crystal structures of many elements and compounds may not
be energetically stable. Sometimes the stability predicted by
phonon calculations with the harmonic approximation contra-
dicts with reality, such as the case of β-PbO2. The answer may
lie in the fact that the tetragonal phase is stable only if we con-
sider phonon-phonon interaction at finite temperature. Figure
2(a) displays the two-dimensional (2D) potential energy sur-
face of the (001) plane for β-PbO2. The four lead atoms lie
in the corner, and the two oxygen atoms lie in the center. It
is obvious that the oxygen atom stays in local maxima sites
rather than global minima sites. In a continuous second-order
phase-transition picture, the free energy has a minimum value
in the high-symmetry configuration (β-PbO2) at high tem-
perature, and the same high-symmetry configuration becomes
a saddle point if one lowers the temperature. Figure 2(b)
shows that the free energy versus displacement curve has a
double-well structure at finite displacements of oxygen atoms,

TABLE I. The details of the crystal structures of the tetragonal phase and the orthorhombic phase PbO2.

Phase Lattice parameter (Å) Wyckoff position Atomic coordinates (Fractional)

Tetragonal phase a = 5.079 Pb (2a) 0.5000, 0.5000, 0.5000
(P 42/mnm) c = 3.446 O (4g) 0.8079, 0.8079, 0.5000

Orthorhombic phase a = 5.054 Pb (2a) 0.5000, 0.5000, 0.5000
(Pnnm) b = 5.098 O (4g) 0.2049, 0.8199, 0.5000

c = 3.446
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FIG. 2. (a) The 2D potential energy surface of the (001) plane
for β-PbO2. (b) The anharmonic double-well potential corresponding
to the imaginary B1g mode of β-PbO2. The cyan points are the
calculated free energies, and the purple curve is fitted potential
energy with a quartic polynomial.

and it indicates the instability of β-PbO2 below the transition
temperature. The reservation of a quartic (fourth) term in
the expansion of the potential energy of the displacement
of the oxygen atoms from its equilibrium position indicates
that the system possesses a strong anharmonic effect, and the
fitted curve is known as an anharmonic double-well, which
results in the imaginary B1g mode. According to Landau
theory of second-order phase transitions, the parameter of the
quadratic (second) term should be less than zero so that there
are two minima with an order parameter not equal to zero,
and the origin of the coordinate will become a saddle point.
Meanwhile, the parameter of the quartic (fourth) term of the
order parameter should be greater than zero so that the free
energy has a minimum for finite values of the order parameter.
Our fitted parameter is in agreement with the theory.

With a lattice expansion and compression (from 103% to
97% of the equilibrium volume), the imaginary B1g mode
persists all the time, which means that the imaginary mode
cannot be eliminated by small tension or pressure. The phonon
spectra calculated with the harmonic approximation ignore
the anharmonic effect. Therefore, the information that pertains
to the temperature dependence of the vibrational modes and
the interactions that are responsible for the stability of the
high-temperature phase is missing. With the help of SCAILD,
which goes beyond the harmonic approximation, it can be
proven that the high-temperature tetragonal phase is dynam-
ically stable at elevated temperature, as illustrated in Fig. 3.
With rising temperature, the anharmonic interactions become
strong, the vibration of the imaginary mode becomes weaker
and weaker, and finally the phonon-phonon interactions be-
come strong enough to stabilize the system. The phonon
frequencies become real over the whole BZ at 200 K. We thus
identify the orthorhombic phase to be the low-temperature
phase and the tetragonal phase to be the high-temperature
phase, respectively, and the transition temperature is predicted
to be about 200 K.

C. Topology of electronic structures affected by anharmonicity

We calculate the electronic structures of these two phases,
as shown in Fig. 4. Figure 4(a) depicts the high-temperature

FIG. 3. Temperature-dependent phonon spectra of the tetrago-
nal phase. With the rise of temperature, the imaginary B1g mode
gradually vanishes, which makes the tetragonal phase stable at finite
temperature.

phase with a semimetallic characteristic in the absence of
SOC. The highest valence band overlaps the lowest conduc-
tion band, forming band reversion at the � point, as also men-
tioned in previous work [53,54]. In view of the big difference
between the band structures of the high-temperature phase
with different exchange-correlation functionals, i.e., PBE or
HSE, as mentioned in previous work [34], we also perform
the HSE calculation combined with MLWFs interpolation to
describe the band structures accurately. The results show that
the overlap between the valence band and the conduction band
in the high-temperature phase remains.

As shown in the band-structure calculation of the high-
temperature phase in Fig. 4(a), there is a clear signature of
band crossing near the � point. The little groups along the
�-M (�-Z) lines are C2v (C4v ), and the two crossing bands
along �-M (�-Z) belong to different irreducible represen-
tations, which means that the band crossings are protected
by crystallographic symmetry, shown in Fig. 4(a). As the
DNL lies in the mirror plane (11̄0), the mirror eigenvalue for
the two bands is well-defined. The two bands have opposite
mirror eigenvalues at one side of the DNL and they swap the
mirror eigenvalue when they pass through the nodal line. As
for σ11̄0, m = 1, −1, and −1 for �1, �3, and �4.Thus, the
mirror symmetry guarantees the existence of the topological
DNL. To identify the nontrivial band topology of the DNL
in PbO2, we further study the topologically invariant Berry
phase with the form γ = ∮

C
A(k) · dk [55], where A(k) is

the Berry connection of the occupied states, and C is a closed
loop in momentum space. If C is pierced by the node line,
one has γ = π , otherwise γ = 0. We get γ = π , which indi-
cates that this nodal line is protected by the nontrivial Berry
phase.

To provide more insights into the DNLs surrounding the �

point, we establish an effective Hamiltonian model using the
k· p method. We find that band inversion between O p and
Pb s orbits contributes to the formation of the DNLs around
the � point. Taking the crystal symmetry and the time-reversal
symmetry (TRS) into consideration, the effective Hamiltonian
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FIG. 4. Band structures of (a) the high-temperature phase without SOC, (b) the high temperature phase with SOC, and (c) the low-
temperature phase with SOC. The semi-infinite surface states in (d) the (100) surface of the high-temperature phase without SOC, (e) the
high-temperature phase with SOC, and (f) the low-temperature phase with SOC. The arrow in (e) marks the projection of the Dirac point.

can be written as

H (k) = g0(k)τ0 + gx (k)τx + gz(k)τz,

g0(k) = M0 − B0
(
k2
x + k2

y

) − C0k
2
z ,

gx (k) = A
(
k2
x − k2

y

)
,

gz(k) = Mz − Bz

(
k2
x + k2

y

) − Czk
2
z .

Here, τx and τz are Pauli matrices, and τ0 is a 2 × 2 unit
matrix. This system has both TRS and inversion symmetry
(IS), thus the component of τy must be zero [56]. We can ob-
tain the eigenvalues of this two-level system by diagonalizing
the 2 × 2 effective Hamiltonian, and the results give E(k) =
g0(k) ± √

g2
x (k) + g2

z (k). Band crossing of the DNL occurs
when gx (k) = gz(k) = 0. In fact, MzBz > 0 ∩ MzCz > 0,
which gives gz(k) = 0, is exactly the condition of band inver-
sion between |Pbs〉 and |Op〉 orbits. Furthermore, gz(k) = 0
gives a nodal ellipsoid in the BZ around the � point, while
gx (k) = 0 confines the band crossing of the DNLs in the
kx = ± ky planes. Therefore, there are two DNLs located on
the two �-M-Z planes perpendicular to each other.

SOC, which breaks the SU(2) symmetry, will induce a pair
of Dirac points related to each other by TRS along the �-Z
direction while inducing a small gap about 10 meV elsewhere.
As shown in Fig. 4(b), along the �-M direction the valence-
band maxima (VBM) and conduction-band minimum (CBM)
have the same irreducible representation �5, which allows
the hybridization between them, while in the �-Z direction
the two relevant bands belong to two different irreducible
representations (�6 and �7), and the hybridization between
these two bands is forbidden.

SOC couples the spin and orbital angular momentum,
which generates a group of eigenstates with certain total angu-
lar momentum quantum numbers. We can denote these eigen-
states of the CBM and VBM as |Pb+

s ,∓ 1
2 〉 and |O+

p ,∓ 1
2 〉, re-

spectably. Here, the subscripts s and p denote corresponding

orbit components of the eigenstates, and the superscripts “∓”
represent the parities of the corresponding eigenstates. Taking
the D4h point group and TRS into consideration, our model
Hamiltonian becomes

H (k) = ε0(k) +
5∑

i=1

fi (k) · �i

= ε0(k) +

⎛
⎜⎝

M (k) 0
0 M (k)

A(k) C(k)
C∗(k) −A∗(k)

A∗(k) C(k)
C∗(k) −A(k)

−M (k) 0
0 −M (k)

⎞
⎟⎠,

which describes the dispersion of the VBM and CBM around
the � point. Here we use the following � matrices:

�1 = σ3 ⊗ τ0 �2 = σ1 ⊗ τ3 �1 = σ2 ⊗ τ0,

�4 = σ1 ⊗ τ1 �5 = σ1 ⊗ τ2,

which satisfies the Clifford algebra {�a, �b} = 2δab, while
the other 10 � matrices are given by �ab = 1

2i
[�a, �b]. The

presence of both TRS and IS will prevent the existence of
these 10 �ab terms in our model Hamiltonian. It can then be
written as

ε0(k) = D0 − m0k
2
z − n0

(
k2
x + k2

y

)
,

M (k) = D1 − m1k
2
z − n1

(
k2
x + k2

y

)
,

A(k) = D2kxky

(
k2
x − k2

y

) − i
(
D3 − m3k

2
z

)
,

C(k) = D4kykz − iD4kxkz.

From the model Hamiltonian together with the band struc-
tures shown in Fig. 4(b), we can draw the following con-
clusions. First, ε0(k) will break the particle-hole symmetry
for the CBM and VBM around the � point. Second, D1 in
M (k) will open a gap at the � point. Third, to reproduce
band inversion, we must have D1m1 > 0 ∩ D1n1 > 0. The
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FIG. 5. The calculated XRD patterns of the high-temperature phase (a) and the low-temperature phase (b). Parts (c) and (d) are calculated
Raman spectra with Gaussian fitting of the high-temperature phase and the low-temperature phase. The arrows in (c) and (d) and the numbers
above them show the peak positions of the calculated Raman modes, where some low-intensity Raman modes are presented.

dispersions of the model Hamiltonian can be given as

E(k) = f0(k)

±
√

f 2
1 (k) + f 2

2 (k) + f 2
3 (k) + f 2

4 (k) + f 2
5 (k) ,

and both dispersions are doubly degenerate. As a result, the
band crossing of this model requires

f1 = f2 = f3 = f4 = f5 = 0,

i.e., kx = ky = 0 ∩ D3m3 = D1
m1

< 0. Along the kx = ky = 0
line, we have f2, 4, 5 = 0. On the one hand, the effect of
SOC is small, which leads to f3 → 0; on the other hand,
D1m1 > 0 is simply the condition of band inversion between
the CBM and the VBM. Thus, the Dirac points protected by

R4z symmetry appear at k = (0, 0, kc ), kc = ±
√

D1
m1

.

As for the topological DNL, one of the most important sig-
natures is the two-dimensional drumhead-like surface states.
The semi-infinite surface state along the [100] direction is
shown in Fig. 4(d). The nontrivial surface states connecting
the touching points in the enclosed region exist near the Fermi
level around the � point. The drumhead-like surface state
connecting the two projected Dirac points is highlighted with
the brightest line. When considering SOC, the topological
DNL evolves into a pair of Dirac points in the �-Z direction,
as shown in Fig. 4(e). The nontrivial surface states emerge
from the projected Dirac point marked with a gray arrow.

Figures 4(c) and 4(f) depict the band structures and surface
states of the low-temperature phase with the characteristic of
an insulator. The B1g mode, which can only be stabilized by a
strong anharmonic effect, makes the high-temperature phase
unstable when the strength of the anharmonicity becomes
weak at low temperature. It moves all the oxygen atoms off the
(110) and (11̄0) planes, and thus it destroys the mirror planes
in which the DNLs are located, and it breaks the equivalence
of the a-axis and the b-axis of the crystal. Because of the
loss of the protection of mirror symmetry and the band gap
induced by the distortion of the oxygen atoms, the DNLs
no longer exist. In the low-temperature phase, the lowest
conduction band and the highest valence band are separated

by an energy gap of about 0.12 eV. The calculated Z2 index
for the low-temperature phase using the Wilson loop method
[57,58] is (ν0; ν1, ν2, ν3) = (0; 0, 0, 0), which indicates that
the low-temperature phase is a trivial insulator. Figure 4(f)
displays its trivial surface state on the (100) surface without
any nontrivial topological surface states lying in the band gap.

For future experimental verification, Fig. 5 illustrates a
comparison of x-ray diffraction (XRD) patterns and Raman
spectra between the two phases. The green and red curves rep-
resent high-temperature and low-temperature phase Raman
spectra, respectively. For XRD patterns, the positions of most
of the peaks are the same between the two phases. However,
there are several single peaks splitting into a doublet at 35.92°,
47.96°, 57.36°, and 60.96° for the low-temperature phase. The
distinction for the Raman spectra of the two phases is obvious,
as can be seen in Figs. 5(c) and 5(d). Figures 5(c) and 5(d)
label the major peaks with Gaussian fitting for the two phases.
In addition, there are also some peaks with a relatively weak
signal that may be detected: 379.7 and 636.3 cm−1 for the
high-temperature phase and 265.1, 376.5, 378.3, 513.5, and
632.9 cm−1 for the low-temperature phase.

IV. CONCLUSIONS

In summary, by using ab initio calculations we investigate
the dynamical behavior of tetragonal PbO2 and find it is un-
stable under the harmonic approximation. Guided by its soft
mode, we distort the oxygen atoms and obtain a dynamical
stable orthorhombic phase Pnnm after full optimization. In
view of the limitations of the harmonic approximation in
dealing with a system with a strong anharmonic effect, we
investigate the surface potential of the tetragonal phase and
discover that the oxygen atoms are lying in the saddle points
rather than global minima sites, which is also confirmed by the
anharmonic double well. To verify the strong anharmonicity
in the tetragonal phase, we study its dynamical behavior at
finite temperature and prove that the tetragonal phase can
be stabilized at elevated temperature. We conclude that the
orthogonal phase is a low-temperature phase and the already
known tetragonal phase is a high-temperature phase with a
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transition temperature of about 200 K. Combined with the
phase transition caused by anharmonicity with increasing
temperature, the electronic structures change from semicon-
ductor to semimetal, and the topological property changes
from trivial to nontrivial. Finally, we provide theoretical XRD
and Raman spectra results for these two phases for future
experimental verification.
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