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Abstract

The electronic properties of 3-PbO,, have been controversial for several decades. Experiments
find behavior ranging from metallic, attributed to oxygen vacancies, to indirect semiconducting
for stoichiometric samples with a gap of 0.61 eV. Theory leads to similar ambiguities, and
predicts this phase to be metallic (PBE, HSE06) or to possess a small bandgap (HSE06). An
area where this inconsistency is amplified, is when a material behavior depends on the
electronic structure in the vicinity of the Fermi energy, such as topological states. In our work,
we use a self-consistent DFT + U approach and find that stoichiometric 3-PbO, to be an
indirect semiconductor with a band gap of ~0.8 eV, similar to experiment. The larger bandgap
requires at least ~4% strain, to drive 3-PbO, into a nodal line semimetallic state, significantly
larger strains than reported previously. Moreover, we find that the nodal line semimetallic state

is not protected against spin-orbit-coupling. Also, the surface computations do not show any
evidence for topologically protected states near the Fermi energy. Therefore, our results
strongly suggest that 3-PbO; is a topologically trivial material, consistent with experiment,
but in stark contrast to previous computations. Previously reported topologically protected
states in (3-PbO; are attributed to an inaccurate description of the (bulk) optical properties.

Keywords: density-functional-theory, self-consistent Hubbard-U, optical bandgap, topological

materials

1. Introduction

Metal dioxides (MO,) continue to attract significant scien-
tific and technological interest. Depending on the nature of
the metal, they find a wide range of technological applications.
For example, MO, (M = Hf and Zr) oxides have emerged as
attractive gate dielectric materials due to their stability, large
dielectric constant and wide bandgap [1], while SnO, is benefi-
cial for solar cells due to its long-term stability and high carrier
mobility [2]. 3-PbO, which crystallizes in the rutile structure,
has been widely used as electrode material in the lead-acid
batteries for over a century [3]. Yet, the optical and electronic
properties of 3-PbO; are not well-understood. Previous exper-
iments show that sub-stoichiometric 3-PbO; is metallic [4—6]
due to oxygen vacancies. Another study showed that stoichio-
metric 3-PbO, is an n-type semiconductor with carrier con-
centration of ~10'" to 10>} cm™3 and an indirect bandgap of
0.61eV [7].

Previous density functional theory (DFT) calculations
showed semimetallic character for (3-PbO,, with overlap of
valence and conduction band at the I'-point [8, 9]. In contrast,
HSEOQ6 calculations reported that this material is a semimetal
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[10-12], or a direct semiconductor with a bandgap of only
~0.08 eV with a valance band maximum (VBM) at the I'-
point [2], or an indirect semiconductor with the VBM at the
R-point, [13], consistent with experiment [7], albeit with an
underestimated bandgap of ~0.23 eV.

An area where this inconsistency of electronic structure
is amplified, is when a material property depends on the
electronic structure in the vicinity of the Fermi level, such
as topological states of matter [12, 14—17]. More recently,
-PbO, has attracted renewed interests [10—12] with the
emergence of topological semimetals [16—18]. Topological
semimetals are stabilized by non-trivial band crossing points
in the Brillouin zone, and classified as 3D Dirac semimetal
(DSM) [16], Weyl semimetal (WSM) [17], and nodal-line
semimetal (NLSM) [18]. In some cases, (i.e. reference [14])
spin—orbit-coupling (SOC) opens a gap transforming a nodal-
line semimetal into a topological insulator (TT) [19]. In gen-
eral rutile oxide (space group P4,/mnm) can support two dis-
tinct types of the nodal lines [20]: (1) the nodal line (NL)
is in the (110) or (T 10) planes, which are topologically pro-
tected by mirror symmetry and SOC opens a gap between the
otherwise degenerate Dirac points; and (2) the NL remains

© 2020 IOP Publishing Ltd  Printed in the UK
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Table 1. Previous works on topological states in 3-PbO,. Note: 0%  Table 2. Crystal and electronic data for 3-PbO; calculated by
strain corresponds to equilibrium. using PBE and ACBNO functional and compared to HSE06
functional and the experiment. The lattice parameters: a and c are
given in A. E is the indirect bandgap (in eV) between I'- and

Bandgap (eV) Method Condition (strain%) SOC

NLSM 0.08 HSEO06 [2] 1 No R-points.

NLSM 0 HSE06 [10] 0 Yes PBE ACBNO HSEO06 Exp.

DSM 0 HSE06 [12] 0 Yes

TI 0 PBE [14] 0 Yes This work [13] (7]
a 4.8786 4.9240 4.9602 4.9509
c 3.3330 3.3569 3.3759 3.3830
En — 0.82 0.23 0.61
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Figure 1. (a) 3-PbO, viewed along [001] direction, (b) ACBNO calculated total and partial density of states (PDOS) of 3-PbO,, and (c)
equilibrium bandstructure of (3-PbO, calculated with ACBNO functional [23]. The Brillouin zone path selection follows AFLOW
scheme [28].
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Figure 2. Strain dependence of the electronic structure in 3-PbO; for strain components £} = €0 = €, €33 = 2¢, (a) e = —2%, (b) € =

—4%, (c) equilibrium, ¢ = 0%, (d) € = +2%, (e) € = +4%, (f) strain dependence of self-consistent Hubbard-U.

degenerate even in the presence of SOC as shown for example
in isostructural IrO, [21]. In this case, states at the Fermi level
are protected by non-symmomorphic symmetry operations.
As a result, 3-PbO, has been predicted to be a three-
dimensional topological semimetal under a variety of differ-
ent conditions (table 1), including equilibrium [10, 12], a low
temperature phase transition [11], or applied strain [2], and
incompatible topological properties in the presence of SOC:
DSM [12], NLSM [2, 10], and TI [14]. SOC assists in stabiliz-
ing topological states in 3-PbO,, especially if VBM and con-
duction band minimum (CBM) energy differences are under-
estimated, and/or fundamental optical properties such as the
indirect/direct band gap are not sufficiently well captured.

In most of these previous studies, topological properties
originated from the predicted semimetallic electronic state of
[3-PbO; at equilibrium (table 1).

In this contribution, we use a self-consistent DFT + U
approach, that has been successful for correcting optical prop-
erties in transition metal oxides [22]. We use the ACBNO strat-
egy [23, 24], to determine self-consistent Hubbard-U values
using Quantum Espresso [25]. We employed ultrasoft pseu-
dopotentials from the pslibrary 1.0 database [26], and the
PBE exchange correlation functional [27]. All computations
were preformed using a plane wave cutoff for energy and
density of 90 Ry and 900 Ry, respectively. Monkhorst—Pack
4 x4 x6and 6 x 6 x 1 k-point grids were used for the bulk
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calculations, and surface calculations, respectively. All crystal-
lographic degrees of freedom were relaxed to reach the static
ground state, with and without SOC. Atomic positions were
relaxed in all computations, but the volume was only relaxed
in the bulk simulations. The (001) surface was modeled as
slabs of various thicknesses, that are separated by a vacuum
perpendicular to the surface of at least 5-unit cells (>15 A).
Starting from the strained configurations all atomic positions
were optimized while the strained lattice remained fixed.

2. Results and discussion

The ACBNO functional was applied to 3-PbO, to study its
electronic properties. Our computed effective Hubbard-U val-
ues at equilibrium are Up, = 0.022 eV, and Ugp = 7.18 eV,
for Pb and O, respectively. These values are very similar to
those we computed for isostructural TiO,: Ur; = 0.19 eV and
Uo (2p) = 7.0 eV. Moreover, the Hubbard-U for 3-TiO, are
in very good agreement with previous work (reference [23]):
Ur =0.15eV and Up (2p) = 7.34 eV. PBE underestimates the
lattice parameters by ~1.4% compared to experiment, while
ACBNO improves the comparison with experiment and under-
estimates the lattice constants by only ~0.5% (table 2). Anal-
ysis of the ACBNO calculated total and partial density of states
(PDOS), figure 1(b), shows that the VBM is dominated by O 2p
states, consistent with the expected large charge transfer from
Pb to O. The CBM in contrast shows Pb 6s and O 2p states as
expected. The band structure (figure 1(c)) shows that the VBM
is located at the R-point, consistent with experiment [7], the
bandgap in the ACBNO computations is higher than the experi-
mental value by ~0.2 eV (figure 1(c) and table 2). The ACBNO
valence band structure agrees with a previous HSE06 calcula-
tion [13], with the only difference that the ACBNO bandgap is
larger (table 2).

3. Strain-induced phase transition in 3-PbO,

In materials like 3-PbO, when SOC is neglected, band inver-
sions occur at one or more high symmetry points in the Bril-
louin zone, resulting in two doubly degenerate bands crossing
each other to form a fourfold degenerate nodal line [2, 10,
12]. This situation is realized in [3-PbO, with PBE compu-
tations [12] and HSEO6 computations [10, 12] where band-
crossing at the VBM located at the I'-point are predicted.
Previous work, [2] based on HSEO06 calculations found
-PbO, to be a trivial insulator (E; ~ 0.08 eV) at zero
pressure transforming to an NLSM phase by applying a hydro-
static tensile strain of 1%. Our ACBNO computed indirect
bandgap is ~10 times larger, the VBM is at the R-point rather
than the I'-point. Consequently, we find that a significantly
higher hydrostatic tensile strain, ~6%, is needed to drive {3-
PbO; into a gapless semimetallic state. Thus, our results sug-
gest that previous computations significantly overestimated
the potential of 3-PbO, to show a band-inverted gapless state
for reasonable strain magnitudes. Volume conserving strain,
akin to the approximate volume conservation due to inter-
face formation showed no band inversion at least up to 6%
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Figure 3. ACBNO + SOC bulk bandstructure for 3-PbO, with
asymmetric strain of ¢ = 4%.

strain. In order to investigate if other strains exist that lower
the strain magnitude to reach bandgap closure, we considered
an asymmetric strain with e, = €,, = € # 0 within the basal
plane and e,, = 2¢ along the c-axis, where ¢ are +£2% and +
4%. For positive tensile strain, both the basal plane and the
z-direction expand, but by different amounts. We have investi-
gated the effect of these asymmetric strains on the bandstruc-
ture of (3-PbO; for strains ranging from ¢ = —4% to ¢ = +4%
(figure 2). For strains below € = +2%, (3-PbO; is an indirect
semiconductor (figures 2(a)—(c)). At strain higher than
€ = +2%, the bandgap closes at the I'-point (figure 2(d)).
As the strain is increased further, band inversion occurs and
a semimetallic state is reached for strain of ~4% along the
basal plane (figure 2(e)). This strain, while still large, is sig-
nificantly smaller in magnitude as compared to a hydrostatic
tensile strain (6%) and a volume conserving strain (>6%),
which could facilitate its realization for example at an inter-
face. While our findings are qualitatively similar to previous
work [2], however, in contrast to this previous study with VBM
at the I'-point, our computed VBM is at the R-point. Therefore,
occupied electronic states at the I'-point are below the Fermi
level and higher strains are needed to reach band inversion, as
compared to the case where VBM and CBM are both at the
I"-point. However, similar to previous work two Dirac points
emerge along the M-I" and '-Z direction in momentum space,
the hallmark of NLSMs (figure 2(e)).

We observe a total variation of Hubbard-U parameter
between —6% to 6% strain of ~17% and ~12% for Pb and O,
respectively. In our calculation, 4% strain is required to obtain
band inversion (figure 2(e)). If we fix the Hubbard-U values at
their equilibrium values, we find a band gap of E; ~ 0.8 eV, and
a smaller strain of ~3% is sufficient to obtain band inversion,
consistent with the smaller Hubbard-U (figure 2(f)). There-
fore, qualitatively similar results are obtained for computa-
tions with the equilibrium Hubbard-U, or a strain re-optmized
Hubbard-U.
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Figure 4. (001)-surface states in 3-PbO, with SOC: (a) ¢ = 4%, 2-unit cells thick slab, (b) € = 4%, 5-unit cells thick slab, (c) equilibrium,

5-unit cells thick slab.

4. Topological nodal line states in 3-Pb0O,?

For the computation in the presence of SOC for 4% asymmet-
ric strain (figure 3), the Hubbard-U parameters were used for
the corresponding strain (Pb = 0.023 eV and O = 7.30 eV,
figure 2(f)). Even when SOC is taken into account, the band
structures are almost identical, with the important caveat, that
a small SOC induced gap (~1 meV) opens along M—-I" and
I'-Z direction (figure 3). This observation is identical to ref-
erence [14], where SOC turns an NLSM (3-PbO, into a small
gap TI. However, the gapped states are below the Fermi level
and (3-PbO, remains metallic.

Creating a surface is a well-known method to investigate
topological states [29]. We computed the electronic structure
for the (001) surface obtained from the ¢ = 4% asymmetri-
cally strained bulk (figure 2e) in order to identify the character
of the nodal line. The relaxation of the (001) surface reduces
the strain along the c-axis from the initial €,, = 8% to less
than ~0.8%. In contrast, the strain was maintained in the (x,y)-
plane, due to the fixed lattice and the extended bond network
in this plane. Both ACBNO and ACBNO + SOC showed the
same behavior. In the absence of SOC, we find that the bandgap
decreases from ~0.15 eV for a 2-unit cells thick slab, to a
metallic state for slab-thicknesses for 3-, 4-, and 5-unit cells,
similar to a previous report for TIBiTe, and TiBiSe, [29]. For
2-unit cells thick slabs (figure 4(a)), 3-PbO, is semiconduct-
ing with and without SOC. However, if SOC is included 3-,
4-, and 5-unit cells thick slabs show a gapped surface state
below the Fermi level and unaffected flat bands along the I'-Z
direction (figure 4(b)). The gapped surface states of (3-PbO,
indicate a topologically trivial material. Our (001) surface
computations including SOC for equilibrium (3-PbO, for a
S-unit cells thick slab also shows a topologically trivial

semiconducting state (figure 4(c)). In summary, the surface
computations show no evidence for topologically protected
states near the Fermi energy. Therefore, our results show that
in contrast to previous computations (3-PbO; is a topologically
trivial material, consistent with experiment. The uncertainty
of the topological character of 3-PbO, in previous studies is
attributed to the inaccurate description of the optical properties
of the bulk.

5. Conclusions

The self-consistent Hubbard-U computations of (3-PbO,
reported here predict the VBM to be at the R-point, and the
CBM to be at the I'-point, with an indirect band gap of E,
~ 0.8 eV, consistent with experiment. We find that Hubbard-
U values increase systematically with increasing strain from
e = —6% to e = +6% in [3-PbO,, with a total variation of
~12% for O and ~17% for Pb. With the application of € =
+4% tensile strain along the basal plane and € = 8% along
the c-axis, using the self-consistent Hubbard-U, 3-PbO; trans-
forms into an NLSM. The strains reported here are signifi-
cantly higher than reported previously and attributed to the
underestimated bandgap in previous studies. Using the equilib-
rium Hubbard-U, instead of the strain-optimized Hubbard-U,
we find an NLSM state for a slightly smaller strain of € = 3%,
due to a decreased bandgap, but still, significantly higher than
previously reported. In contrast to previous studies that char-
acterized (3-PbO, as a topologically non-trivial material, we
find that the NLSM state is not protected against SOC. Our
surface calculations show that 3-PbO, does not host any topo-
logically protected states near the Fermi energy. Therefore, in
contrast to previous studies, we find 3-PbO, to be a topolog-
ically trivial material. The differences in the topological char-
acterization are attributed to the insufficiently well resolved
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electronic, and optical properties in bulk 3-PbO, in previous
works.
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