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Ab initio calculation of the origin of the distortion of a-PbO
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We presentab initio calculations using density-functional theory~DFT! within the local density approxima-
tion ~LDA ! on PbO in thea phase and the idealized CsCl structure. The calculated structure of thea phase,
which is predicted to be the most stable, is in good agreement with experiment. It has a nonspherical electron
distribution forming what could be described as sterically active lone pair formed by the 6s2 electrons.
However, analysis of the partial density of states reveals mixing of the Pb 6s with the oxygen 2p electronic
states indicating that the classical theory of hybridization of the lead 6s and 6p orbitals is incorrect and that the
‘‘lone pair’’ is the result of the lead-oxygen interaction.@S0163-1829~99!05913-5#
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INTRODUCTION

Lead oxide displays a number of polymorphs including
low-temperature tetragonal~a! phase1 and a high-
temperature orthorhombic~b! phase,2 which both show sig-
nificant distortions around the lead sites. It is often assum
that the distortions of lead oxide polymorphs are the resul
the 6s2 electrons forming a lone pair which is sterically a
tive and associated with the classical view of orbital hybr
ization. However, the presence of such electron pairs d
not necessarily result in distorted structures. For exam
although PbO forms a number of distorted phases with as
metric Pb sites, PbS is cubic, forming a NaCl-type latt
with perfectly symmetric Pb sites.3

Previous theoretical studies have been performed on
structures but these have mainly been based on semiem
ical quantum mechanics4–6 in which empirically fitted pa-
rameters are required and relaxation of the atomic sites is
usually performed. Trinquier and Hoffmann5 performed a
comprehensive study of the band structure and bonding
PbO units starting from dimers, building up to layers a
finally the three-dimensional solids of botha- and b-PbO.
They showed the possibility of direct Pb-Pb bonding b
tween the layers~stronger ina thanb! although in contrast
to experiment their calculations predicted that theb phase
was more stable than thea phase.

Oneab initio study has been performed7 but again the unit
cells were fixed at the experimentally determined structu
during the band-structure calculation. None of the previo
studies allowed optimization of the structural parameters
were thus unable to compare the distorted structures of
with related undistorted structures which would allow dire
investigation of the origin of the distortion.

The aim of this work is to study the electron distributio
in a-PbO and the idealized CsCl structured PbO using a f
ab initio technique embodied in the density-functional theo
~DFT! program VASP~Refs. 8–10! ~ViennaAb initio Simu-
lation Package!. These structures were chosen beca
a-PbO is the thermodynamically stable phase at ro
PRB 590163-1829/99/59~13!/8481~6!/$15.00
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temperature1 and can be described as a distorted CsCl str
ture. The tetragonala-PbO structure can be thought of as t
CsCl structure with an elongatedc axis. The layer of lead
atoms is split in half forming a layered structure shown
Figs. 1~a! ~CsCl! and 1~b! ~a-PbO!. Both the lead and oxy-
gen are four coordinate ina-PbO, rather than eight coordi
nate as found in CsCl. The oxygen atoms are at the cente
a distorted tetrahedra with all four coordinating oxygens
the same side of the lead.

THEORECTICAL METHODS

We have employed theab initio density-functional theory
~DFT! method as implemented in the code VASP~Refs.
8–10! to study CsCl structured PbO anda-PbO. The Kohn-
Sham equations11 were solved self-consistently using an
erative matrix diagonalization method. This is based on
band-by-band preconditioned conjugate gradient8,12 method
with an improved Pulay mixing9,13 to efficiently obtain the
ground-state electronic structure. The forces on the ato
and the stress tensor were calculated using the Hellma
Feynman theorem and used to perform a conjugate grad
relaxation. This was continued until the forces on the ato
had converged to less than 0.01 eV/Å and the pressure on
cell had equalized~a, b, andc are allowed to relax within the
constraint of constant volume!.

The calculations were performed within periodic boun
ary conditions allowing the expansion of the crystal wa
functions in terms of a plane-wave basis set. The numbe
plane waves required to represent the oscillations of the
lence orbitals near the core is prohibitive and thus we h
used the pseudopotential approximation to represent
valence-core interactions. In this study we have emplo
ultrasoft Vanderbilt-type pseudopotentials14,15 ~USPP! with
all the electrons except the 6s2 and 6p2 of Pb considered to
be part of the core and all except the 2s2 and 2p4 part of the
oxygen core. Additional test calculations show that treat
the Pb 5d electrons as valence electrons has only a sm
8481 ©1999 The American Physical Society
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8482 PRB 59G. W. WATSON, S. C. PARKER, AND G. KRESSE
effect on the atomic and valence electronic structure and
be detailed elsewhere.16

The exchange and correlation energy was evalua
within the local-density approximation~LDA ! from the cal-
culations of Ceperly and Alder17 using the parametrization o
Perdew and Zunger.18 Although previous studies have ind
cated that methods based on gradient corrected functio
can give more accurate energies, we are primarily intere
in the electronic structure rather than bond energies and
the LDA is well suited for our purposes.

Convergence of the calculation was checked by calcu
ing the equilibrium structure for a number of plane-wa
energy cutoffs and a number ofk-point grids which will be
detailed in the next section.

OPTIMIZATION OF THE LATTICE VECTORS

Calculations were performed with VASP for a series
volumes to obtain the energy as a function of volume. Fr
these data the equilibrium lattice vectors and bulk modu
were obtained. Convergence of the calculation was chec

FIG. 1. Illustration of the structure of~a! CsCl structured PbO
and~b! a-PbO. Lead atoms are dark while oxygen atoms are lig
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with respect to both the plane-wave cutoff and the numbe
k points, which were obtained using the Monkhorst-Pac19

method. For the metallic CsCl structured PbO, the lin
tetrahedron method with quadratic corrections according
Blöchl20 was used to evaluate the total energy.

We have calculated the effect of the plane-wave cutoff
the energy and equilibrium lattice vectors by evaluating
variation of the energy as a function of volume for thr
cutoffs 300, 400, and 500 eV. For these calculations we u
a k-point sampling grid of 83838 for the CsCl structure
and 63636 for thea-PbO. The equilibrium volume and th
energy for each cutoff are shown in Table I. The resu
clearly show that the calculations were well converged w
a cutoff of 400 eV, illustrating that the use of ultraso
pseudopotentials allows accurate calculations to be
formed for oxides with a modest plane-wave cutoff ener
To ensure accuracy all of the following calculations ha
been performed at a cutoff of 400 eV.

A similar test was used to evaluate thek-point sampling
required. Using the chosen cutoff of 400 eV we perform
calculations at three differentk-point grids for each of the
structures, 63636, 83838, and 10310310 for cubic
PbO and 43434, 63636, and 83838 for a-PbO~Table
II !. The calculations were well converged even with the
termediate grids, so that further calculations were perform
usingk-point grids of 83838 for CsCl PbO and 63636
for a-PbO.

The results of the equilibrium structures and properties
a cutoff of 400 eV andk-point sampling of 83838 for
cubic PbO and 63636 for a-PbO are given in Table III
along with experimental data where available. The bind
energies clearly show that the calculations predict that

t.

TABLE I. Convergence test results showing the variation
volume and binding energy~per formula unit! for CsCl PbO and
a-PbO and a function of plane-wave cutoff.

Cutoff CsCl PbO a-PbO

Energy~eV! Volume ~Å3! Energy~eV! Volume ~Å3!

300 29.457 30.176 210.309 38.246
400 29.454 30.168 210.308 38.137
500 29.456 30.167 210.310 38.148

TABLE II. Convergence test results showing the variation
volume and binding energy~per formula unit! for CsCl PbO and
a-PbO and a function ofk-point sampling density.

K-point grid CsCl PbO

Energy~eV! Volume ~Å3!

63636 29.452 30.201
83838 29.454 30.168
10310310 29.454 30.172

a-PbO
43434 210.309 38.151
63636 210.308 38.137
83838 210.308 38.147
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PRB 59 8483Ab initio CALCULATION OF THE ORIGIN OF THE . . .
tetragonala phase is more stable than the cubic CsCl str
ture as expected for the thermodynamically stable phase.
predicted lattice vectors and the only free internal coordin
~the Z coordinate! are in excellent agreement with expe
mental observations for thea phase. Thea vector is under-
estimated by only 0.009 Å, thec vector is underestimated b
0.122 Å, and thez coordinate is underestimated by 0.003
The underestimation of these parameters is typical for ca
lations performed within the local-density approximation.
is usual for LDA calculations the length of weak bonds, su
as interaction between the Pb-O layers, is underestim
more significantly than that of strong bonds leading to
somewhat larger error for thec lattice vector. The rathe
weak bonding between the Pb-O layers is also respons
for the low bulk modulus~calculated by a fit to the volume
squared around the equilibrium! of 24.3 GPa observed fo
a-PbO.

THE ELECTRON DENSITY

The electron densities calculated by VASP were d
played usingINSIGHT II ~Ref. 21! and are shown for slice
through planes containing Pb atoms in Figs. 2~a! and 2~b! for
the CsCl structured PbO anda-PbO. For CsCl structured
PbO the electron density around the Pb is clearly spher
In contrast, that of thea phase forms an enhanced density
the side of the Pb atom that points away from the PbO lay
and towards each other. This asymmetric electron distr
tion could be attributed to the classical 6s2 lone pair which
would thus be interpreted as directing the layered struct
i.e., stereochemically active. An interesting feature of this
that it effectively cuts down the lead-lead distance. If t
lone pair position is defined as being centered at the m
mum of the electron density the lone pair-lone pair dista
~2.85 Å! is substantially shorter than the lead-lead dista
of either a-PbO ~3.75 Å! or CsCl structured PbO~3.11 Å!
and may indicate that lone pair-lone pair interactions are
portant in holding the layers together. Indeed, if the distan
between lead atoms in metallic lead are used as a guide~3.47
Å! then significant lead-lead interactions could be resp
sible for holding the layers together as suggested by T
quier and Hoffmann.5

TABLE III. Comparison of calculated and experimental stru
tural properties of PbO.

Property
CsCl

Calculated

a phase

Experimental Calculated

Binding Energy 29.454 - 210.308
~eV/Pb!
Volume ~Å3/Pb! 30.168 39.272 38.137
a ~Å! 3.113 3.965 3.956
b ~Å! - 3.965 3.956
c ~Å! - 4.996 4.874
Pb ~Z! - 0.2368 0.2403
Pb-O distance~Å! 832.696 432.32 432.285
K ~GPa! 116.1 - 24.3
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THE ELECTRONIC STRUCTURE

The electronic density of states~EDOS! were calculated
by sampling the Brillouin zone with a more dense grid
19319319 for the CsCl structure, and 13313313 for the
a-PbO. They are shown relative to the Fermi level in Fig
3~a! and 4~a! for CsCl PbO anda-PbO with the band struc
tures given in Figs. 3~b! and 4~b!, respectively.

Whereas our calculations show that PbO is semimeta
in the CsCl structure,a-PbO exhibits an indirect band gap o
approximately 1.00 eV. This value is significantly small
than the experimental one of 1.95 eV at 300 K,22 however, it
is well know that LDA has a tendency to underestimate ba
gaps. Previous band-structure calculations, using the a
mented spherical wave method within the LDA, predicted
band gap of 1.82 eV.7 This is significantly closer to the ex
perimental value than our calculations, however, the AS
method depends heavily on the size of the Wegner-Seitz
dii used for each atom~and the addition spheres added f
the void space!. Their calculations show that as the oxyge
atom size is increased and the lead decreased the band
reduces. They employed a large lead to oxygen ratio~1.35!

FIG. 2. Electron density contour plot through a plane contain
lead atoms.~a! Spherical distribution around the lead atoms in Cs
structured PbO and~b! distribution ina-PbO showing the spherical
like electron density within the oxygen planes and the distor
distribution around the lead atoms below the oxygen planes. C
tour levels are at 0.05 e/Å3 with black below 0.05 e/Å3 and white
above 0.30 e/Å3.
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which is inconsistent with the charge-density plots~Fig. 2! to
obtain a band gap similar to experiment. We believe that
lead to oxygen ratio consistent with the charge densities~less
than 1.0! had been used a band gap similar to ours wo
have been obtained.

To simplify the interpretation of the electronic structur
we have also calculated the partial~ion and l-quantum num-
ber decomposed! electronic density of states~PEDOS!.
These were obtained by projecting the wave functions o
spherical harmonics centered around each atom@see Figs.
3~c! and 4~c!# with a radius of 1.55 Å for both atom type
and both structures. These radii were chosen because
give rise to reasonable space filling, but the results~at least
the qualitative aspects! are insensitive to a change of th
radii.

The EDOS for both structures are remarkably similar w
both exhibiting a low-lying O 2s peak ~218 to 216 eV!.

FIG. 3. Electronic structure of CsCl structure PbO.~a! electronic
density of states,~b! band stucture, and~c! parital electronic density
of states.
a

d

,

to

ey

They also both have a prominent peak between210 and25
eV which is derived mainly from the Pb 6s orbital. Finally,
the third peak below the Fermi level is primarily due to the
2p states with the Pb 6p orbitals responsible for the state
above the Fermi level. In a simplified ionic picture on
would expect that two electrons are transferred from the
to the O. The band structure and EDOS are in accord w
this expectation with the O 2s and 2p derived bands both
below the Fermi level, whereas for Pb only the 6s bands are
occupied. However, the PEDOS indicates that this pictur
oversimplified. In particular, the O 2p states are strongly
hybridized with both the Pb 6s and Pb 6p. For example,
approximately 30% of the charge density of the peak
tween210 and25 eV ~Pb 6s peak! is derived from the O
2p orbitals. For a more thorough discussion we turn to
evaluated band structure.

The band structure of PbO in the CsCl structure is sho
in Fig. 3~b!. The first feature that comes immediately to a

FIG. 4. Electronic structure ofa-PbO.~a! electronic density of
states,~b! band stucture, and~c! parital electronic density of states
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PRB 59 8485Ab initio CALCULATION OF THE ORIGIN OF THE . . .
tention is the anomalous dispersion of the Pb 6s band along
the line gammaX. For ans-derived band one would usuall
expect the energy to increase along this direction~as it does
for the O-s-derived band! due to the change from an in-pha
interaction with adjacent unit cells at gamma, to an out-
phase interaction atX. This anomalous behavior is related
the strong hybridization of the Pb 6s band with the oxygen
2p bands. This hybridization is strongest at theX point
where the phase in neighboring cells is exactly opposite.
O px orbital can therefore interact strongly with the Pbs
orbital with the corresponding bonding linear combinati
shown in Fig. 5~a!. This results in the Pbs band moving
down in energy and the Opx band up in energy. The latte
behavior is particularly important because it gives rise to
closing of the gap in the vicinity of theX point and it is also
responsible for the high density of states just below
Fermi level. There is also some hybridization between th
2p and the Pb 6p orbitals as can be seen in the PEDOS, b
due to symmetry this interaction is limited to fewk points
only. For example, no effective hybridization can occur b
tween the O 2p and Pb 6p orbitals at theG or M point.
However at theR point the O 2p and Pb 6p states can form
a bonding and antibonding linear combination as indicate
Fig. 5~b!, so that the highest energy valence bands are sh
in energy away from Fermi level at theR point.

To conclude binding in CsCl is mainly ionic, althoug
there is also some covalent bonding caused by a hybrid
tion of O 2p and Pb 6p states. However, the most importa
feature of the band structure of PbO in the CsCl structur
the strong hybridization of the Pbs and Op orbitals. This
interaction gives rise to a significant contribution to the el
tronic states just below the Fermi level and is also resp
sible for the Pbs contribution to the EDOS at the top of th
valence band. Energetically this interaction does not gain
require any energy because both states~Pb 6s and O 2p) are
located below the Fermi level. However, it is clear that e
ergy could be gained if these states hybridize more e
ciently with the unoccupied Pb 6p states so that the O 2p
bands move down in energy away from the Fermi le
~bonding-antibonding splitting!.

FIG. 5. Schematic representation of the orbital interactio
which make up bonding and combinations.~a! O px/O py and Pb
s, ~b! O px/O py and Pbpy, ~c! O px/O py and Pbpz, and~d!
O s and Pbpz.
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In a-PbO, for which the band structure is shown in F
4~b!, this type of interaction does occur. The lowest tw
bands~there are now two oxygens per primitive cell! are
derived again from the O 2s orbitals, the next two bands
from the Pb 6s orbitals, then a complex of four bands
visible, which is mainly due to Opx and Opy orbitals ~i.e.,
the oxygenp orbitals oriented parallel to the PbO layer!. The
final two bands just below the Fermi surface are mainly d
to O pz states. The bands above the Fermi surface are a
derived from the Pb 6p orbitals. The crucial question is wh
this structure is more stable than the CsCl one. An import
clue is that, in contrast to the CsCl structure, in thea-PbO
the Opx and Opy states do not contribute to the density
states below the Fermi level. In fact, as we will elabora
below, these orbitals can interact very efficiently with the
pz orbitals, stabilizing thea-PbO structure.

In Fig. 2~b! the charge density around the Pb site w
shown to be considerably distorted, with charge accumu
tion in thez direction. If the EDOS is decomposed accordi
to the magnetic quantum numbers, it is found that the Pbpz
orbital has, in agreement with the charge-density cont
plots, an increased occupancy compared to the Pbpx and Pb
py orbitals. The reason for this is that due to the displa
ment of the Pb atoms, the Pbpz orbital can interact more
efficiently with the O 2px and O 2py, ~i.e., those states
close to the Fermi level in CsCl structured PbO!. To illus-
trate this we again draw attention to the O 2px derived states
at the top of the valence band in Figure 5~b!. In the CsCl
structure, these orbitals interact only with the Pbs orbitals
@see Fig. 5~a!# because the symmetry does not allow for
interaction with the Pbpz orbitals @as indicated in Fig. 5~c!,
the interaction with the top layer has the opposite sign th
that with the bottom layer#. In the a-PbO, half of the Pb
atoms have moved in the1z direction and half of them in
the 2z direction, breaking the symmetry and allowing h
bridization between the indicated linear combination of
orbitals and the Pbpzorbital. As a result some of the Opx O
py derived states~in fact those that had the strongest inte
action with the Pbs state! are lowered in energy and mov
away from the Fermi surface effectively counterbalanc
the destabilization caused by interaction with the Pbs or-
bital. This stabilizes thea phase as the increase in the an
bonding states is now in the unoccupied levels. The o
bands that cannot profit from this type of interaction are
O 2pz derived ones, which for this reason are located j
below the Fermi level. In passing we note that the Pb 6pz
states can also interact more efficiently with the O 2s states
in thea-PbO structure, as shown in Fig. 5~d!. But the energy
gain due to this bonding-antibonding interaction is likely
be very small.

In summary, the electronic structure of PbO indicates t
a strong interaction of the Pb 6s and O 2p states occurs
giving rise to bonding and antibonding combinations whi
are both filled. The antibonding states occur at the top of
valence bands and account for the contribution of Pbs states
to the EDOS just below the Fermi level in the CsCl structu
The distorted phase is more stable because it decrease
density of states below the Fermi level by allowing for
more efficient hybridization between the occupied O 2p and
unoccupied Pb 6p orbitals. Our analysis shows that it is th
interaction~and not the hybridization of Pb 6s and Pb 6p

s
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orbitals! which gives rise to the distorted electron dens
around the Pb. This picture of the electronic structure is
variance with the classical view of hybridization of the le
6s with the 6p orbitals as the Pb 6s states are clearly con
tributing directly to covalent bonding with oxygen. In add
tion it is also clear that the Op states are directly involved
with the formation of the distorted electron distribution.

CONCLUSIONS

We have demonstrated the use ofab initio calculations
based on density-functional theory to examine the electro
structure of CsCl structure PbO anda-PbO. The calculations
show excellent reproduction of the structure ofa-PbO and
indicate that the electron distribution around the lead
heavily distorted in contrast to the results on CsCl structu
PbO. This distorted electron distribution could be interpre
as a classical sterically active hybridized lone pair, howev
analysis of the detailed electronic structure reveals a m
complicated picture.

The partial electronic density of states indicated that
main interaction of the Pb 6s2 electrons is with the oxygen
2p states and not with the lead 6p, thus the lone pair is no
the result of classical hybridization. In the CsCl structure
e
:

r

t

ic

s
d
d
r,
re

e

a

strong interaction between the Pbs and Op orbitals pushes
some of the O 2p bands, for instance those in the vicinity o
the X point, towards the Fermi level. This interaction can b
counterbalanced in thea-PbO structure where the Pb 6pz
orbitals interact with exactly the same states in a bondin
antibonding fashion, which results in a large energy gain.

The distorted electron distribution was shown to be pr
marily caused by a mixing of the O 2p with Pb 6p and some
Pb 6s and contradicts the classical view of hybridization
This is consistent with the observation that PbS does n
form a distorted Pb site, which would also seem to be at od
with the Pb hybridization theory, as the formation of th
‘‘lone pair’’ is dependent on the energies of the valenc
states on Pb and the anion in question. From this it is cle
that an anion with valence states of differing energies to
may be unable to interact in the same way to form the asy
metric electron distribution. Calculations are currently unde
way to calculate the electronic structure of PbS.
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