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First-principles calculations of structural and thermodynamic
properties of 3-PbO*
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We employed ab-initio calculations to investigate the structural and thermodynamic properties of Massicot or or-
thorhombic phase of PbO named -PbO using the projector augmented-wave (PAW) method within the generalized gradi-
ent approximation (GGA). The temperature and pressure dependence of bulk modulus, heat capacity at constant pressure
and constant volume, entropy, thermal expansion coefficient and Griineisen parameter were discussed. Accuracy of two
different models, the Debye and Debye—Griineisen which are based on the quasi-harmonic approximation (QHA) for pro-
ducing thermodynamic properties of material were compared. According to calculation results, these two models can be
used to designate thermodynamic properties for B-PbO with sensible accuracy over a wide range of temperatures and pres-
sures, and our work on the properties of this structure will be useful for more deeply understanding various properties of

this structure.
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1. Introduction

Due to the particular properties, lead monoxide (PbO) has
been used as an industrial material for various technological
applications and as a constituent in electronic devices, paints,
gas sensors, x-ray cathodes, electrophotography, laser technol-
ogy, pigments and storage batteries, radiological medical pro-
tective clothing, ointments and plasters, etc.

Two existing polymorphs of PbO with respect to tem-
perature and pressure are «-PbO (litharge) and JB-PbO
(massicot).!'] The red o-PbO with a tetragonal two-
dimensional layer structure is stable at ambient pressures and
lower temperatures while the yellow 3-PbO has an orthorhom-
bic chain structure and is stable at higher temperatures. The
temperature around 860 K is the transition temperature be-
tween two phases of PbO. This transition temperature has been
studied by many researchers and there are some discrepancies
about this value which originates from slow kinetics of the
reaction. The stability of these phases is susceptible to impu-
rities and temperature.

According to other studies, ! the simulation and model-
ing methods are considered as supplements to experimental
studies, and can be used instead of traditional time consum-
ing and trial and error methods. These methods can help our
understanding of various properties of materials under specific
conditions particularly high temperatures and pressures.

The evolutions of thermodynamic and structural proper-
ties at high pressures and high temperatures are of significant
importance in modern technologies which experimentally en-
counter with difficulties, since it is difficult to measure the
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mentioned properties under these conditions. Furthermore, the
change in volume due to changes in temperature and pressure,
eventuates in phonon property variations which relate to elas-
tic constants and some properties of crystals such as entropy,
specific heat, etc. High pressure results in the phase transition
and the variation of mechanical and thermodynamic proper-
ties of solids. Further understanding of bulk modulus, Pois-
son’s ratio, Young’s modulus, and elastic constants is impor-
tant for finding mechanical properties. In order to shed more
light on experimental work, many theoretical studies by var-
ious research groups have been accomplished. Most of them
used ab initio studies based on the traditional density func-
tional theory (DFT) for investigating structural and thermody-
namic properties of materials in the wide range of pressures
and temperatures.!-14]

In order to investigate the effects of pressure and tem-
perature on both phases of PbO and the phase transition be-
tween them, some theoretical and experimental studies for
lead monoxide have been performed at various temperatures
and pressures. Few theoretical ones are performed on the prop-
erties at high temperature and pressure using first principles
phonon calculations. The methods to investigate these two
systems are still a topic of debate. Boher et al.!'>! reported
a transition from alpha phase to an intermediate phase with an
orthorhombic Cmma structure named y-phase which is stable
below 200 K. In this phase the structure is a little distorted.
Whereas the difference in the atomic site coordinates between
these two structures is almost 0.002 nm, so in most studies
this phase is ignored, but according to Adams et al.,['® o-

*Project supported by the Research Project of Islamic Azad University, Urmia Branch.

fCorresponding author. E-mail: v.razzazi @iaurmia.ac.ir
© 2017 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

116501-1


http://dx.doi.org/10.1088/1674-1056/26/11/116501
mailto:v.razzazi@iaurmia.ac.ir
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 26, No. 11 (2017) 116501

PbO phase transition to the mentioned distorted phase occurs
under pressures 0.7 GPa and 2.5 GPa. This structure is an in-
termediate phase between alpha and beta phases of PbO. The
alpha—beta phase transformation is slow and pressure sensi-
tive. According to White er al.,l!”8] these two phases are in
equilibrium at 1 bar (1 bar= 1.0x10° Pa) and 813.15 K. In
both a-PbO and B-PbO phases, the Pb>* cations are close to
one another provided that anions are placed at various loca-
tions. Studies proved that these two phases possess a layer
structure and some specifications of molecular crystals due
to inert pairs of cations. Canepa et al.'°! have investigated
the electronic, structural and dynamic properties of these two
phases using LCAO approach within density functional theory
framework with various GGA and hybrid functional approxi-
mations. They introduced dispersive interactions for calculat-
ing cell parameters as a major component of the interaction be-
tween layers and demonstrated that the anisotropy of Pb lone-
pair orientation within both phases, affects &-PbO more than
B-PbO.

In this study, we focus on the structural and thermal prop-
erties of 3-PbO under high pressure and high temperature em-
ploying density functional theory and quasi harmonic approxi-
mation. All the calculations have been performed using Debye
and the Debye—Griineisen model.!?! Bulk modulus, specific
heat, thermal Debye temperature, thermal expansion coeffi-
cient, Griineisen parameter of beta phase of PbO have been
compared.

2. Theoretical methods

We have employed density functional theory (DFT)
as implemented in the Quantum Espresso package!?!]
incorporated with plane-wave basis set and ultrasoft
pseudopotentials'??! to study the temperature and pres-
sure dependence of thermodynamic properties related to 3
phase of lead oxide. Exchange and correlation effects are
treated by the GGA approach with Perdew—Burke—Eruzerhof
(PBE) functional!®®! and core electrons are represented ex-
plicitly by using Vanderbilt ultrasoft pseudopotentials with
a plane-wave function cutoff and energy cutoff of 75 Ry
(1 Ry=13.6056923(12) eV) and 600 Ry, respectively. In or-
der to confirm the convergence of calculations, we attentively
verify k-points set, so a grid of 12 x 12 x 12 Monkhorst—
Pack!?*! of k-points was considered. Besides, the ionic posi-
tions and cell shapes of B-PbO are relaxed by employing the
Gaussian smearing factor of 0.05 eV. For phonon calculations
12 x 12 x 12 k mesh in the BZ and 80 Ry energy cutoff have
been used.

To investigate the thermodynamic properties and phase
stability of solids at high temperature and high pressure, we

applied a very quick and simple model, the quasi-harmonic

Debye model in which the vibrations in a crystal behaved as
a gas of non-interacting phonons. For a solid which is de-
scribed by the relationship of energy and volume, the Gibbs
program can estimate the Debye temperature ® (V) in order
to calculate Gibbs free energy and equation of state (EOS)
and other thermodynamics relations. The Birch—-Murnaghan
family of equation of state (EOS) which comes from assum-
ing a polynomial form for the energy, is used for illustration
of pressure—volume curves by a third order,>>~%7! defining,
B=-V(dp/dV); B' = (dB/dp) and x = (V/V), the third
order Birch-Murnaghan takes the form

3 31
P = 2By o {3Box716x 3x'/3 (B 4)}, (1)
By 3
- [x>/3 (15B), — 80) — x (42B{, — 196)
+27x'3(By - 4)], 2

where By is bulk modulus at zero pressure.

According to standard thermodynamics the non-
equilibrium Gibbs free energy G*(V; P, T) of the crystal
phase can be written as follows:

G*(V;PT) =E(V)+PV + Ry, (V:T), 3)
where E (V) is the static energy and Fyip, is the non-equilibrium
vibrational Helmholtz free energy.*®-33! Minimizing Eq. (3)
with respect to volume gives the following mechanical equi-

librium condition:

<8G*(V;p,T)

=0=—psa+P— P, 4
F1% )mT sta

where pg, is the static pressure, p is the applied external pres-
sure and py, is thermal pressure as follows:

dE.
Psta = — d;‘a, Q)
aFV*ib
= Vb, 6
Dth oV 6)

Using Debye model of phonon density of states, the vibra-
tional term Fy;p, which includes the vibrational contribution to
the internal energy and the —T'S constant temperature condi-
tion term is given as

3nN
Fp (ViT) = Z O kg TIn(1— e~ @/MTy| (7)
J=1

where the vibrational frequencies of phonon modes @; depend
on the crystal geometry. The Helmholtz free energy versus
volume has been fitted to isothermal third-order finite strain

equations of state.
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In quasi-harmonic Debye model, the adiabatic bulk mod-
ulus is equal to the isothermal bulk modulus Br. Thus it can
written in the following equation:

ann=V(ii>=b(J@3£ET»ﬁJ

where E is the total energy of crystal at 0 K and Vo, 1) are

9

Vopt(p.T)

the volumes which minimize the non-equilibrium Gibbs func-
tion G*(V; P,T) that gives the thermal equation of state (EOS)
and the chemical potential i (p,T).

When the volumes at equilibrium are known, some ther-
modynamic properties can be derived from Eq. (8). Consider-
ing this and the isothermal bulk modulus By, Helmholtz free
energy (F), Gibbs free energy (G), internal energy (U), equi-
librium entropy (S), heat capacity at constant volume (C,) can

be given by 34
F=F®V(pT)T), (10)
JdF
S=SVpT),T)=—|==
v .n=-(55)
_ o _ .—;/kgT & 1
N ;{ kpln(l = e™5707) + T e®ilksT 1], (b
U=UV(pT)T)=F+TS
_ oj w;
- Esta+; 5 +; o T ] (12)
CV = CV(V(va)vT)
8U> ( o; )2 e—@j/ksT
() =Yg L) — (13
<8T v ;B kgT (efcoj/kBT_l)2
G =U+pV-—TS. (14)

The thermodynamic Griineisen parameter (%) is known as

V(=TS
W=\ v ),

Then the thermal expansion coefficient (), constant-heat ca-

5)

pacity (Cp) and adiabatic bulk modulus (Bs) are as follows:

LV G,
=7y <8T>p_ BrV’ (16)
Cp=Cy(1+maT), 17
0
Bs=—V <m€>sBT(1+%haT). (18)

With the purpose of calculating thermal properties of lead ox-
ide, we employed Debye and Debye—Griineisen approaches
implemented in the GIBBS code.

The Debye—Griineisen model is applicable in various
cases in many senses. In fact, this model is considered as a
modified Debye model, which supposes that Debye tempera-
ture is a function of density, 6p = Op(p), and the Griineisen
parameter can be defined as

dInp(p)

v(p) = P

dlnp (19)

In other words, Debye temperature is calculated at the static
equilibrium and the quasi-harmonic approximation is applied
to calculate the volume dependence of the Debye frequency.
Hence, the Griineisen ratio are also chosen to be in the follow-
ing form:

d lnBsta
dlnV "’

Y=a-b (20)
whena =—1/2, b =1/2, one obtains the Dugdale-McDonald
(DM) approximation. For thermal property investigations the
mentioned models have been used with DM approaches.

The quality of energy and vibrational data used for find-
ing thermodynamics properties ascertain the accuracy of cal-
culated results. Since DFT method is usual for these kinds of
calculations, so the source of uncertainty relates to exchange—
correlation functional parts which are systematic. One of the
suggestions for improving the calculations is applying correc-
tions to the static E(V') curve and shifting it. These corrections
are called empirical energy corrections (EEC) and are divided
in three different corrections: the PSHIFT EEC, the APBAF
and the BPSCAL EEC.[34 In all three EECs, the values of free
parameters &, Ap, Bexp, and Ve, are chosen so that the experi-
mental equilibrium volume at room temperature is reproduced.
In this work, the PSHIFT EEC is applied to the static energy
implemented in all models which is defined as

Esta (V) = Esa (V) +ApV. 21

3. Results and discussion

Using the first principles method, we made the total en-
ergy electronic structure calculations to obtain lattice param-
eters at equilibrium for the lead (II) oxide. Lead monoxide
(PbO) exists in one of two lattice formats, tetragonal and or-
thorhombic. The tetragonal crystal structure is called litharge
or alpha lead monoxide. Massicot or beta lead oxide is the
orthorhombic variety of PbO. These two crystal structures can
be changed to the other form by controlled heating and cool-
ing. For B-phase of lead oxide, the unit cell of the correspond-
ing crystal was considered. The -phase lead oxide has Pbcm
space group with a = 5.49 A, b =5.89 A, and ¢ = 4.75 A.1?4

All calculations have been shown for both Debye and
Debye—Griineisen models for comparison. In all figures “de-
bye” and “dg” indicate calculations related to “Debye” and
“Debye—Griineisen” models, respectively. In order to deter-
mine the equilibrium structure parameters, several volumes
have been varied and a set of volumes versus energies were
obtained. The calculated (V, E) data were fitted to the Birch-
Murnaghan thrid-order EOS for both models and for beta
phase. The volume variation versus pressure at different tem-
peratures for -PbO is presented in Fig. 1.
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Fig. 1. (color online) Variation of volume V (1 Bohr=5.29x10~!! m)
with pressure (GPa) for 3-PbO.

Through the quasi-harmonic Debye model, the thermo-
dynamic values of various temperatures and pressures are cal-
culated using E-V data at zero pressure and temperature. The
thermal properties are calculated in the temperature and pres-
sure ranges 0—1000 K and 0—100 GPa, respectively. Calcula-
tion results are presented in the following. According to Fig. 1
and Table 1, it is concluded that there is good agreement be-
tween the calculated results and other experimental and theo-
retical studies which indicates that this method is suitable for
studying high-temperature and high-pressure behavior of beta
phase of PbO.*% This offers the accuracy and reliability to
our deeper investigation.

Table 1. Lattice constants, volume (Bohr3), bulk modulus (B), thermal
expansion (), and entropy for §-PbO at ambient temperatures.

This study Other studies
alA 5.49 5.489%b
b/A 5.89 5.895%,5.891P
clA 475 4.756%, 4775
v 1037.82 1038.3% , 1041.81°
B/GPa 33.1 22.724+6.24
a/K~! 4.08 x 1073 6.86x 1073
S/T-mol~1.K—! 78 68.7%¢

aRef. [43], PRef. [39], °Ref. [45], IRef. [16], °Ref. [46], [47], [Ref. [37], and
ERef. [38].

The bulk modulus B relates to interatomic potentials
and can be found by the second derivative of the internal
energy.3°l The pressure dependences of the isothermal bulk
modulus for B-PbO for both studied models are shown in
Fig. 2. According to this figure, it is concluded that increasing
pressure results in augmentation of bulk modulus, at a defined
temperature. For both Debye and Debye—Griineisen models,
this trend is the same. It shows that the effect of pressure on
bulk modulus is very important. According to this figure, at
low temperatures (0 and 250 K), bulk modulus variation with
temperature is more significant in comparison with high tem-
peratures.

500

T T
debye, 0.00K

debye, 250 00K ——
debye, 510.00K
debye, 760.00K 2

B-PbO debye, 1000
400+ g,

00K ——
7510.00K

. 760.00K
dg, 1000.00K

300

B/GPa

200

100

0 20 40 60 80 100
P/GPa

Fig. 2. (color online) Pressure dependence of the isothermal bulk mod-
ulus of B-PbO at various temperatures.

The temperature dependence of bulk modulus reflects the
anharmonic interactions partially, provided that for a purely
harmonic crystal, the bulk modulus would be independent of
temperature. The calculated bulk moduli at ambient tempera-
ture are listed in Table 1, where comparison is done with other
studies.

Heat capacity C, and C,, of a substance is another thermo-
dynamic parameter which is important and provides necessary
comprehension of vibrational properties. Pressure dependence
of heat capacity at constant volume C, and at constant pres-
sure C), at different temperatures (7' = 0, 250, 510, 760, and
1000 K) are plotted in Figs. 3(a) and 3(b), respectively, for
both models.

By considering Fig. 3(a), it is deduced that C, values de-
crease smoothly as pressure increases. The important issue is
that for low temperatures (0 K and 250 K), pressure effect is
more significant than high temperatures. This means that at 0
and 250 K, as pressure increases, C, variation range is around
15 J/mol K, while for high temperatures (510 K, 760 K, and
1000 K), the pressure increasing does not make any signifi-
cant changes in C, values and for all these temperatures C,, is
identical. As it is obvious in this figure, for pressures rang-
ing from to 100 GPa, at ambient temperature, C, varies from
48 J-mol~!-K~! at 0 GPa to the value of 33 J-mol~!-K~! at
100 GPa. In other words, it can be concluded that for tem-
peratures higher than ambient temperature, pressure enhance-
ment will not affect heat capacity at constant volume (C,). For
this structure C, values for higher temperatures are around
50 J-mol~ 'K~
models Debye and Debye—Griineisen. The heat capacity at

This behavior is the same for both studied

constant pressure, C), is presented in Fig. 3(b). It is clear that,
for all temperatures, generally, C,, decreases with pressure in-
creasing. The decreasing trend is fast till 10 GPa. For pres-
sures higher than 10 GPa, the inclination is smoother. Con-
sidering these calculations, C,, value at ambient conditions is
almost 48 J-mol~!-K~!. The theoretical value for this struc-
ture is about 45.8 J-mol~!-K~'. As a result, the discrepancy
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is only about 4%. However, C, exhibits apparently different
features at high temperature.

50 T re——
—debye, 250.00K —— —
——debye, 510.00K ——
debye, 760.00K
debye, 1000.00K
401 P —
— dg, A —
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7 301
°
£
2 20f
Q
10t
(a)
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Cp/J-mol- 1K1

20+
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0 " . 3 " ;
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Fig. 3. (color online) (a) Heat capacity at constant volume (C,) and
(b) heat capacity at constant pressure (Cp) versus pressure for different
temperatures for $-PbO.

It is clear that the effect of pressure increment at higher
temperatures is more considerable for C, values in compari-
son with C, values. This behavior is the same for both studied
models. Furthermore, for both Debye and Debye—Griineisen
model this slope is sharp at high temperatures during pressure
increasing. To the best of our knowledge, no theoretical or ex-
perimental studies are available for C,, values at high pressures
for B-PbO. However, upon pressure increasing, in agreement
with other experimental studies,?>! the specific heat falls off.

Figure 4 exhibits the dependence of C,, and C, on tem-
perature for B-PbO. In agreement with other studies*! study-
ing the behavior of heat capacity C, and C, for low temper-
atures demonstrates that, as temperature increases, C, and C,
also increase. Provided that for the above ambient tempera-
ture, the increasing speed of C, becomes slow and approxi-
mates to a constant value while increasing speed of C,, is more
but finally also converges to a constant value. It is obvious
that at high temperatures, 7 > 400 K, C, does not possess
much dependency on temperature and tends to the Dulong—
Petit 1imit"**! and is equal to 49.7 J-mol~!-K~! in agreement

36,37

with other studies. | 1 For intermediate temperatures, atom

vibrations control C, value. For T < 400 K, C, depends on
temperature and grows as temperature increases. By compari-
son of C, values as function of temperature, similar behaviors
are seen for both Debye—Griineisen and Debye model. How-
ever, for C, values at high temperatures, these models are not
alike. In high temperatures, anharmonic behaviors cannot be
ignored for these models. Previously, Spencer and Spicer!*3]
reported that the C,, (cal/deg mol) of B-PbO for temperatures
298-923 K can be described by

Cp = 2.98140.02760T —1.708 x 10772, (22)

According to the mentioned relation and other exper-
37381 for high T =
1000 K, C, is approximately around 56.4 J-mol~!-K~! and

imental studies! temperatures, at
57.76 J-mol~!-K~!, respectively. As it is obvious in Fig. 4, the
calculated value for C), in this study, using Debye—Griineisen
model is 55.5 J-mol~!-K~! which is consistent with the men-
tioned values, whereas, Debye model result for C, is a little
more than the reported values in reference tables.[3®!

50
a
(a) — debye
B 40 —dg
[
<
7 30
S
g
~ 20
=
QO
10
0 L L L L
0 200 400 600 800 1000
T/K
60
(b)
H\ — debye
X 40} —dg
T
3
g
oy
5 20t
0 I 1 I 1
0 200 400 600 800 1000
T/K

Fig. 4. (color online) Heat capacity at constant volume (C,) and heat
capacity at constant pressure (C,,) versus temperature for §-PbO.

The entropy (S) variation with respect to temperature for
B-PbO is displayed in Fig. 5. It is seen that with the temper-
ature enhancement, the entropy increases which is a general
trait for every material. The reported entropy for this structure
at temperature 298.15 K and 1000 K are 73.37 J-mol~!.K~!
and 152.03 J-mol~'-K~!, respectively.3®!
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Fig. 5. (color online) The variation of the entropy (S) with temperature
of B-PbO.

According to our calculations and Table 1, at the
mentioned temperatures, the entropy for S-PbO are
78 J-mol~'-K~! and 143 J-mol~!.K~!, the discrepancies be-
tween our calculations and the experiments are 6.3% and
5.9%, respectively. It is observed that there is good agreement
between these calculations and values estimated from other
theoretical and experimental studies.*®3°! For both models
the entropy variation feature is the same.

Figure 6 displays the thermal expansion coefficient versus
temperature at zero pressure for f-PbO using both models. We
can perceive that as temperature increases, thermal expansion
coefficient increases exponentially for 7 < 400 K, it gradually
tends to linear increase for 7 > 400 K and the trend of in-
creasing becomes temperate at high temperatures. At standard
condition, the value of the thermal expansion coefficient for
the B-PbO is about 4.08 x 107> K~! in agreement with these
of experimental studies.*?! This figure indicates that Debye—
Griineisen model is more reliable to study the expansion coef-
ficient of this material in comparison with Debye model. It is
obvious that with the temperature increasing, no linear behav-
ior of the thermal coefficient is anticipated due to anharmonic-

ity.

= deblye
5t —de

—1
~

/105

0 200 200 600 800
T/K

1000

Fig. 6. (color online) The thermal expansion versus temperature for
B-PbO.

The vibration alternations of a crystal lattice can be ex-
plained by the Griineisen parameter () which is based on the

change in volume, size and dynamics of lattice as a result
of the temperature change. The Griineisen parameter for -
PbO as a function of temperature at zero pressure and versus
pressure for various temperatures is displayed in Fig. 7. As
it is clear in Fig. 7(a), increasing temperature eventuates in
Griineisen parameter promoting uniformly. The temperature
dependency of this parameter at low pressures relates to quasi-
harmonic approximation. However, Griineisen parameter de-
creases during the pressure increasing as it is shown at various
temperatures in Fig. 7(b). Note that at higher pressures, this
parameter is approximately independent of temperature. To
our knowledge, there is no experimental or theoretical study
about the thermodynamic properties at high pressure and high
temperature for 3-PbO. This may be related to the lone-pair
bonding situation in PbO.

3.0
- (a)
. 209Ff
Q
g
]
g
< 2.8f E
]
o il
=1
g 27t 1
k3]
=] 4
=]
-
@}
0 200 400 600 800 1000
T/K
3.0 — debye, 0 K
. (b) — debye, 25000 K
. \ debye, 51000 K
g 26¢ debye, 76000 K
g debye, 100000 K |
© ——dg, 0 K
2 I — dg, 25000 K
2.2
& dg, 51000 K
8 dg, 76000 K
g 1s] — dg, 100000 K
3
—
@}
1.4}
0 20 40 60 80 100

P/GPa

Fig. 7. (color online) Trends in Griineisen parameter as a function of
(a) temperature and (b) pressure for §-PbO.

The phase transition from alpha to beta phase which oc-
curs at about 763-837 K141 ig critical for inspecting the
applicability of the method used in this study in order to un-
derstand the behavior of a-PbO. All the same calculations can
also be done for @-PbO in the next studies using other mod-
els. The consistency between our calculations and other stud-
ies gives a good idea about the accuracy and reliability of our
present calculations for more thermodynamic and elastic prop-
erties of phases of PbO.
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4. Conclusions

First principles calculations within quasi-harmonic ap-
proximation have been performed on structural and thermo-
dynamics properties of B-PbO structure over a wide range
of pressures and temperatures. Two different models, Debye
and Debye—Griineisen were employed for studying thermody-
namic properties. Calculated results for volume, bulk mod-
ulus, heat capacity at constant volume and constant pressure
and entropy are excellently consistent with available experi-
mental results. The results of Debye model for heat capacity at
constant pressure for $-PbO indicate that this method is more
reliable for calculating heat capacity.

The discrepancy between some calculated results like
heat capacity and entropy with experimental values might rise
from the approximation which is made at high temperature
in quasi-harmonic Debye model. According to the high per-
centage agreement of our calculations and other studies, this
method can be used for finding Griineisen parameter and other
thermodynamic properties at high pressure and temperature of
Massicot with reasonable accuracy. Since most of the studies
for thermodynamics properties of PbO are old and few, further
investigations are required for comprehending these properties
under various conditions. Furthermore, these results motivate
more experimental and theoretical studies on both phases of
PbO, a-PbO and $-PbO. In addition, more endeavors are nec-
essary for making the simulation results of the high pressure
and temperature better.
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