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Combining B3PW hybrid exchange–correlation functional within the density functional theory
(DFT) and a supercell model, we calculated from the ﬁrst principles the electronic structure of
both ideal PbZrO3 (001) surface (with ZrO2- and PbO-terminations) and a neutral oxygen
vacancy also called the F center. The atomic relaxation and electronic density redistributions are
discussed. Thermodynamic analysis of pure surfaces indicates that ZrO2 termination is
energetically more favorable than PbO-termination. The O vacancy on the ZrO2-surface attracts
E0.3 e (0.7 e in the bulk PbZrO3), while the remaining electron density from the missing O2 ion
is localized mostly on atoms nearest to a vacancy. The calculated defect formation energy is
smaller than in the bulk which should lead to the vacancy segregation to the surface. Unlike
Ti-based perovskites, the vacancy-induced (deep) energy level lies in PbZrO3 in the middle of the
band gap.

I.

Introduction

Lead zirconate, PbZrO3 (hereafter PZ), due to its antiferroelectric (AFE) behavior has many technologically important
applications including actuators, capacitors and charge storage
devices.1–4 Thus, it is not surprising that in recent years PZ has
been the subject of many experimental and theoretical studies.1–13 The orthorhombic AFE phase is stable below 520 K,
above this temperature PZ possesses a cubic structure with the
lattice constant of 4.161 Å.12 The PZ band gap is 3.7 eV. A
ﬁeld-induced ferroelectric phase transition is found feasible in
PZ thin ﬁlms due to a small free energy diﬀerence between the
ferroelectric (FE) (rhombohedral) and the AFE phases.12,13
Recently, AFE PZ thin ﬁlm heterostructures have been found
to be radiation resistant and were suggested as a promising
candidate for application in radiation environments, including
diagnostic materials and bolometers for thermonuclear reactors.14 PZ serves also as a parent compound for PbZr1xTixO3
(PZT) solid solutions which are of high scientiﬁc and technological interest due to their ferroelectricity and piezoelectricity
observed over a wide range of compositions.
The ABO3-type perovskite crystals have been extensively
studied because of their technological potential and because of
a
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fundamental interest in the physics of phase transition. They
belong to a class of the most important ferroelectric materials.
The perfect (cubic) perovskite structure is the simple Pm
3m
space group and has a full cubic symmetry, in which the bodycenter position is occupied by B atoms, the corners by A atoms
and the face centers by oxygen atoms. The main defect in
perovskite structure is O vacancy, also called the F center. The
properties of the F center in perovskite bulk were summarized
recently in a review article.15 Surface defects considerably
aﬀecting the properties of thin perovskite ﬁlms are practically
not studied.
It is well known that the Hartree–Fock (HF) method
considerably overestimates the optical gap of wide-gap materials, while local density approximation (LDA), as well as
generalized gradient approximation (GGA) within DFT considerably underestimate it. The hybrid exchange–correlation
functionals, B3PW and B3LYP, allow us to achieve the best
possible agreement with experiment for the band gap calculated, e.g., for SrTiO3, BaTiO3, and PbTiO3 bulk perovskites,
as it was shown in our previous studies.16–18 Encouraged by
the excellent agreement of the calculated band gap with
experimental data for the three above mentioned perovskites,
which is especially important for the defect studies, and our
recent study of the PZ bulk in both cubic and AFE phases,19 in
the present paper we applied the hybrid B3PW method for the
analysis of the PZ surface atomic/electronic structure and the
F center on PZ surface.

II. Computational details
To perform the ﬁrst-principles DFT-B3PW calculations, we
have used the CRYSTAL-06 computer code.20 In the B3PW
functional the HF nonlocal exchange is mixed with the local
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DFT exchange, using Becke three-parameter method,21 combined with the non-local correlation functionals by Perdew
and Wang.22–24 The CRYSTAL code employs Gaussian-type
functions (GTF) localized at atoms as the basis for expansion
of the crystalline orbitals. In order to employ the LCAO-GTF
(linear combination of atomic orbitals) method, it is desirable
to optimize the localized basis sets (BS). Such optimization for
a range of ABO3 perovskites was developed and discussed by
us.16,17 In the present paper, the BSs for lead and oxygen have
been taken from ref. 16: (O)—8-411(1d)G, (Pb)—211(1d)G,
while the BS 311(31d)G (Zr) has been adopted from the
CRYSTAL website.20 The inner core electrons of Pb and Zr
atoms were described by Hay-Wadt eﬀective core pseudopotentials, taking into account the relativistic eﬀect.25,26 Besides a reasonable lattice constant,16 our BSs for Pb and O also
allowed us to achieve the excellent results for PbTiO3 (001)
surface relaxation and the surface band structure.17 The
reciprocal space integration was performed by sampling the
Brillouin zone of the unit cell with the 8  8  8 PackMonkhorst net.27
Another advantage of the CRYSTAL code is its treatment
of purely 2-D slabs, without artiﬁcial periodicity in the direction perpendicular to the surface, unavoidably used in planewave surface calculations (e.g. ref. 28 and 29). In our calculations for the PZ (001) pure cubic surfaces, we have used a 2-D
11-layer slab model described elsewhere.18 All atoms in a slab
unit cell were allowed to relax (using a modiﬁed conjugate
gradient algorithm30,31), in order to locate a minimum on the
potential-energy surface (PES). We are familiar with the only
ﬁrst-principles DFT plane-wave calculations for pure PZ
surfaces using smaller 7-plane slabs32 which is discussed below.
To simulate the surface F center
pﬃﬃﬃ onpZrO
ﬃﬃﬃ 2 terminated PZ
(001) surface, we have used a 2 2  2 2 and 3  3 surface
supercells with one of the surface O atoms removed (surface
defect concentrations are 1/16 and 1/18, respectively). For an
accurate description of the F center, an additional basis
function has been placed into the oxygen vacancy, corresponding to the so-called ghost atom.20 For this, we have used the
same GTF as that used for the O2 ions of the bulk PZ.

III.
A

Results and discussions

Table 1 The results for PbO-terminated PbZrO3(001) and 11-plane
slab unit cell. The calculated atomic displacements along the z-axis in
surface layers, dz (in percentage of the equilibrium cubic lattice
constant a0 = 4.177 Å), with respect to atomic positions in bulk,
changes of the eﬀective Mulliken atomic charges, DQ (in e), with
respect to the PbZrO3 bulk (Pb 1.30 e, Zr 2.07 e, O 1.12 e), optical
band gap, Degap (in eV), and surface rumpling s (per cent a0). Negative
sign means displacement towards the slab center. The numbers in
brackets are results of the CASTEP DFT-PW 7-plane calculations32
Layer

Atom

dz

DQ

I

Pb
O
Zr
O
Pb
O
Zr
O
Pb
O
Zr
O

6.95(4.9)
0.04(1.2)
2.57(2.6)
1.08(0.9)
2.63(1.1)
0.26(0.3)
0.58
0.15
0.62
0.08
0.00
0.00
6.91(6.1)
3.13(1.8)

0.034(0.65)
0.020(0.05)
0.033(0.26)
0.030 0.04)
0.007(0.29)
0.014(0.04)
0.001
0.011
0.007
0.006
0.000
0.001

II
III
IV
V
VI
s
Degap

the Zr charges on the ZrO2-terminated surface are slightly
increased. The charges in the deeper slab layers are very close
to the relevant Pb, Zr, and O charges in the bulk.
This moderate charge redistribution is in contrast to the
DFT-PW calculations32 which suggest a basically similar trend
but diﬀers in the orders of magnitude. We attribute this to the
use of the Mulliken population analysis for PW calculated
electron density. This results in nonrealistic charges of atoms
in pure PZ: Pb (1.6 e), Zr(0.98 e), and O (0.86 e).
The diﬀerence electron density maps, calculated with respect
to Pb2+, Zr4+, and O2 ions, plotted in Fig. 1a and b,
demonstrate a considerable covalency contribution in the
Zr–O chemical bonds and a weak covalent bonding between
Pb and O atoms. The Pb atoms nearest to the surface are
polarized. Their electronic density is shifted outwards on the
PbO-terminated surface. For the ZrO2 terminated PZ (001)
surface, the Zr–O bond nearest to the surface becomes stronger, but the next nearest bond becomes weaker as compared to
PbZrO3 bulk.
Calculated bond populations between atoms on the PZ
(001) surface show that the major eﬀect observed here is

Ideal surfaces

Properties of a pure PZ bulk and the F centers therein were
discussed by us recently.19 The eﬀective (Mulliken) atomic
charges are given in the heading of Table 1, the calculated
band gap (3.8 eV) is in perfect agreement with the experimental value (3.7 eV).
We performed here ab initio calculations of pure PbO- and
ZrO2-terminated (001) surfaces. The calculated (001) surface
energy (0.95 eV/a20) is close to that for SrTiO3, BaTiO3 and
PbTiO3 (001) surfaces17,33 and 1.12 eV/a20 found in DFT-PW
PZ (001) calculations.32
Tables 1 and 2 show the electronic charge redistribution for
the two terminations with respect to the bulk (Mulliken)
charges (indicated in the heading of the former). The Pb
eﬀective charges on the PbO-terminated surface layer are
smaller than in the bulk, as well as O charges. In contrast,
This journal is
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Table 2 The same as in Table 1 for ZrO2-terminated PbZrO3(001)
Layer

Atom

dz

DQ

I

Zr
O
Pb
O
Zr
O
Pb
O
Zr
O
Pb
O

2.97(1.9)
1.36(0.5)
5.54(4.7)
0.84(1.1)
1.12(0.3)
0.53(0.3)
1.39
0.14
0.27
0.12
0.00
0.00
1.61(1.4)
4.00(unknown)

0.063(0.3)
0.015(0.06)
0.013(0.4)
0.036(0.1)
0.001(0.16)
0.004(0.06)
0.002
0.003
0.001
0.002
0.004
0.005

II
III
IV
V
VI
s
Degap
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depend also on the size of the supercell used: larger cells permit
more complicated surface reconstructions from cubic towards
the orthorhombic structure which leads to a slight increase of
the band gap (Table 3, rows 3 and 4). This increase does not
depend on the choice of the k-set used.
The calculated total and projected density of states (DOS)
for both terminations (Fig. 2) shows that O 2p orbitals form
the top of valence band, while the conduction band bottom
consist of a mixture of Zr 4d and Pb 6s and 6p orbitals.
B

Fig. 1 Diﬀerence electron charge density maps (with respect to the
superposition of densities of Pb2+, Zr4+, and O2 ions) in the crosssections perpendicular to the (110) surface with PbO termination (a) and in
the cross-sections perpendicular to the (100) surface with ZrO2 terminations
(b). Full, dashed and dot-dashed lines denote the electron excess, deﬁciency,
and zero-charge lines, respectively. The increment is 0.015 e a.u.3.

strengthening of the Zr–O and Pb–O chemical bonds near the
ZrO2- and PbO-terminated surfaces. The bond population
between Zr and O atoms in the upper layer of the ZrO2
terminated surface (236 me) more than twice exceeds the same
in the bulk (100 me). The bond population between Pb and O
atoms in the upper layer of PbO terminated surface also
considerably (54 me or 50%) exceeds that in the bulk
(36 me). At deeper layers of the PZ (001) surfaces, the bond
populations between Zr and O, as well as Pb and O atoms are
practically the same as in bulk. The similar eﬀect of a
strengthening of the Ti–O chemical bond was observed earlier
by us for the SrTiO3, BaTiO3, and PbTiO3 (001) surfaces.17
The calculated atomic displacements for the two terminations are given in Tables 1 and 2. In both cases the O atom
goes above the Pb(Zr) atom which leads to surface rumpling.
Its magnitude s is much larger for the PbO termination than
for the ZrO2. This is well reproduced in the DFT-PW calculations.32 Atomic displacements are decreasing at deeper planes
but are still considerable in the 5th plane from the surface.
The band gap of the pure PbO-terminated surface is considerably reduced (by 0.66 eV, Table 3). On the ZrO2 termination, it is slightly increased, probably due to increased Zr
eﬀective charge on the surface. In the case of SrTiO3 we have
observed gap reduction for both terminations, SrO and
TiO2.33 It should be noted here that the calculated band gaps

Thermodynamics

The thermodynamic formalism adopted in the present study to
estimate the stability of both PbO- and ZrO2-terminated PZ
(001) surfaces in equilibrium with matter reservoirs has been
comprehensively described in ref. 34 (see also references therein). The analysis presented here assumes that all species are in
thermodynamic equilibrium with all reservoirs, including oxygen atmosphere. The most stable surface is the one which
minimizes the Gibbs free surface energy within the range of
allowed values for Pb, Zr, and O chemical potentials:
OðT; pÞ ¼

1
½Gslab  NTi gbulk
PbZrO3 ðT; pÞ
2A
 ðNPb  NZr ÞmPb ðT; pÞ

ð3:1Þ

 ðNO  3NZr ÞmO ðT; pÞ;
where Gslab is the Gibbs free energy of the slab, which depends
on the temperature, oxygen pressure, and on the number of
atoms in the considered reservoirs Ni (i = Pb, Zr, and O), mi
the chemical potentials of each species involved, and O(T, p)
energy per unit of surface area A. The factor 12 appears since a
surface system is modeled by a slab with two equivalent
surfaces. In eqn (3.1) we assume that the macroscopic quantities of PZ bulk material are in equilibrium with surface and
O2 environment. Thus, the chemical potentials are mutually
dependent through the Gibbs free energy of the bulk
perovskite:
mPb(T,p) + mZr(T,p) + 3mO(T,p) = gPbZrO3bulk(T,p), (3.2)
where g hereafter denotes the Gibbs free energy per formula
unit in a crystal. The Gibbs free energies of PZ bulk and slab
can be estimated from ﬁrst-principles calculations, evaluating
their total energies. The vibrational contributions to the surface Gibbs free energies are small and can be neglected in
comparison with errors in electronic structure computations.34
Therefore, it is possible to replace the slab and the bulk Gibbs
free energies by the corresponding total energies.

Table 3 Perfect and defective bulk and ZrO2-terminated (001) surfaces of a cubic PbZrO3. Optical band gap, Degap (in eV), position of defective
level with respect to the bottom of conduction band, DeFCB (in eV), dispersion of a defect level, d (in eV), eﬀective Mulliken charge, DQF (in e),
induced in the vacancy, and the energy of defect formation, EFform (in eV) as calculated by means of the B3PW hybrid exchange–correlation
functional within DFT and 7-plane slab supercells

Perfect bulk
Bulk p
F-center
ﬃﬃﬃ
pﬃﬃﬃ
SC 2 2  2 2
SC 3  3
pﬃﬃﬃ
pﬃﬃﬃ
F-center, SC 2 2  2 2
F-center, SC 3  3

Degap

DeFCB

d

DQF

EFform

3.79
3.97
4.47
4.68
4.65
4.73

—
1.72
—
—
2.44
2.58

—
0.14
—
—
0.06
0.03

—
0.68
—
—
0.30
0.31

—
7.25
—
—
5.82
7.00
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Fig. 2 Calculated total and projected density of states for PbO- (a) and ZrO2- (b) terminated pure surfaces. EF is taken for zero energy.

Following ref. 34 and assuming that O, Zr, and Pb do not
form a condensate on the surface whereas the precipitation of
their oxides does not occur, we deﬁned a range of allowed
values for Pb, Zr, and O chemical potentials as:
DmPb(T,p) = mPb(T,p)  gbulk
Pb ,

(3.3)

gbulk
Zr ,

(3.4)

DmZr(T,p) = mZr(T,p) 
DmO ðT; pÞ ¼ mO ðT; pÞ 

EOtotal
2
2

;

ð3:5Þ

DGfPbZrO3(0,0) o DmPb(T,p),

(3.6)

DGfPbZrO3(0,0) o DmZr(T,p),

(3.7)

1
DGfPbZrO3 ð0; 0ÞoDmO ðT; pÞ;
3

ð3:8Þ

DGfPbZrO3(0,0) o DmPb(T,p) + 3DmO(T,p),

(3.9)

DGfPbZrO3(0,0)  DGfZrO2(0,0) o DmPb(T,p) + DmO(T,p)
o DGfPbO(0,0),
(3.10)

where DGf is the Gibbs free formation energy of the corresponding species. The Gibbs free formation energies calculated in the present study yield DGfPbZrO3 = 13.96 eV, DGfZrO2
= 11.22 eV, and DGfPbO = 2.38 eV. The latter two are in
perfect agreement with the experimental values of 11.37 and
2.27 eV for ZrO2 and PbO oxides, respectively,35 while we
did not ﬁnd in the literature the experimental value of
DGfPbZrO3. As the Gibbs free surface energy, O(T,p), becomes
negative, surface formation becomes energetically favorable;
that is, the surfaces will be formed spontaneously and the
crystal will disintegrate. Therefore, the condition of the crystal
existence means that O(T,p) is positive for all possible surfaces.
The calculated stability diagram is presented in Fig. 3a. It
shows regions of oxygen and lead chemical potentials, where
the surface free energies, eqn (3.1), calculated for both terminations are minimal. The precipitation of oxides is deﬁned at
limits set in eqn (3.10). The precipitation lines in Fig. 3a limit
the region of the PZ stability. The areas beyond the colored
regions correspond to the negative Gibbs free surface energies.
The PZ bulk and surfaces are presumed to be in equilibrium
with the surrounding oxygen gas atmosphere.
In contrast to DFT-PW study,32 our thermodynamic stability diagram (Fig. 3a) deﬁnitely shows that in the range of

Fig. 3 Calculated thermodynamic stability diagrams, (a) with respect to precipitation of Pb, Zr, and O, (b) with respect to precipitation of PbO
and ZrO2 oxides.
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Fig. 4 Schematic view of the ZrO2-terminated PbZrO3 (001) surface
structure containing the oxygen vacancy (F center).

allowed chemical potentials the most stable is the ZrO2terminated PZ (001) surface (unshaded area between ZrO2
and PbO precipitation line in Fig. 3a). The PbO-terminated
surface becomes stable practically at the border of PbO oxide
precipitation (B0.01 eV below it, see Fig. 3b). We explain
disagreement with ref. 32 by a better quality of the hybrid
DFT-HF functional which allowed us to improve greatly the
accuracy of our analysis as compared to a standard LDADFT method (e.g. equilibrium lattice constant of bulk PZ
calculated by means of LDA, a0 = 4.09 Å,32 is much smaller
than both our a0 calculated using the B3PW method19 and
experimental value of 4.161 Å36).
C

Oxygen vacancy at ZrO2-terminated surface

The positions of all atoms surrounding the F center at the
ZrO2 terminated surface were allowed to relax. As a result, the
substantial outward relaxation is observed for both the two Zr

Fig. 5 Diﬀerence electron charge density map for ZrO2-terminated
PbZrO3 (001) surface containing an oxygen vacancy (F center) in the
cross section along the (010) plane. The map is the diﬀerence of the
total density in the perfect PbZrO3 (001) slab and the sum of electron
densities of both lattices of oxygen atoms positioned in vacancy sites
and a defective slab. Dashed lines mean lack of the electron density;
full lines, density excess. The increment is 0.05 e a.u.3.

atoms nearest to the oxygen vacancy (displacement by 0.354 Å
or 8.46% of the lattice constant), as well as four nearest Pb
atoms (displaced by 0.5 Å). The displacement magnitude of
two Zr atoms nearest to the surface F center on the ZrO2
terminated surface is comparable with that observed for Nb
atoms in KNbO3.37
The defect formation energy on the ZrO2 terminated surface
containing the O vacancy (6–7 eV) depends on the SC size
(Table 3) and it is considerably smaller than that in the PZ
bulk (7.25 eV). This is a driving force for the defect segregation
to the surface.

Fig. 6 Total and projected density of states of the ZrO2-terminated (001) surface with an oxygen vacancy (F center). EF is taken for zero energy.
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From the diﬀerence electron charge density map (Fig. 5) and
the eﬀective charge analysis (Table 3) the conclusion could be
drawn that only 0.3 e is localized inside the surface oxygen
vacancy, whereas the rest electron density of the missing O2
ions is delocalized over the nearest atoms. Thus, the electron
localization on the surface is much weaker than in the PZ bulk
(which is characterized by 0.68 e in the vacancy19).
Fig. 6 shows the calculated density of states for ZrO2
terminated PZ (001) surface containing the F center. The
DOSes look very similar to those calculated for an ideal
ZrO2-terminated surface. Defect formation results in a slightly
increased band gap with respect to defectless surface structure.
The surface F center band for the 3  3 surface supercell lies in
the middle of the band gap, i.e. 2.58 eV below the conduction
band bottom. The defect band width is very small, 0.03 eV, by
a factor of ﬁve smaller than that in the bulk. This is in a sharp
contrast with the calculations of the F center in SrTiO315
where the F center is a shallow donor in both the bulk and
on the surface.

IV.

Conclusions

Our thermodynamic treatment predicts that ZrO2-terminated
PZ (001) surface is energetically more stable than its PbO
termination. This is in contrast with the DFT-PW calculations,32 probably due to our use of the hybrid exchange–correlation functional, which provides a much better description
of the PZ(001) atomic and electronic structure.
The band gap is narrowed considerably for a pure PbO
termination and slightly increased for the ZrO2 termination. A
comparison with the DFT-PW calculations shows general
agreement (surfaces energy and surface rumpling) but a considerable disagreement in more reﬁned properties such as the
electronic density redistribution and band gap changes.
The F centers create deep defects in both PZ bulk and on the
surfaces, with the energy levels located in the band gap, unlike
perovskite titanates with shallow F centers.
(Fig. 4)
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