PHYSICAL REVIEW B 78, 174105 (2008)

Ab initio study of Pb antisite defects in PbZrO; and Pb(Zr,Ti)O;
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We report an ab initio study of Pb antisite defects in PbZrO; (PZ) and Pb(Zr, Ti)O5 (PZT) perovskites. Also,
we calculated the enthalpy of formation of PZ. Our results show that, under strong oxidizing conditions, Pb on
the Zr-site antisite defects are unavoidable in PZ. Moreover, a positive enthalpy of formation (0.15 eV) of PZ
is found. This indicates that PZ is metastable for low temperature and may help explain the difficulty in
synthesizing high-quality Zr-rich PZT crystals. The Pb antisite defects in PZT alloys have low formation
energies. This result is in agreement with experiments, which report the predominance of this defect in PZT
films. We find that the Pb antisite defect produces electron traps 0.2-0.8 eV below the conduction-band edge.
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I. INTRODUCTION

Pb-based perovskite materials, especially lead zirconate
titanate (PZT), are widely used in electronic devices and in
other technological applications due to their piezoelectric,
ferroelectric, and dielectric properties.! PZT solid solutions
with compositions near the so-called morphotropic phase
boundary,’ which separates the rhombohedral and tetragonal
ferroelectric phases, have been the focus of intense investi-
gations for many years.* However, the investigation of the
Zr-rich region of the PZT phase diagram is also interesting;
for example, the study of the phase transition from the low
temperature to the high-temperature rhombohedral phases
may be useful in development of thermal detectors.’ Also,
the end-point compound of the Zr-rich region, PbZrOs, may
have a positive enthalpy of formation from the PbO and
ZrO, binary oxides. High-temperature solution calorimetry
measurements® find a positive heat of formation,
1.7%£6.6 KJ/mol, of PbZrO; (PZ) from binary compounds
at 1068 K. Also, empirical estimates’ yield a positive heat of
formation for this material. These results indicate that PZ is
metastable for low temperature and could explain the diffi-
culty of synthesizing high-quality pure PZT crystals for Zr-
rich compositions. Understanding the difficulty in making
PZT crystals is an important issue because perovskite crys-
tals normally have far superior piezoelectric properties than
ceramics.

In any case, based on those results, intrinsic defects may
be expected in PZ and Zr-rich PZT perovskites. Also, to
compensate the lead loss and to enhance the crystallization
of PZT, a lead excess is normally required during the Pb-
based perovskite growth processes.® Therefore, one possible
intrinsic defect that can be present in Pb-based perovskite is
the Pb antisite defect. In fact, experimental investigation in
Pb(Sc;»Ta; )05 (Ref. 9) suggests, by several arguments,
that the lead excess used during the growth processes may be
located at the B-site of the perovskite structure. Also, recent
experiments'®!! have reported the presence of Pb antisite
defects in PZT, forming a PbZrO;-PbTiO3;-PbPbO; solid so-
lution. In addition, experimental results'' suggest that the
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antisite defect Pb atom on the Zr site (Pb,,) is more common
than the Pb on the Ti site (Pby;) in PZT films, based on a
ternary phase diagram.!"'? The purpose of this paper is to
investigate the enthalpy of formation of PbZrO;, and study
the Pb antisite defects energies and their effects on the elec-
tronic structure and on the total polarization in PZ and PZT
perovskites. In this study, we have considered for the forma-
tion energy calculations, strongly oxidizing conditions,
where the Pb, Zr, and Ti fully oxidized compounds are used
as the reservoir. This is a reasonable assumption, since in the
experimental works the PZT thin films were grown in a pure
oxygen atmosphere at 0.02 mbar'®!3 and in an argon/oxygen
atmosphere at 0.02-0.04 mbar.!

We used density-functional supercell calculations for
PbZrO; perovskite, and for Pb(Zr,,Ti,,,)O3 (PZT50/50) and
Pb(Zr34Ti;4)05 (PZT75/25) solid solution with different
configurations for the Zr and Ti atoms. Our results indicate
that PZ is metastable for low temperature and the antisite
defects are unavoidable in this material. The Pb antisite de-
fects in PZT50/50 present low formation energies and they
are unavoidable in PZT75/25, especially the Pby. defects,
which is in agreement with experiments.!' Finally, are find
electron traps 0.2-0.8 eV below the conduction-band mini-
mum in PZT supercells with Pb antisites defects, depending
on the compositions.

II. FIRST-PRINCIPLES CALCULATIONS

We used density-functional theory (DFT)'* and the local-
density approximation (LDA).!> To calculate the total ener-
gies we have used a general potential linearized augmented
plane-wave (LAPW) method'® with local orbitals!” as imple-
mented in our in-house code. We used the following LAPW
sphere radii: 1.90, 1.90, 1.80, and 1.50 a.u. for Pb, Zr, Ti, and
O, respectively. Regarding the basis set, we used local orbit-
als and LAPW functions with cutoff RK,,,,=7.0, where R is
the smallest LAPW sphere radius. The supercell approach
was used with 40 atoms to represent the PZ and PZT struc-
tures. 40 atom cells are the minimum size that can accom-
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modate the various Glazer tilt systems in perovskites. The
Brillouin-zone samplings were done using k points'® meshes
of 2X2X2,4X2X4, and 6 X6 X6 for PZT, orthorhombic
PZ, and binary compounds, respectively. The total-energy
differences are converged in relation to the computational
parameters to a precision of 1 mRy. Experimental lattice
parameters>»'°2* were used in our investigations, but all
atomic positions were fully relaxed. Also, we calculated the
total electric polarization of the PZT alloys with the Berry
phase approach® using a pseudopotential’® method, as
implemented in the ABINIT code.?’ For the basis set, we
used plane waves with a cutoff energy of 45 hartree. How-
ever, Berry phase calculations give the polarization with the
ambiguity that an arbitrary number of polarization quanta
2e/a® (a is the lattice parameter) may be added. Considering
that these quanta are small for supercells, we also estimated
the polarization by computing the dispacement of each cat-
ion from the center of its anion cage and multiplying by the
Born effective charges, also determined by linear response.
In this way the number of polarization quanta was deter-
mined. This was not zero, but rather one along the polariza-
tion direction for the ferroelectric supercells. Finally, we note
that for these calculations we used the optimized atomic po-
sitions obtained from the LAPW calculations.

The structure of PbZrO; has been investigated by many
experimental works'>?® as well as by LDA calculations.?®°
An agreement between theoretical and experimental results
has been established. The PZ ground-state structure, which is
orthorhombic and has 40 atoms per unit cell, and its relation
to the “perfect cubic cell” are discussed in our previous
work.3! For the PZT structure, we focus on the Zr-rich region
of the PZT phase diagram,' where PZT has a rhombohedral
structure for a wide range of Ti concentration. Here we rep-
resent the alloys with 40 atom supercells defined by the lat-
tice vectors (2, 0, 0)a, (0, 2, 0)a, and (0, 0, 2)a, in the
pseudocubic coordinate system. The lattice constant “a” for
the PZT50/50 and PZT75/25 cells are obtained by constrain-
ing the volume of these cells per formula unit to be equal to
the experimental volume of the Pb(Zr 5,Tiy45)O05 2° tetrago-
nal and Pb(Zr;77Tig ;)05 > rhombohedral lattices, respec-
tively. We have neglected the rhombohedral strain in our
calculations, which is small.> For the binary compounds we
optimize the atomic positions starting from the experimental
ones. No symmetry constraints were imposed for the relax-
ation of the atomic positions in any of the cells. The experi-
mental lattice constants used in our calculations are shown in
the Table 1.

III. RESULTS AND DISCUSSION

First, we discuss the heat of formation of PbZrO; from
binary compounds. We consider the following reaction:

PbO + ZrO, — PbZrO;. (1)

Now, the heat of formation, Hy,,,,, can be defined as:
Hy,,,, = EP% — EPO _ E%02 2)
where EPZ, EP™© and E%0:2 are the total energies of the

PbZrO;, PbO, and ZrO, compounds, respectively. Here, we
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TABLE I. Experimental lattice constants, in angstrom, for PZ,
PZT77/23, PZT52/48, PbO, PbO,, TiO,, and ZrO,, and the mono-
clinic angle (), in degree, for ZrO, used in our calculations.

a b c B Ref.
Pz 8.2077  11.7742 5.8752 19
PZT77/23 5.8134 14.3500 5
PZT52/48 4.044 4.044 4.138 20
PbO 3.96 3.96 5.01 21
PbO, 4.9578 4.9578 3.3878 22
TiO, 4.5937 4.5937 2.9587 23
ZrO, 5.1505 5.2116 53173 99.230 24

used the tetragonal (space-group P4/nmm) and monoclinic
(space-group P2,/c¢) structures for the PbO and ZrO, com-
pounds, respectively. Our LDA calculated atomic positions
are in good agreement with the experimental ones, as shown
in Table II.

Our results show that the heat of formation for PbZrO;
from binary compounds is positive, by 0.15 eV. This result
indicates that PbZrO; is metastable at low temperature. As
mentioned, there are experimental indications of this as well,
both from empirical estimates, which yield 0.14 eV,” and
high-temperature calorimetric measurements, which yield
Hom(1068 K)=0.02 €V.°

The above results indicate that intrinsic defects can be
expected in PZ and in rhombohedral PZT, especially antisite
defects, as mentioned. Based on that, we calculated the for-
mation energy of Pb antisite defects in PZ, and in PZT with
composition of Zr/Ti atoms of 50%/50% (PZT50/50) and
75%125% (PZT75/25). For PZT50/50, we have considered
three different orderings for the B-site atoms in the supercell:
fcc order (G-type), chain order along the [001] direction of
the pseudocubic (C-type), and a layered order perpendicular
to the [001] direction of the pseudocubic (A-type). The varia-
tion in properties between these different supercells shows
the size of the effects that can be expected due to different

TABLE II. Calculated and experimental (Exp.) fractional atomic
coordinates for monoclinic ZrO, (space-group P2,/c), and the Pb
positional parameter, referred to the lattice vectors, for tetragonal
PbO (space group P4/nmm).

7Zr0,  ZrO,(Exp.?) PbO  PbO(Exp.?)
Zr  x 0276 0.2754 Pb z 0237 0.237
y  0.043 0.0395
z  0.209 0.2083
ol x 0.067 0.0700
y 0330 0.3317
7z 0.348 0.3447
02 x 0451 0.4496
y 0757 0.7569
z 0478 0.4792
“Ref. 24.
PRef. 21.
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FIG. 1. (Color online) Different orderings for the B-site atoms
of Pb(Zr;,Ti;2)O05: (a) fcc order (G type), (b) chain order (C type),
and (c) layered order (A type). In (d), we show the Pb(Zr3/,Ti;,4)O3
structure we considered. The yellow, green, and red circles repre-
sent the Pb, Zr, and Ti atoms, respectively. The oxygen atoms are
not shown.

local cation environments in the PZT alloy. For PZT75/25,
we consider the B-site configuration where the Ti atoms are
arranged as far apart in space as possible, since the Ti con-
centration is low. These orderings are shown in the Fig. 1.

To investigate the energetics of Pb antisite defects, we
calculate the total energies (EP'¥) for PZ and PZT free-
defect supercells, allowing a full relaxation of the atomic
positions. Replacing one B-site atom of those optimized free-
defect supercells by a Pb atom, and allowing a full relaxation
of atomic positions, we can calculate the Pb antisite defect
formation energy using

Efp(:)r%]rl — EDef _ EBulk _ EPbOZ + EZI‘OZ, (3)
Eﬁ?r"{rl] - EDef _ EBulk _ EPbOZ + ETiOZ, (4)

where EF?z (EPTi) is the defect formation energy of a Pb on
the Zr (Ti) site, EP' is the total energy of a supercell con-
taining a Pb antisite defect, EPPO2 EZr02 and ETO2) are the
total energies of PbO,, ZrO,, and TiO, compounds, respec-
tively. Here, we consider the fully oxidized Pb, Ti, and Zr
compounds as the reservoir. The calculated oxygen posi-
tional parameters (u) for TiO, and PbO, are 0.305 and 0.307,
respectively. Our results are similar to the experimental
data,?>23 uri0,=0.3048 and upyo,=0.3067.

Our calculated defect formation energies for PZ and PZT
are shown in the Table III. For PZT50/50 we consider an
average of the defect formation energies for the G-type,
C-type, and A-type B-site configurations, also shown in the

TABLE III. Calculated formation energy, in electron volts, of Pb
antisite defects of PZ, PZT50/50, and PZT75/25. For PZT50/50, an
average of the defect formation energies for the G-type, A-type, and
C-type B-site configurations is shown.

PZ  PZT75/25 PZT50/50 G type A type C type
Pby, —0.18 -0.09 0.02 0.00 0.04 0.01
Pbr; —-0.05 0.15 0.20 0.09 0.16
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TABLE IV. Calculated total polarization, in wC/cm?, for perfect
PZT alloys and for supercells containing a Pb antisite defect.

Pz PZT75/25 A type C type G type
Perfect 0 65 54 61 63
Pby, 2 71 53 66 66
Pbr; 71 66 67 68

Table III. Our calculations show that under strong oxidizing
conditions and low temperature the Pb antisite defects are
unavoidable in PZ and Zr-rich PZT. This can be related to
the positive heat of formation. Also, Pb antisite defects
present a low formation energy in PZT50/50, and the Pb
atom on the Zr site is energetically more favorable than the
Pb atom on the Ti site. We note that the Shannon ionic
radius®? of Pb*" is closer to that of Zr** than Ti**. Within our
finite-size supercells strain effects would therefore favor re-
placement of a Zr rather than a Ti by Pb. In a real alloy, such
effects would also presumably play a role favoring antisites
coordinated by Ti neighbors to reduce local strain.

To study the impact of the Pb antisite defects on the local
structure, we have calculated the off centerings of Pb, Zr, Ti
atoms in relation to their oxygen cages for the “perfect” and
“defective” PZ and PZT supercells. Our calculated off cen-
terings indicate that the maximum displacement of the sub-
stitutional Pb atom is 0.09 A (0.25 A) in relation to the off
centering of the replaced Zr (Ti) atom for PZ and PZT. Also,
the other Pb atoms of the supercells containing the Pby,
(Pby) defects displace =~0.10 A (0.25 A) for PZ and
PZT50/50 and =0.20 A (0.70 A) for PZT75/25 in relation
to the off centerings of the Pb atoms of the perfect cell. Also,
it may be expected that changes in the displacement of Pb
atoms can affect the total polarization of these systems. To
investigate that, we have calculated the total electric polar-
ization for the perfect and defect containing PZ and PZT
supercells. The calculated polarizations are shown in the
Table IV. We observe that for 40 atom supercells the Pb
antisite defects generally modestly increase the total polar-
ization in relation to that of the perfect cell, with the sole
exception of the Pb,,. defect in the A-type PZT supercell.
Therefore, higher polarization may be expected in thin-film
samples that are grown under conditions favoring Pb anti-
sites. In general the properties of PZT alloys are given by an
average over Zr/Ti configurations. However, recent develop-
ments in thin-film synthesis allow artificially ordered struc-
tures to be grown. In that case, perhaps the sensitivity of the
effect of antisites to cation ordering as shown in the table can
be used to modify the properties of such films.

Finally, in order to investigate in more detail the effect of
the Pb substitutional atom on the B-site, we calculate the
total density of states (DOS) for the defect-free PZ and PZT
supercells, and for supercells containing the antisite defects.
Our calculated DOS are shown in the Fig. 2. These show the
presence of trap states in the energy gap below the
conduction-band minimum, by 0.2-0.8 eV (depending on or-
dering and composition). This state has an s character due to
the Pb atom at the B-site, as shown in the Fig. 3.
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FIG. 2. (Color online) Calculated electronic total densities of
states against the energy of 40 atom supercells of PZ, PZT50/50,
and PZT75/25. The panels show the total densities of states of the
perfect PZ structure, and the PZ and PZT supercells containing Pby,
and Pbr; antisite defects. The Fermi level is the reference of energy.

IV. CONCLUSIONS

In summary, in this work we have investigated the heat of
formation of PbZrO; from binary compounds, and the ener-
getics of antisite defects and the effects on the electronic
structure in PZ and PZT perovskites. Our results show a
positive value for the heat of formation of PZ, indicating that
this material is metastable for low temperature. The calcu-
lated Pb antisite defect formation energies show that, under
strong oxidizing conditions, Pb antisite defects are unavoid-
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FIG. 3. (Color online) Calculated partial densities of states from
the Pb atom on the B site with s character against the energy of 40
atom supercells of PZ and PZT.

able in PZ and PZT75/25 and have a low formation energy
for PZT50/50. The calculated densities of states for PZ and
PZT show trap states near the conduction-band minimum.
Spectroscopy of these defect states may be useful in charac-
terizing these PZT samples.
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