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Computer simulation of intrinsic defects in PbWO4

Qisheng Lin, Xiqi Feng,* and Zhenyong Man
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A computer simulation study has been performed to investigate the intrinsic defects in PbWO4 ~PWO!. The
interatomic potentials were empirically fit to the known crystal properties. Calculations reveal that PbO non-
stoichiometry dominates the intrinsic defects in PWO, whereas the oxygen Frenkel defects will only be
significant at high temperature. Through binding-energy calculations, defect clusters are predicated to actually
exist in the material. An analysis of activation energy corroborates that oxygen vacancy migration is the mobile
ionic defect in PWO, moreover, isotropic conduction is suggested despite the tetragonal symmetry of the
crystal. The concentration dependence of electronic defects on the oxygen partial pressure is also studied.
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I. INTRODUCTION

High-oxide ion conducting solids with fluorite-type stru
ture have been found to have potential use for electro
materials of the solid oxide fuel cell and oxygen gas sens1

Lead tungstate, PbWO4~PWO!, is also expected to be a goo
oxide ion conductor because of its tetragonal scheelite-t
structure, which can be derived from the fluorite-type str
ture. As a matter of fact, the rare-earth ions substituted
PWO have been found to represent oxide ion conductivity2,3

More recently, the PWO crystal has attracted increas
attention because of its application as a new generatio
scintillator in high-energy physics.4–6 Until now so much
progress has been made that the compact muon sole
electromagnetic calorimeter has reached its final rese
and development phase.7–15However, there are still issues i
debate,9,13–15 e.g., the origin of the color center absorptio
bands in the short wavelength region. Generally, color ce
absorption bands, which are the ‘‘footprint’’ of defects, a
harmful to scintillators. They will degrade the crystal rad
tion hardness and lower the light output. How to elimina
this kind of negative effect, therefore, becomes one of
most important works in PWO crystal.

Due to the limited knowledge about the defects in PW
we still cannot come to an agreement on the nature of th
color centers despite that we have studied the intrinsic
extrinsic defects with powerful tools, e.g., electron sp
resonance.13–15 However, the resolution of this problem
rather important for ameliorating the scintillation propertie
understanding the radiation damage mechanism, and offe
some directions for batch crystal growth.

We tried to study the intrinsic and extrinsic defects
PWO crystals with the computer simulation techniques t
have never been used in this system, so that an overvie
the defects can be achieved. In this paper, the intrin
defect-based properties are discussed, leaving the resu
the extrinsic defects to be reported in another paper.
context of this paper is comprised of the results and disc
sions on intrinsic defects, cluster stability, oxygen migratio
and redox reaction, in turn presented in Sec. III, after
have outlined in Sec. II the simulation methods. The conc
sions are summarized in Sec. IV.
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II. SIMULATION METHODS

The lattice simulations were performed using the Gene
Utility Lattice Program~GULP! program that is based upo
the Mott-Littleton methodology16 for accurate modeling of
perfect and defect lattices. Since detailed documentation
the simulation techniques can be found elsewhere,17,18only a
brief account will be presented here.

An important feature of these calculations is the model
of defects. The simplification of the Mott-Littleton method
to divide the crystal lattice that surrounds the defect in
three regions known as 1, 2a, and 2b.16,19,20 In the inner
region, all interactions are treated at an atomistic level a
the ions are explicitly allowed to relax in response to t
defect, while the remainder of the crystal, where the def
forces are relatively weak, is treated by more approxim
quasicontinuum methods. In this way, local relaxation is
fectively modeled and the crystal is not considered simply
a rigid lattice through which ion species diffuse. In th
study, the inner defect region was set 7.5 Å, which w
found to be adequate for the convergence of the compu
energies.

Both perfect- and defect-lattice calculations are form
lated within the framework of the Born-like model.21 In this
approximation, the potentials describing the interatomic
teractions between two ions, with distancer, are presented a
follows,

Ui j ~r !5
ZiZje

2

r
1Ai j expS 2r

r i j
D2

Ci j

r 6 , ~2.1!

where the first part is the long-range Coulombic term and
latter are the short-range term described by the two-b
Buckingham form. Therefore,Zi is the formal charge of
atom i, and Ai j , r i j , and Ci j are the adjustable potentia
parameters.

Because charged defects will polarize other ions in
lattice, ionic polarizability~a! is also incorporated into the
potential model. A shell-model22 treatment of such effects i
described in terms of a shell with chargeY connected via an
isotropic harmonic spring of force constantk to a massive
core of chargeZ-Y, namely,
©2001 The American Physical Society05-1
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a5
Y2

k
. ~2.2!

We note that in the context of the Coulombic term,
integral ionic charge were presumed, i.e., 21 for Pb, 61 for
W, 22 for O, so that a straightforward definition of ho
states such as Pb31 or O2 can be achieved.

A crucial test of any theoretical study of solid-state ma
rials is the accurate simulation of the crystal structure. In
investigation, the crystal structure of Moreau,23 shown in
Fig. 1, was simulated. The oxygen-oxygen and tungst
oxygen short-range interaction parameters were transfe
directly from recent simulation of Bi2WO6,

24 and the lead-
oxygen and lead-lead potential parameters were transfe
from perovskite PbTiO3.

25 Using these potential parameter
lattice parameters with errors of about 2% can be rep
duced. Due to the changes in the cation coordination num
between PWO and PbTiO3 however, we recognize that
‘‘correction factor’’ 26 should be added. The Pb-related~i.e.,
the Pb-Pb and Pb-O! short-range potential parameters, the
fore, were treated as variables in a ‘‘relax fitting
procedure.17 The final resulted potentials and shell-model p
rameters, which are used in the following simulation of d
fects, are given in Table I.

The comparison between the calculated lattice parame
and bond distances using potential parameters we have
rived, and the experimentally determined values are ta
lated in Table II. The lattice parameters vary by an aver
of 0.15% from the experimental values. Such a good ag
ment between the simulated and the experimental struc
indicates the validity of our model, even though, unfor
nately, no additional experimental data for further validati
and refinement of the potential model are available. The

FIG. 1. Unit cell of PbWO4 crystal structure.~3! denotes the
possible interstitial sites.
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teratomic potential model for PWO, therefore, provides
good basis for the defect calculations.

III. RESULTS AND DISCUSSION

A. Intrinsic disorder

Energy calculations of intrinsic defects were perform
on the isolated point defects~namely the vacancy and inter
stitial defects!. These defect energies are given in Table
Figure 1 shows the possible interstitial sites we have con
ered. These sites are considered according to the gen
chemistry and crystal structure knowledge. It was found t
interstitial oxygen ions were most favorable on theC site,
while the interstitial lead ions were preferentially on theB
site. Note that we have also placed theW interstitial at sev-
eral possible locations in the structure, but on every case
energy minimization tended to divergence, indicating tha
is impossible to createW interstitial or W Frenkel defects
according to this model.

Five types of intrinsic disorder~Frenkel and Schottky dis
orders! that may influence the defect properties of PWO a
given as follows,

PbPb
3 5VPb9 1Pbi

•• , ~3.1!

OO
35VO

••1Oi9 , ~3.2!

TABLE I. Empirically derived potential parameters used
PbWO4. The maximum short-range potential cutoff is 12.0 Å.

~a! Short-range potential parameters
Interactions A ~eV! r ~Å! C ~eV Å6!

Pb21-Pb21 18 912.1140 0.313 781 2.600 0
Pb21-O22 8 086.803 8 0.264 866 3.563 6
W61-O22 767.430 0 0.438 600 0.000 0
O22-O22 9 547.960 0 0.219 200 32.000

~b! Shell parameters
Species Y ~e! k ~eV Å22!

Pb21 20.09 21 006.539
W61 5.89 7.690
O22 22.04 6.300

TABLE II. Calculated properties of perfect crystal of PbWO4.

Properties Calculated Experimental~Ref. 23!

Lattice energy~eV/formula! 2247.67
Unit cell parameters~Å!

a 5.441 5.456
c 12.024 12.020
Bond distances~Å!

Pb-O 2.574 2.58
2.733 2.64

W-O 1.731 1.79
5-2
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‘PWO’ 5VPb9 1VO
••1PbO, ~3.3!

‘PWO’ 5VW
6813VO

••1WO3, ~3.4!

‘PWO’ 5VPb9 1VO
••1VW

681PbWO4. ~3.5!

In order to calculate the energies of Schottky disord
lattice energies~EPbO5237.89 eV andEWO3

52213.38 eV!
which are calculated consistently using the potential par
eters given in Table I, must be incorporated. The calcula
formation energies per defect are also presented in Table

Examination of the formation energies clearly reveals t
the predominant disorder manner is of the PbO nons
choimetry @Eq. ~3.3!#, whereas the oxygen Frenkel defe
will only be significant at higher temperature. These resu
agree well with observations and the conductiv
measurements.27–29 Since the energies of Pb Frenkel a
WO3 non-stoichiometry are much higher, their contributi
to intrinsic defect formation is negligible. However, hig
concentrations of intrinsic defects are not expected in ligh
the calculated reaction energies, even if one takes into
count the vacancy clusters, a point to which we will retu
below. In fact, the experimental PbO deviation was ab
1000 ppm.30

B. Clustering stability

In this section, we will investigate the stability of th
(VPb9 :VO

••) pair and (2VPb9 :VO
••) clusters. The simulation ap

proach is carried out via calculating the cluster binding
ergies with respect to the constituent defects. The bind
energy is defined as the difference between the sum of
formation enthalpies of the constituent point defects and
formation enthalpy of the appropriate defect cluster:

Eb5Ecluster2@SEdefects#. ~3.6!

Since the interaction in clusters is primarily electrosta
oppositely charged defects in nature attempt to minim
their separation. However, the displacement of ions s
rounding a defect, i.e., the lattice relaxation, must also
considered because it may conflict with electrostatic effe
The cluster geometry, therefore, is of most importance w

TABLE III. Calculated energies of atomic defects in PbWO4.

~a! Isolated point defects
Defect Energy~eV! Defect Energy~eV!

VPb9 25.55 Pbi
•• 213.19

VO
•• 18.72 Oi9 29.46

VW
68 178.67 Wi

61

~b! Frenkel and Schottky disorder

Frenkel-type
Energy

~eV/defect! Schottky-type
Energy

~eV/defect!
Oxygen 4.63 PbO 2.74
Lead 6.13 WO3 5.36

PbWO4 5.24
13410
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considering its stability. Table IV presents the calculat
binding energies of the simple pair with first~nn!, second
~nnn! and third neighbor ~nnnn! sites as well as the
(2VPb9 :VO

••) cluster with @1st: 2nd# separation~there is not
the @1st:1st# configuration in this crystal!. To assist in the
comparison of clusters with different configuration, the bin
ing energies are given per constituent defect in the clust

The results reveal two main points. First, the binding e
ergies, hence the stability of a simple pair of thennnncon-
figuration is greater than other configurations, indicati
strong lattice relaxation ofin situ situation. Obviously, the
negative binding energies are helpful to decrease the reac
energy of Eq.~3.3!, making the PbO disorder easier to occu
Second, both the simple pairs and cluster are found bo
with negative binding energies. This would suggest that,
sides the neutral (VPb9 :VO

••) simple pair, the negative charge
clusters, (2VPb9 :VO

••), are predicated existing in PWO crys
tals. Note we have also investigated the stability of clust
in which a lead vacancy is associated with two oxygen
cancies. In every case, it tends to divergence, suggesting
cluster is unstable. These results, in general, corroborate
results based on extended x-ray-absorption fine struct
x-ray diffraction and optical experiments.31

We recall that the conclusions mentioned above do
exclude the possibility that more complex clusters might
ist in PWO. This, however, is clearly beyond our calcu
tions since we have here considered only the contents wi
a unit cell.

C. Oxygen vacancy migration

It has been well established that oxygen vacancy is
mobile ionic defect in PWO crystals.28,29 However, the
knowledge, with respect to the nature of a migration mec
nism or pathway, is still vacant. Simulation methods c
enhance our understanding of this problem by evaluating
activation energy of mobile ion.

For PWO, we estimated the activation energies by cal
lating the defect energies along the migration path betw
adjacent oxygen sites of WO4 tetrahedron. In this way, the
saddle-point configuration can be identified from which t
energy barrier to migration is derived. We recognize th
are six possible pathways, as shown in Fig 2, for oxyg
vacancy migration. The derived activation energies are
ported in Table VI.

An examination of the results shows that the oxygen
migration throughV1 andV2 pathways has a high barrie
~.1.9 eV!, suggesting such migration has little contributio
to conductivity. However, we can easily discern a lo
energy pathway involves a zigzag-type mechanism betw

TABLE IV. Calculated binding energies for clusters in PbWO4.

Configuration Separation~Å! Binding energies~eV/defect!

~VPb9 :•VO
••! nn ~2.574! 21.37

~VPb9 :VO
••! nnn ~2.733! 21.41

~VPb9 :VO
••! nnnn ~4.007! 21.46

~2VPb9 :VO
••! @1st:2nd# 20.56
5-3
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adjacent apical oxygen atoms, e.g.,V3→V4→V5→V6. The
calculated activation energy of 0.48 eV accords well with
experimental value~0.40 eV! obtained from the ionic con
ductivity measurement at temperatures lower than 780 °29

in which region defect association is believed to be less
nificant. This type of migration pathway suggests an isot
pic conduction of PWO, despite the tetragonal symme
We note this phenomenon is not a new one.28 As a matter of
fact, besides PWO, the isostructural CaWO4 crystal also ap-
pears as an isotropic conduction.32 From this viewpoint, the
explanation of the quasi-fourfold symmetry in the schee
CaWO4 crystal33 is also valid for PWO.

D. Redox reaction

It is important to consider the reaction of defects in
sponse to the variation of oxygen partial pressure becaus
PWO, as scintillation crystals, are always annealed in ai
oxygen atmosphere.7 We have considered the following tw
possible oxidation reactions@Eqs. ~3.7! and ~3.8!# and one
reduction reaction@Eq. ~3.9!#:

‘PWO’ 1VO
••1 1

2 O2→OO
312h• ~3.7!

‘PWO’ 1 1
2 O2→Oi912h• ~3.8!

‘PWO’→VO
••12e81 1

2 O2 . ~3.9!

In order to calculate the reaction energy of these eq
tions, one should acquire the defect energy of electronic
fects ~namely the hole and electron! first. According to the
linearized-augmented-plane-wave calculations,34 the valence
bands of PWO consist of mainly the O 2p states and the
conduction bands of W 5d states. And the Pb 6s states form
a narrow band 1 eV below the bottom of the valence ba
and also hybridize with states throughout the valence ba
while the Pb 6p states hybridize with states throughout t
conduction bands. To simplify the treatments, our appro
regarding electronic defects follows from the method t
has been successfully modeled in La2CuO4,

35,36 KTaO3,
37

Ba2In2O5,
38 HgBa2Ca2Cu3O81d ~Ref. 39! compounds. Here

we have modeled the hole (h•) as Pb31 or O2 species,
whereas electron (e8) as Pb1 or W51 species.

When calculating electronic defect energy, only the la
contribution due to the change in the Coloumbic interact
was taken into account. That is, the short-range interact
of O2 ion on O22 lattice and Pb31 ion on Pb21 lattice that
represent the species were taken to be the same as fo

FIG. 2. Schematic of the possible migration paths for oxyg
vacancies along the WO4 tetrahedron edge.
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O22 and Pb21 ion, respectively; and the short-range intera
tions of W61 ion was used for the electron species W51.
Further, intraionic energy terms, such as the electron affi
of the O22 ion @EA151.47 eV, EA2528.75 eV ~Ref. 36!#
and the ionization potential terms of Pb@IP2515.03 eV,
IP3531.94 eV ~Ref. 40!# must be incorporated. For ex
ample, the overall energy change of reaction~3.7! is calcu-
lated by:

DE5 1
2 De2EA12EA212IP312E~Pb31!2E~VO

••!,
~3.10!

whereDe55.16 eV is the oxygen molecule dissociation e
ergy,E(Pb31) is the defect energy of substituting a Pb31 ion
for a regular Pb21 ion, andE(VO9 ) is the vacancy energy o
an oxygen ion. It should be noted that due to the uncerta
ties of the free-ion terms employed, e.g., the 6th ionizat
potential of the W atom is absent, we must be cautious
giving detailed interpretations.

The resulting energies of electronic defects, as well as
redox reactions are listed in Table V. Examination of the
results shows that~i! Pb31 is a favorable creation during
oxidation process, the energy difference between calcula
Pb31 and O2 states agrees well with the reported value.34 ~ii !
The oxidation reaction is most likely to occur via filling oxy
gen vacancies, whereas oxidation via the incorporation
interstitial oxygen seems unlikely.~iii ! A comparison of the
energies of oxidation and reduction indicates that the form
process is more favorable. However, the high value of
ergy suggests that electronic defects can only predomina
high temperature, in accord with the results of observ
conductivity.29

If the law of mass action was applied to reaction~3.7! and
~3.9!, we can obtain the following relations, respectively:

S ] In@h#

] InPO2
D

aPWO

51
1

4
, ~3.11!

n

TABLE V. Oxygen migration activation energies in PbWO4.

Jump pathDE ~eV! Jump pathDE ~eV!

V1 1.94 V2 1.94
V3 0.48 V4 0.48
V5 0.48 V6 0.48

TABLE VI. Energies of electronic defects and redox reactio
of PbWO4.

~a! Electronic defect energies
Hole states Energy~eV! Electron states Energy~eV!

Pb31(h8) 7.08 Pb1(e8) 1.84
O2(h•) 8.41 W51(e8) -

~b! Reaction energies
Oxidation Energy~eV! Reduction Energy~eV!

Eq. ~3.7! 5.30 Eq.~3.9! 12.54
Eq. ~3.8! 14.56
5-4
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S ] In@e#

] InPO2
D

aPWO

52
1

4
, ~3.12!

in deriving that the@VO
••# was taken as a constant, since

dominates the defects at both low@through Eq.~3.3!# and
high temperature@through Eq.~3.2! or Eq. ~3.9!# in PWO.
Consequently, it is suggested that at low-oxygen pressu
the electronic conduction of PWO will ben type, whereas a
high-oxygen pressures the electronic conduction will bep
type. In general, these conclusions are consistent with
perimental results.28

Note that from the calculated hole and electron energ
we can also estimate the band gap of PWO. Compared to
experimental value of about 4.8 eV,41 our calculated value
for band gap of 8.92 eV is far higher. This overestimate
due in part to the inadequacy in the treatments of hole
electron states. For example, takingW51 as an electron
might give more accurate values. Also, even if the stron
localized models were valid, the omission of ligand fie
splitting terms would cause appreciable errors. The e
may also be partially attributed to uncertainties in the fr
ion terms employed. In fact, a similar overestimate has a
taken place in KTaO3.

37

IV. CONCLUSION

The present computer simulation study investigates
scheelite-type structure materials. An interatomic poten
model has been constructed by transferring from the rela
compounds and empirically fit to the known structure pro
erties of PWO. Valuable results, including the intrinsic d
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fects and their clusters, transport properties, as well as
redox behavior, have been obtained. The following conc
sions have emerged from our discussions.

~1! The calculation demonstrates that PbO nonstoichio
etry is most possible to occur, while the oxygen Fren
defects will only be significant at higher temperature.

~2! Through the binding energy calculations, we foun
besides the formation of vacancy pairs, clusters consistin
two lead vacancies with respect to one central oxygen
cancy were possible, while cluster containing two oxyg
vacancies with respect to one central lead vacancies w
unstable.

~3! An analysis of activation energy reveals that oxyg
vacancy migration was responsible for ionic conduction
PbWO4. The calculated migration energy was 0.48 eV a
in accord with the reported value. Moreover, isotropic co
duction was suggested despite the tetragonal symmetr
the crystal.

~4! The study of electronic states show Pb31 is a favorable
result in an oxidation process. Also, the oxidation reaction
found most likely to occur via filling oxygen vacancies.

~5! Based on the redox reactions, then-type conductivity
at low-oxygen pressures andp type at high oxygen pressure
are suggested.
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