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Several types of defect structures in PbWO4 and CaMoQO4 are studied within the framework of
density functional theory. While PbWOy is currently of greater technological interest, we were able
to carry out more extensive calculations for CaMoQyu, including lattice relaxation, large simulation
cells, and more complicated defects. The structural and chemical similarity of the two materials
suggests that their defect properties may also be similar. The electronic structure of isolated oxygen
vacancies, oxygen and Pb or Ca double vacancies, and substitutional Y are modeled using a supercell
approximation. We find that the main effect of oxygen vacancies in PbWQO,4 and CaMoOQOy is the
introduction of states of W or Mo d character into the band gap. The energies of these defect
states are very sensitive to their occupancy. An isolated O vacancy produces a doubly occupied
defect state below the conduction band. Removing charge from this defect state lowers its energy
and causes additional states of W or Mo d character to move into the band gap. Large supercell
simulations for the Ca and O double vacancy in an unrelaxed or slightly relaxed structure, produce
an unstable electronic structure suggesting the possibility of more extensive lattice distortion. In
addition, we also present preliminary results of simulations of interstitial oxygen atoms in CaMoQy,
finding a relatively stable configuration with the interstitial O forming a weak bond between two
MoOy clusters.

PACS numbers: 61.72.Ji,71.15.N¢,71.55.Ht,71.70.Ch

I. INTRODUCTION

cence properties of the resultant crystals[13, 14]. The

Since the adoption of PbWO, single crystals as part
of the scintillation detector system for the Large Hadron
Collider at CERN[1, 2], there has been considerable in-
terest in identifying possible defect structures in PbWOy,
and related crystals. These defects, which can affect the
detector performance, may occur during crystal growth
and also are likely to be produced by radiation during
use. Lead tungstate and related materials have a long
legacy of earlier work, some of which is described in Ref-
erences 3—7. New possible applications of these materials
have recently been reported, including Cherenkov radia-
tion production[8], high temperature ionic conductors[9],
and Raman lasers[10].

There is a large literature of experimental work
directed at identifying several types of defects in
PbWOy4[11] and related materials. It is believed that
Pb vacancies are often formed during the growth pro-
cess. On the basis of X-ray and neutron diffraction, an
ordered modification of PbWQO, has been identified in
which 1 out of every 16 Pb atoms are missing[12]. It is
apparently difficult to directly control the stoichiometric
concentration of Pb. However, it has been found that
during the growth process, the addition of materials that
can be incorporated as trivalent positive ions such as Y
or La at the missing Pb sites can improve the lumines-
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direct observation of O vacancies is difficult, but spectro-
scopic studies of doped and annealed crystals indicate the
presence of isolated oxygen vacancies and oxygen vacan-
cies associated with cation vacancies[15-18]. In addition,
studies of PbWQy crystals annealed in an oxygen atmo-
sphere suggest that interstitial oxygen can also contribute
to the defect structures[16, 17, 19, 20].

[WO,]2 [WO4]2 [WO4I°

FIG. 1: Simplified molecular orbital diagram for states near
band gap for [WO4] ™2 (left panel), [WO3]~? (middle panel),
and [WO3]° (right panel). The numbers in parentheses repre-
sent the degeneracy (including spin) of the orbital; “— Ep”
indicates the approximate location of the Fermi level. The
[WO4]~2 group is found in the perfect crystal, while the other
complexes represent possible defect configurations.

The purpose of this paper is to survey the electronic



structures of some models of defects in PbWQO, and
CaMoOQy in order to understand their ground state sta-
bility and qualitative electronic signatures. The calcu-
lations were performed within the framework of den-
sity functional theory[21, 22], using a supercell approach.
Since density functional theory gives us a variational ap-
proximation to the electronic ground state of our de-
fect models, we are able to estimate their energetics and
optimal geometries. In addition, from partial densities
of states, we obtain qualitative spectroscopic informa-
tion. For technical reasons, we are able to carry out a
more thorough investigation of CaMoQO4 than of PbWO,.
However, the structural and chemical similarity of the
two materials suggests that their defect properties are
likely to be similar.

Earlier electronic structure studies of perfect crystals
of these materials[23] showed that states near the band
gap are well described by a molecular orbital picture[24]
of the anion group [WO4] 2. Here W (or Mo) is in an
approximately tetrahedral site due to the four nearest
neighbor oxygen ions and the group has a formal charge
of —2. A simplified version of the molecular orbital di-
agram is presented in the left panel of Fig. 1, showing
the occupied bands of mainly O p character well sepa-
rated from the unoccupied bands of mainly W (or Mo)
d character, split by the approximately tetrahedral crys-
tal field and antibonding interactions into lower states
of e symmetry and upper states of t, symmetry. Band
gap defects could therefore be produced by changes to
this anion group such as changes to its charge, geome-
try, and/or atomic constituents. In addition, since their
crystal structure is not closely packed, additional atoms
can be introduced into the lattice of these materials, and
some of these can introduce new states into the band gap
region.

For the purposes of describing the defect configurations
simulated in this study we adopt the following notation
in order to identify both the defect stoichiometry and the
group dominating the states in the band gap:

{added atoms/removed atoms} [BO,,]?. (1)

Here B represents the transition metal (only W or Mo
in this study), n represents the number of coordinated
O’s (only 3 or 4 in this study), and ¢ represents the net
formal charge associated with the BO,, group. As we
shall show, a simplified, although useful model of some
of these effects are shown in the middle and left panels
of Fig. 1.

The outline of the paper is as follows. In Section II,
we describe the computational details of our simulations.
In order to study the effects of geometry optimization in
the vicinity of the defect site and to simulate large super-
cells, we used the pwpaw code[25] to study some model
defects in CaMoQOy4. In particular, the results of sim-
ulations of oxygen vacancies and interstitials, combined
oxygen and Ca vacancies, and substitutional Y alone and
in combination with O and Ca vacancies in CaMoO, are
reported in Section IITA. In order to extend some of

these findings to PbWOy, we used the WIEN97 code[26]
which has been implemented for treating relativistic ef-
fects that better describe the heavy elements of Pb and
W. In Section III B, we report results from our study of
oxygen vacancies and combined oxygen and Pb vacancies
in PbWOQOy, simulated in an idealized geometry in a small
supercell. Conclusions are given in Section IV, based on
the comparison of the calculational results for CaMoQy,
and PbWOQOy4 and on the analysis of the more complete
simulations for CaMoQy.

II. CALCULATIONAL METHODS
A. Choice of supercells

The scheelite crystal structure is characterized by the
body-centered tetragonal space group I4;/a. In terms
of the conventional unit cell parameters a and ¢, the fol-
lowing lattice vectors were used for the 2 formula unit
simulations (“2x”).

A, = % (—aX + ay + cz)
2 unit ¢ By = 3 (+aX — ay + cZ) (2)
2

C, = i(—l—af:%—ay — cZ)

This is, in fact, the same unit cell as the perfect crystal.
The nearest distance between defects is a.

For the 8 formula unit simulations (“8x”), the lattice
vectors were given by

Ag = (aX + ay)
8 unit{ Bg = (aX —ay) . (3)
Cg =cZ

The nearest distance between defects is v/2a. Coinciden-
tally, this 8 formula unit cell is the same unit cell recently
analyzed[12] for the Pb deficient crystal having the stoi-
chiometry Pb; 5 WgO32, with one of the Pb sites having
1 occupancy.

For all of the simulations, the values of the lattice con-
stants were taken from experiment and are listed in Table
I.

TABLE I: Lattice constants used in the simulations.
| Material [Ref.[a (A)] ¢ (A) |

CaMoOyq | 27 |5.222|11.425

PbWOy4 | 28 [5.45612.020

B. PAW calculations of CaMoQ4

In order to efficiently study the energetics and opti-
mal geometry of the defects and to carry out simulations
in large (8x) supercell, we used the pwpaw code[25, 29]



based on the projector augmented wave (PAW) ap-
proach of Bléchl[30] to study the non-relativistic mate-
rial, CaMoOy. The local density approximation (LDA)
form of Perdew and Wang[31] was used to approximate
the exchange-correlation interactions.

TABLE II: List of parameters used to construct basis and
projector functions.

[Atom[Z°] nl basis [re (bohr)]
O |38 2s,e8,2p,ep 14
Ca |20| 3s,4s,3p,ep,3d 1.9

Y |39|4s,5s,4p,ep,4d, ed 1.9
Mo |42 |4s,5s,4p,ep,4d, ed 1.9

The first step of the PAW procedure is to produce
the necessary projector and basis functions (analogous
the construction of a pseudopotential function in a pseu-
dopotential formalism). This is done using the atompaw
code[32]. Since this material is both highly ionic and
covalent, upper core electron states can be important
for determining the self-consistent electronic structure.
Specifically, we found it necessary to include projector
and basis functions for the upper core states together
with the valence states of Ca, Y, and Mo. The values of
the local potential contributions o}, .(r) were constructed
using the squared sinc shape function and aligned so
that the pseudopotential basis functions corresponding
to the valence s state of each atom are eigenstates of
a purely local pseudo-Hamiltonian as described in Ref.
32. Table II lists the parameters used in this work. In
this table, the notation € indicates a continuum function,
where the positive energy € is chosen to ensure that the

% (r) basis function has the correct number of nodes in
the augmentation region. For representing the valence
[ = 1 states of Ca, Y, and Mo, continuum basis functions
¢2, were used instead of the bound ¢f, or ¢5, functions
which had nodes inconveniently close to the augmenta-
tion radii. For O, in addition to the valence ¢3, and ¢9,

functions, continuum basis functions ¢2, and ngEOp were
also used to ensure that the negative ion states would
be well-represented. In order to optimize the plane wave
convergence, the augmentation radii ¢ were chosen to
be as large as possible without allowing the augmenta-
tion spheres to overlap. With this set of parameters, the
reciprocal lattice cut off parameters could be taken to be
8 and 10 bohr! for the plane wave representations of
the pseudowavefunctions ¥,k and the pseudodensity 7,
respectively.

During the course of the project, several other param-
eter sets were used, yielding similar results and demon-
strating the expected insensitivity of the calculation to
these parameters.

Both the 2x and 8x defect supercells were studied us-
ing the pwpaw code. For the 2x supercell, the Bril-
louin zone integrals were approximated by sampling 8
k—points throughout the Brillouin zone. For the 8x su-
percell, the Brillouin zone integrals were approximated

sampling only the zone center.
The partial densities of states were evaluated using a
Gaussian smearing function[33] in the following form:

2

a —
N¢(E) = T
Here the factor of 2 comes form assuming that each dis-
tinct band is doubly occupied. The normalized Brillouin
zone weight factors are denoted by Wx. The band in-
dex is noted by n, and E,x denotes the band energy.
The coefficient C?, represents the charge contained in
a single sphere enclosing atom a, with radius taken to
be the augmentation radius r¢, averaged over similar
spheres. The Gaussian smearing parameter was taken
to be 0 =0.12 eV.

For several of the defect systems studied, we were able
to optimize the geometry of the atoms around the defect
by moving the atoms within the supercell until the forces
on them were smaller than a specified tolerance. In ad-
dition to obtaining the atomic positions of the optimized
geometry, two energy measures could be determined. For
each set of atomic positions {R?}, the pwpaw program
calculates the LDA cohesive energy Econ({R?}), defined
to be the total electronic energy of the periodic system
subtracted from the sum of the total electronic energies
of the corresponding isolated spherical atoms. The “re-
laxation energy” measures the energy gained by geome-
try optimization, relative to the initial atomic positions
{R3}, which, except for the missing atoms, were taken
from perfect crystal positions:

AE = Eeon({R?*}) —

3Ol Wi e E=En*/et (g
nk

Ecoh({Rg ) (5)

Also of interest, is an estimate of the formation en-
ergy for the defect, whose zero order approximation
can be determined from the cohesive energy difference
of the perfect and defective crystal simulations: F° =
Econ(crystal) — Eeop(defect). Two corrections must be
considered. First, since our defects involve oxygen, the
final or initial state of the system involves molecular oxy-
gen whose dissociation energy can be taken from the ex-
perimental value D = 5.08 eV[34]. Second, since the
spherical atom approximation underestimates the total
energy of each atom, the cohesive energies are generally
overestimated. For the systems we are considering, these
errors are negligible or cancel except for the total en-
ergy of one of the O atoms. An approximate correc-
tion can be determined from spectroscopic data[35, 36]
which allows one to calculate the atomic ground state en-
ergy relative to the multiplet average which corresponds
to the total energy calculated in the LDA results. For
O, the multiplet correction energy can be estimated as
AEue & 0.94 eV[36]. Therefore, the formation energies
for neutral defects can be approximated as

1
F~F+ <§D + AEmu1t> ~ F°+£348¢eV, (6)

where the plus or minus signs pertain to interstitial O or
O vacancies, respectively.



C. LAPW calculations of PbWO,

For modeling defects in PbWOy, where relativistic ef-
fects are important, we used the WIEN9T code[26] based
on the linearized augmented plane wave (LAPW)[37] ap-
proach using the local density approximation (LDA) form
of Perdew and Wang[31], as in the pwpaw calculations.
The calculational parameters were taken to be the same
as those used in our previous perfect crystal studies[23].
The defect simulations were performed using the 2x su-
percell only and the Brillouin zone integrals were approxi-
mated by sampling 27 k—points throughout the Brillouin
zone.[38] The partial densities of states were evaluated
using Eq. 4, with the sphere radius chosen to be the muf-
fin tin sphere radius[39]. The reason for switching codes
for the PbWO, study is that relativistic effects, which
have been not yet been implemented in the pwpaw code,
are available WIENO7 code. In previous work[40, 41],
we have shown that the PAW and LAPW methods pro-
duce essentially identical results for non-relativistic cal-
culations.

III. RESULTS AND DISCUSSION
A. Defects in CaMoQO4

In order to study large simulation cells, atomic mo-
tions about the defect site, and more complicated defects,
we carried out several calculations on CaMoO, which
is structurally and chemically very similar to PbWOy,.
For these simulations, the atomic positions of the per-
fect crystal were optimized, starting from the crystallo-
graphic results[27] finding the results listed in Table III.
The calculated optimal Mo—O bond length is found to be
slightly longer than the experimental value, as is typical
of LDA calculations[42]. The calculated bond angles for
Mo—O were found to be essentially identical to the exper-
imental values. Table III also summarizes the geometry
optimization results obtained for some of the defect sim-
ulations (using the notation defined in Eq. 1) which are
discussed in the following subsections.

O vacancy

The O vacancy ({/0}[MoO3]?) was studied in both
the 2x and 8x supercells. Table III summarizes the re-
sults of the geometry optimization. We see that the bond
length and angular changes are similar but slightly larger
for the 2x supercell compared with that for the 8x super-
cell. This is understandable since, in the latter case, the
relaxation effects are spread over a larger number of sites.
In both simulations, the relaxation effects are relatively
small — the bond lengths increase by a few hundredths
of an angstrom and the angles change by a few degrees,
indicating that the [MoO3] 2 complex is relatively stable
and structurally similar to the [MoO4]~? complex from

TABLE III: Geometry optimization results for ideal crystal
and various defects in CaMoO4. The experimental bond
lengths and bond angles are quoted on the first line, in com-
parison with the calculated optimization results quoted on
the second line. The remaining lines summarize the results of
defect geometry optimizations using (2x) and (8x) supercells,
listing the range of bond lengths and angles, the relaxation
energies (AFE) (Eq. 5), and formation energies (F) (Eq. 6).

Mo-O bond|Mo-O bond| AE | F

System Case |lengths (A)| angles |[(eV)|(eV)
Ideal crystal |Exp.* 1.77 107°, 114°
Ideal crystal | Cal. 1.79 107°, 114°

{/O}[MoO3] % | 2x | 1.79 — 1.83 | 105°—117° | 0.2 | 7.1

{/O}[MoO3]~2 | 8x | 1.79 — 1.81 | 106°—115° | 0.2 | 7.1

{/Ca0}[MoOs]°| 2x |[1.74-1.83| 103°-117° | 0.9 |15.8

1.79 - 1.84 | 102°-116° | 2.1 | 0.4

{O/1MoO4] 7 | 2x

“Experimental X-ray results from Ref. 27.

which it is derived. The calculated energy gained in opti-
mizing the geometry was 0.2 eV and the formation energy
for a neutral O vacancy was estimated using Eq. 6 to be
7.1 eV for both 2x and 8x simulations. The two simula-
tions differed by less than 5% and 0.2% for the relaxation
energies and formation energies respectively.

The partial densities of states for the 2x and 8x super-
cell simulations are compared with the partial densities of
states of the perfect crystals in the top two panels of Figs.
2 and 3 respectively. The results for the two simulation
cells look very similar to each other, with the main differ-
ences attributable to the effects of the different k-point
samplings of the supercell Brillouin zones. The bottom
panel of Fig. 3 shows the partial densities of states for the
unrelaxed geometry of the O vacancy in the 8x supercell.
Comparison of the two lower panels (with and without
geometry optimization) shows that changes in the par-
tial densities of states due to lattice relaxation around
the oxygen vacancy are very small. Similarly small lat-
tice relaxation effects were found for the 2x simulation.
These results suggest that the {/O}[MoOs]~? defect in
CaMoQy is rather insensitive to small geometry changes
and that its effects are are spatially localized.

The partial density of states curves for the O vacancy
show that an impurity state associated with the MoOg
group is introduced below the conduction band. This
state is fully occupied because the O vacancy removes 6
oxygen p states from the valence band while removing
only 4 valence electrons, leaving 2 extra electrons which
can be accommodated by the MoOg3 group — as described
by the {/O}[MoO3]~2 notation.

In order to further characterize the defect state, it
is helpful to examine the charge density contours. In
Figs. 4 and 5, plots of charge density contours about
the [MoO3]~? site in a plane which contains an Mo-O
bond and the missing O site, are shown for the 8x simu-
lation. Fig. 4 is a plot for the uppermost occupied defect
state near 2.2 eV. These contours illustrate the shape of a
distorted Mo 4d orbital which has appreciable density in
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FIG. 2: Partial densities of states for 2x simulation of
CaMoOg4: perfect crystal (top panel), O vacancy (middle
panel), and Ca and O double vacancy (bottom panel). Calcu-
lations were done with lattice relaxation. The zero of energy
for each plot is adjusted so that the top of the oxygen bands
line up with that of the perfect crystal. For the defect plots,
the two types of W sites — the 3-fold coordinated “(3)” and
the 4-fold coordinated “(4)” are shaded differently. The Fermi
level (“Er”) is indicated with an arrow in each plot.

the vicinity of the missing O and which we label “t3”, for
reasons discussed below. This picture is in marked con-
trast to that found for states associated with an oxygen
vacancy in “simple” oxides such as MgO or CaO[43-45],
which is usually called an “F-center”. For the F-center,
the electrons are confined by the electrostatic potential of
the surrounding ions forming an s—like ground state[46],
while for the {/O}[MoO3]~? defect, the electrons occupy
a Mo 4d orbital which is lowered in energy by the crystal
field of the remaining oxygen ions.

Fig. 5 plots the charge density contours about the
[MoO3]~? site for the unoccupied states — (a) showing the
lower conduction band between the energies 2.5-4.0 eV
and (b) showing the upper conduction band starting
above 4.0 eV. Since the partial density of states peaks
for these two groups of states show (middle panel of in
Fig. 3) comparable contributions from both the 3-fold
and 4-fold Mo sites, it is not surprising that these two
charge contour plots are similar to those of the perfect
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FIG. 3: Partial densities of states for 8x simulation

CaMoOy: perfect crystal (top panel) and O vacancy (mid-
dle panel),using the same notations as in Fig. 2. These cal-
culations were done with lattice relaxation. For comparison,
the bottom panel shows the partial density of states for the
unrelaxed O vacancy.

crystal[23], where the lower conduction band has e sym-
metry and the upper conduction band has 2 symmetry.
Also apparent in these plots are antibonding contribu-
tions from the nearest neighbor O 2p-orbitals in the plot-
ting plane.

The appearance of these 3 contour plots motivates us
to analyze the [BO,]? clusters in greater detail. For the
perfect crystal[23], we showed that the [BO4]™2 cluster
could be partially explained in terms of crystal field ef-
fects of the O~ ions on the degenerate d states of W
or Mo and partially in terms of hybridization between
the W or Mo d states and the O 2p, summarized by the
molecular diagram shown in the left panel of Fig. 1. For
the [BO3]~2 cluster, the crystal field effects can analyzed
as follows. Idealizing the geometry of the cluster slightly
so that O~7 ions are placed at 3 of the 4 ideal tetrahedral
positions at a distance R from a central W or Mo ion, we



FIG. 4: Ball and stick model and contour plot for the 8x
simulation of an O vacancy in CaMoQ4 at the [MoOg,]_2 site.
The plane on which the contours are draw passes through
the Mo atom, one of it’s nearest neighbor O atoms, and the
plane of the O vacancy. The contour levels are drawn at
intervals of 0.2 electrons/A®, with the lowest contour level
at 0.2 electrons/]&3 and represent the charge density of the
occupied defect state.

(b)

FIG. 5: Ball and stick model and contour plots for the 8x
simulation of an O vacancy in CaMoQ4 at the [MoOg,]f2 site
similar to Fig. 4, but with contour levels representing the
charge density associated (if the states had been fully occu-
pied) with the unoccupied lower conduction band states(a)
and upper conduction band states(b).

find that the leading term in the degenerate perturbation
of the W or Mo d states can be written in the form:

ve? < r3 >

5 mm! =
v TR3

M ) (7)
where M, is a b X 5 matrix with indices m correspond-
ing to the 5 azimuthal quantum numbers associated with
the degenerate d (I = 2) states. Diagonalizing the matrix

we find 3 eigenvalues:

2 _ .2 2 (2) ¢,
=201 L 1 (2) e (8)
o -2 (1) #

where the number in parenthesis denotes the degener-
acy and the label on the right indicates the approximate
relation to the corresponding state of pure tetrahedral
symmetry. The lowest singly degenerate energy state
which we have labeled “t)” has pure t, character. The
two doubly degenerate states have mixed character, with
slightly more e or ¢, character as indicated by the labels
e’ and t, resectively. We can estimate these energies
for “B”=Mo, using < r2 >~ 1 A, corresponding to the
expectation value of the second power of the radius of
the d orbitals of Mo (estimated from atomic orbitals),
R~ 1.79 A corresponds to the Mo-O bond length, and
v = 2, we find the splitting between the extreme eigen-
values to be AEy;, — AE;; ~ 2.8 eV. This is considerably
larger than the corresponding crystal field splittings for
tetrahedral geometry in the perfect crystal.[23] Interest-
ingly, the partial densities of states for 3-fold coordinated
W and Mo shown in figures 2, 3, and 9, as well as the
charge density contour plots shown in Fig. 4 and 5 are
consistent with this analysis in the sense that the self-
consistent electronic structure of all of the defects con-
taining [BO3] 2 clusters have 3 groups of states, the low-
est state is occupied and has a single spatial degeneracy
while the upper two states are unoccupied and have dou-
ble spatial degeneracy. In addition to the crystal field
analysis, hybridization of the d states of the B ion with
the p states of O are also important in determining the
electronic structure as illustrated in the middle panel of
Fig. 1. Due to the spatial arrangement of the clusters,
hybridization effects the t} states more than the others.
Extending this analysis to the uncharged cluster [BO3]°,
we might expect the energy diagram to be similar while
the occupancies change as illustrated in the right most
panel of Fig. 1. However, as we shall show below, the
situation becomes considerably more complicated.

Ca and O double vacancy

Removing both Ca and O atoms changes the charge
balance associated with the defect states since the miss-
ing Ca removes two valence electrons from the system.
We expect that the double vacancy defect to be char-
acterized by {/CaO}[MoO3]° in our adopted notation.
The results of the 2x simulation for the relaxed double
vacancy are shown in the bottom panel of Fig. 2 for the
partial density of states in Table III for the geometric and
energetic results. The effects of geometry optimization
are much larger than those of the single O vacancy, ad-
justing the energies of states associated with the [MoO3]°
clusters relative to other states of the system. Table III
summarizes the relaxed Mo-O bond lengths and angles.
In particular, we find that the Mo-O bond lengths associ-
ated with the [MoOs]® groups to be shortened by 0.05 A,



while those associated with the regular 1\/[00472 groups
are approximately the same length as in the perfect crys-
tal except for one bond which points in the direction of
the missing oxygen which is lengthened by 0.04 A. The
simple description of this process is that the [MoO3]° is
able to compensate for the loss of charge by contracting
its effective volume, thereby increasing the local charge
density available for the Mo-O bonds. Correspondingly,
the relaxation energy listed in Table III is much larger
than for the single O vacancy case. The estimated for-
mation energy is also listed in Table III.

While this explanation of the double vacancy seems
reasonable, it apparently is not the whole story. Rec-
ognizing that the 2x simulation corresponds to an ex-
tremely high concentration of defects and that there
are severe geometry restrictions consistent with the as-
sumed supercell, we expect the results for the 8x sim-
ulation to be more reliable. Unfortunately, we have no
results for the {/CaO}[MoO3]° defect in the 8x simu-
lation cell because we found it impossible to stabilize
its self-consistency iterations with or without lattice re-
laxation effects. What appears to be happening in the
more realistic simulation is that there is are two or more
nearly degenerate configurations of this system. In ad-
dition to the [MoO3]°([M0oO4]~?)4 configuration consis-
tent with the 2x simulations, another configuration of the
form [MoO3]~4¢([MoO4] 2+¢), seems to also exist. This
second configuration corresponds to the partial transfer
of negative charge (denoted by €) to the [MoO3]? group.
This charge comes from the top of the O valence band
and is presumably associated with the 4 nearest neighbor
[MoO4] 2 groups. Apparently, the energy of the [MoQ3]
group is extremely sensitive to its charge state when ¢ be-
comes less negative than ¢ = —2, as confirmed by simu-
lations with negatively charged supercells (compensated
with a uniform positive charge).

Y substitutional and charge effects

In order to understand these charging effects in more
detail and also to study the effects of trivalent substi-
tutional impurities studied in the literature[14, 47], we
performed some simulations with Y substituting for one
of the Ca atoms ({Y/Ca}[MoO4] (?*%)). Here § repre-
sents the excess electronic charge incorporated into the
lower conduction band due to the trivalent substitutional
impurity Y. These calculations were done using the 8x
supercell but without geometry optimization. Figure 6
(top panel) shows the partial density of states. The re-
sults show that Y adds electrons to the conduction band
of CaMoQO, and introduces new unnoccupied states pri-
marily above the second conduction band, but introduces
no new states of Y character within the band gap. This is
similar to the behavior that we have found for PbWO,:La
simulations[48]. In future work, we hope to study the ge-
ometry relaxation of this system, in order to find out
whether the model is consistent with the experimental
observation that excess electrons can localize on one of
the molybdate sites to form [MoQO4] 2 centers. Recently,

[WO,4] ™2 and [WO4]3-La™ centers have been identified
in electron spin resonance studies of La doped PbWOy, at
low temperature[49, 50] with temperature dependences
indicating binding energies of 0.05 and 0.27 eV, respec-
tively below the conduction band energy.
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FIG. 6: Partial densities of states for 8x simulation CaMoQO4
with Y substituting for one Ca alone (top panel) and with
a Ca and O vacancy double vacancy (lower panel),using the
same notations as in Fig. 2 Calculations were done without
lattice relaxation.

We also considered the effects of Y substitution im-
purities in conjunction with Ca and O double vacancies
({Y/Caz20}[M0O3]~1) using the 8x simulation cell with-
out geometry optimization. The partial density of states
are shown in the bottom panel of Fig. 6. Here we see
that the extra charge from the trivalent Y is accommo-
dated by the MoOjs group. In contrast to the neutral
CaO double vacancy, the excess charge from Y causes
the [MoO3]~! group to be electronically stable with a
half-filled defect state (of “tJ” character) just above the
top of the valence band and an unfilled defect state (of
“e" character) below the conduction band.

Interstitial O

There is a fair amount of experimental evidence[18-
20, 51] that interstitial oxygen can be accommodated into
the PbWOy lattice. It is therefore of interest to study
the corresponding defect in CaMoO4. We have carried
out a 2x simulation for an interstitial O atom initially
placed between two Ca sites, and finding a stable O site
between two MoQOy4 groups. Figure 7 shows the optimized
geometry with some of the bond lengths and angles listed



in Table III. As seen in the figure, the interstitial O
forms a weak bond which bridges two oxygens associated
with nearby [MoO4]~2 clusters. The O—O bond lengths
are found to be 1.8 A. Since we have not carried out
an exhaustive geometry optimization, we believe there
may be additional stable interstitial sites, such as found,
for example in recent empirical potential simulations.[52]
Table IIT also lists our calculated formation energy for the
neutral interstitial O and finds it to be small (= 0.4 eV),
suggesting that it could be relatively easy to introduce
extra neutral O into this lattice.

FIG. 7: Ball and stick model of stable configuration of in-
terstitial O in CaMoO4 for 2x simulation. Atomic sites are
shown with increasing sphere sizes in the order O, Mo, and
Ca. Nearest neighbor Mo—O and O-O bonds are also indi-
cated.

N“E) ((states/eV)/atom)

FIG. 8: Partial densities of states for 2x simulation of
CaMoQO4 with an interstitial O atom, at the stable geome-
try shown in Fig. 7. The shadings of the various partial
density of states curves is the same as in Fig. 2 except that
the interstitial O states are indicated with horizontal stripes.

The partial density of states for our optimized geom-
etry shown in Fig. (8) shows that interstitial O states
are energetically aligned close to the O bands of the per-
fect lattice. By integrating the partial density of state
curves in Fig. 8, we estimate that interstitial O’s have a

charge very similar to that the of tetrahedral O’s. While
formally the tetrahedral O’s have a charge of —2e, molec-
ular bonding reduces the actual charge.

Since the simulations were carried out for the 2x su-
percell, the concentration of extra O in the simulation
corresponded to a stoichiometry of CaMoQ, 5. Experi-
mentally, rather high concentrations of extra O has been
achieved. For example, gravimetric analysis of PbWO,
annealed in an oxygen atmosphere[19] suggests that it is
possible to achieve a stoichiometry of PbWQy 1, at least
at high temperature.

B. Defects in PbWO0O,

For the 2 formula unit simulations in PbWOQy, includ-
ing those for the“perfect crystal”, the atomic positions
(except for those removed) were taken from the exper-
imental crystallographic results[28] without allowing for
optimization of the defect geometry. Two kinds of de-
fects were modeled — an oxygen vacancy and a Pb and O
double vacancy.
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FIG. 9: Partial densities of states for PbWOQO,, perfect
crystal[39] (top panel), O vacancy (middle panel), and Pb
and O double vacancy (bottom panel), using the same no-
tations as in Fig. 2. Calculations were done without lattice
relaxation.

In Fig. 9, the results for the partial densities of states



for the two defect simulations are compared with those
of the perfect crystal. The results are very similar to
the corresponding results for the 2x simulations of the
CaMoQy system shown in Fig. 2. The main differences in
the occupied states are that in PbWQy, there is a narrow
Pb 6s band at approximately 2 eV below the valence
band and a corresponding anti-bonding contribution of
of Pb 6s states at the top of the valence band. The main
differences in the unoccupied states are that for CaMoQOy,
the crystal field split Mo d states form two distinct bands
of “e” and “t3” character separated by nearly 1 eV. In
PbWOy, the crystal field split W d states of “e” and
“ty” character overlap, but form two distinct peaks. Also
PbWO, lacks the equivalent of the high density of states
at the top of the transition metal d states caused by the
Ca 3d states in CaMoQyj,.

What is of interest is the identification of defect states
introduced into the band gap. Since we have such a high
concentration of the defects, quantitative identification
of the valence and conduction band edges are difficult.
However, we can make the following qualitative analy-
sis which is very similar to the CaMoQOy4 case. For the
O vacancy simulation, a peak associated with the 3-fold
coordinated W site appears in the band gap, below the
conduction band edge. This state is fully occupied be-
cause the O vacancy removes 6 oxygen p states from the
valence band while removing only 4 valence electrons.
Therefore, this defect would be given as {/O}[WO3]~2
in our suggested notation. The charge density contours
associated with both the filled band gap state and the
unfilled states in the conduction band are very similar
to those shown in Figs. 4 and 5 for CaMoQO,. Since
our CaMoQy simulations on the oxygen vacancy showed
that our results were insensitive to supercell size and re-
laxation effects, we expect these results for the O vacancy
in PbWO, to be similarly insensitive to supercell and re-
laxation effects.

For the Pb and O double vacancy, the partial density
of states plot (bottom panel of Fig. 9) two peaks asso-
ciated with the 3-fold coordinated W site appear in the
band gap. These states are empty because the Pb va-
cancy does not remove any states from the valence band
(other than from the narrow 6s band below the valence
band), but removes 2 additional valence electrons. Thus
this defect would be given as {/PbO}[WO3]° in our sug-
gested notation. Since our CaMoQ, simulations on the
Ca and O double vacancy could not be extended to the 8x
supercell, we expect that the double vacancy in PbWO,4
to also be more complicated than implied by these unre-
laxed 2x simulations.

IVv. SUMMARY

These simulations of oxygen vacancies in CaMoO4 and
PbWO, focused attention on the ground state electronic
structure of the [BO3]? clusters. In addition to the elec-
tronic structure of the [BO3]? clusters themselves, it is

also important to understand the alignment of the clus-
ter states with respect to the other states in the crystal.
Our self-consistent calculations indicate that the [BO3]?
clusters are well defined and stable for ¢ = —2 as found
in the {/O} simulations and is also stable for ¢ = —1 as
found in the {Y/Ca»O} simulations. For less negative
values of ¢, the electronic balance between the [BO3]?
clusters associated with the O vacancy and the [BO4] 2
associated with the regular lattice seems to be very deli-
cate.

In summary, we have shown that the main effect of O
vacancies in PbWQO4 and CaMoOQOy, is the introduction of
states of W or Mo d character into the band gap. The
energies of these defect states are very sensitive to their
charge.

For a single O vacancy in PbWO, and CaMoQO,
({/0}[BO3]2), based on 2x and 8x simulations with re-
laxation effects included (for the CaMoOy case), we find
a well-defined filled defect state below the conduction
band, whose symmetry we have analyzed to be ¢} with
density contours shown in Fig. 4. This defect is very
insensitive to lattice relaxation and simulation cell size.
Since the state is completely filled, it cannot act as a trap
for excess electrons. Furthermore, since its energy is ap-
proximately 0.7 eV below the conduction band minimum,
it cannot be an effective electron donor. It might be be
observable in infrared excitation, but cannot account for
visible luminescence. If electrons are removed from the
defect, we expect that its energy to be lowered and the
spectrum to become more complicated.

For a PbO or CaO double vacancy in PbWO, or
CaMoO4 ({/AO}[BOs]°), based on 2x simulations, we
find two groups of unfilled defect states within the band
gap. The lower state is of t§ character, while the upper
state is of e’ character. Geometric optimization of the 2x
CaMoQ, simulation showed that shortened Mo—O bonds
for the [MoO3]° cluster are energetically favored. How-
ever, our inability to extend these calculations to the 8x
supercell simulations suggests that this defect system is
electronically metastable or perhaps unstable. Simula-
tions with charged supercells and with substitutional Y
described in Sec. IITA show that the [BO3]? defect is
electronically stabilized with ¢ < —1. In the absence
of excess charge, such as provided by the substitutional
trivalent Y atom, the lowest [BO3]? state becomes de-
generate with the O valence band. The fact that we
are unable to stabilize this calculation has lead us to
speculate that there are at least two nearly degenerate
configurations of this system which we have described
as involving the [BOs] site and its four nearest neigh-
bor [BOy] sites in the form [MoO3]°([MoO4]~2), and
[MoO3]~%¢([MoQ4] 2%€)4. This type of degeneracy usu-
ally results in a lattice distortion according to a Jahn-
Teller mechanism[53]. This reasoning leads us to suggest
that a CaO double vacancy may result in a more com-
plicated defect, perhaps involving lattice distortions on
several neighboring sites.

A single electron occupying an O vacancy in PbWOQOy4



has been suggested by Laguta and co-workers[54] as the
model for a photo-induced “PbT — V" center observed
in electron spin resonance. The electron spin resonance
signature is that of an electron interacting primarily with
Pb nuclei adjacent the oxygen vacancy, and the authors
refer to it as a Pb* center perturbed by a bare oxygen
vacancy. The puzzle from the perspective of the calcu-
lations presented here is that the experiment finds little
contribution from W 5d states. Laguta and co-workers
suggest[54, 55] that there may be another lattice con-
figuration of this defect, accessible over a thermal bar-
rier, which resembles more closely an electron localized
in an W 5d orbital. This second configuration may per-
haps correspond to the [WO3]~! center discussed in the
present notation. This experiment and analysis suggests
that lattice distortion may also be significant for the
q = —1 defect. Further computational and experimental
work is needed.

We have also presented preliminary simulations of in-
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terstitial neutral O introduced into the 2x lattice. These
studies identified a possible stable site for the interstitial
O and found the corresponding states to be near the crys-
talline O valence band. This preliminary work, suggests
that further study of this system, including larger super-
cell simulations, charging effects, and perhaps simulation
of dynamical effects, may be useful.

Missing from this work, is any information about the
effects of these defects on luminescence. For this, it is
necessary to go beyond the ground state density func-
tional formalism, considered here.
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