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Electronic band structures of the scheelite materials CaMoO4, CaWO4, PbMoO4, and PbWO4

Y. Zhang, N. A. W. Holzwarth, and R. T. Williams
Department of Physics, Wake Forest University, Winston-Salem, North Carolina 27109

~Received 6 January 1998!

Density-functional calculations using the linearized-augmented-plane-wave method were carried out for the
scheelite materials CaMoO4, CaWO4, PbMoO4, and PbWO4 in order to determine their ground-state electronic
properties. The results indicate that CaMoO4 and CaWO4 have direct band gaps at the center of the Brillouin
zone, while PbMoO4 and PbWO4 have band extrema at wave vectors away from the zone center with possibly
indirect band gaps. The magnitudes of the band gaps increase in the order PbMoO4,PbWO4

,CaMoO4,CaWO4. The valence and conduction bands near the band gap are dominated by molecular
orbitals associated with the MoO4

2a and WO4
2a ions, wherea'2. The valence-band widths are 5 and 5.5 eV

for the Ca and Pb materials, respectively. In the Pb materials, the Pb 6s states form narrow bands 1 eV below
the bottom of the valence bands, and also hybridize with states throughout the valence bands, while the Pb 6p
states hybridize with states throughout the conduction bands. In the Ca materials, the Ca 3d states contribute
to a high density of states 3–4 eV above the bottom of the conduction bands.@S0163-1829~98!10019-X#
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I. INTRODUCTION

Calcium and lead molybdates and tungstates are natu
occurring minerals which can also be made synthetica
and which have very interesting luminescence and struct
properties. The mineral names associated with these ma
als are powellite (CaMoO4), scheelite (CaWO4), wulfenite
(PbMoO4), and stolzite~PbWO4). The name ‘‘scheelite’’ is
also used to describe the common crystal structure of th
materials. These materials have been very extensively s
ied during the past century. For example, a 1948 monogr
by Kröger1 presented a thorough summary of the lumin
cence properties of these and related materials and their
solutions. Recently, PbWO4 has attracted special interest b
cause of plans to use it as a scintillator in detectors at
Large Hadron Collider in CERN.2 There are still some very
fundamental questions concerning the electronic prope
of these materials, especially concerning the nature of
states of the ideal crystal in the vicinity of the band gap.
order to address some of these questions, we have calcu
the self-consistent electronic structure of the four material
the framework of density functional theory3,4 using a relativ-
istic linearized-augmented-plane-wave~LAPW! technique.5,6

The paper is organized as follows. In Sec. II the crys
structure is described. The calculational method is discus
in Sec. III. The results for the densities of states, the b
structures, and the electron density distributions are p
sented in Sec. IV. In Sec. V the work is analyzed in terms
earlier theoretical and experimental work, and the main
sults are summarized.

II. CRYSTAL STRUCTURE

The scheelite crystal structure is characterized by the
tragonal space groupI41 /a or C4h

6 ~listed as No. 88 in the
Ref. 7!. In this structure, the primitive unit cell has tw
ABO4 units ~whereA5Ca or Pb andB5Mo or W!. The A
andB sites haveS4 point symmetry, and the crystal has a
inversion center. The O sites have only a trivial point sy
570163-1829/98/57~20!/12738~13!/$15.00
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metry, and are arranged in approximately tetrahedral coo
nation about eachB site. The crystal has three crystal param
eters $x,y,z% which describe the location of the O site
There are a number of equivalent ways to describe the st
ture which have appeared in the literature.8 Table I lists some
representative values of the crystal parameters that have
determined by x-ray and neutron diffraction, with$x,y,z%
defined relative to the origin of the crystal at the inversi
center and confined to the sector 0,$x,y%, 1

2 and 0,z
, 1

8 . The starred references indicate the values used in
present electronic structure calculations.

The crystal structure has been described8 as highly ionic
with A1a cations and tetrahedralBO4

2a anions, wherea
'2. TheBO4

2a anions are themselves highly ionic with fo
mal charges ofB1b and O2g, where 4g2b[a. If there
were no covalent bonding,b andg would take the values 6
and 2, respectively. The tetrahedralBO4

2a anions have shor
B-O bond lengths ranging from 1.77 Å for CaMoO4 to 1.79
Å for PbWO4, which are quite rigid even under pressure9

Figure 1 shows a perspective drawing of the crystal struc
of PbWO4 in the conventional unit cell, indicating thea and
c axes and the nearly tetrahedral bonds between O and
Also included in this figure is a plane which passes throu
two W-O bonds and one of the Pb sites. A contour map
the valence-electron density which is indicated on this pla
will be discussed further in Sec. IV.

III. CALCULATIONAL METHODS

The calculations reported in this paper were perform
with the LAPW technique using theWIEN97 code.6 The
exchange-correlation functional was taken within the loc
density approximation using the form developed by Perd
and Wang.10 The calculational and convergence paramet
used for all four materials are listed in Table II. The muffi
tin radii for O, Mo, and W were chosen to be slightly le
than half the O-Mo and O-W bond lengths. For Pb, a muffi
tin radius of 1.9 bohr was chosen in order to avoid the n
merical instabilities of ‘‘ghost’’ states. The plane-wave e
12 738 © 1998 The American Physical Society
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57 12 739ELECTRONIC BAND STRUCTURES OF THE SCHEELITE . . .
TABLE I. Some representative experimental data forABO4 scheelite crystals at room temperature. Quoted values refer to the co

tional unit cell structure withA sites at6(0,1
4 , 5

8 ), B sites at6(0,1
4 , 1

8 ); and O sites at6(x,y,z), 6( 1
2 2x,2y, 1

2 1z), 6(2
1
4 2y, 1

4

1x, 1
4 1z), and6(2

1
4 1y,2 1

4 2x,2 1
4 1z), where 12 additional lattice sites are generated by adding (1

2 , 1
2 , 1

2 ). Some references use th
alternative O site parametersx→ 1

4 2y, y→ 1
4 2x, andz→ 1

4 2z. Still other references choose the origin of the unit cell at the site ofB
atom, with the corresponding O positions described with parametersx→x, y→ 1

4 2y, andz→ 1
8 2z. The experimental methods are abbr

viated with ‘‘XP’’ for x-ray powder, ‘‘XC’’ for x-ray single crystal, and ‘‘N’’ for neutron diffraction. The starred rows indicate t
parameters used in the present calculations.

Material Year Refs. Method a ~Å! c ~Å! c/a x y z

CaMoO4 1943 8,39 XP 5.213 11.426 2.192 0.25 0.10 0.05
1971 40 N 5.226 11.43 2.187 0.2428 0.1035 0.0424
1972 41 XP 5.2256 11.434 2.188

*1985 9 XC 5.222 11.425 2.188 0.2431 0.1010 0.0411

CaWO4 1943 8,39 XP 5.230 11.348 2.170 0.25 0.10 0.05
1964 42 XC 5.234 11.376 2.170 0.2415 0.0996 0.0389
1964 43 N 0.2413 0.0989 0.0389
1972 44 XP 5.2437 11.3754 2.169
1972 41 XP 5.2419 11.376 2.170

*1985 9 XC 5.2429 11.3737 2.169 0.2414 0.0993 0.0394
1989 45 XP 5.24294 11.373 2.169

PbMoO4 1943 8,39 XP 5.424 12.076 2.226 0.25 0.12 0.05
*1965 46 N 5.4312 12.1065 2.229 0.2352 0.1143 0.0439
1972 47 XP 5.4360 12.1107 2.228
1972 41 XP 5.4355 12.108 2.228
1985 9 XC 5.4351 12.1056 2.227

PbWO4 1943 8,39 XP 5.448 12.016 2.206 0.25 0.12 0.05
1972 41 XP 5.4622 12.048 2.206
1985 9 XC 5.4595 12.0432 2.206

*1996 48 XC 5.456 12.020 2.203 0.2388 0.1141 0.0429
1996 49 XC 5.4612 12.0452 2.206 0.2524 0.1364 0.0446
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pansion cutoffs were chosen to be 6 bohr21 for expanding
the wave functions and 14 bohr21 for expanding the densitie
and potentials. Thek-point sampling was chosen to be s
irreducible points within the Brillouin zone. For this choic
of parameters, the bottleneck of the calculation is diagon
ization of the plane-wave Hamiltonian matrices which hav
dimension of roughly 5000. We estimate that the conv
gence error of the calculation is dominated by the pla
wave cutoff, and the total energy error is at most 0.2 eV. T
k-point sampling error for the total energy is estimated to
at most 0.01 eV. Although, for structural optimization stu
ies, the convergence parameters would have to be increa
the present choice of parameters ensures very good con
gence of the one-electron energies, with estimated error
at most 0.002 eV. In fact, for this choice of plane-wave c
off parameters, nonrelativistic LAPW density-of-states
sults for CaMoO4 were compared with the density of stat
determined from a completely independent calculatio
method—namely, the projector augmented wave~PAW!
technique.11,12 The two density-of-states plots werevirtually
indistinguishableover a 66-eV range of upper core, valenc
band, conduction-band states, providing further evidence
the convergence of the one-electron energies.

Both scalar-relativistic and spin-orbit contributions we
calculated self-consistently using theWIEN97 code.6 In each
self-consistency iteration, the scalar-relativistic Hamilton
l-
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-
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was diagonalized in the usual LAPW representation. The
relativistic Hamiltonian was then evaluated and diagonaliz
in the basis of the scalar-relativistic eigenstates, with
spin-orbit interaction approximated as a spherically symm
ric contribution confined within each muffin-tin sphere. Th
approximation has been well studied, and has been show
work well for elements in the fifth row of the Periodi
Table.5 It may, however cause greater errors for W and
which are in the sixth row of the Periodic Table.

IV. RESULTS

Density-functional theory3,4 is designed to determine ac
curately the ground-state total energy and electron densit
many-electron materials. The one-electron energiesEnk and
their corresponding wave functionsCnk(r ) are variational
parameters which are only qualitatively related to the m
surable spectrum of the material. For example, although
tempting to interpret the energy gap as the energy differe
between the bottom of the first unoccupied band and the
of the last occupied band, density-functional theory is no
rious for underestimating the measurable band gap of m
materials. Nevertheless, by focusing on the comparison
the results for the four materials of this study we can obt
useful qualitative information about their ground-state pro
erties.
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12 740 57Y. ZHANG, N. A. W. HOLZWARTH, AND R. T. WILLIAMS
A. Densities of states

The densities of states were calculated by approxima
thed function in energy with a Gaussian smearing functio13

of the form

Nx~E![(
nk

f nk
x wk

e2~E2Enk!2/s2

Aps
. ~1!

FIG. 1. Perspective drawing of the structure of PbWO4 indicat-
ing thea andc axes. The atomic positions are indicated by sphe
The largest spheres~with no bonds! are the Pb sites; the middle siz
spheres at the W sites and the smallest spheres at the O site
connected along nearest-neighbor bonds. The shaded plane p
through two W-O bonds and one of the Pb sites. Contour lev
corresponding to the occupied electron density in the valence b
are indicated on this plane with lowest contour level at 0.1e/Å 3 and
with a spacing of 0.25e/Å 3 between contours.

TABLE II. List of calculational and convergence paramete
used for LAPW calculations.

Muffin-tin radii: Ca, Pb 1.9 bohr
Mo, W 1.65 bohr

O 1.65 bohr

Maximum uk1Gu for wave functions 6 bohr21

Maximum uGu for charge density 14 bohr21

Inequivalentk points for BZ integrals 6
Convergence tolerance of total energy 0.001 eV
g

The Gaussian smearing parameter was chosen to bes50.1
eV. In Eq. ~1!, wk is the Brillouin-zone sampling weigh
factor andf nk

x is a weight factor associated with the statenk.
The six-k-point sampling of the Brillouin zone did a goo
job of approximating the occupied densities of states. Ho
ever, for states having larger dispersion such as in the up
portion of the conduction band, the approximation deter
rated somewhat. For the total density of statesNT, f nk

T is
equal to the degeneracy~including spin degeneracy! of the
state. For the partial density of statesNa, f nk

a is equal to the
degeneracy multiplied by the fractional charge within t
muffin-tin spherea for the state. In addition to the total den
sity of states, there are four interesting choices for par
densities of states that will be presented below.

Figure 2 compares the total densities of states (NT) for the
four compounds within a 110-eV range, with the zero
energy taken at the top of the last occupied band. The up
core states are labeled according to their dominant ato
character. The similarities in the electronic structure of
four materials is quite apparent from this figure. The on
electron energies of the upper core states including the
5p1/2,3/2, Pb 5d3/2,5/2, W 5s, W 5p1/2,3/2, W 4f 5/2,7/2, Mo
4s, Mo 4p1/2,3/2, Ca 3s, Ca 3p, and O 2s states have very
small relative chemical shifts in these materials. The Os
states are among the upper core states forming a narrow
having a width of about 2 eV. In the Pb materials, this Os

s.

are
sses
ls
nd

FIG. 2. Plot of total densities of states per unit cell for the fo
ABO4 scheelite materials, evaluated using Eq.~1! with s
50.1 eV, including upper core, valence-band, and conduction-b
states. The zero of energy is taken at the top of the last occu
states. The upper core states are labeled according to their dom
atomic behavior.
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57 12 741ELECTRONIC BAND STRUCTURES OF THE SCHEELITE . . .
band peaks at217 eV, and is degenerate with the Pb 5d3/2
states but separated from the very narrow Pb 5d5/2 band at
214 eV. In the Ca materials, the O 2s band peaks a
216 eV and is well separated from other core states of
system.

Partial densities are presented on expanded scales in
3, 4, 5, and 6. The muffin-tin sphere radii used to calcul
the weight factors for the partial densities of states are lis
in Table II. In general, these radii are much smaller th
typical atomic radii for these atoms, and the total muffin-
volume accounts for only 10–12 % of the volume of t
crystal. Nevertheless, one can obtain qualitative informa
about the atomic origins of the valence- and conduction-b
states of these materials.

The partial densities of states based on charge within e
muffin-tin sphere~Na for a5Ca, Pb, Mo, W, or O! are pre-
sented for the valence and conduction bands in Fig. 3
PbMoO4 and PbWO4 there is a narrow Pb contribution to th
density of states, having a width of 0.5 eV and centered
27.1 and27.2 eV, respectively, separated by more tha
eV from the bottom of the main part of the valence ban
These bands, due to the Pb 6s states, accommodate fou
electrons per unit cell. Since the Pb 6s wave functions are so
diffuse, there is significant mixing with O and Mo or W

FIG. 3. Atomic partial densities of states per muffin-tin sphe
for the fourABO4 scheelite materials, evaluated as described in F
2. The partial densities were weighted by the charges withi
muffin-tin sphere for Ca or Pb~solid line!, Mo or W ~dashed line!,
and O~dotted line!.
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states, as will be discussed below. For all four materials,
main part of the valence bands accommodates 48 elect
per unit cell with a bandwidth of 5 eV for the calcium ma
terials and 5.5 eV for the lead materials. The shape of
density of states for these valence bands has two main
tures. The lower portion of the bands has roughly equal c
tributions from O and Mo or W states per atom, while t
upper portion contains states of primarily O character. If
had plotted the partial density of states per unit cell, the
contributions would be four times larger than the contrib
tions from Ca, Pb, Mo, and W presented in Fig. 3. From t
point of view, it is clear that O states dominate the charac
of these valence bands. In fact, these valence bands ac
modate the same number of electrons per unit cell~48! as if
they were filled with pure O 2p states. The bottom of the
conduction bands of these materials is dominated by Mo
W states. The calcium materials have additional conducti
band contributions from the Ca states at approximately 3
eV above the bottom of the conduction band.

In order to investigate the nature of the valence and c
duction bands further, we analyzed the partial densities
three additional ways—in terms of the 2ps and 2pp contri-

.
a FIG. 4. Crystal-field-split O 2p partial densities of states pe
muffin-tin sphere for the fourABO4 scheelite materials, evaluate
as described in Fig. 2. The partial densities were weighted by
s-like ~full line! and p-like ~dotted line! charges within each O
muffin-tin sphere.
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12 742 57Y. ZHANG, N. A. W. HOLZWARTH, AND R. T. WILLIAMS
butions on the O sites~Fig. 4!, the crystal-field-split 4d or
5d contributions on the Mo or W sites~Fig. 5!, and in terms
of the partial-wave composition of the Ca and Pb contrib
tions ~Fig. 6!.

On the oxygen sites, the valence-band states are alm
entirely described by atomiclike 2p wave functions. The
strong crystal field due to the nearby Mo or W ions splits
atomic 2p states intos andp contributions, as shown in th
partial density-of-states plot of Fig. 4. From this figure, it
apparent that thes-like contributions are weighted towar
the bottom of the valence band and the top of the conduc
band, while thep-like contributions are stronger at the top
the valence band and bottom of the conduction band.

The geometry in the vicinity of the Mo or W sites
approximately tetrahedral and the 4d or 5d states split into
e- and t2-like states. The corresponding partial densities
states are plotted in Fig. 5. From this result it is apparent
the bottom of the valence band receives roughly equal c
tributions from both thee- andt2-like states, while the top o
the valence band receives very little contribution from eith
symmetry. The bottom of the conduction band, however
dominated bye-like contributions, while the upper conduc

FIG. 5. Crystal-field-split 4d and 5d partial densities of state
per muffin-tin sphere for the fourABO4 scheelite materials, evalu
ated as described in Fig. 2. The partial densities were weighte
thee-like ~full line! andt2-like ~dotted line! charges within a Mo or
W muffin-tin sphere.
-
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tion band is dominated byt2-like contributions. Not included
in this plot are the Mo 5s and 5p and W 6s and 6p contri-
butions, since these were found to be negligible.

Finally, it is interesting to investigate the partial-wave d
tribution of the Ca and Pb contributions to the valence a
conduction bands. Since these sites are 2.5 or 2.6 Å a
from the nearest-neighbor O sites, the crystal-field splittin
for these states are very small. The Ca 4s-, 4p-, and 3d- and
the Pb 6s-, 6p-, andd-like contributions are shown in Fig. 6
The vertical scale has been expanded relative to that use
the previous figures, in order to compensate for the sm
muffin tin used in the calculations. In fact, since the atom
or ionic wave functions corresponding to Ca 4s and 4p
states and Pb 6s and 6p states are very diffuse, even a larg
muffin-tin radius could not contain the majority of the char
associated with these states. This figure shows that there
very little Ca 4s and 4p contributions to the valence- an
conduction-band states between26 eV and18 eV. How-
ever, there is a significant contribution of the Ca 3d states
above the Mo 4d and W 5d conduction-band states. In th
Pb materials, the corresponding Pb 5d states are filled, as
discussed above, so that there is no appreciabled-like den-

by

FIG. 6. Ca and Pb atomic-orbital partial densities of states
the fourABO4 scheelite materials, evaluated as described in Fig
The partial densities were weighted by thes-like ~full line!, p-like
~dashed line!, andd-like ~dotted line! charges within each Ca or P
muffin-tin sphere.
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57 12 743ELECTRONIC BAND STRUCTURES OF THE SCHEELITE . . .
sity in the valence- and conduction-band region. Althou
the Pb 6s states form a well-defined narrow band below t
bottom of the valence band, there is some additional Pbs
character throughout the valence bands of PbMoO4 and
PbWO4. Figure 6 also shows significant contribution of P
6p states throughout the conduction bands of these mater

B. Electronic band-structure diagrams

Band dispersions for the four materials are plotted alo
three symmetry directions within the body-centere
tetragonal Brillouin zone~Fig. 7!, and presented in Figs.
and 9. The shapes of the bands for CaMoO4 and CaWO4 are
very similar to each other. The valence-band maxima
conduction-band minima are located at theG point, so that
these are direct-gap materials. Although the values of
band gaps calculated within density-functional theory
known to be underestimated,14 it is interesting to compare
the gaps calculated for the two materials as listed in Ta

FIG. 7. Diagram of the Brillouin zone for a body-centere
tetragonal crystal structure, based on Ref. 38.

FIG. 8. Band-structure diagram for CaMoO4 and CaWO4 plot-
ted in the range of 6 eV below and 10 eV above the valence-b
maximum~taken as the zero of energy!. The bands are plotted alon

the ẑ (c) axis fromG to Z, and within thea plane from its boundary
at (p/a)@11(a/c)2# along theS direction to theG point and from
the G point along theD direction to theX point, where the labels
correspond to Fig. 7.
h

ls.

g
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d

e
e

le

III. The dispersion of the valence bands is relatively sm
with comparable dispersions along both thea and c direc-
tions. The lower part of the conduction band, which is co
posed primarily ofe states associated with the Mo 4d or W
5d states, is separated by approximately 0.5 eV from
upper part of the conduction band formed from thet2 states
of Mo or W and the 3d states of Ca.

The shapes of the bands for PbMoO4 and PbWO4 are very
similar to each other, but are somewhat different from tho
of the Ca materials. For the Pb materials, the band extre
are located away from theG point. Within the limited region
of the Brillouin zone studied for the dispersion plot shown
Fig. 9, we can make the following statements about the b
extrema. The valence band has maxima in theD directions,
and slightly lower maxima in theS directions. The
conduction-band minima are located in theS directions. The
values of these indirect gaps are listed in Table III. The dir
gaps for both materials appear to lie in theS direction, and
are approximately 0.1 eV larger than the minimum~indirect!
band gaps listed in Table III.

The calculated ordering of the band gaps is given
PbMoO4,PbWO4,CaMoO4,CaWO4. Experimental data

d

FIG. 9. Band-structure diagram for PbMoO4 and PbWO4 plotted
in the same energy range, and along the same Brillouin-zone d
tions as in Fig. 8.

TABLE III. Band gaps determined from the band dispersi
calculations shown in Figs. 8 and 9 are listed for various value
k for the valence and conduction bands~kv andkc , respectively!.

Material Egap ~eV!
kvS2p

a D kcS2p

a D
CaWO4 4.09 G G

CaMoO4 3.41 G G

PbWO4 2.96 0.51~D! 0.47 ~S!

3.06 0.47~S! 0.47 ~S!

3.25 0.47~D! 0.47 ~D!

4.13 G G

PbMoO4 2.59 0.57~D! 0.47 ~S!

2.71 0.47~S! 0.47 ~S!

2.93 0.51~D! 0.51 ~D!

3.62 G G
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TABLE IV. Optical parameters~in units of eV! measured and deduced from experimental spectra.
few cases, multiple entries are listed in order to illustrate the variability of these parameters, depend
temperature (T), sample preparation, and other factors.

CaWO4 PbWO4 CaMoO4 PbMoO4

Luminescence peak (Elum) 2.9a 2.9b 2.3a 2.2c

Luminescence width~FWHM! 0.8a 0.8b 0.6a 0.6c

0.7b,d 0.5e

Exciton reflectance peak (Eexc) 5.9f 4.2g,h 5.0f

Luminescence Stokes shift (DES) 3.0 1.3 2.7
Free-carrier threshold (Efc) 7.0i 4.7i

6.5j

6.8k

Exciton binding energy (Eb) 0.9 0.5
Luminescence excitation threshold (Yth) 5.1l 4.1g 4.6l 3.4c,e

4.7m 4.0m

aReference 50,T5295 K.
bReference 51,T5295 K.
cReference 31, 1.6 K,T,144 K.
dReference 52,T54.2 K.
eReference 53, atT54.2 K ~luminescence spectrum!; at T577 K ~excitation spectrum!.
fReference 22,T5295 K.
gReference 24,T54.2 and 295 K.
hReference 23,T5295 K.
iDeduced from the thermoluminescence excitation spectra of Ref. 26,T580 K.
jReference 35, calcined powder sample,T5295 K.
kReference 29, single crystal,T58 K.
lReference 54,T5295 K.
mReference 26,T580 K.
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for exciton reflectance peak, luminescence excitation thre
old, and free-carrier threshold summarized in Table IV
consistent with this ordering.

C. Electron-density distributions

In order to understand the electronic states of these m
rials further, we have constructed contour plots for their
cupied and unoccupied states. Figure 1 shows a perspe
diagram of a PbWO4 crystal together with a plane whic
contains two W-O bonds and also contains a Pb site. A c
tour plot of the valence-electron density~including states
within 5.5 eV of the valence-band maximum, but not t
narrow Pb 6s band! is also indicated on this plane. Most o
the contours shown in this diagram are associated with
four atoms in the plane, although there are significant con
butions from two O’s at the top of the diagram which lie
front or in back of the plane.

We have used the plane indicated in Fig. 1 to constru
series of contour diagrams for various partitions of the el
tronic charge densities of the four materials. Since the p
for CaMoO4 and CaWO4 and for PbMoO4 and PbWO4 look
so similar to each other, we present only the plots
CaMoO4 and PbWO4. These contour plots all have the sam
uniform contour level spacing for all of the plots, name
the contour levels are spaced at intervals of 0.2e/Å 3, with
the first contour level chosen to be 0.1e/Å 3.

Figure 10 shows the electron density corresponding to
valence-band states of PbWO4. The plot labeled~a! shows
the contours corresponding to the narrow Pb 6s states below
h-
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the valence band. With the exception of the small region
high density near the Pb site, most of the contours show
the diagram correspond to oscillations about the 0.1e/Å 3

level around the Pb site and near the O site. Plots labeled~b!
and ~c! correspond to the lower and upper portions of t

FIG. 10. Contour plot of the electronic charge density associa
with the valence band of PbWO4, showing separately the narrow
0.5-eV band associated with the Pb 6s states which is separate
from the valence band by 1.5 eV~a!, the bottom 2.3 eV of the
valence bands~b!, and the top 3.2 eV of the valence bands~c!. The
plane of the contour plot is the same plane as shown in Fig. 1,
passes through four atomic sites: two O sites, one W site, and
Pb site. The contour levels are uniformly spaced starting at 0.1e/Å 3

with a spacing of 0.2e/Å 3 between contours.
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valence band, divided at the minimum in the density of sta
located 3.2 eV below the valence-band maximum. Fr
these plots, it is evident that the lower bands~b! are domi-
nated bys bonding states formed from the O 2p and the W
5d states, while the upper bands~c! are dominated byp

FIG. 11. Contour plot of the electronic charge density associa
with the valence band of CaMoO4, showing separately the bottom
1.9 eV~a! and the top 3.0 eV~b! portions. The plane of the contou
plot and the contour levels are the same as in Fig. 10.

FIG. 12. Contour plot of the electronic charge density associa
with the conduction bands of PbWO4, showing separately the lowe
2.1-eV portion~a! and the next higher 3.4-eV portion~b! of the
conduction band. The plane of the contour plot and the con
levels are the same as in Fig. 10, with the density calculated f
full occupancy of these states.
s

bonding states formed from the O 2p with somewhat less
density associated with the W 5d states. This result is con
sistent with the density of states analysis discussed ab
The sum of the densities~b! and~c! correspond to the densit
shown in the three-dimensional plot shown in Fig. 1.

Figure 11 shows the electron density corresponding to
valence-band states of CaMoO4. Plots labeled~a! and ~b!
correspond to the lower and upper portions of the vale
band, divided at the minimum in the density of states loca
3.0 eV below the top of the valence-band maximum. Th
plots show very similar distributions to those of PbWO4,
showing the dominance of the O 2ps states in the lower
portion and the O 2pp states in the upper portion of th
valence band.

Figures 12 and 13 show the electron density distributio
in the unoccupied bands of PbWO4 and CaMoO4, respec-
tively. The bottom portion of the conduction bands@labeled
~a!# is dominated by states ofe symmetry about the tetrahe
dral site formed from the W 5d or Mo 4d states with a small
antibonding contribution from the O 2pp states. The uppe
portion of the conduction bands@labeled~b!# is dominated by
states oft2 symmetry formed from the W 5d or Mo 4d states
with a small antibonding contribution from the O 2pp and
2ps states. For CaMoO4, the uppermost portion of the con
duction band (E.6.7 eV) is plotted separately@labeled~c!#,
showing the contributions from the Ca 3d states.

V. DISCUSSION AND CONCLUSIONS

The results presented here represent an accurate
consistent evaluation of the Schro¨dinger equation for the
ground state of the system within the density-functional f
malism. The total energy of the system and the correspo
ing electron density are determined variationally. Howev
the band structure and the corresponding densities of s
are only qualitatively related to the ‘‘quasiparticle’’ states14

which are accessible experimentally. Within this caveat, i

d

d

r
m

FIG. 13. Contour plot of the electronic charge density associa
with the conduction bands of CaMoO4, showing separately the
lower conduction band having a width of 1.2 eV~a!, the bottom 1.6
eV of the upper conduction band~which is 0.9 eV above the lowe
conduction band! ~b!, and the next 2.8 eV of the upper conductio
band~c!. The plane of the contour plot and the contour levels
the same as in Fig. 10, with the density calculated from full oc
pancy of these states.
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useful to relate the present results to some of the experim
tal and theoretical results in the literature. For the purpos
the present qualitative discussion, we first relate our res
to the ligand-field model used extensively in the literatu
and then present a tentative comparison with some spe
scopic results.

A. Ligand-field model

For the purpose of this analysis, it is helpful to visuali
the formation of these materials in the following way. Ima
ine that one could place the neutral atoms at the cor
atomic positions in the crystal. First allow the neutral sphe
cal atoms to self-consistently transfer charge to prod
sphericalA1a, B1b, and O2g ions as described in Sec. II. I
the valence bands were formed only from O 2p states, the
band filling would indicate thatg52, b56, anda52. Now
apply degenerate perturbation theory to describe the s
tings of the valence states of the spherical ions.15 The split-
ting of the O 2p states is dominated by the Coulomb attra
tion of the electron to the nearest-neighborB1b ion. The first
orders andp energy shifts are given, respectively, by

Eps
1 52

2be2^r p
2&

5RBO
3 and Epp

1 51
be2^r p

2&

5RBO
3 . ~2!

HereRBO is the Mo-O or W-O bond length, and̂r p
2& is the

expectation value of the squared radius of the O 2p orbital.
Using the estimated values of the parametersb56, RBO53.4
bohr, and^r p

2&52 bohr2 ~estimated from numerical integra
tion using neutral O 2p wave functions!, we find Epp

1

2Eps
1 '5 eV.

The splitting of the 4d or 5d states of theB ion is domi-
nated by the Coulomb repulsion of the electron from the f
tetrahedral nearest neighbor O2g ions. The first-order energy
shift for states of ‘‘t2’’ and ‘‘ e’’ symmetries are given, re-
spectively, by

Et2
1 52

8ge2^r d
4&

27RBO
5 and Ee

15
4ge2^r d

4&

9RBO
5 . ~3!

Here^r d
4& is the expectation value of the fourth power of t

radius of thed orbitals of theB ions. Using the estimated
values of the parametersg52, RBO53.4 bohr, and^r d

4&
59 bohr4 ~the average value from numerical integration u
ing Mo16 4d or W16 5d wave functions!, we estimateEe

1

2Et2
1 '1 eV.

Finally, following the approach of Ballhausen an
Liehr,16 we allow the t2 and e orbitals on theB sites to
hybridize with linear combinations ofps and pp ligand
orbitals, symmetrized for the tetrahedral geometry, form
bonding and antibonding combinations which approxim
the eigenstates of theBO4

2a ions. The four ligandps orbitals
are compatible with the tetrahedral representation of sym
try a1 andt2 , while the eight ligandpp orbitals are compat-
ible with the tetrahedral representation of symmetriest1 , t2 ,
and e. From our partial density-of-states analyses, we
roughly guess the ordering which would correspond to
molecular orbitals for theBO4

2a clusters. These are shown
Fig. 14, where we have also indicated in the same diag
the positions of the atomiclike bands that we have identifi
n-
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in our calculations—Pb 6s states and Ca 3d states. This
qualitative picture~apart from the ordering of the lowe
molecular-orbital states! is consistent with the early sem
empirical molecular-orbital calculations for WO4

22 and
MoO4

22 by several authors.16–18 In particular, the early cal-
culations recognized that the top occupied state hast1 sym-
metry formed from the O 2pp states and the lowest unoc
cupied state hase symmetry formed from an antibondin
combination of Mo 4d e or W 5d e state with O 2pp states.
In fact, this model has been used more generally to desc
the class of tetrahedralBO4

2a anions.19

The fact that there is hybridization between thed orbitals
of the B1b ions and the O 2p orbitals means that there i
some covalent character to the bonding. From the ratio
occupied to unoccupied charge density within the muffin-
spheres of theB1b ions, we estimateb'3 for all four ma-
terials.

B. Comparison with optical spectra

A large portion of the interest in these materials is due
their intrinsic luminescence spectra.1,2 While a detailed un-
derstanding of the luminescence processes goes far be
the scope of the present study, we can make some qualita
comments. For each of the four materials, the intrinsic lum
nescence spectrum has been interpreted in terms of a
lecular diagram such as Fig. 14, similar to that given
Ballhausen and Liehr.16 The ground state of the system co
responds to filling all one-electron states below the band g
resulting in a many-electron state of1A1 symmetry. The

FIG. 14. Schematic diagram of the crystal-field splitting a
hybridization of the molecular orbitals of a tetrahedral WO4

2a ~or
MoO4

2a! cluster using the notation of Ref. 16, with ‘‘* ’’ indicating
anti-bonding~unoccupied! states. The numbers in parentheses in
cate the degeneracy~including spin degeneracy! of each cluster
state. The ordering of the molecular orbitals in the diagram appr
mates the partial density of states analyses. The shaded boxe
included to emphasize the fact that the discrete states are broad
by neighboring cluster interactions in the solid material. The re
tive positions of the Pb 6s states~for PbWO4 and PbMoO4! and Ca
3d states~for CaWO4 and CaMoO4! are also indicated on this dia
gram.
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lowest excited states involve one hole in thet1 ~primarily O
2pp! states and one electron in thee ~primarily Mo 4d or W
5d! states, corresponding to the many-electron states1T1 ,
3T1 , 1T2 , and 3T2 . Of these states only the transitio
1A1↔1T2 is a dipole-allowed transition. However, it is th
lower 3T1 or 3T2 states which were shown to account for t
intrinsic luminescence by a spin-forbidden transition to
ground 1A1 state in optically detected electron paramagne
resonance experiments on CaMoO4 and PbMoO4.

20,21

While the molecular-orbital model describes the gene
features of the excitation and luminescence of these ma
als, a more accurate description corresponds to a Fren
type exciton22–26having energies within the band gap of th
one-electron states.27 Since the present study has calculat
the one-electron states only, we have no detailed informa
about the excitons. However, having information about
band states, we can comment on the qualitative differen
between the excitons in the Ca and Pb materials. In part
lar, several authors23,25,26have suggested that the Pb 6s and
6p states contribute in a significant way to the excitation a
luminescence spectra of PbWO4. One experimental impetu
for this suggestion is that an exciton peak is found at con
erably lower energy in PbWO4 ~4.2 eV! than in CaWO4 ~5.9
eV!, despite the fact that both crystals have the sameWO4

2a

complex anion and the same scheelite structure.
Thus Belskyet al. suggested that the first sharp refle

tance peak in PbWO4 at 4.17 eV is associated wit
Pb 6s→6p transitions.23 In advance of an available band
structure calculation, they speculated that a narrow Pb12 6p
subband at the bottom of the conduction band should
expected. However, the partial density-of-states@Na(E)# cal-
culations presented in Figs. 3 and 6 do not exhibit a nar
Pb peak at the bottom of the conduction band nor at the
of the valence band. Rather, a nearly uniform density of
states is distributed throughout the conduction and vale
bands. The only distinct narrow Pb 6s band is locatedbelow
the valence bands. We will return later to a discussion
partial Pb character in the lowest exciton. Comparing sec
ionization potentials of Ca and Pb, Mu¨rk et al. suggested
another exciton model for PbWO4 in which a hole residing
mainly on the tungstate group is paired with an electron
scribed as being in the Pb1 state.26

The peak energies of intrinsic recombination lumine
cence in the four scheelite materials under consideration
listed in Table IV. The intrinsic luminescence energyElum is
about 2.9 eV in both tungstates and about 2.3 eV in b
molybdates, consistent with the view that the intrinsic lum
nescence mainly involves the tungstate~molybdate! complex
anion. We have already seen that the exciton energy dep
strongly on whether Ca or Pb is the cation. In contrast,
luminescence energy is almost independent of this facto28

The luminescence peaks are broad, having full width at h
maximum ~FWHM! around 0.7 eV at temperatureT
5295 K. The intrinsic luminescence energy is Stokes shif
about 3 eV below the exciton reflectance peak in CaW4,
and about 1.3 eV below the exciton in PbWO4. Since the
2.9-eV luminescence in tungstates has been satisfact
identified as intrinsic recombination luminescence, the la
Stokes shift and broadband imply that excitons self-trap
fore emitting luminescence photons.25,29,30This conclusion is
further supported by the Urbach slope parameters050.9
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measured for PbMoO4 by Van Loo.31 According to the
theory of Refs. 32 and 33,s0,1 implies an exciton-phonon
coupling constant strong enough to induce self-trappi
This has been confirmed by observations reported for a w
variety of crystals.30 Because of the significant local lattic
distortion that accompanies self-trapping, the states giv
luminescence can be described reasonably well as molec
orbitals of the single distorted atomic group on which t
exciton localizes. Van der Waals and co-workers used o
cally detected electron paramagnetic resonance to study
excited state responsible for the intrinsic green luminesce
in CaMoO4 ~Ref. 20! and PbMoO4.

21 The luminescence wa
found to originate from a spin triplet excited state localiz
on a MoO4

22 ion distorted by a Jahn-Teller instability. I
PbWO4, the complex shape of the spectrum of the blue
minescence band was attributed by Polaket al.34 to Jahn-
Teller splitting of the nearly degenerate localized excit
states of a WO4

22 complex anion. In contrast, it is the delo
calized exciton band states which determine the near-e
excitation spectrum.

The band gaps of PbWO4 and CaWO4 can be assigned on
the basis of excitation spectra of thermoluminescence26,29 or
phosphorescence.35 Excitation of thermoluminescence o
trap-mediated recombination phosphorescence imp
charge separation followed by capture in traps. Such exc
tion spectra may be considered to yield information simi
to photoconductivity spectra, without the need to apply
external field. We have chosen the threshold for product
of free carriers,Efc , as the beginning of the steep rising ed
of the thermoluminescence excitation spectrum in PbW4
single crystals measured at 80 K by Mu¨rk et al.26 It is listed
as Efc54.7 eV in Table IV. Estimating the free-carrie
threshold for a single crystal of CaWO4 at a roughly corre-
sponding point on its thermoluminescence excitat
spectrum,26 we find Efc'7 eV. Gurvich et al.35 assigned
Efc'6.5 eV for calcined powder samples of CaWO4 at 295
K, and Nagirnyi et al.29 recently found Efc'6.8 eV for
single crystals of CaWO4 at 8 K. We will adopt Efc
'6.8 eV as the band gap for data comparisons below.

We have made use ofEfc in order to overlay the valence
band density of states from the present calculation with sp
tra of reflectivity and luminescence excitation near the int
band edge in PbWO4 ~Fig. 15! and in CaWO4 ~Fig. 16!.
Although it is not expected that optical spectra should
directly comparable to the valence band density of state
general, our rationale for the present comparison is that
main differences in band structure which we want to co
pare between CaWO4 and PbWO4 occur near the top of the
valence band, whereas the conduction-band edge is simil
both materials. Furthermore, as long as we confine atten
to transitions near the interband edge, overlapping opt
transitions should not complicate the spectra so much a
obscure basic valence structure.

With these caveats in mind, we have aligned the top e
of the valence-band density of states,NT(E), with the pho-
ton energy (hn) corresponding to the experimental band g
Efc , such that deeper valence states correspond to the hi
photon energies needed to excite them. The implied assu
tion is that the important spectroscopic features near the
terband edge represent mainly transitions from successi
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deeper valence states to just the conduction-band edge
that a rough comparison to the density of initial states m
be made without treating transition matrix elements exp
itly. In future work, we will calculate optical constants from
the band structure for a more accurate comparison ov
larger photon energy range.

We focus now on the PbWO4 reflectance and lumines
cence excitation spectra measured at liquid helium temp
ture by Kolabanovet al.24 and reproduced in Fig. 15 with th
aligned and overlaid valence-band density of states.36 It is
obvious that the lowest-energy peak in reflectivity lies with
the band gap, in agreement with the previous identificat
of the 4.2-eV peak as an exciton.22–26 The exciton binding
energy is 0.5 eV if the band gap isEfc54.7 eV. The rise of
reflectivity on the high-energy side of the exciton line co
cides with the onset of interband transitions out of the hi
est valence states in the overlaidNT(E), starting at 4.7 eV on
the photon energy scale. The luminescence excitation s
trum, which should have some correspondence to the abs
tion spectrum in this region, exhibits a shoulder rough
matching the shoulder at the top of the calculated vale
NT(E). The strong O 2p peaks in the valenceNT(E) spec-
trum rise sharply at about 6 eV on the aligned photon-ene
scale, just where the experimental excitation spectrum tu
sharply upward. The deeper group of valence bands ac
sible by photons above 8 eV seem a little misaligned with
valley at 8.6 eV and the peak at 10 eV in the excitati
spectrum. This may indicate that we are getting too far fr

FIG. 15. Experimental spectra of reflectance@R(hn)# and exci-
tation yield of intrinsic luminescence@Y(hn)# measured for
PbWO4 at liquid helium temperature in Ref. 24 are overlaid wi
the calculated total density of states@NT(E)#. The experimental
free-carrier excitation thresholdEfc54.7 eV, as discussed in th
text, is used to align the top (E50 eV) of the valence density o
states with the photon energy scale such thathn is the energy from
each plotted valence state to the conduction-band edge.
nd
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the interband edge for this simplistic comparison to valen
structure to be faithful. Another reason for the apparent m
alignment with the 10-eV peak in the excitation spectrum
that at least parts of the peaks at 10 and 15 eV proba
correspond to excitation multiplication37,29 at photon ener-
gies two and three times the band gap. We note that
isolated narrow Pb 6s peak in the calculatedNT(E) at hn
512 eV (E527.2 eV) aligns well with the bump in the
excitation spectrum at the corresponding energy.

Similar comparisons can be made for CaWO4 reflectivity
and the overlaid valenceNT(E) in Fig. 16. With the band
gap taken to beEfc'6.8 eV, as discussed above, the excit
reflectance peak at 5.9 eV implies a 0.9-eV binding ene
of the exciton. Furthermore, we find reasonable qualitat
correspondence between both the energy location and w
of the valenceNT(E) structure aligned in this way and th
region of main reflectivity structure above the exciton, me
sured by Grasseret al.22

The shape of the optical spectra near the interband edg
PbWO4 is suggestive of a weaker absorption threshold f
lowed at higher energy by a stronger threshold in stair-s
fashion, whereas in CaWO4 there appears to be a main a
sorption threshold with which the exciton is associated. T
‘‘strong’’ absorption thresholds in both materials involve d
rect transitions atG starting from valence states with ove
whelming O 2p character. The weaker threshold and asso
ated exciton in PbWO4 involve the topmost valence band
which disperses upward away fromG, extending about 1 eV
higher than the dominant O 2p bands atG. According to Fig.
9 and Table III, there is a minimum-energy direct transiti

FIG. 16. Reflectance spectra@R(hn)# measured for CaWO4 in
Ref. 22 are overlaid with the calculated total density of sta
@NT(E)#. The broken and solid reflectance spectra were meas
at 77 and 295 K, respectively. The experimental free-carrier e
tation thresholdEfc'6.8 eV, as discussed in the text, is used
align the top (E50 eV) of the valence density of states with th
photon energy scale, such thathn is the energy from each plotte
valence state to the conduction-band edge.
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at about 0.5 alongS, and another direct transition 0.19 e
higher at about 0.5 alongD. In this regard, it is interesting to
note that the 4.2-eV reflectance peak in PbWO4 was resolved
as a doublet with a 0.1 eV splitting at 4.2 K by Koloban
et al.24 An indirect gap fromS to D lies about 0.1 eV lower
in energy according to the present calculations. Since
exciton luminescence is emitted after self-trapping w
1.3-eV relaxation, luminescence spectra are unlikely to in
cate whether an indirect edge lies 0.1 eV below the minim
direct edge. We know of no data yet available to suppor
rule out a minimum-energy indirect edge slightly below t
direct edge.

We see in Fig. 3 that there is no peak in the partial den
of states corresponding to Pb 6s orbitals @NPb(E)# at the
energy of the topmost valence band. However, beca
NO(E) dips sharply above the energy of theG critical point,
the relative importance of the nearly constantNPb(E) in-
creases significantly in the topmost band. With respec
some of the earlier discussions on the involvement of
states,26,23,25the topmost valence band may be described
having Pb 6s character with a strong admixture of O 2p
character. Even though the distinct Pb 6s band actually lies
below the valence bands at about27.2 eV, we conclude tha
the presence of Pb~rather than Ca! in the PbWO4 scheelite-
type material also causes a band with hybrid Pb 6s and O 2p
character to disperse upward fromG and establish the mini
mum gap. However, a ‘‘Pb 6s→6p exciton’’ is not sup-
ported because no Pb12 6p discrete band was found at th
bottom of the conduction band. The minimum-energy dir
exciton in PbWO4 should involve charge transfer from bo
lead and oxygen to mainly tungsten. In CaWO4, and also in
PbWO4 at its second absorption threshold, the direct exci
at G involves charge transfer mainly from oxygen to tun
sten.

C. Summary

For the four scheelite materials studied in this work, t
results of the partial density-of-states analyses~Figs. 3, 4, 5,
and 6! and electron-density contour plots~Figs. 10, 11, 12,
and 13! together with the band-structure plots~Figs. 8 and 9!
are in qualitative agreement with the energy-level diagr
presented in Fig. 14. That is, the main features of
valence- and conduction-band states near the energy-
lid
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gap are well approximated by the molecular orbitals16 of the
tetrahedral molybdate or tungstate ions. The valence b
accommodates 48 electrons per unit cell in one-to-one
respondence with the number of O 2p states. The shape o
the valence-band density of states has two main peaks,
the upper peak primarily composed of O 2pp states and the
lower peak composed of a combination of O 2p s and p
states together with contributions from thed states of Mo or
W. The lowest conduction band is largely formed fro
e-symmetry states derived fromd states of Mo or W and, in
the Ca materials, is separated from the upper conduc
band by a small gap. The upper conduction band is larg
formed fromt2-symmetry states derived fromd states of Mo
or W. In the Pb materials, a narrow band of filled states
formed 1 eV below the valence bands as a result of the Pbs
states. In the Ca materials, the 3d orbitals form a narrow
band above the molybdate or tungstate conduction band

In addition to these general features, there is signific
hybridization of the Pb 6s and 6p states throughout the va
lence and conduction bands of PbMoO4 and PbWO4, so that
the band dispersions and splittings in the Pb materials
different from those of the Ca materials. In particular, t
topmost valence band acquires significant Pb 6s character
along with O 2p character, and disperses upward away fro
theG point of the Brillouin zone. We have analyzed some
the optical properties of these materials as summarize
Table IV, and made a rough comparison of our densities
states with reflectance and excitation yield data in Figs.
and 16. In the future, we hope to use the present results
basis for a more thorough analysis of the optical proper
of these materials.

ACKNOWLEDGMENTS

This project was supported by NSF Grant Nos. DM
9403009, DMR-9706575, and DMR-9510297. We wou
like to thank Dimitri Alov for introducing us to the scheelit
materials, for providing samples for the experimental wo
associated with this project, and for helpful discussions.
thank Martin Nikl and Vitali Nagirnyi for helpful comments
on the manuscript, and also thank Eric Carlson, Abdessa
Lachgar, and Ekaterina Anokhina for symmetry and crys
lographic advice, and Peter Blaha for help with theWIEN97

computer program.
ut.

-

ri-

.

g,
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