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Optical properties of scheelite and raspite PbWQ crystals
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Reflection spectra of lead tungstate (Pbyy©rystals with scheelite and raspite structures have been mea-
sured &6 K in the spectral range from 3 to 25 eV. The optical constants of both phases have been derived
through the Kramers-Kronig analysis. The absorption spectra thus obtained exhibit a strong doublet exciton
structure at around 4.30 eV for the scheelite phase and a weak exciton band at 3.75 eV for the raspite phase.
The scheelite sample gives rise to a luminescence band peaking at 2.80 eV, while the raspite sample emits a
band at 2.25 eV. The decay behaviors of these bands are found to be similar to each other. The 2.80- and
2.25-eV luminescence bands are intrinsic to the respective phases. The above results are discussed on the bases
of a recent band-structure calculation of scheelite PR\&@ of a difference in crystal structure between the
two phases. Furthermore, it is suggested that the controversial “green” luminescence in scheelite is due to the
raspite-type inclusions introduced by thermal stress during the crystal growth.

I. INTRODUCTION spectra and decay kinetics have also been investigated for
both phases. On the basis of these results, the optical prop-

Lead tungstate, PbWQis a quite unique material be- erties of scheelite- and raspite-structured P\l be dis-
cause it possesses two stable structural modifications undeussed in terms of the differences in crystal and electronic
normal conditions. As illustrated in Fig. ', one is a structures between the two phases.
scheelite-type(or stolzite-type structure belonging to the
space groupl4,/a, and the other is a raspite-typ@r Il EXPERIMENT
wolframite-type structure with the space group2,/c. In
the scheelite structure, W ions are in tetrahedral O-ion cages A large ingot of a scheelite PbWCcrystal was grown
and isolated from each other. A Pb ion is surrounded bysing the Czochralski melting technique at the Institute of
eight oxygen ions. In the raspite structure, the coordinatiorsolid State Physics, Russian Academy of Sciences. With a
number of W is six and W@octahedra form a chain by edge reference of their luminescence characteristics, the scheelite
sharing. Each Pb ion is coordinated to seven oxygen ionsamples £3x3x2 mn? in size used in the present study
The volume difference of the unit cells of these two struc-were carefully selected from a large number of crystals
tures is merely about 0.5%. The raspite Pb)\@s not yet cleaved from the ingot. The raspite Pb\WW@as a natural
been successfully prepared in the laboratory and is obtainectystal (~1x0.2x0.2 mn? in size found in Broken Hill,
as a natural crystal, which transforms irreversibly to theAustralia. The crystal structures of scheelite and raspite
scheelite around 400 °C.

In recent years, PbWOhas attracted much interest be-
cause of plans to use it as a scintillation detector at the Large
Hadron Collider in CERN:* For scheelite PbWgcrystals,
there have been numerous investigations on the luminescent
properties 2 In general, two emission bands, called “blue” dx
and “green” bands, are observed, depending strongly on the
photon energy of exciting light or the temperature of sample. ‘0}{
Measurements of the reflection spectra, however, have been
much more limited®!° Very recently, the electronic struc-
tures of this material have been calculated in the framework
of density functional theory using a relativistic linearized-
augmented-plane-wave technicfeOn the other hand, no
detailed optical investigation has been made on raspite QP oW @O*
PbWQ,, except for preliminary reports by Aldvand us??

In the present study, we have measured the reflection
spectra of PoW@crystals of scheelite and raspite phases in  FIG. 1. Projections ofa) scheelite andb) raspite structures of
the energy range from 3 to 25 eV with the use of synchrotrorPbw@, along theb axis. For scheelitéRef. 1), a=b=5.45 A,
radiation as a light source. The optical constants are deriveghd c=12.02 A . For raspitdRef. 2, a=5.56 A, b=4.97 A,
through the Kramers-Kronig analysis. The luminescence=13.56 A, andg=107.6°.
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FIG. 2. Reflectivity spectra ofa) scheelite- andb) raspite- FIG. 3. The real {;) and imaginary £,) parts of the dielectric
structured PbW@crystals obtained at 6 K. function of (a) scheelite- andb) raspite-structured PbWQderived

through the Kramers-Kronig analysis of the reflectivity spectra in

samples were confirmed by the x-ray analysis. All theFi9s- 48 and 2b), respectively.

samples were colorless and transparent.

The present experiments were mainly carried out by usin@.16 at 632 nn{1.96 e\).* Using this value, we obtained the
synchrotron radiation passed through a 1-m Seya-Namiokeeflectivity of Fig. 2a). The reflectivity of Fig. 2b) was also
monochromator at beam line 1B of UVSOR in the Instituteobtained by assuming that the refractive index of the raspite
for Molecular Science, Okazaki. The specimens werds the same as that of the scheelite.
mounted on the copper holder in a variable-temperature For scheelite, one can clearly see a sharp peak at 4.25 eV
cryostat of He-flow type. Reflection spectra of near-normaland a high-energy hump at 4.38 8¥A similar doublet was
incidence were measured using a photomultiplier tube coatealso observed in the reflection spectrum for a cleaved surface
with sodium salycilate. Photoluminescence was disperseby Shpinkov et al,*® although our resolution is bettét.
through a Spex 270M monochromator equipped with aBelskyet all® could not resolve the doublet structure in their
charge-coupled devicécCD) camera(Princeton, LN/CCD- reflection measurement at 300 K. For raspite, there appear a
1152B). The registration system used here permitted us taveak peak at 3.72 eV and a strong band at around 4.18 eV in
get full excitation-emission information in a short amount of the low-energy region.
time; excitation energy was changed automatically by steps, The real ¢;) and imaginary £,) parts of the dielectric
and for each step the emission spectrum was registered. Tlignction of each phase were derived through the Kramers-
emission spectra were corrected for the dispersion of the an&ronig analysis of the reflectivity spectra in Figgapand
lyzing monochromator and for the spectral response of th@(b). The obtained results are shown in Fig&a)3and 3b).
detection system, and the excitation spectra were correcteffe also calculated absorption spectra for scheelite and
for the intensity distribution of the incident light. raspite PbWQ, as shown in Figs. @ and 4b). For

Decay kinetics measurements of luminescence were pescheelite, a doublet structure peaking at 4.29 and 4.40 eV is
formed at Shinshu University. The fourth harmonidsw(  seen. This doublet is most likely due to the lowest-exciton
=4.66 eV, pulse widtk5 ns, average powei0 mW) transitions. A hump is observed at 5.5 eV. There exist some
from aQ-switched Nd:YAG(yttrium aluminum garnetlaser  structures in the energy region between 6 and 11 eV. A
was used as an exciting light pulse. The 4.66-eV photon fallsveak, but clear, peak appears at 11.3 eV. The absorption
well above the fundamental absorption edges of scheeliteoefficient increases in the region above 12 eV, followed by
and raspite PbWQ The decay curves were recorded on aa broad band at 15.8 eV. A doublet structure observed at
Tektronix 2440 digital storage oscilloscope operated with ar20.6 and 22.4 eV is certainly attributed to the?Pb5d
averaging mode. —6p transitions. For raspite, a weak peak is observed at

3.75 eV. This lowest-energy peak is probably assigned to the
exciton transition. Two broad bands are seen at 4.9 and 6.5
eV. As in the case of scheelite, a distinctive band is observed

Figures 2a) and 2b) show the reflectivity spectra of at 11.3 eV, and the absorption coefficient increases in the
scheelite and raspite PbWQrespectively, in the energy region above 12 eV, accompanying a broad band around
range between 3 and 25 eV at 6 K. The absolute values of tht6.0 eV. The Pb" 5d—6p transitions are also observable
reflectivity could not be obtained in the present experimentaround 22 eV.

This is because the cleaved surface of a scheelite sample wasThe contour plots of excitation-emission spectra of
not flat, and the natural surface of a raspite sample was corscheelite and raspite PbW@neasured ta6 K are shown in
siderably smaller than the spot size of the incident light. Therigs. 5a) and 5b), respectively. The abscissa corresponds to
refractive index of the scheelite has been measured to hie excitation energy, and the ordinate to the emission en-

Ill. RESULTS
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FIG. 4. Absorption spectra ofa) scheelite- andb) raspite-
structured PbWQ derived through the Kramers-Kronig analysis of
the reflectivity spectra in Figs.(@ and 2b), respectively. The in-
sets in(a) and(b) show the absorption spectra in the exciton-band
region on an expanded scale.

ergy. The scheelite sample gives rise to an emission band
which is asymmetric in shape and tails to the low-energy
side. The peak position slightly depends on the excitation
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energy; it locates at 2.80 eV when excited in the range of F|G. 5. Contour plots of excitation-emission spectra (af
4.1-5.0 eV and at 2.75 eV when excited in the range abovecheelite- andb) raspite-structured PbWmeasured at 6 K. The

5.5 eV. On the other hand, the raspite sample emits a singlgbscissa corresponds to the excitation energy, and the ordinate to
band with a Gaussian shape centered at 2.25 eV. Its peake emission energy.

position is independent of the excitation energy. The excita-
tion threshold of the 2.25-eV band is about 3.6 eV.

In connection with the above results, it must be noted tha
many other scheelite samples emit an additional band
around 2.36 eV when they are excited with photons in th
narrow region between 3.95 and 4.11 eV, i.e., just below th
exciton-band region. A typical result is shown in Fig. 6. It
was also found that the low-energy tail part of the exciton
doublet in the reflection spectra is somewhat deformed on
these samples emitting the 2.36-eV luminescence, although
the doublet structure itself is hardly affected.

Decay behaviors of the 2.80-eV luminescence in scheelite
and of the 2.25-eV luminescence in raspite measured at 8 K
are depicted in Fig. 7. The 2.80-eV luminescence decay is
fitted by the sum of three exponentials; a fast decay time
7=0.2=0.1 us, a middle decay timer,,=1.5+-0.2 us,
and a slow decay time;=5.6+0.2 us. The time-integrated
intensities of the fast, middle, and slow components are in
the ratio 1:5:11. Niklet al® have found that the 2.80-eV
luminescence exhibits a single exponential decay with a life-
time 5.6 us at 4.2 K. A nearly exponential decay with a
lifetime ~4 us has been observed by Millees all® The
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g.zs-ev luminescence is also triexponential, with=0.4
0.1 us, 7,=1.9+0.2 us, and 7,=8.0=0.2 us. The
Ime-integrated intensities of the fast, middle, and slow com-
ponents are in the ratio 1:9:10.
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present slow component is fairly consistent with these obser- FiG. 6. Contour plot of a typical example of the coexistence of
vations. Interestingly, the authors of Refs. 3 and 9 have rethe 2.80-eV(“blue” ) and 2.36-eV(“green”) emission bands in
ported that the 2.80-eV luminescence consists of three decayheelite PbW@measured at 6 K. The abscissa corresponds to the
components at room temperature. The decay curve of thexcitation energy, and the ordinate to the emission energy.
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- r - v T T to the bottom of the conduction band. A narrow band at 11.3
eV is assigned to the isolated Pb §tate. It is likely that the
structures above 12 eV are mainly ascribed to electronic
transitions from the valence band to the high-lying states in
the conduction band.
No electronic structure calculation has been made for
4 raspite PbWQ. However, because of the sameness of the
] constitutive elements, the electronic structures of raspite are
expected not to be so different from those of scheelite. From
Figs. 4a) and 4b), it is obvious that a main difference of the
absorption spectra in both phases is in the exciton transitions.
The exciton transition in raspite is very weak. This result
suggests that the Pb contributions to the top of the valence
band and the bottom of the conduction band are small in
raspite compared to those in scheelite. That is to say, the
raspite exciton is a molecular-type exciton of the YWahion
complex with mainly covalent bonding within the oxocom-
plex. Our speculation may be reasonable in view of the fact
. . . . that the cation coordination is remarkably different between
0 4 8 12 16 20 the two forms, i.e., the coordination sphere consisting of Pb
TIME (us) and eight O ions in scheelite is a slightly distorted cubelike
arrangement, while the coordination polyhedron of Pb and
FIG. 7. Decay profile; of the 2.8(_)-eV Iuminescence i_n s_cheelitese\,en O ions in raspite is rather irregular in sh%lpe.
and of the 2.25-9V luminescence in raspite. The exc@atlon Was  The band-gap energy of raspite is located around 4.0 eV
made at 8 K with 4.66-eV photon pulses from @switched 4 \which the absorption coefficient rises sharply in Fig) 4
NA:YAG laser. Similarly to the case of scheelite, the distinctive Rbkénd
IV. DISCUSSION is also seen at 11.3 eV, and some structures between 4 and
11 eV are likely due to the transitions from the valence band
The recent electronic structure calculation of scheeliteo the bottom of the conduction band. Furthermore, there are
PbWQ, (Ref. 20 has indicated that the valence band isclose similarities in the absorption spectra above 12 eV for
mainly described by the2state of G~ ions, and the con- scheelite and raspite samples, indicating that the electronic
duction band is dominated by thed5state of W™ ions.  band structures of both phases are, as a whole, similar to
However, it has also been pointed out that the Bbstate  each other.
and Pb @ state have appreciable contributions throughout Let us now discuss the origin of the luminescence bands
the valence band and conduction band, respectively. Thia scheelite and raspite PoWQAIl scheelite samples inves-
valence-band width is calculated to be 5.5 eV. The Bb 6 tigated here give rise to the luminescence band at 2.80 eV.
state forms a well-defined narrow band 1 eV below the botThis luminescence has been regarded as being an intrinsic
tom of the valence band. feature of the scheelite sampie-’ Such a conclusion is in-
The lowest exciton transition of scheelite in Figadis  deed supported by the present result that the 2.80-eV lumi-
connected to an electronic excitation from the mixednescence is stimulated with photons above the onset of the
Pb(6s)-O(2p) ground states to the mixed Ph{eW(5d) lowest exciton absorption band, as shown in Fi@).5The
excited states. In other words, a part of the scheelite excitod.80-eV luminescence is ascribed to the radiative decay of
consists of the §— 6p transition of PB* ions. Accordingto  excitons self-trappedocalized on regular WQ groups in
this model, the doublet structure can be explained in terms afrhich four oxygen ions form the tetrahedron with a tungsten
the crystal-field splitting of the PbBlevels with S, point  ion at the center. It was observed that the luminescence peak
symmetry. The present val@.11 e\ of the splitting of the  moves from 2.80 to 2.75 eV when the excitation energy is
exciton band is comparable to 0.06-0.14 eV in leadchanged from the exciton-band to interband regions. The rea-
halides?* although their cation sites have tfg point sym-  son for this shift is not clear at present.
metry. The present interpretation is different from that by The raspite sample emits the 2.25-eV luminescence. This
Zhanget al,?® who have suggested the possibility that thisluminescence is stimulated with photons above the onset of
doublet arises from the energy difference of the topmost vathe lowest exciton absorption band, as shown in Fig).5
lence bands at th® andA points of the Brillouin zone. The Such a result suggests an intrinsic nature of the 2.25-eV lu-
absorption coefficient of scheelite rises sharply at 5.0 eV ominescence, but does not rule out the possibility that opti-
the high-energy side of the exciton doublet, which undoubtcally generated excitons may move about freely through the
edly corresponds to the interband edge. No obvious symptormrystal and be trapped by some lattice imperfection from
of the indirect transition predicted by Zhaegal?° could be  which the 2.25-eV photons are emitted. In Figh)swe can-
found in the present experiment. not see any other luminescence. Therefore, if this possibility
In Fig. 4(a) the absorption spectrum of scheelite shows as realized, it has to be supposed that almost all excitons
composite structure between 5 and 11 eV. Since the calcuransfer their energy to imperfections before relaxing into
lated valence-band width is 5.5 eV, this structure can beself-trapped states. Such a supposition looks questionable,
primarily attributed to the transitions from the valence bandparticularly in view of the strong exciton-phonon coupling in

scheelite

INTENSITY (arb. units)

raspite
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lead tungstates. We ascribe the 2.25-eV luminescence to ttsynthetic crystals, which usually crystallize in the scheelite-
radiative decay of excitons self-trapped on octahedralsWOtype structure. The transformation from scheelite to raspite is
groups in which a tungsten ion is surrounded by six oxygerexpected to take place by thermal stress because of the very
ions. This assignment is consistent with the result of ZnWO small volume difference between the two forms. The differ-
with raspite structure, where the intrinsic luminescence fronence in peak energy between the green band and the raspite
WO, groups appears at around 2.5 &V. band is about 0.1 eV. Furthermore, the decay time
From the above discussions, we can state that thé~8 us) of the raspite band is somewhat shorter than that
scheelite and raspite samples give rise to the intrinsic lumi(~15 us) of the green bant.These differences may be
nescence bands at 2.80 and 2.25 eV, respectively. It is reanderstood by taking into account the environmental influ-
sonable to believe that the difference in molecular structurence that the raspite-type inclusions are embedded in the
between WQ and WQ groups results in the different re- scheelite host matrix.
laxed configuration of the self-trapped excitons generated in The valence and conduction bands of the host scheelite
scheelite and raspite crystals, leading to the difference imrystal will be perturbed by the existence of locally deformed
magnitude of a Stokes shift. structural environmentSaspite-type inclusionsAs a result,
As mentioned before, the lowest absorption bands imew localized states, wave functions of which have mainly
scheelite and raspite are connected to the exciton transitionthe character of a WgQgroup, are created in the energy
If the exchange interaction between electron and hole igegion just below the band edge of the host crystal. This
taken into account, the exciton states are split into a singletexplains the result of Fig. 6 showing that the green band due
triplet mixed state and a pure triplet st&feThe former is  to raspite inclusions is stimulated with photons in the narrow
dipole active, and the latter is spin-forbidden for electric-region of 3.95-4.11 eV, which is intermediate in energy be-
dipole transitions. Because of the long radiative lifetimes, itween the exciton bands in raspite and scheelite.
can be thought that the lowest triplet state of self-trapped
excitons is mainly responsible for the intrinsic luminescence
bands in both scheelite and raspite Pb)VE@ystals. This
agrees with the argument based on the molecular orbitals of We have measured the reflection spectra of scheelite and
a tetrahedral W@ cluster?° raspite PbWQ@ at 6 K. Their absorption spectra are obtained
It has been well knowh*’ that there appear two emission by the Kramers-Kronig analysis. A clear difference is found
bands in scheelite crystals; one is the intrinsic “blue” bandon the exciton absorption bands. This is attributed to the
at 2.80 eV, and the other is the “green” band peaking be-difference in the Pb contributions to the valence and conduc-
tween 2.30 and 2.45 eV. In the present experiment, too, théon bands between the two phases. The scheelite and raspite
green emission band at 2.36 eV was often observed whesamples give rise to the intrinsic luminescence bands at 2.80
some of scheelite samples were excited just below the lowesind 2.25 eV, respectively, with decay times of the order of
exciton absorption band, as shown in Fig. 6. The origin ofus. The different molecular structures of \W@nd WQ
the green band has still been controversial. groups leads to the difference in magnitude of a Stokes shift.
Two principal models have been proposed for explainingThe origin of the controversial green band is connected to
the appearance of the green band. KorzéilalX° pointed  the raspite-type inclusions in scheelite PbyO
out the possibility that this band may be related to crystal
defects on the surfa_lcéatlzg of oxygen, e, _W@ groups. ACKNOWLEDGEMENTS
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