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ABSTRACT

Within the framework of density functional theory, we have
studied the electronic ground-state properties and approximated the
optical dielectric constants and reflectivity of PbWO,. The reflectivity
calculated from the single-particle band structure compares with the
experimental reflectivity unexpectedly well, including the sharp peak at
the absorption threshold. This suggests that the exciton binding energy
for PbWQO,4 may be small, possibly ~ 0.1 eV, based on data to be
discussed.

INTRODUCTION

Lead tungstate (PbWQ,) crystallizes in the scheelite (CaWQ,) structure, is
transparent (Eg » 4.2 €V), and has a broad intrinsic luminescence band at 420 nm. The
high atomic numbers, high density, short electron and g-ray stopping range, radiation
hardness, and short lifetime of its intrinsic luminescence at room temperature (~10ns),
have resulted in the selection of PbWO, as the scintillator for an electromagnetic
calorimeter under construction at the Large Hadron Collider. Intensive research and
crystal growth development have occurred in the last few years.

ONE-ELECTRON ENERGY SPECTRUM

The electronic band structure of PbWO, was calculated for the first time recently
along with three other schedlite-structure crystals, CawQO,, PbM00QO,, and CaM 00O, (1).
The density functional calculations were performed using the Linearized Augmented
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Plane Wave (LAPW) technigue using the WIEN97 code (2). The calculational and
convergence parameters were detailed in our previous paper(1), although afiner k-point
sampling (35 irreducible k-points corresponding to 216 points throughout the Brillouin
zone) was used to evaluate the optical spectrum (3).

The density of states (N(E)) distribution for PoWQO, from -20 to +15 eV is presented
in Fig. 1. The labels appearing above the peaks indicate the dominant atomic and
molecular attributes of each band, determined by analyzing the partial densities of states
and contour maps of the electron densities for specific energy ranges (1). Much of the
structure of N(E) in the vicinity of the band gap is associated with the WO, group and is
similar to the density of states for CaWO,. The main portion of the valence band has two
peaks due to a bonding combination of O2p-W5d6 states and a nonbonding group of
O2pa states. The lower portion of the conduction band has two peaks due to W5d states,
splitinto "e" and "t," states by the tetrahedral crystal field of the W-O bonds. In addition,
Pb contributes to the band structure by hybridizing with the O2p states. The bonding
hybrid forms a split-off band below the main portion of the valence bands while the
antibonding hybrid contributes throughout the valence band and contributes a small peak
at the top of the valence band. The basic structure of the calculated N(E) seems to be
confirmed experimentally by recent XPS and UPS data from Hofstaetter et al (4). In
addition, older EPR experiments on Pb-doped CawWO; (5) can now be interpreted in
terms of an impurity state formed from the antibonding Pb6s-O2p6* hybrid. This last
point was further studied with calculations for a hypothetical mixed crystal of CawO,
and PbWOQO,. The N(E) curve for the PbCa(WO,), aloy (3) shows the Pb6s-O2p6* states
forming an impurity band in what would correspond to the band gap. The hyperfine
analysis (5) finds these "Pb*"" hole statesin irradiated CaWO4:Pb samples to be
comprised of about 50% Pb s character and 50% ligand character, which is consistent
with the partial density of states analysis of the impurity band in the aloy calculation.

OPTICAL PROPERTIES

Although density functional theory isrigorously a ground-state formalism, there has
recently been considerable progress in developing methods to calcul ate optical properties
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using density functional results as the starting point (6). Asafirst step toward
investigating the optical properties, we have calculated the imaginary part of the
dielectric constant from the self-consistent LAPW wavefunctionsy , (r) and one-

electron eigenvalues E., using the code developed by Abt and Ambrosch-Drax| (7).
Calculated spectra of e, are shown for light polarized along an a-axis and aong the c-axis



in Fig. 2(a). The a-axis spectrum is remarkable for the sharp peak leading off the
spectrum, which indicates an approximate singularity in the joint density of one-electron
states at the band edge. In the c-axis spectrum, this sharp peak is much smaller due to the
smaller transition matrix elements. There are of course no excitonic effects included in
these calculations.

Taking the Kramers-Kronig transform of e,, we obtain the calculated spectrum
of e; plotted in Fig. 2(b). However, since we have only evaluated e, between ~4 eV (the
band edge) and 30 eV, there is some truncation error involved in e; as plotted. The
neglected electronic transitions well above 30 eV should contribute a nearly constant
positive offset of e; at energies below 30 eV. A reasonable choiceis ex«=1.64. Thisis
the difference between a suitable reference dielectric constant, chosen at a photon energy
in the visible range measured as e;(1.9 €V)=5.06 (8), and the corresponding value from
our calculations. The reference dielectric constant was chosen in the visible photon
energy range rather than in the low energy photon energy range in order to avoid
experimental contributions from phonons which dominate the static dielectric constant
but which do not contribute to the eyt correction. The choice of the reference dielectric
constant at a photon energy below the band gap also ensured that we could safely assume
that 3,(1.9 €V)=0. In addition, the one-electron spectrum of density functional theory
systematically underestimates the band gap of amost all insulators and semiconductors.
(6) Thesimplest correction to thiserror isto assume a uniform energy shift of the
conduction band relative to the valence band which corresponds to shifting the calculated
photon energy hn by a constant hngis;. The value of hngys=1.2 €V was chosen on an
empirical basisin the present work.

Figure 3 compares the measured reflectivity from the recent data of Kamenskikh et
al (9) with the calculated reflectivity adjusted as discussed above. Unfortunately, the
crystal and field orientations for the experimental resultsin Ref. 9 are not known. For the
purposes of the present work, we assume a-axis polarization and normal incidence. Fig. 3
also shows the reflectivity calculated with eqrs=0, which shows that while the general
peak structure remains the same, the relative peak heights are somewhat sensitive to the
choice of exrs. However, the agreement between the measured and calcul ated reflectivity
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for PoWQ, is surprisingly good for reasonable values of ey«  FOr the choice of efreet
=1.64 and hng,i;=1.2 eV, the sharp initial peak and the three interband peaks at roughly
5.2, 6.5, and 8.5 eV dl correspond very well with the experimental curve in both shape



and intensity. Thus, despite many reservations, this comparison may be regarded as
empirical evidence that optical transitions calculated within the density functional
formalism may be in reasonable correspondence with experiment for this case. This point
of view suggests the following speculation about excitons in PbWO,. Since, as noted
above, the sharp peak in the calculated spectrum is due to a near singularity in the joint
density of single-particle states, and since no lower-energy discrete features are found in
the experimental spectrum, we conclude that whatever exciton discrete states are
observable in the absorption spectrum should have alow binding energy compared to the
~0.3 eV width of the experimental reflectivity peak.

The suggestion of asmall exciton binding energy in PbWO; is supported by
additional evidence as follows. In the Wannier model, the exciton binding energy is given
by E,=Eqmie®, where E, is the hydrogen Rydberg constant, mis the exciton reduced mass
in units of the free electron mass, and e is the appropriate (real) dielectric constant,
usually close to the high frequency value. The measured optical and static dielectric
constants for PoWO, are quite large -- 1(1.9 eV)° &y = 5.06 (8) and e1(0 eV)° &aic =
23.6 (10), respectively, for a-axis polarization. It is useful to compare exciton binding
energies in a sequence of crystals whose dielectric constants bracket the values measured
for PboWQO, and CaWO,. Approximate data are summarized in Table 1 for a number of
semiconductor and insulator crystals, using conduction m* where mis not available. The
strongest dependence of exciton binding energy is on the square of the dielectric constant,
so that even without knowing the reduced effective mass in al cases, trends can be
recognized. In particular, we call attention to the comparison of PoWO, and TICI. The
heavy meta elementsin these two crystals are neighbors in the periodic chart and have
the same ionic configuration (Hg-like) in their respective divalent and monovalent salts.
The optical dielectric constants are essentially identical at 5.1, and the static dielectric
constants are both anomalously large for non-ferroelectrics, with respective values of
23.6 and 37.6. Thelarge optical dielectric constant alone suggests that the exciton
binding energy in PbWO, may be £100 meV, interpolating between KBr and CdS.

\Crystal morm*  eyic Eopt E, (meV)\ Table 1 -- Selected data for
Wannier exciton parameters as

solid Xe 0.3 2.0 950 defined in the text.

KF 6.0 1.8 920

KCI 0.5 4.8 2.2 910

KBr 043 49 2.3 690 Based on the analysis of TICI

Kl 0.4 50 2.6 460 exciton and polaron properties by

TICl 025 376 51 11 Bachrach and Brown(11), we

TIBr 012 351 541 6 may expect that the POWO,
exciton also achieves afairly

PbWO, 23.6 5.1 large radius based ssimply on ey,

Cawo, 117 3.7 so that the lattice may polarize on
the time scale of the exciton

Cds 0.18 9-10.2 5354 28 orbital period. Then the large

ZnSe 0.105 9.2 8.4 19

exaic May contribute significantly
to screening of the electron-hole
interaction, such as accounts for

GaAs 0.066 131 10.9 49 the very low binding energy of 11
meV in TICI.

ZnTe 012 103 9.6 10
CdTe 0.071 9.6 10




The indication of abinding energy small compared to the peak width suggests
that exciton effects in the absorption spectrum of PbWO, may be mainly the
enhancement of absorption strength of the single-particle interband spectrum according to
the Elliot theory (12). A discrete exciton peak of small binding energy could be difficult
to resolve spectroscopicaly in astrongly polar crystal such as PoWO, due to strong
broadening interactions. However, it is worth noting that a doublet structure in the lowest
reflectance peak of PbWO, was resolved at 4.2 K in the measurements of Kolobanov et
a.(13). The separation of the two peaksis0.1eV. In Ref. (1), we noted that thisis of
the order of the energy difference in the two lowest direct band gapsat Dand S. A
second possibility now realized is that the lower of the two peaks could be a discrete
exciton resonance associated with the single-particle DOS singularity. The latter would
be the upper peak of the measured doublet. In this hypothesis, the exciton binding energy
would be experimentally assigned as 0.1 eV. Finaly, we note that an analysis of thermal
ionization of excitons as measured via thermoluminescence in PbWO, also yieldsan
estimate of 0.1 eV for the exciton binding energy(14), though this may characterize
relaxed excitons, only suggesting what the binding energy of afree exciton may be.

On the other hand, the suggestion of a small exciton binding energy seems at odds
with the comparison of the lowest reflectance peak and the onset of free carrier
conduction deduced from thermoluminescence excitation spectrain Ref. (14).  Nagirnyi
et a (15) have recently presented additional data of asimilar kind in CdWOQO,, CaWOQOs,,
and MgWO,. Large differences between the onset of interband optical transitions (seen
in reflectivity and intrinsic luminescence excitation) and charge separation
(thermoluminescence excitation threshold) are found, e.g. 2 €V in CaWQ,. A hypothesis
was advanced that intrinsic emission of tungstate crystals can be efficiently excited in the
region of the direct optical creation of "oxyanion molecular excitons’, e.g. 5-7 eV in
CaWO,. The efficiency of charge separation to traps giving thermoluminescence is low
in that energy range assigned as the exciton region, with the implied reason being the
neutrality of the exciton. 1n such amodel, at least for CawO, and other tungstate
crystals with the large difference of thresholds, deep exciton binding seems to be implied.

We sugggest an aternative hypothesis which may reconcile the small exciton
binding energy suggested in this paper with the fact of alarge difference between the
onsets of optical transitions and of free carrier charge separation. The hypothesisis
grounded in the independent observations that conduction electrons in PbWO, are
observed to autolocalize (self-trap) on one tungstate group as (WO,)*.(16,17)
Furthermore, holes in CaWO, have also been shown to autolocalize. (18) Therefore, we
suggest that it is not the deep Coulombic binding of a small exciton which prohibits
charge transport for band edge excitations, but rather the vanishing or low mobility of
the carriers due to autolocalization or to heavy polaron masses, respectively. (Inthe case
of electrons in CaWO,, the (WO4)* centers have been observed by EPR only in
association with stabilizing impurities. This may indicate that in CaWQ,, the conduction
electrons are heavy polarons rather than autolocalized. The effect on inhibiting charge
separation is the same as long as the low mobility keeps the electron and hole together
long enough for geminate recombination.) The onset of charge transport in CaWwQO,
corresponds closely to the onset of transitions into the second highest (Ca3d) conduction
bands, in which autolocalization has not been demonstrated, and which are separated by a
gap from the lowest (W5d) conduction bands. The time needed to cross the energy gap
into the low-mobility bands would be ample for charge transport over the tens of nm
needed to account for onset of thermoluminescence excitation.



ACKNOWLEDGMENTS

We acknowledge support by NSF grants # DMR-9403009, DMR-9706575, and

DMR-9732023, and by Czech AS CR grant A1010714.

Lo

o oA

© oo N

10.
11.
12.
13.

14.

15.

16.

17.

18.

REFERENCES

Y. Zhang, N. A. W. Holzwarth, and R. T. Williams, Phys. Rev. B 57, 12738 (1998).
P. Blaha, K. Schwarz, and J. Luitz, WIEN97, Vienna University of Technology,
1997 [Improved and updated Unix version of the orginal copyrighted WIEN code,
which was published by P. Blaha, K. Schwarz, P. Sorantin, and S. B. Trickey,
Comput. Phys. Commun. 59, 399 (1990)].

N. A. W. Holzwarth, Y. Zhang, and R. T. Williams, International Workshop on
Tungstate Crystals, Roma, October 12-14, 1998.

A. Hofstaetter, private communication.

G. Born, A. Hofstaetter, and A. Scharmann, Z. Physik 245, 333 (1971).

R. Del Soleand R. Girlanda, Phys. Rev. B 48, 11789 (1993); M. Rohlfingand S. G.
Louie, Phys. Rev. Lett. 81, 2312 (1998).

R. Abt, C. Ambrosch-Draxl, and P. Knoll, Physica B 194-195, 1451 (1994).
G.F.Bakhshievaand A.M.Morozov, Sov.l.Opt.Technol. 44(9), 542 (1977).

I. A. Kamenskikh, V. N. Kolobanov, V. V. Mikhailin, I. N. Shpinkov, A. N.
Vasil’ev, M. Kirm, and G. Zimmerer, HASYLAB 1997 Technical Report, Part I, pp.
252-253.

W. S. Brower and P. H. Fang, J. Appl. Phys. 40, 2391 (1967).

R. Z. Bachrach and F. C. Brown, Phys. Rev. B 1, 818 (1970).

R. J. Elliott, Phys. Rev. 108, 1384 (1957).

V. Kolobanov, J. Becker, M. Runne, A. Schroeder, G. Zimmerer, V. Mikhailin, P.
Orekhanov, |. Shpinkov, P. Denes, D. Renker, B. Red'kin, N. Klassen, and S.
Shmurak, in Proceedings of the International Conference on Inorganic Scintillators
and Their Applications, SCINT95, p. 263.

V. Mirk, M. Nikl, E. Mihokova, and K. Nitsch, J. Phys.: Condens. Matter 9, 249
(2997).

V. Nagirnyi, E. Feldbach, L. Jonsson, M. Kirm, A. Kotlov, A. Lushchik, L.L.
Nagornaya, V. D. Ryzhikov, G. Svensson, |. A. Tupitsina, M. Aberg-Dahl, Proc.
Workshop on PbWQO,, Rome, Oct. 12-15 (1998).

V. V. Laguta, J. Rosa, M. |. Zaritskii, M. Nikl, and Y. Usuki, J. Phys. Cond. Matter
10, 7293 (1998).

M. Bohm, F. Henecker, A. Hofstaetter, M. Luh, B. K. Meyer, O. V. Kondratiev, and
M. V. Korzhik, Proc. of European Conference on Defects in Insulating Materials,
EURODIM98, Keele, UK, July 6-11, 1998.

M. Herget, A. Hofstaetter, T. Nickel, and A Scharmann, Phys. State. Sal. (b) 141,
523 (1987).



