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Fine structure of the exciton band and anisotropic optical constants in scheelite PbWO4 crystals
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Polarized reflectivity spectra of PbWO4 crystals with scheelite structure have been measured using synchro-
tron radiation in the energy range up to 30 eV. The measurements are undertaken on~011! cleaved surfaces for
the polarizations parallel and perpendicular to the crystala axis. The spectra exhibit remarkable dichroism in
the fundamental absorption region. The dielectric constants for the principal crystala andc axes are derived
from the reflectivity spectra with the application of a Kramers-Kronig relation and an equation of dielectric
ellipsoid for uniaxial crystals. Polarization dependence of the reflectivity spectra is investigated in detail in the
exciton-band region. It is confirmed that the exciton band peaking at 4.25 eV consists of two components with
separation of about 0.1 eV for both polarizationsEia andEic. The intensity of this doublet structure is stronger
for Eia than for Eic. Another band appears at around 5.3 eV forEic. Origin of these fine structures in the
exciton-band region is discussed on the basis of the recent electronic band calculations of PbWO4. For the
polarizationE'a, an additional structure is observed on the high-energy side of the exciton band, which is
attributed to the longitudinal exciton-polariton mode.

DOI: 10.1103/PhysRevB.65.195105 PACS number~s!: 71.35.Cc, 78.20.2e, 78.20.Ci
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I. INTRODUCTION

Nowadays, lead tungstate (PbWO4) receives intense at
tention as a promising candidate for scintillating substan1

laser host material,2 and oxide ion conductor.3 Especially, its
luminescence properties have been investigated extens
after the selection as a scintillator in detectors at the La
Hadron Collider in CERN.4 Impurity-doping effects and
crystal growth techniques have been studied by many w
ers to improve scintillating characteristics, such as lumin
cence efficiency, lifetime, and radiation hardness.1,4

From a scientific aspect, the lead tungstate is also an
teresting material because it has two stable crystal structu
tetragonal scheelite type and monoclinic raspite type, un
normal conditions. Single crystals of PbWO4 prepared syn-
thetically crystallize in the scheelite structure. The rasp
PbWO4 is obtained as a natural crystal for the present. T
present authors have measured reflectivity and luminesc
spectra of both phases.5,6 This is the only study on the optica
properties of raspite PbWO4. In recent years, the energy
band structures of several tungstate and molybdate cry
having the scheelite or wolframite~raspite! structure have
been calculated by the linearlized augmented-plane-w
~APW! method7–9 and the discrete variationalXa (DV-Xa)
method.10,11

In spite of a large number of investigations on the lum
nescence characteristics of scheelite PbWO4, the basic opti-
cal properties of this material, such as reflectivity spectra
dielectric constants, have not been established experim
tally until now. For instance, spectral features of the refl
tivity spectra reported by several groups5,6,12–14are not mu-
tually consistent. A main reason for this discrepancy
supposed to be due to the difference in polarization of li
with respect to the crystal orientation in each measurem
because the scheelite PbWO4 crystal has a tetragonal struc
0163-1829/2002/65~19!/195105~7!/$20.00 65 1951
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ture belonging to the space groupI41 /a or C4h
6 . Figure 1

depicts the propagation of the light incident normally on
surface of a uniaxial crystal such as scheelite PbWO4, where
the optical axis (c axis! makes an angleu with the normal to
the crystal surface. In the crystal, an extraordinary ray w
the electric vector parallel to the plane which contains
wave vectork and thec axis propagates with different ve
locity from that of an ordinary ray whose electric vector
normal to this plane. In fact, birefringence was observed
the visible region for scheelite PbWO4.15 Very recently, re-
markable dichroism in the reflectivity spectra has been
served by us,16 Kamenskikhet al.,17 and Kirm et al.18 How-
ever, there are some serious discrepancies among the re
by the different groups.

In this study, polarized reflectivity spectra of scheel
PbWO4 single crystals have been measured in the ene
range from 3 to 30 eV. The polarization dependence in
exciton-band region has been studied in detail. The pre

FIG. 1. Propagation of the ordinary ray and the extraordin
ray in scheelite PbWO4 crystal after the light is incident on the
crystal surface under normal configuration. The angle between
optical axis (c axis! and the normal to the surface is represented
u. The b and c axes and the wave vectork is in the same plane
while thea-axis is perpendicular to this plane. The electric vector
the extraordinary ray is in thebc plane, while that of the ordinary
ray is perpendicular to this plane.
©2002 The American Physical Society05-1
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FUJITA, ITOH, HORIMOTO, AND YOKOTA PHYSICAL REVIEW B65 195105
experiment provides definitive results on the anisotro
properties of scheelite PbWO4. The dielectric constants fo
the principal crystal axes are calculated using a Kram
Kronig transformation and an equation of dielectric ellipso
It is confirmed that the exciton band peaking at 4.25
consists of two components for both polarizationsEia and
Eic. An additional structure ascribable to the longitudin
exciton-polariton mode is observed for the polarizationE'a.
The intensity of the exciton doublet structure forEia is
stronger than that forEic. Another band appears at aroun
5.3 eV forEic. Origin of these fine structures in the excito
band region is discussed on the basis of the recent electr
band calculations of PbWO4.

II. EXPERIMENT

Single crystals of scheelite PbWO4 were obtained from
the Institute of Solid State Physics of Russian Academy
Sciences and the Materials Research Laboratory of
rukawa Company. They were grown by the Czochralski te
nique. The cleaved surfaces with typical size of 535 mm2

were used for the reflection measurement. The crystal or
tation was confirmed by the x-ray analysis, and checked
means of a pair of crossed polarizers. Polarized reflecti
spectra were measured for more than ten samples. Th
rangement for reflection measurements is shown in Fig. 2~a!.
The rectangular frame represents the Bravais lattice
scheelite PbWO4. The crystals are cleaved along the$101%
plane.19 As indicated by a gray plane in Fig. 2~a!, we took
the cleaved surface as the~011! plane, which is one of the
equivalent$101% planes. The angle between thec axis and
the normal of the~011! plane isu565.6°.

The experiments in a wide spectral range up to 30
were carried out by using synchrotron radiation of UVSO
facility at the Institute for Molecular Science, Okazaki. T

FIG. 2. ~a! Experimental arrangement for reflection measu
ments. Rectangular frame represents the Bravais lattice of sche
PbWO4. Reflection surface of the~011! plane is indicated by the
gray plane. Open arrows indicate the polarization directions of
electric vectors of the incident light parallel (Eia) and perpendicu-
lar (E'a) to the a axis. The angle between thec axis and the
normal to the~011! plane is 65.6°.~b! Relationship between the
polarization of incident light and the crystal axis for the measu
ment of polarization dependence on the~011! plane. The angle be
tween the polarization direction and thea axis is represented byd.
19510
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light beam was monochromatized through a 1-m Se
Namioka monochromator at beam line 1B. The orien
crystals were mounted on the sample holder in a varia
temperature cryostat of He-flow type. The electric vector
the incident light was parallel to the@100# direction (Eia) or
parallel to the@01̄1# direction which is perpendicular to th
a axis (E'a) as shown in Fig. 2~a!.20 The incident light with
the former polarization propagates as an ordinary ray in
crystal, while that with the latter polarization propagates
an extraordinary ray. Reflectivity spectra were measured
der the configuration of near-normal incidence. Polarizat
dependence of the reflectivity spectra was examined in de
at Shinshu University, in which the light beam from a 150-
D2 lamp was dispersed with a Jobin-Yvon HR320 monoch
mator. In this case, the reflectivity spectra up to 5.7 eV w
measured for various directions of the polarization by rot
ing a polarizer installed between the monochromator and
sample.

III. RESULTS

A. Reflectivity spectra

Before presenting the reflectivity spectra, we show
absorption spectrum of a PbWO4 crystal in Fig. 3. The spec
trum was measured at 6 K for the polarizationEia. A steep
absorption starts at 4.05 eV. The energy band calculatio
Ref. 7 indicates that the scheelite PbWO4 crystal has an in-
direct band gap, which is approximately 0.1 eV smaller th
the direct gap. No appreciable steplike phonon struct
characteristic of the indirect transition is seen. Therefore,
band gap of PbWO4 is considered to be of direct type. How
ever, if the indirect gap is very close to the direct gap
predicted in Ref. 7, it is hard to conclude whether the sm
est band gap is direct or indirect from Fig. 3. Recenlty,
investigated the temperature dependence of the fundam
absorption tail of PbWO4, and found that the Urbach rul
holds for this material.21

Figure 4 shows typical reflectivity spectra of PbWO4 at 8
K up to 30 eV for Eia and E'a. The reflectivity in the

-
lite

e

-

FIG. 3. Absorption spectrum of a cleaved crystal of schee
PbWO4 at 6 K for Eia.
5-2



te

e

iz

e

c
-
x
a

y
e-

h
di
ec
he

f.

t
ot

are
2 is
t
at

eV
du-
eV.
d to
i-
5

ra-
on
the
the
t of

f

s.
f the

t
te

e

ob-
d on

FINE STRUCTURE OF THE EXCITON BAND AND . . . PHYSICAL REVIEW B65 195105
low-energy region was supplemented by the value calcula
from the refractive indices.15 The reflectivity spectrum for
Eic will be explained later.

In Fig. 4, a sharp exciton band 1 is observed at 4.25
for Eia. The intensity of the band 1 forE'a is very small.
Very recently, two other groups have measured the polar
tion dependence of the reflectivity spectra of PbWO4 using
oriented samples. The result of Ref. 18 agrees qualitativ
with ours, that is, the exciton band 1 is stronger forEia than
for E'a.20 In Ref. 17, however, band 1 forE'a is much
stronger than that forEia.

The present result is consistent with the birefringen
measurement by Baccaroet al.15 They found that the refrac
tive index of the ordinary ray is larger than that of the e
traordinary ray, because a strong exciton absorption b
makes large dispersion in the visible region.

In order to see the spectral variation betweenEia and
E'a, reflectivity spectra on the~011! face were measured b
changing the polarization direction of incident light with r
spect to the crystal orientation. The angled shown in Fig.
2~b! was changed from 0° (Eia) to 90° (E'a) every 10°.
The results are shown in Fig. 5, whered is indicated on the
left side of each spectrum. Since the incident light with t
polarization of 0°,d,90° propagates separately as an or
nary ray and an extraordinary ray in the crystal, the refl
tivity Rd for angled is expressed by a superposition of t
reflectivities for the ordinary rayREia and the extraordinary
ray RE'a . In fact, it was confirmed that the reflectivityRd in
Fig. 5 is described by the simple relation

Rd5REiacos2d1RE'asin2d. ~3.1!

The spectrum of an unoriented sample we reported in Re
shows mixed character ofEia and E'a. The reflectivity

FIG. 4. Reflectivity spectra of scheelite PbWO4 observed at 8 K
for Eia and E'a, along with the spectrum derived forEic. The
spectra in the low-energy region are shown in the inset on an
panded scale.
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d

V

a-

ly

e

-
nd

e
-
-

6

spectrum reported by Shpinkovet al.13 resembles the presen
spectrum forEia, although the crystal orientation was n
identified.

In Fig. 4, several polarization-dependent structures
also observed in the high-energy region. A strong peak
observed at 5.3 eV forE'a, while such a structure is no
observed forEia. One may see a shoulderlike structure 3
6.5 eV forEia and a weak peak at 6.2 eV forE'a. A broad
peak 4 at 8.4 eV (Eia) and that at 8.0 eV (E'a) probably
correspond to the prominent peaks observed in the 8–9
region in Refs. 17 and 18. The reflectivity decreases gra
ally above 9 eV, and shows a minimum at around 12–14
At 11.3 eV is observed a weak peak, which was assigne
the transition from Pb216s band.6 Several sharp peaks orig
nating from the Pb215d core level are observed in the 19–2
eV region.22,23

We measured polarized reflectivity spectra in the tempe
ture range from 8 to 300 K. The spectral width of the excit
band became broad with increasing temperature. On
other hand, the peak positions of the fine structures in
exciton-band region were found to be almost independen
temperature.

B. Optical constants

Optical properties of PbWO4 can be described in terms o
the complex dielectric constants«a ([«xx), «b ([«yy), and
«c ([«zz) with respect to the three principal crystal axe
Here, we use superscripts to express the components o
dielectric tensor, following Ref. 9, and take thea, b, andc
axes along thex, y, andz directions, respectively. Note tha
«a5«b, since thea and b axes are equivalent in scheeli
PbWO4.

x-

FIG. 5. Polarization dependence of the reflectivity spectra
served in the exciton-band region. The spectra were measure
the ~011! cleaved surface. The angled ~in degrees! between the
polarization and thea axis „see Fig. 2~b!… is indicated on the left
side of each spectrum.
5-3
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FUJITA, ITOH, HORIMOTO, AND YOKOTA PHYSICAL REVIEW B65 195105
We take the crystal axes as shown in Fig. 1, that is, thb
and c axes and the wave vectork are in the same plane
while thea axis is perpendicular to this plane. The dielect
constant«a is derived through the Kramers-Kronig transfo
mation of the reflectivity spectra for polarizationEia in Fig.
4. The real («1

a) and imaginary («2
a) parts of«a obtained by

this way are shown in Figs. 6 and 7, respectively. As rec
nized from Fig. 2~a!, «a represents the dielectric constant f
the ordinary ray. On the other hand, the light withE'a po-
larization propagates as the extraordinary ray in the crys
The dielectric constant«e for this extraordinary ray is also
calculated by the Kramers-Kronig transformation of the
flectivity spectrum forE'a in Fig. 4. The results of«1

e and
«2

e are depicted in Figs. 6 and 7, respectively.
We further calculated the dielectric constant«c as follows.

The dielectric constant«e for the extraordinary ray shown in
Fig. 1 is related to«a and«c as a function of the angleu by
the equation of dielectric ellipsoid24

1

«e
5

cos2u

«a
1

sin2u

«c
. ~3.2!

FIG. 6. Real part of the dielectric constant of PbWO4 for Eia,
E'a, andEic at 8 K.

FIG. 7. Imaginary part of the dielectric constant of PbWO4 for
Eia, E'a, andEic at 8 K.
19510
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In the present case, the dielectric constant«c is derived with
use of this equation, substituting the experimental values
«a and«e, and taking the angleu to be 65.6°. The real and
imaginary parts of«c thus obtained are given in Figs. 6 an
7, respectively. Peak positions of the main structures in
«2 spectra are summarized in Table I.

The reflectivity spectrum forEic calculated from«c is
given in Fig. 4. The absorption coefficients forEia andEic
were also calculated from«a and«c, respectively. The results
are shown in Fig. 8. It is worthwhile noting that theEic
spectra cannot be observed directly as far as one uses
cleaved surface. They correspond to the spectra which
be obtained by the measurements with the light of norm
incidence, if we can prepare good quality surface paralle
the c axis.

The oscillator strengthf of an absorption band betwee
the energyE1 andE2 per molecule can be calculated by th
formula

f 5
2m

Ne2h2EE1

E2
E8«2~E8!dE8, ~3.3!

wherem is the electron mass,N the number of molecules pe
unit volume,e the electron charge,h the Planck constant, an

TABLE I. Energy positions~in eV! of the main structures in the
«2 spectra of scheelite PbWO4 at 8 K.

Polarization Eia E'a Eic

Structures 1 4.265 4.255 4.250
4.390 4.340 4.355

4.500
2 5.32 5.28
3 6.62 6.30 6.30
4 8.32 7.80 7.82

FIG. 8. Absorption coefficient of PbWO4 at 8 K for Eia and
Eic. The spectra in the low-energy region are shown in the inse
an expanded scale.
5-4
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FINE STRUCTURE OF THE EXCITON BAND AND . . . PHYSICAL REVIEW B65 195105
E the photon energy. For the exciton band 1 between 4.1
4.6 eV, the oscillator strength is estimated to be 0.50 forEia,
while it is less than 0.10 forEic. The magnitude forEia is
comparable with that of the exciton band in alkali halide
typical ionic crystals; e.g., the value off is nearly 0.5 in NaCl
and KCl.25,26We getf ' 0.55 for the peak 2 between 4.8 an
5.8 eV for Eic, subtracting the contribution from the bac
ground absorption.

Furthermore, the effective numberNeff of electrons per
molecule was calculated using the relation

Neff~E!5
2m

Ne2h2E0

E

E8«2~E8!dE8. ~3.4!

The result is shown in Fig. 9.

C. Fine structures in the absorption-edge region

As seen from Figs. 4 and 5, the exciton band 1 consist
two or three fine structures. In the upper part of Fig. 10
shown the«2 spectra in the low-energy region on an e
panded scale. The exciton band shows doublet structur
beleda1 anda2 for «2

a andc1 andc2 for «2
c . We can see a

peake1 and a humpe3 for «2
e . A weak structuree2 is also

seen in betweene1 and e3. The structurese1 and e2 are
supposed to be the counterparts ofc1 and c2, respectively.
On the other hand, no structure is found at the position oe3

in the «2
a nor «2

c spectra.
It should be noted that the structuree3 is observed in the

spectra of the extraordinary ray which propagates in the
axis direction in PbWO4. In polariton picture, the transvers
and longitudinal modes of an exciton-polariton are mix
with each other when its propagation vector does not co
cide with any of the principal axes in an anisotropic crysta27

The lower part of Fig. 10 shows the electron energy-lo
functions2Im(1/«) for Eia andEic, which were calculated
from the «a and «c spectra, respectively. The peaks in t
energy-loss spectra correspond to the excitation of longit
nal exciton polaritons. It appears that the energy position
the structuree3 for «2

e is only slightly lower than the peak o

FIG. 9. Effective numberNeff of electrons per molecule o
PbWO4 for Eia ~solid curve! andEic ~dotted curve!.
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2Im(1/«) for Eia. This suggests that the structuree3 arises
from the longitudinal exciton-polariton mode peculiar to a
isotropic crystals.

IV. DISCUSSION

A. Overall structure above the band gap

The electronic structure of scheelite PbWO4 has been cal-
culated using the LAPW method by Zhanget al.7 The upper
part of the valence band consists mainly of the O222p state
and the conduction band is dominated by the W615d state.
The Pb216s state contributes throughout the valence ba
Similar result has been obtained from the DV-Xa calculation
by Ye et al.10 and by Inabe and Itoh.11 The number of the
valence electrons per molecule is 26, which comes from
6s state of one Pb21 ion and the 2p state of four O22 ions.
In general, the effective numberNeff of electrons does no
exceed the number of valence electrons below the onse
the transition from an outermost core level, although so
exceptions have been known.28,29 The present result follows
this general case, i.e.,Neff '16–17 at 20 eV lower than the
Pb21 5d core level for both polarizations, as shown in Fig.

In order to obtain the optical constants, Zhanget al.8 have
calculated the joint density-of-state~DOS! on the basis of
their energy band calculation. From Fig. 2 in Ref. 8, we s
that ~1! the value of«2 just above the band edge is muc
larger for Eia than for Eic, ~2! a distinct peak is observe
for Eic in the 4–5 eV region, while it is absent forEia, and
~3! some strong peaks appear at about 7.5 eV for both po
izations. These features reproduce well the overall struc
in Fig. 7, if we assume that the calculated band-gap energ
about 1 eV smaller than that of the experimental one.

FIG. 10. The«2 spectra~upper part! and the electron energy
loss functions2Im(1/«) ~lower part! in the exciton-band region.
5-5
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FUJITA, ITOH, HORIMOTO, AND YOKOTA PHYSICAL REVIEW B65 195105
The present«2 spectra show a minimum around 12 e
We attribute the structures in the 4–10 eV region to
transitions from the valence band to the bottom of the c
duction band, because the calculated width of the vale
band is about 5.5 eV.7 The structures in the 19–25 eV regio
are apparently due to the transition from Pb21 5d core level.
Similar structures have been observed in the optical spe
of lead halides, and explained well on the basis of the c
ionic 5d→6p transition.22,23

B. Exciton structure

The calculation of the joint DOS by Zhanget al.8 does not
include the excitonic effect. Nevertheless, their result of«2
shows a sharp singularity of DOS at the band edge.
present experiment reveals that the exciton band of PbW4
has a doublet structure for each principal crystal axis. A
cording to their argument, the high-energy structure is
signed to the calculated singularity of DOS, and the lo
energy structure to the exciton state associated with
singularity, which means that the exciton binding energy
PbWO4 is small (;0.1 eV).

Although the argument by Zhanget al.8 is appealing,
there are some problems on their calculated result near
band gap. First, no clear symptom of indirect transition
found in Fig. 3, although their calculation indicates indire
band gap.7 Some inaccuracy may be included in the calcu
tion of the DOS at the band edge, because the DOS is
sitive to the dispersion of both the valence and conduc
bands. Second, the contribution of the Pb21 6p state to the
bottom of the conduction band is negligible in the
calculation,7 from which they pointed out that the Pb21 6s
→6p exciton model is not appropriate. However, t
DV-Xa calculations10,11 indicate that the Pb21 6p and W61

5d states have comparable contribution to the bottom of
conduction band. This is consistent with our observation
the Pb21 5d→6p transition at around 23 eV. Therefore, th
exciton transition in PbWO4 would involve the cationic ex-
citation, as well as the charge transfer from oxygen to tu
sten.

In a previous paper,16 we suggested an assignment on t
basis of cationic 6s→6p excitation picture. A Pb21 ion is in
the site ofS4 symmetry. The Pb21 6p level splits into thep0

(5pz) (G2) level and thep61 „5(px6 ipy)/A2… (G3,4) level
due to the crystal field along thec axis. The latter level is
further split by the spin-orbit interaction. This situation
similar to the exciton transition in PbI2, a typical example of
cationic excitation, where the 6p level splits due to the crys
tal field of D3d symmetry and the spin-orbit interaction.30

The analysis on the exciton structure given in Ref. 30 ho
formally for the case of PbWO4. The Hamiltonian which
describes the 6p states is given by

H5S z/2 0 0

0 2z/2 z/A2

0 z/A2 DEc

D , ~4.1!

whereDEc andz represent the crystal field splitting betwee
G2 and G3,4 and the spin-orbit coupling constant, respe
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tively. In Fig. 11 is presented the energy level diagram c
culated from Eq.~4.1!. The selection rule of the electric
dipole alloweds→p transition is given in this figure, where
the partially allowed transitions due to weak spin-orbit inte
action are given in the parentheses.

According to the abovementioned model, the peaksa1
and c1 are assigned to the transition from the groundG5,6
state to the lowest excitedG7,8 state, and the peaka2 is
assigned to the transition to the excitedG5,6 state. Structure
2, which is strongly observed only forEic, is assigned to the
transition to the higher excitedG7,8 state. Therefore, the
model can explain the dichroism of the main structures in
exciton-band region.

The values ofDEc andz (52l in Ref. 30! are estimated
to be 0.9 and 0.1 eV, respectively, from the energy separa
of the fine structures. The corresponding values in PbI2 have
been given asDEc50.8 eV andz50.6 eV.30 Although the
crystal structures are different from each other, the lar
value ofDEc in PbWO4 seems reasonable, considering th
the distance between Pb and the nearest neighbor O
PbWO4 is 2.58 Å, which is smaller than the Pb-I distance
3.21 Å in PbI2. The value ofz in our model is small com-
pared to that of PbI2. Since there is a considerable hybri
ization of W61 5d state with the Pb21 6p state in the con-
duction band in PbWO4, the spin-orbit coupling of the 6p
electron is expected to be reduced. The reason for a s
difference in peak positions ofa1 (a2) and c1 (c2) is not
clear. There are two possible explanations for this, howe
One is ascribed to the anisotropy of the Coulomb and
change interactions, as proposed for the exciton band
BiI 3 .31 The other is due to the Davydov-type splitting, sin
two molecules are contained in a primitive unit cell
scheelite PbWO4.32

V. SUMMARY

We have measured polarized reflectivity spectra
scheelite PbWO4 using oriented single crystals. Remarkab

FIG. 11. Schematic energy level diagram of the Pb21 6s → 6p
transition in theS4 crystal field. The selection rule is indicated ne
each solid arrow, while the partially allowed transitions are given
the parentheses.
5-6
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FINE STRUCTURE OF THE EXCITON BAND AND . . . PHYSICAL REVIEW B65 195105
dichroism is found in the optical spectra, especially in t
exciton-band region. The optical constants for the princi
crystal axes were obtained by using the Kramers-Kronig
lation and the equation of the dielectric ellipsoid. The ma
features observed in the optical spectra were compared
the theoretical energy-band structure. Cationic excitat
model in the uniaxial crystal field was applied to explain t
main features near the absorption edge.

We would like to notice that special care should be tak
when impurity-doping or radiation-damage effects
PbWO4 crystals are studied experimentally. In these stud
such effects have been discussed by measuring any chan
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