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Fine structure of the exciton band and anisotropic optical constants in scheelite PbWfcrystals
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Polarized reflectivity spectra of PbW@rystals with scheelite structure have been measured using synchro-
tron radiation in the energy range up to 30 eV. The measurements are undertdkédd)mbeaved surfaces for
the polarizations parallel and perpendicular to the cryast@kis. The spectra exhibit remarkable dichroism in
the fundamental absorption region. The dielectric constants for the principal cayaitalc 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 polarizatidis andE| c. The intensity of this doublet structure is stronger
for E||a than for E||c. Another band appears at around 5.3 eV Edjc. Origin of these fine structures in the
exciton-band region is discussed on the basis of the recent electronic band calculations of. Fowtbe
polarizationEL a, an additional structure is observed on the high-energy side of the exciton band, which is
attributed to the longitudinal exciton-polariton mode.
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I. INTRODUCTION ture belonging to the space grolig,/a or CS,,. Figure 1
depicts the propagation of the light incident normally on a

Nowadays, lead tungstate (Pb\)JOreceives intense at- surface of a uniaxial crystal such as scheelite PhyWhere

tention as a promising candidate for scintillating substance the optical axis ¢ axis) makes an anglé with the normal to
laser host materidland oxide ion conductdrEspecially, its ~ the crystal surface. In the crystal, an extraordinary ray with
luminescence properties have been investigated extensive?e electric vector parallel to the plane which contains the

after the selection as a scintillator in detectors at the Larg oi;f; f\;?)(r:rgo{ﬁa?%? ;r;\egrzng/r?g;%ﬁgzewgg g['rfifcerveengtgf }s
Hadron Collider in CERN. Impurity-doping effects and oo e plane. In fact, birefringence was observed in

crystal growth techniques have been studied by many workg,e \isible region for scheelite PbWEP Very recently, re-

ers to improve scintillating characteristics, such as luminesg,5rkable dichroism in the reflectivity spectra has been ob-
cence efficiency, lifetime, and radiation hardng$s. served by us® Kamenskikhet al,}” and Kirm et al® How-

From a scientific aspect, the lead tungstate is also an inever, there are some serious discrepancies among the results
teresting material because it has two stable crystal structureBy the different groups.
tetragonal scheelite type and monoclinic raspite type, under In this study, polarized reflectivity spectra of scheelite
normal conditions. Single crystals of Pb\W@repared syn- PbWQ, single crystals have been measured in the energy
thetically crystallize in the scheelite structure. The raspite@nge from 3 to 30 eV. The polarization dependence in the
PbWOQ, is obtained as a natural crystal for the present. ThéXciton-band region has been studied in detail. The present
present authors have measured reflectivity and luminescence
spectra of both phas@$.This is the only study on the optical
properties of raspite PbWQO In recent years, the energy- extraordinary ray
band structures of several tungstate and molybdate crystals
having the scheelite or wolframit@aspite structure have
been calculated by the linearlized augmented-plane-wave
(APW) method~® and the discrete variationXa (DV-Xa)
method!?1t

In spite of a large number of investigations on the lumi- crystal vacuum
nescence characteristics of scheelite PhWe basic opti-
cal properties of this material, such as refle_ctivity spectra or i 1. Propagation of the ordinary ray and the extraordinary
dielectric constants, have not been established experimepsy in scheelite PbWQcrystal after the light is incident on the
tally until now. For instance, spectral features of the reflecrystal surface under normal configuration. The angle between the
tivity spectra reported by several grodfis*~**are not mu-  optical axis ¢ axis) and the normal to the surface is represented by
tually consistent. A main reason for this discrepancy isg. Theb andc axes and the wave vectéris in the same plane,
supposed to be due to the difference in polarization of lightyhile thea-axis is perpendicular to this plane. The electric vector of
with respect to the crystal orientation in each measurementhe extraordinary ray is in thec plane, while that of the ordinary
because the scheelite Pb\Werystal has a tetragonal struc- ray is perpendicular to this plane.

ordinary ray a
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FIG. 2. (a) Experimental arrangement for reflection measure- 0 , . )
ments. Rectangular frame represents the Bravais lattice of scheelite 3.7 3.8 3.9 4 4.1
PbWQ,. Reflection surface of thé011) plane is indicated by the PHOTON ENERGY (eV)

gray plane. Open arrows indicate the polarization directions of the
electric vectors of the incident light paralleE(a) and perpendicu-
lar (ELa) to the a axis. The angle between theaxis and the
normal to the(011) plane is 65.6°(b) Relationship between the
polarization of incident light and the crystal axis for the measure-
ment of polarization dependence on {#41) plane. The angle be-
tween the polarization direction and theaxis is represented b§.

FIG. 3. Absorption spectrum of a cleaved crystal of scheelite
PbWQ, at 6 K for E|a.

light beam was monochromatized through a 1-m Seya-
Namioka monochromator at beam line 1B. The oriented
crystals were mounted on the sample holder in a variable-
temperature cryostat of He-flow type. The electric vector of

experiment provides definitive results on the anisotropich® incident light was parallel to t{&00] direction (El|a) or

properties of scheelite PbWOThe dielectric constants for Parallel to thegf011] direction which is perpendicular to the
the principal crystal axes are calculated using a Kramersa axis (ELa) as shown in Fig. @.?° The incident light with
Kronig transformation and an equation of dielectric ellipsoid.the former polarization propagates as an ordinary ray in the
It is confirmed that the exciton band peaking at 4.25 evcrystal, while that with the latter polarization propagates as
consists of two components for both polarizatidifsa and ~ @n extraordinary ray. Reflectivity spectra were measured un-
Ellc. An additional structure ascribable to the longitudinal der the configuration of near-normal incidence. Polarization
exciton-polariton mode is observed for the polarizatiana. ~ dependence of the reflectivity spectra was examined in detail
The intensity of the exciton doublet structure fBfia is &t Shinshu University, in which the light beam from a 150-W
stronger than that foE|c. Another band appears at around D2 lamp was dispersed with a Jobin-Yvon HR320 monochro-
5.3 eV forE||c. Origin of these fine structures in the exciton- Mator. In this case, the reflectivity spectra up to 5.7 eV were

band region is discussed on the basis of the recent electronf@éasured for various directions of the polarization by rotat-
band calculations of PbWQO ing a polarizer installed between the monochromator and the

sample.
IIl. EXPERIMENT
Ill. RESULTS

Single crystals of scheelite PbWQvere obtained from
the Institute of Solid State Physics of Russian Academy of
Sciences and the Materials Research Laboratory of Fu- Before presenting the reflectivity spectra, we show the
rukawa Company. They were grown by the Czochralski techabsorption spectrum of a PbW®@rystal in Fig. 3. The spec-
nique. The cleaved surfaces with typical size 6f 5 mn?  trum was measured at 6 K for the polarizatigia. A steep
were used for the reflection measurement. The crystal orierabsorption starts at 4.05 eV. The energy band calculation in
tation was confirmed by the x-ray analysis, and checked byref. 7 indicates that the scheelite Pb\WEystal has an in-
means of a pair of crossed polarizers. Polarized reflectivitdirect band gap, which is approximately 0.1 eV smaller than
spectra were measured for more than ten samples. The ahe direct gap. No appreciable steplike phonon structure
rangement for reflection measurements is shown in K&. 2 characteristic of the indirect transition is seen. Therefore, the
The rectangular frame represents the Bravais lattice oband gap of PbWQis considered to be of direct type. How-
scheelite PbWQ The crystals are cleaved along tfi01}  ever, if the indirect gap is very close to the direct gap as
plane®® As indicated by a gray plane in Fig(a, we took predicted in Ref. 7, it is hard to conclude whether the small-
the cleaved surface as tfi@1l) plane, which is one of the est band gap is direct or indirect from Fig. 3. Recenlty, we
equivalent{101} planes. The angle between theaxis and investigated the temperature dependence of the fundamental
the normal of thg011) plane is§=65.6°. absorption tail of PbWQ and found that the Urbach rule

The experiments in a wide spectral range up to 30 e\holds for this materiat*
were carried out by using synchrotron radiation of UVSOR  Figure 4 shows typical reflectivity spectra of PbWéx 8
facility at the Institute for Molecular Science, Okazaki. TheK up to 30 eV forE|la and ELa. The reflectivity in the

A. Reflectivity spectra
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FIG. 4. Reflectivity spectra of scheelite Pb\W@bserved at 8 K
for E|jla and ELa, along with the spectrum derived fdi|c. The FIG. 5. Polarization dependence of the reflectivity spectra ob-
spectra in the low-energy region are shown in the inset on an exserved in the exciton-band region. The spectra were measured on
panded scale. the (011 cleaved surface. The angl (in degrees between the

polarization and thex axis (see Fig. &)) is indicated on the left

. sd'de of each spectrum.
low-energy region was supplemented by the value calculate

from the refractive indice® The reflectivity spectrum for
E|c will be explained later. spectrum reported by Shpinket al.'® resembles the present
In Fig. 4, a sharp exciton band 1 is observed at 4.25 e\spectrum forEl|a, although the crystal orientation was not
for E|a. The intensity of the band 1 fdELa is very small. identified.
Very recently, two other groups have measured the polariza- In Fig. 4, several polarization-dependent structures are
tion dependence of the reflectivity spectra of Pb)MBing  also observed in the high-energy region. A strong peak 2 is
oriented samples. The result of Ref. 18 agrees qualitativelpbserved at 5.3 eV foEL a, while such a structure is not
with ours, that is, the exciton band 1 is strongerff)athan  observed foiE|a. One may see a shoulderlike structure 3 at
for ELa?° In Ref. 17, however, band 1 fdEl a is much 6.5 eV forE||a and a weak peak at 6.2 eV f&l a. A broad
stronger than that foE|a. peak 4 at 8.4 eVE|a) and that at 8.0 eVEL a) probably
The present result is consistent with the birefringencecorrespond to the prominent peaks observed in the 8-9 eV
measurement by Baccaed al!® They found that the refrac- region in Refs. 17 and 18. The reflectivity decreases gradu-
tive index of the ordinary ray is larger than that of the ex-ally above 9 eV, and shows a minimum at around 12—14 eV.
traordinary ray, because a strong exciton absorption banét 11.3 eV is observed a weak peak, which was assigned to
makes large dispersion in the visible region. the transition from Pb"6s band® Several sharp peaks origi-
In order to see the spectral variation betwdgfa and  nating from the Pb*5d core level are observed in the 19-25
EL a, reflectivity spectra on thgd11) face were measured by eV region?#
changing the polarization direction of incident light with re-  We measured polarized reflectivity spectra in the tempera-
spect to the crystal orientation. The angleshown in Fig. ture range from 8 to 300 K. The spectral width of the exciton
2(b) was changed from 0°H||a) to 90° (ELa) every 10°. band became broad with increasing temperature. On the
The results are shown in Fig. 5, wheses indicated on the other hand, the peak positions of the fine structures in the
left side of each spectrum. Since the incident light with theexciton-band region were found to be almost independent of
polarization of 0%< §<90° propagates separately as an ordi-temperature.
nary ray and an extraordinary ray in the crystal, the reflec-
tivity Ry for angle 6 is expressed by a superposition of the

reflectivities for the ordinary rafRg, and the extraordinary B. Optical constants
ray Re, 5. In fact, it was confirmed that the reflectiviy; in Optical properties of PbWgcan be described in terms of
Fig. 5 is described by the simple relation the complex dielectric constar#§ (=&, &P (=&¥Y), and

¢ (=&*%) with respect to the three principal crystal axes.
Here, we use superscripts to express the components of the
dielectric tensor, following Ref. 9, and take theb, andc

axes along the, y, andz directions, respectively. Note that
The spectrum of an unoriented sample we reported in Ref. 62=¢P, since thea and b axes are equivalent in scheelite
shows mixed character df||a and ELa. The reflectivity PbWQ,.

Rs=Rg|aCOS 5+ Re, 4SIMF 4. (3.1
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L R B L L L L L TABLE I. Energy positiongin eV) of the main structures in the
15t &, spectra of scheelite PbW@t 8 K.
PbWO, 8K .
Polarization Ela ELa Ellc
1or Structures 1 4.265 4.255 4.250
4.390 4.340 4.355
w‘_ 5F 4.500
€3 (E/a) 2 5.32 5.28
oL 3 6.62 6.30 6.30
4 8.32 7.80 7.82
€S (Ela)
0
In the present case, the dielectric constefhis derived with
. : use of this equation, substituting the experimental values into
O 1 1 1 1 1 1 1 1 1 1 1

£® ande®, and taking the anglé to be 65.6°. The real and
imaginary parts ot° thus obtained are given in Figs. 6 and
7, respectively. Peak positions of the main structures in the
&, spectra are summarized in Table I.

The reflectivity spectrum foE|c calculated froms® is
given in Fig. 4. The absorption coefficients féffa andE|c

10 20 30
PHOTON ENERGY (eV)

FIG. 6. Real part of the dielectric constant of Pbyior E||a,
Ela, andE|c at 8 K.

We take the crystal axes as shown in Fig. 1, that isjothe o .
and ¢ axes and the wave vectdr are in the same plane, were also calculated from? ande®, respectively. The results

while thea axis is perpendicular to this plane. The dielectric '€ Shown in Fig. 8. It is worthwhile noting that tic
constants? is derived through the Kramers-Kronig transfor- SP€ctra cannot be observed directly as far as one uses the
mation of the reflectivity spectra for polarizati@a in Fig. ~ ¢léaved surface. They correspond to the spectra which will
4. The real £%) and imaginary £3) parts ofe? obtained by .be.obtameq by the measurements W|th the light of normal
this way are shown in Figs. 6 and 7, respectively. As recogincidence, if we can prepare good quality surface parallel to
nized from Fig. 2a), £ represents the dielectric constant for the ¢ axis. _
the ordinary ray. On the other hand, the light wih a po- The oscillator strengtti of an absorption band between
larization propagates as the extraordinary ray in the crystafhe energyE; andE, per molecule can be calculated by the
The dielectric constant® for this extraordinary ray is also formula
calculated by the Kramers-Kronig transformation of the re-
flectivity spectrum forEL a in Fig. 4. The results o&{ and 2m (E
&5 are depicted in Figs. 6 and 7, respectively. f= @J'
We further calculated the dielectric constafitas follows.
The dielectric constant® for the extraordinary ray shown in
Fig. 1 is related te? ande® as a function of the anglé by

2
E'e,(E")dE’,
Ep

(3.3

wherem s the electron mas$| the number of molecules per

the equation of dielectric ellipsdi

1 cog6 sirf
= +

l
10 20
PHOTON ENERGY (eV)

FIG. 7. Imaginary part of the dielectric constant of Pby\ior

Ella, ELa, andE||c at 8 K.

(3.2

unit volume,e the electron chargd, the Planck constant, and

no
o
T

-
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FIG. 8. Absorption coefficient of PbWjat 8 K for E|a and
Ellc. The spectra in the low-energy region are shown in the inset on

an expanded scale.
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FIG. 9. Effective numbems of electrons per molecule of w 01:
PbWQ, for E||a (solid curve andE|c (dotted curve =l Efa :
T Effc _
E the photon energy. For the exciton band 1 between 4.1 and 0 U
4.6 eV, the oscillator strength is estimated to be 0.5 @, 4 4.5 5 5.5
while it is less than 0.10 foE|c. The magnitude foE||a is PHOTON ENERGY (eV)
comparable with that of the exciton band in alkali halides,
typical ionic crystals; e.g., the value bis nearly 0.5 in NaCl FIG. 10. Thes, spectra(upper part and the electron energy-

and KCI12>26\\je getf ~ 0.55 for the peak 2 between 4.8 and loss functions—Im(1/e) (lower par} in the exciton-band region.
5.8 eV for E||c, subtracting the contribution from the back-

ground absorption. _ —Im(1/e) for E||a. This suggests that the structiggarises
Furthermore, the effective numb&f of electrons per from the longitudinal exciton-polariton mode peculiar to an-
molecule was calculated using the relation isotropic crystals.
2m (E_, NdE’
Ne(B)= S 503 ), B 22(E)AE". (3.4 IV. DISCUSSION

The result is shown in Fig. 9. A. Overall structure above the band gap

The electronic structure of scheelite Pb\yiaas been cal-
culated using the LAPW method by Zhaagal.” The upper

. ) . part of the valence band consists mainly of the @p state
As seen from Figs. 4 and 5, the exciton band 1 consists 0§ the conduction band is dominated by thé"&d state.

two or three fine structures. In the upper part of Fig. 10 arerpe p3+6s state contributes throughout the valence band.
shown thee, spectra in the low-energy region on an ex- gimijjar result has been obtained from the X calculation
panded scale. The exciton band shows doublet structure I%y Ye et al2® and by Inabe and Itoh: The number of the
beleda; anda, for &5 andc,; andc, for e5. We can see a ylence electrons per molecule is 26, which comes from the
peake; and a humpe; for 5. A weak structures, is also s state of one Pb™ ion and the D state of four G~ ions.
seen in betweer; and e;. The structures; ande, are  |n general, the effective numb@¥. of electrons does not
supposed to be the counterpartscgfand c,, respectively. exceed the number of valence electrons below the onset of
On the other hand, no structure is found at the positioesof the transition from an outermost core level, although some
in the 3 nor &5 spectra. exceptions have been knoWi?® The present result follows

It should be noted that the structugg is observed in the this general case, i.eNy ~16-17 at 20 eV lower than the
spectra of the extraordinary ray which propagates in the offPi?™ 5d core level for both polarizations, as shown in Fig. 9.
axis direction in PbWQ@. In polariton picture, the transverse  In order to obtain the optical constants, Zhaigl® have
and longitudinal modes of an exciton-polariton are mixedcalculated the joint density-of-stat®OS) on the basis of
with each other when its propagation vector does not cointheir energy band calculation. From Fig. 2 in Ref. 8, we see
cide with any of the principal axes in an anisotropic cry$fal. that (1) the value ofe, just above the band edge is much
The lower part of Fig. 10 shows the electron energy-lossarger for E||a than for E||c, (2) a distinct peak is observed
functions—1Im(1/e) for El|a andE| c, which were calculated for E|c in the 4—5 eV region, while it is absent f&ta, and
from the ¢® and ¢° spectra, respectively. The peaks in the(3) some strong peaks appear at about 7.5 eV for both polar-
energy-loss spectra correspond to the excitation of longitudiizations. These features reproduce well the overall structure
nal exciton polaritons. It appears that the energy position ofn Fig. 7, if we assume that the calculated band-gap energy is
the structuree; for 5 is only slightly lower than the peak of about 1 eV smaller than that of the experimental one.

C. Fine structures in the absorption-edge region
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The presentk, spectra show a minimum around 12 eV. E
We attribute the structures in the 4—10 eV region to the T Eifc r
transitions from the valence band to the bottom of the con- r (E//ab) 78
duction band, because the calculated width of the valence AE z 7y =
band is about 5.5 e¥The structures in the 19-25 eV region © Po
are apparently due to the transition fron?Ptsd core level. E/fab I_5,6
Similar structures have been observed in the optical spectra |_3,4 —
of lead halides, and explained well on the basis of the cat- 0 P J —
ionic 5d— 6p transition??23 x1 T~ ¢
E//a,b |—7 8
B. Exciton structure N (E//c) '
The calculation of the joint DOS by Zhareg al® does not N
include the excitonic effect. Nevertheless, their result of
shows a sharp singularity of DOS at the band edge. The
present experiment reveals that the exciton band of PpWO B |_5,6
has a doublet structure for each principal crystal axis. Ac- S

cording to their argument, the high-energy structure is as-

signed to the calculated singularity of DOS, and the low- FIG. 11. Schematic energy level diagram of thé PBs — 6p
energy structure to the exciton state associated with thifansition in theS, crystal field. The selection rule is indicated near
singularity, which means that the exciton binding energy ofeach solid arrow, while the partially allowed transitions are given in
PbWQ, is small (~0.1 eV). the parentheses.

8 . .
Although the argument by Zhangtal” is appealing, el In Fig. 11 is presented the energy level diagram cal-
there are some problems on their calculated result near thg,ated from Eq.(4.1). The selection rule of the electric-

band gap. First, no clear symptom of indirect transition isgjpole alloweds— p transition is given in this figure, where

found in Fig. 3, although their calculation indicates indirectthe partially allowed transitions due to weak spin-orbit inter-
band gag. Some inaccuracy may be included in the calcula-action are given in the parentheses.

tion of the DOS at the band edge, because the DOS is sen- According to the abovementioned model, the peaks
sitive to the dispersion of both the valence and conductiorand ¢, are assigned to the transition from the groung
bands. Second, the contribution of the?’PtSp state to the state to the lowest excitell; g state, and the peal, is
bottom of the conduction band is negligible in their assigned to the transition to the excitBeg state. Structure
calculation! from which they pointed out that the Pb6s 2, which is strongly observed only féc, is assigned to the
—6p exciton model is not appropriate. However, thetransition to the higher excite'; g state. Therefore, the
DV-Xa calculationd®indicate that the PiJ 6p and W model can explain the dichroism of the main structures in the
5d states have comparable contribution to the bottom of thexciton-band region.
conduction band. This is consistent with our observation of The values ofAE. and{ (=2\ in Ref. 30 are estimated
the PB* 5d— 6p transition at around 23 eV. Therefore, the to be 0.9 and 0.1 eV, respectively, from the energy separation
exciton transition in PbW@would involve the cationic ex- of the fine structures. The corresponding values in,Plalve
citation, as well as the charge transfer from oxygen to tungbeen given adE.=0.8 eV and{=0.6 ev® Although the
sten. crystal structures are different from each other, the larger
In a previous pape we suggested an assignment on thevalue of AE; in PbWQ, seems reasonable, considering that
basis of cationic 6— 6p excitation picture. APb" ionisin  the distance between Pb and the nearest neighbor O in
the site ofS, symmetry. The Pb™ 6p level splits into thep, PbWQ, is 2.58 A, which is smaller than the Pb-I distance of
(=py (I'y) level and thep. ¢ (=(pxiipy)/\/§) (T34 level  3.21 A in Pbp. The value ofZ in our model is small com-
due to the crystal field along the axis. The latter level is pared to that of PBl Since there is a considerable hybrid-
further split by the spin-orbit interaction. This situation is ization of WP* 5d state with the Pb" 6p state in the con-
similar to the exciton transition in Phla typical example of duction band in PbWgQ the spin-orbit coupling of the &
cationic excitation, where thepblevel splits due to the crys- electron is expected to be reduced. The reason for a small
tal field of D3y symmetry and the spin-orbit interactih. difference in peak positions af; (a,) andc; (c,) is not
The analysis on the exciton structure given in Ref. 30 holdslear. There are two possible explanations for this, however.
formally for the case of PbWg The Hamiltonian which One is ascribed to the anisotropy of the Coulomb and ex-

describes the 6 states is given by change interactions, as proposed for the exciton band of
Bil3.3! The other is due to the Davydov-type splitting, since
2 0 0 two molecules are contained in a primitive unit cell of
0 {2 AE, V. SUMMARY

whereAE. and{ represent the crystal field splitting between  We have measured polarized reflectivity spectra of
I', andI';4 and the spin-orbit coupling constant, respec-scheelite PoW@using oriented single crystals. Remarkable
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dichroism is found in the optical spectra, especially in thepose spurious influence on the spectral change due to impu-

exciton-band region. The optical constants for the principatity doping or radiation damage, if the spectra measured with

crystal axes were obtained by using the Kramers-Kronig redifferent polarizations are compared with each other.

lation and the equation of the dielectric ellipsoid. The main

features ob_served in the optical spectra were C(_)mpargd Wlth ACKNOWLEDGMENTS
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