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One- and two-photon excited luminescence and band-gap assignment in CaWO4
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Luminescence properties of CaWO4 have been investigated using complementary one- and two-photon
excitation techniques. Analysis of the thermal changes in the luminescence spectra indicates that the observed
high-energy shift of the CaWO4 emission maximum is mainly caused by a change of position of the intrinsic
blue band. The thermal broadening and shift of this band can be interpreted satisfactorily in terms of a model
of the luminescence center interacting with the vibrating crystalline environment. The characteristic parameters
of the phonon system obtained from the experiment agree with those from earlier independent studies. Intense
laser stimulation of CaWO4 in the spectral region,505 nm (.2.45 eV) results in emission with spectral and
kinetics features that are characteristic of the radiative decay of a WO4

22 oxyanion complex in this crystal. The
kinetics of luminescence decay under two-photon excitation changes with increasing excitation density due to
exchange interaction of the elementary excitations. From a comparative analysis of the optical properties of
CaWO4 obtained in the course of two-photon and one-photon spectroscopic studies~absorption, reflection,
one- and two-photon excitation spectra! it is concluded that the energy gap of the crystal is 5.260.3 eV.

DOI: 10.1103/PhysRevB.69.205110 PACS number~s!: 78.55.2m, 63.20.Kr
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I. INTRODUCTION

Calcium tungstate is a well-known single crystalline sc
tillation detector of ionizing radiation, first used in the yea
following Röntgen’s discovery of x-rays.1 Because of its ex-
cellent luminescence properties CaWO4 has found practica
importance in many optical applications as a phosphor, s
tillation counter, laser material, etc. Therefore during mo
than a century calcium tungstate has been investigated
oughly; starting with the early work of Kro¨ger2 who re-
viewed the luminescence properties of the tungstate fami
considerable amount of data on the spectroscopy of CaW4
has been collected by many investigators.3–10 The planned
use of PbWO4 as a scintillator in detection systems of th
Large Hadron Collider11 has revived interest in tungstate m
terials and comparative experimental and theoretical stu
of CaWO4 have provided up-to-date information about
electronic structure,12 excitation and relaxation
processes,13–15 and optical and luminescence properties.16,17

A new field of application emerged some years ago wh
the concept of cryogenic scintillation detectors was imp
mented for use in the search for interaction events cause
Dark Matter. The calcium tungstate scintillator is conside
as a most suitable target material because of its capabilit
discriminate between electron and nuclear recoils by sim
taneous detection of scintillation photons and phonons,18 and
optimization of its scintillation properties is becoming a p
mary focus of material and luminescence research.19

Single crystals of CaWO4 with scheelite structure crysta
lize in tetragonal space groupC4h

6 ; it has two molecular
units in the primitive cell. The result of single-crystallin
x-ray-diffraction study by Hazenet al.20 provides the follow-
0163-1829/2004/69~20!/205110~9!/$22.50 69 2051
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ing lattice parameters of CaWO4: a55.2429 Å and c
511.3737 Å. The Ca and W sites haveS4 point symmetry.
The Ca cations are eightfold coordinated by oxygen in
form of eight-vertex polyhedra made up of elongated a
compressed tetrahedra. The WO4 groups have the shape o
nearly regular tetrahedra, slightly compressed along theS4

axis. The oxygen sites have only a trivial point symme
and the crystal has an inversion center.

CaWO4 is an intrinsic scintillator with high light yield,
high quenching temperature and a broad structureless e
sion band centered at;420 nm. It is generally accepted tha
the emission is due to electronic transitions of the char
transfer type between oxygen and tungstate within the an
complex WO4

22 , interpreted in the excited state as a se
trapped molecular exciton.7,8,14–16 In addition to the main
blue band, green luminescence can be detected with a
tive intensity that is dependent on the type of excitati
~UV-, X- or g-emission, particles! and sample quality. This
emission is attributed to extrinsic luminescence due to str
ture defects of the crystal lattice, such as WO3 Shottky
defects.9,21 Grasseret al.22 also suggested that apart from th
WO3 group, the Mo31 impurity ~i.e., MoO4

22 group! can
contribute to the green emission.

Investigations of luminescence kinetics of CaWO4 have
been reported in a number of papers.4,5,7,23,24Beard et al.4

useda-particle excitation in the temperature range from
K to 375 K and observed first-order kinetics with a dec
constant of 5ms at room temperature that increases mo
tonically with decrease in temperature. Treadaway a
Powell,7 and later Blasse and Bokkers,24 examined the be-
havior of luminescence decay under UV excitation and fou
©2004 The American Physical Society10-1
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a pronounced increase~by an order of magnitude! in the
decay constant for temperatures below 20 K. The meas
decay time was roughly twice the value obtained by Be
et al.4 and this was explained by different types of excitati
used24. Born et al.5 obtained a shorter decay time with ele
tron beam excitation compared with that measured under
excitation. Overall these results are consistent with the c
acteristics of luminescence kinetics of CaWO4 and the dif-
ferences in the decay constants observed can be attribut
differences in excitation conditions. The effect of excitati
density on luminescence decay has recently been anal
for lead tungstate by Itohet al.25 and clarification of this
issue for calcium tungstate is of interest.

Two-photon spectroscopy can provide new informat
concerning the nature of emission processes as it allows
servation of states that are inaccessible by traditional o
photon spectroscopy.26 For crystals with inversion symmetr
both techniques are complementary owing to the selec
rules that are very different: even parity transitions are
lowed for two-photon spectra while odd-parity transitions a
permitted in one-photon spectra.27 Investigation of the two-
photon induced process provides basic information about
nature of the excitonic states and band properties near
band-gap edge of the crystal that can be compared with th
obtained under one-photon high-energy excitation. From
practical perspective two-photon excited luminescence h
critical advantage of allowing direct examination of lumine
cence from the interior of a bulk sample, permitting the h
mogeneity of the light yield from massive single-crystalli
scintillators to be assessed.28

Bearing in mind the importance of such information f
material science of scintillation detectors and because of
lack of pertinent studies for calcium tungstates we initia
comparative investigations of the luminescence propertie
CaWO4 induced by one and two-photon excitation~TPE!
processes. Given recent progress in computational studie
the electronic band structure of CaWO4 and other
tungstates12,29,30 it is believed that such experiments can
consistently interpreted in the frame of the theory of el
tronic band structure of crystals providing in turn quanti
tive parameters that are indispensable for the analysis o
theoretical results.

In this paper we report on the luminescence studies
CaWO4 performed using high power pulsed laser sources
TPE of the luminescence and rudimentary spectrosco
techniques for one-photon excitation. Following an exami
tion of the luminescence properties of calcium tungstate,
ticularly their temperature dependence, the TPE lumin
cence is compared with other spectroscopic properties
CaWO4. These results are discussed within the current
derstanding of the energy-band structure of the material.
nally the main features of the kinetics of TPE luminescen
are examined.

II. EXPERIMENTAL TECHNIQUE

Two samples were examined:~i! sample C, a polished
~optical quality! section cut from a scintillation detecto
manufactured by SRC ‘‘Carat’’~Lviv, Ukraine! and ~ii !
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sample F, a fragment cleaved from a crystal ingot obtain
from Dr. Y. Usuki ~Furukawa Company, Japan!. Both
samples were grown by the Czochralski technique from
raw materials of 99.99% purity.

Two experimental configurations were used in the T
luminescence studies. One experiment was carried out u
fixed excitation wavelength comprising the third harmon
~355 nm! output of a Q-switched YAG laser~Continium
Minilite II; pulse duration 5 ns; repetition rate 10 Hz; pow
density 20–40 mW cm22). For excitation in the spectral re
gion 450–600 nm a tunable laser source was used~paramet-
ric oscillator comprising a Quanta Ray MOPO 710, pump
by a Q-switched YAG laser; pulse half-width 3–4 ns; repe
tion rate 10 Hz; power density 2 –12 mW cm22). A detailed
description of the two experimental systems can be found
Refs. 25 and 31, respectively.

Given the task of comparing the data obtained in the T
luminescence study with the results of other experiments,
emission and excitation spectra of the CaWO4 were mea-
sured in a wide spectral range using a 40-cm vacuum mo
chromator of the Seya-Namioka type in combination with
D2 lamp~200 W!. The band pass was adjusted to about 2 n
The specimen was mounted on the copper holder of a clo
cycle He cryostat operating in the temperature range 8–
K. Luminescence was detected at a right angle to the exci
UV-light by means of a Nikon G250 monochromator and
Hamamatsu R4220 photomultiplier. The band pass of
analyzing monochromator was 5 nm. The luminesce
spectra were corrected for the dispersion (l2 correction! and
for the spectral response of the detection system.

The reflection spectra presented in this study were m
sured for sample F using a spectroscopic facility at UVSO
~for the experimental details see Ref. 32!.

III. RESULTS AND DISCUSSION

A. Temperature dependence of CaWO4 luminescence

The luminescence spectra of the CaWO4 crystal samples
C and F, excited by UV photons in the energy range 4.3–
eV, shown in Figs. 1 and 2, respectively, explicitly demo
strate the effect of excitation energy on the emission sp
trum. Under excitation with the low-energy photons mos
the extrinsic green emission band is observed, while
intrinsic blue band dominates at higher excitation energ
(.5 eV). This effect is reflected in the luminescence lig
yield spectra of the crystals@Figs. 3~a! and 3~b!#. The exci-
tation spectrum of the green component exhibits a band-
singularity located in the edge region of the excitation sp
trum of the blue component, which gives evidence of t
defect center emission. The relative intensity of the form
band in the excitation spectrum is sample dependent and
provide an estimate of the content of such defects. It is
ticeable that the dependence of changes in the emission s
tra on the excitation energy in the region of the edge abso
tion is observed in PbWO4 crystals15,33,34and it appears to be
a common feature of the luminescence of tungstate crys
with a scheelite structure. The position of the green and b
emission bands also differs for the samples tested. As see
Figs. 1 and 2, the emission bands measured at 8 K have
0-2
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extrinsic and intrinsic peaks located at 2.45~2.55! eV and
2.80~2.90! eV in sample C~F!, respectively.

Temperature increase leads to a high-energy shift
broadening of the emission bands; at 300 K the maxima
the extrinsic and intrinsic emission bands are at 2.70~2.75!
and 2.90~2.95! eV in sample C~F!, respectively. The above
observations suggest that the shift of the extrinsic gr
emission band with increased temperature is the consequ
of an overlap of the excitation edge of the intrinsic emiss
with the nearby absorption band of the defect centers. T
suppresses their excitation and results in the spectral re
tribution of the emitted light in favor of blue emission~see
also Ref. 13!. Thermal changes in the luminescence exc
tion spectra of the crystals observed in the edge region
port this interpretation@Figs. 3~a! and 3~b!#. At a temperature
of 8 K, the luminescence excitation spectra exhibit a sho

FIG. 1. Normalized luminescence spectra of CaWO4, sample C,
measured atT58 K ~a! and 300 K~b! under excitation with 4.49
~dashed line! and 5.16 eV~solid line! photons.

FIG. 2. Normalized luminescence spectra of CaWO4, sample F,
measured atT58 K ~a! and 300 K~b! under excitation with 4.59
~dashed line! and 5.16 eV~solid line! photons.
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der at 4.6 eV that is associated mainly with the excitation
the extrinsic green emission. As the sample temperature
creases the onset of the excitation spectrum associated
the intrinsic emission shifts to lower energies and overla
this defect band. This results in simultaneous excitation
the defect and intrinsic emissions. The onset of intrinsic b
emission occurs for excitation energies above 4.7 eV.

The main effect of temperature increase on the lumin
cence spectra of CaWO4, a decrease in the emission intens
and spectrum broadening@Figs. 4~a! and 4~b!#, is a typical
characteristic of luminescence materials with intrins
emission.35 Under excitation with 6.2 eV photons, the inte
grated emission intensity remains almost unchanged at
temperatures and decreases significantly as the temper

FIG. 3. Luminescence excitation spectra monitored at 2.95
for CaWO4 @~a! sample C;~b! sample F#. Spectra are measured a
T58 K ~1! and 300 K~2!. The excitation spectrum atT58 K is
resolved into two components: the intrinsic~dashed line! and ex-
trinsic ~dotted line! emission.

FIG. 4. Temperature dependences of the emission spectr
CaWO4 excited at 6.20 eV@~a! sample C,~b! sample F#. The num-
bers adjacent to the curves represent temperature in K.
0-3
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is raised. The temperature at which this significant cha
sets in is sample dependent; for sample C it starts above
K and for sample F above 250 K respectively.

A further feature to note is the high-energy shift of t
emission peak with increased temperature when excitatio
performed well above the luminescence excitation edge.
ure 4 demonstrates this well-recognizable signature
CaWO4 luminescence.7,17 Previous explanations of this e
fect are based on the composite nature of CaWO4 lumines-
cence. The intensity ratio and position of the intrinsic~blue!
and extrinsic~green! components have been assumed to
temperature dependent, causing the fraction of green e
sion to decrease with increasing temperature and resultin
a concomitant blue shift of the detected luminescence s
trum. To test this model, we performed an analysis of
luminescence spectra using multi-Gaussian decompositi

The presence of two Gaussian bands in the emission s
trum of CaWO4 has been generally assumed.8,16,17,21,22It
should further be mentioned that Bacciet al. have shown in
recent studies36 that the intrinsic blue luminescence o
PbWO4 has an internal structure~three bands! due to the
Jahn-Teller effect. Since there are no apparent experime
indications of such internal structure of the blue emission
CaWO4 the two-Gaussian decomposition was considered
be sufficient for the analysis of the luminescence spec
However this does not eliminate the idea in itself; it cou
give a hint for understanding the sample-dependent cha
of the intrinsic emission band.

The results of this decomposition analysis are consis
for both samples, as summarized in Figs. 5 and 6. Figu
shows that the absolute intensity of both emissions decre
with temperature and, critically, changes in the integra
intensity of the blue emission with temperature replicate
temperature dependence of the integrated light yield
served. The position of the blue emission band peak alm
coincides with the maximum of the luminescence spectr
@Fig. 6~b!#, both of which undergo a gradual high-ener
shift with increase in temperature. The magnitude of the s
~0.11 and 0.04 eV for samples C and F respectively! is con-

FIG. 5. Temperature dependence of the integrated luminesc
intensity ~circles!, intensity due to intrinsic~squares! and extrinsic
~triangles! emission bands of CaWO4. Empty and solid symbols
represent samples C and F, respectively. Luminescence is mea
under 6.20 eV photoexcitation.
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sistent, within experimental error limits, with that observ
experimentally for both samples~0.10 and 0.05 eV!.

We suppose that the above-mentioned composite struc
of the intrinsic band provides support for the explanation
the minor sample-dependent variation of the peak position
this band. According to the model36 its appearance is gov
erned in a complex way by the number of parameters~Jahn-
Teller coupling, ligand field, spin-orbit coupling! and it is
assumed that these parameters can be sample depen
This would result in different intensities of the separa
peaks and hence in different shapes of the resultant intri
emission band.

As is seen in Fig. 5, the green emission band make
minor contribution to the total emission~less than one-third!,
and the expected effect on the shape of the luminesce
spectra is minor. Consequently the predicted change w
temperature of the emission intensity and peak position
the single-Gaussian blue band closely follows that obser
experimentally for the luminescence spectra of CaWO4 crys-
tals. We conclude that under photoexcitation of CaWO4 us-
ing energies well above the luminescence excitation ed
the defect emission does not significantly influence the
served temperature dependence of the luminescence. M
over, the observed features are predetermined by recomb
tion processes associated with the intrinsic~blue! emission
band.

To explain the observed temperature shift of CaWO4 lu-
minescence we adopted the model of a luminescence ce
in a vibrating crystalline environment that would provide t
basis for a quantitative approach.37 Recent studies of the
temperature-induced effects in the luminescence
ZnS:Mn21 showed that such an approach can adequately
plain the observed high-energy shift of the broad band em
sion of Mn21 ions.38 Using this theoretical approach, the e

ce

redFIG. 6. Temperature dependence of intrinsic emission band
CaWO4; ~a! full width at half maximum and~b! peak position of
the intrinsic emission band as a function of temperature. Empty
solid symbols represent samples C and F, respectively. Solid l
show the best fitting to the Eqs.~1! and~2!. Luminescence is mea
sured under 6.20 eV photoexcitation.
0-4
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pression for the temperature dependence of the half-widt
the emission band is given as follows:

W~T!5W0Acoth~\v/2kT!, ~1!

where W0 is the width of the band at 0 K and \v is the
energy of the lattice vibrations that interact with the ele
tronic transitions. The position change of the emission b
with temperature can be written as:37

E~T!5E01CT4E
0

\vD /kT

x3dx/~ex21!, ~2!

whereE0 is the energy of the transitions at 0 K,\vD is the
characteristic energy of acoustic phonons in the De
model ~cutoff energy! and C is a constant. These equation
were employed in a numerical fit to the experimental d
assuming that each emission band is associated with one
of luminescence center.

The result shown in Fig. 6~a! ~solid line! can be fitted
~two parameter least squares! to Eq. ~1! on thermal broaden
ing of the intrinsic emission band, yielding phonon energ
of 4563 meV and 4262 meV for samples C and F, respe
tively. These values agree reasonably well within the unc
tainties of the fitting procedure, and they are also consis
with the energy~44 meV! of the n2 internal vibration mode
of the WO4 tetrahedra in CaWO4.39

Fitting of Eq. ~2! to the experimental data was perform
using the minimization by gradient method~MIGRAD algo-
rithm! to minimize the sum of the least squared errors.40 The
Boltzmann distribution was numerically integrated using
extended version of the trapezoidal rule.41 The best fits@Fig.
6~b!, solid line# were obtained with values of the phono
cutoff energy (\vD) of 2669 meV and 18611 meV for
samples F and C respectively. The comparatively large e
is caused by high scatter and uncertainty associated with
evaluation of the energy position of the intrinsic emissi
band. Nonetheless, the numerical parameters are cons
with the value for the phonon cutoff energy of 22 meV o
tained from measurements of the elastic constant
CaWO4.42 Overall these results indicate that the phonon
teraction with the emitting WO4

22 center is the dominating
factor responsible for the line shift and temperature broad
ing of the CaWO4 luminescence. We would like to point ou
that knowledge of the parameters of the phonon system
importance for the development of cryogenic scintillation d
tectors and the present finding shows the possibility of m
ing an assessment of these parameters from the result
tained by luminescence investigation.

B. Two-photon excited luminescence of CaWO4

Intense laser excitation having a power dens
.2 mW cm22 in a spectral range significantly below th
luminescence excitation edge~4.4 eV! stimulates blue lumi-
nescence in CaWO4. Emission spectra for sample C we
recorded under excitation with 2.58 eV photons~laser! and
photons from a UV source~Fig. 7!. The positions of the
emission bands coincide, though the laser-induced lumin
cence spectrum exhibits noticeable narrowing compared
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that obtained under high-energy excitation. This observa
suggests that the emission is associated with cascade s
lation of intrinsic luminescence of CaWO4. Luminescence
measurements are known to be a convenient method for
detection of TPE phenomena in solids.43 According to
second-order perturbation theory the quadratic depende
of the emission intensity on the power density of the incid
light signifies a TPE process.44 Consequently the logarithm
of the CaWO4 blue luminescence intensity is proportional
the square of the power density of the incident light~Fig. 7,
insert!, and this quadratic dependence provides direct e
dence that the emission is associated with a nonlinear t
photon stimulation process.

The excitation spectrum of TPE luminescence~Fig. 8!
was measured at two temperatures; at 300 K the spec
exhibits an onset in the region of 505 nm~2.45 eV! and a
peak at 465 nm~2.65 eV!. Both the onset and peak shift t
shorter wavelengths with decrease in temperature, and
‘‘blue’’ shift is consistent with a thermal change in the ener
band structure of the crystal, viz., broadening of the ba
gap.26

A search of the literature indicates that only a couple
two-photon studies have been conducted with tungsta

FIG. 7. Normalized luminescence spectra of CaWO4 measured
using different excitation atT5300 K. Circles, TPE luminescenc
~only the part of spectrum above the stimulation energy 2.58
indicated by arrow, was measured!; solid line, photoluminescence
under excitation with 5.16 eV photons. The inset shows the int
sity of the TPE luminescence in CaWO4 as a function of the density
of the incident light. The straight lines represents a fit to the exp
mental data points using a power lawI em;I ex

k with k52.

FIG. 8. Excitation spectra of TPE luminescence of CaWO4 mea-
sured atT5300 ~solid circles! and 77 K~empty circles!.
0-5
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Unpublished results of measurements of two-photon abs
tion spectra were used by Abrahamet al.29 to estimate the
energy band gap in CdWO4, and Itohet al.25 examined the
luminescence kinetics of PbWO4 under two-photon excita
tion. In Fig. 9 we present a comparison of the results of T
luminescence experiments with those obtained by o
photon spectroscopy of CaWO4 ~luminescence excitation, re
flection and absorption spectra!. From this figure, it is imme-
diately evident that the excitation spectrum of TP
luminescence is located above the absorption edge and
onset of the luminescence excitation spectra~4.4 eV!. How-
ever, the excitation spectrum is significantly below the
eV peak in the reflection spectrum which is usually int
preted as an exciton transition.8,12 It is also of interest to
compare these results with the experimental data obta
for other tungstates, namely, CdWO4 and PbWO4 ~see Table
I!, from which it is evident that the position of the absorpti
edge consistently coincides with the onset of the lumin
cence excitation spectra. One can recognize a differenc

FIG. 9. Optical characteristics of the CaWO4 crystal measured
at T5300 K. Line, excitation spectra of the photoluminescen
monitored at 2.9 eV; dashed and dotted lines, reflection~300 and 10
K, respectively!; circles, absorption; and circles with line, excitatio
spectrum of TPE luminescence. The abscissa value for the latte
twice the photon energy of the stimulation light. Vertical dash
lines indicate the spectral position of the onsets discussed in
text.
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the magnitude of the high-energy shift of the first reflecti
peak relative to the absorption edge: it is estimated to
0.4–0.5 eV in CdWO4 and PbWO4 while being 1.6 eV in
CaWO4. This discrepancy persists also for the band-gap
ergy, and the general ordering ofEg is: CaWO4.PbWO4
.CdWO4. Finally, while the onset of the TPE proces
~Table I! correlates with the band gap energy in CdWO4,
there is a marked difference~almost 2 eV! in their positions
for CaWO4. This requires more detailed discussion conce
ing Eg .

To clarify this apparent inconsistency an analysis of
energy-band structure of CaWO4 is required. It is commonly
assumed that the CaWO4 absorption edge is determined b
electric dipole-allowed 1A1→1T2 transitions. The 1A1
→3T1 or 3T2 absorption transitions of lower energy are n
observed in the excitation spectra due to strong spin selec
violation. Recent computations of the electronic band str
ture of CaWO4 ~based on first principles! indicate that the
top of the valence band and the bottom of the conduct
band are predominantly defined by the 2p states of oxygen
and the W 5d states, respectively.12 Also, the calciumd
states have noticeable density approximately 2 eV above
bottom of the conduction band, and the valence-ba
maxima and conduction-band minima are located at theG
point. These calculations were performed using the o
electron approximation and did not account for exciton
fects. Nevertheless, an excitonic model of the luminesce
has been widely used to interpret the emission and excita
features of CaWO4, and the first reflection peak of CaWO4
at ;6 eV is usually interpreted as an exciton transition. T
latter is based on measurements of the excitation spectr
phosphorescence6 and thermoluminescence,13 yielding a
threshold formation energy of free carriers of;6.5 eV and 7
eV respectively. The average value (;6.8 eV) has been
adopted as the band-gap energy for the CaWO4 crystal.12

In the above works6,13 it has been suggested that the on
of excitation corresponds to the edge of Ca states sinc
hole residing on the tungstate group is paired with an e
tron in the Ca state. It should be noted that the phospho
cence is due to the recombination of spatially separa

e
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TABLE I. Optical parameters of CdWO4 , PbWO4 and CaWO4 ~data are given forT5300 K unless
otherwise indicated!.

Parameter~eV! CdWO4 PbWO4 CaWO4

TPE onset (ETPE) 4.560.2 ~Ref. 29! 4.9a

Luminescence excitation onset (Elum) 3.7 ~Ref. 54! 4.05 ~Ref. 34! 4.4a

3.9 ~Ref. 55! 3.7 ~Ref. 15! 4.4 ~Ref. 15!
Absorption edge (Eabs) 3.8 ~Ref. 56! 3.9 ~Ref. 57! 4.4a

3.8 ~Ref. 58! 4.3 ~Ref. 59!
Reflection peak (Ere f) 4.3 ~Ref. 60! 4.3 ~Ref. 61! 6.0a

4.3 ~Ref. 55! 4.25b ~Ref. 32! 6.0 ~Ref. 17!
Band-gap energy (Eg) 4.3 ~Ref. 29! 4.6 ~Ref. 17! 5.260.3a

4.5b ~Ref. 17! 4.7c ~Ref. 13! 6.8 ~Ref. 12!
6.0b ~Ref. 17!

aPresent study.
bLHeT.
cLNT.
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charged particles and includes a long-lasting stage of mi
tion to the emission centers. Since the model of tungs
luminescence assumes the emission center to be a clo
shell oxyanion complex WO4

22 that can host only positive
charge the above suggestion appears to be reasonably s
Taking into account thatd states of calcium exhibit notice
able density about 2–3 eV above the conduction-b
minima12 it is likely that published values ofEg are signifi-
cantly overestimated.

Based on the foregoing arguments we suggest that the
eV peak reflects the joint density of the O 2p and W 5d
states. This would support the interpretation that the exc
transition of CaWO4 is located at energies less than 6.0
and that its oscillator strength is too small to be obser
even at low temperatures~see Fig. 9!. Additionally it should
be noted that the first reflection peak in CaWO4 is unusually
broad and exhibits an extended low-energy tail, in contr
with the results of PbWO4 ~see Fig. 4 in Ref. 32!.

Given the results of the measurements of TPE spectr
should be possible to reconcile the spectroscopic results
tained by revising the value of the energy gap of CaWO4.
Because of inversion symmetry of the crystalline lattice,
direct band-to-band absorption transitions must be parity
bidden for the two-photon absorption of CaWO4 at the G
point.27 From a classical perspective the TPE spectr
should start in the energy region just below the energy ga
the crystal26 since a strong electron-phonon coupling resu
in a shift of the two-photon excitation edge towards low
energy.45 Assuming that the difference between the onse
the TPE spectrum andEg is about 0.3 eV, we suggest a
estimate for the value of the energy gap of CaWO4 to be
;5.2 eV. The value of 0.3 eV is derived from the typic
difference in the spectral position of the energy gap and
TPE spectrum onset in halide crystals.26,45,46 Such a shift,
unless quantified, introduces substantial uncertainty in
analysis and it may therefore be more prudent to speci
range between 4.9 eV and 5.5 eV for the energy gap
CaWO4. Despite this large uncertainty, the main point w
wish to make is that, on the basis of the interpretation of
experimental and theoretical results discussed above, the
ergy gap of calcium tungstate appears to be at a significa
lower value than the previously accepted value of 6.8 eV

Let us finally consider how this finding agrees with t
data on the energy structure of CaWO4. With the new value
of band gap taken as;5.2 eV the absorption band overlap
ping the first reflection peak can be interpreted as a di
transition at theG point starting from the valence band wit
predominantly O 2p-states and terminating at W 5d-states.
The higher energy structure, appearing above 7 eV, is lik
to be due to transitions from the valence band to the up
part of the conduction band dominated by Ca 3d-states. A
comparison of the calculated density of the states with
reflection spectra of CaWO4 ~see Fig. 16 in Ref. 12! also
gives a fairly reasonable qualitative correlation when
threshold of the former aligns with this new value ofEg .

In the context of this discussion it is worth noting th
results of a recent study of bismuth-doped CaWO4 ~Ref. 47!
where the decay kinetics were found to undergo a signific
change when the excitation energy was varied from 4.4
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5.5 eV. The emission resulting from excitation in the Bi31

absorption band~4.4 eV! is due to radiative decay of a
WO4

22 complex perturbed by Bi31 ion whereas excitation a
5.5 eV results in emission that is characteristic of intrin
emission of CaWO4 caused by radiative decay of exciton
self-trapped at regular WO4

22 oxyanion complexes. The de
cay kinetics of the latter are complex, indicating that bo
types of emission centers are excited. The energy ra
above 5 eV was identified as a fundamental absorption
gion of calcium tungstate that is in line with our interpret
tion.

C. Luminescence decay time under two-photon excitation

As mentioned above, the measurements of the decay
netics of TPE luminescence were performed using exp
mental apparatus in two laboratories with different excitat
conditions: sample C was excited with 2.58 eV photo
~power density 2 –12 mW cm22) generated by an optica
parametric oscillator while a third harmonic of a YAG las
(Eex53.49 eV, power density 20–40 mW cm22) was used
for excitation of sample F. Despite these differences, the
cay kinetics of both samples are similar~Fig. 10!, exhibiting
a singular exponential decay with decay constantst58.1
60.5 ms and 7.660.2 ms at 300 K for samples C and
respectively. These values are greater than that observed
der particle excitation (5ms at 300 K! by Beardet al.;4 on
the other hand Koepkeet al.48 resolved two decay compo
nents having time constants of 0.6ms and 9.2ms at room
temperature using an excimer laser (l5308 nm) as excita-
tion source, where the long lived component dominated
emission.

The measured luminescence decay time decreases si
cantly with increasing temperature~Fig. 11! in the elevated
temperature region, while in the low-temperature region
changes are less pronounced. The decay kinetics reta
single-exponential character with decrease in temperat
and at 8 K the decay constant for sample F is 1
60.2 ms. Given the model of the WO4

22 molecular complex
as the emitting center in CaWO4 ~implying that the lower
3T1 and 3T2→1A1 spin-forbidden transitions account for th
intrinsic luminescence! the temperature dependence of t

FIG. 10. Decay kinetics of the TPE luminescence of CaW4
measured atT5300 K under excitation with 2.58 eV photon
~sample C, dots! and 3.49 eV photons~sample F, line!.
0-7
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kinetics of the luminescence can be interpreted in terms
conventional three-level model of the emission center
tungstates.10,24Since our examinations do not extend below
K, in this study we did not endeavor to carry out modeling
the luminescence dynamics that is very sensitive to the v
of decay constant in the milli-kelvin range; we refer to t
model elaborated thoroughly by Mu¨rk et al.13 and more re-
cently by Nikl et al.14

At 77 K the measured luminescence lifetime of sample
was found to be 17.060.7 ms. This value is essentially th
same as that reported by Grasseret al.9 who used UV exci-
tation, and comparable to that (;15 ms) measured unde
pulse x-ray excitation at 100 K.49 It is noticeably that decay
time of sample C is consistently larger than that measured
sample F at all measurement temperatures, as seen in Fig

The dependence of the CaWO4 luminescence kinetics on
excitation density is shown in Fig. 12. The emission dec
time decreases gradually with an increase in the excita
intensity. Therefore we suppose that the difference in
emission decay constant observed is most likely to be cau
by the difference in power density of the excitation light us
in the two experiments ~sample C, power density
;5 mW cm22, whereas a factor of 4–8 higher was used
sample F!. The effect of the excitation density on the lum
nescence decay kinetics can be explained by assuming

FIG. 11. Temperature dependence of the decay time of the
luminescence of CaWO4 measured under excitation with 2.58 e
photons~sample C, solid circles! and 3.49 eV photons~sample F,
empty circles!.

FIG. 12. Decay time of TPE luminescence of CaWO4 as a func-
tion of the density of the excitation light at 2.58 eV,T577 K.
Dashed line is shown for guide to the eye.
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the exchange interaction between elementary excitations
troduces a competing nonradiative decay process.50–53 Simi-
lar to that suggested by Itohet al.25 for lead tungstate the
most probable mechanism of the exchange interaction un
high-excitation density is Auger-decay of two excitons se
trapped on adjacent WO4

22 oxyanion groups, which would
result in the nonradiative relaxation of one self-trapped ex
ton and the decomposition of another.

IV. CONCLUSIONS

In this study comparative investigations of the lumine
cence properties of calcium tungstate crystals have been
formed using one- and two-photon excitation techniques
detailed analysis of the temperature dependence of the lu
nescence spectra obtained under UV excitation shows
the observed high-energy shift of the CaWO4 emission arises
almost entirely from the position change of the intrinsic bl
band, and not from the relative change in the intensity of
intrinsic and extrinsic bands, as suggested previously.
thermal changes in the intrinsic emission band of CaWO4 are
interpreted in terms of a model of electron-phonon inter
tion with the luminescence center. The luminescence kine
of calcium tungstate examined under two-photon excitat
were found to be fully consistent in terms of characterist
and decay constants with those observed in other lumin
cence experiments where high-energy excitation is us
This study has also demonstrated that the magnitude of
excitation density in the TPE luminescence experiment in
ences the kinetics of the luminescence decay, and this is
to an exchange interaction of elementary excitations si
larly to the effect known for one-photon excitation.

The most significant result of the study is the outcome
a comparative analysis of the spectral characteristics
CaWO4 obtained by investigation of the energy states t
are inaccessible by traditional spectroscopy. From the res
obtained we conclude that the previously used value of
ergy gap of CaWO4 has been substantially overestimated a
recommend that a value ofEg55.260.3 eV is adopted. This
value is consistent with the main experimental results a
also with the calculated scheme of energy band structur
the crystal. Finally, we suggest that the TPE luminesce
technique has the advantage of allowing analysis of lumin
cence produced within the interior of large single-crystalli
objects, whereas other luminescence methods can us
only probe a thin surface layer and consequently the lu
nescence measurements are strongly affected by surfac
fects. This capability is particularly important when consi
ering the stringent requirements for quality inspection
cryogenic scintillating detectors that are to be used in sea
for rare events.
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