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Four types of electron traps in PbWObased on regular W sites perturbed by oxygen vacancies, are
identified by electron spin resonan@SR). The analysis of the ESR spectra parametgréactor values and
principal-axes orientationshows that the revealed centers are (JWOvacancy-containing complex anions
associated with a defect in the Pb sublattice: (AWOAp, complexes. Two of the centers (V&nd W) are
thermally stable up to 350—-370 K, while the other two{®#hd W,) are stable only up to 270-290 K. Above
these temperatures the trapped electrons become free and recombine with localized holes, giving rise to a
composite TSL glow peak at~323 K (characterized by a trap depth of 0.9 eV evaluated by the initial rise
method and to a weaker TSL structure at=365 K. The correspondence between (YGOAp, centers and
TSL peaks is supported by their similar room temperature time decays, and by the similar dependences of ESR
and TSL signals upon annealing treatments. A scheme of local electronic levels in the band gap qfi®bWO
proposed.
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[. INTRODUCTION A systematic study of the processes of charge carrier lo-
calization in PWO was recently initiated by some of us. It
Lead tungstatgPbWQ, (PWO)] became a subject of in- was found that electron autolocalisation in the PWO lattice
tense studies in the 1990s, when it was selected as a scintilpolaronic (WQ)3~ centel occurs after ultraviolet light ir-
lator for coming applications in electromagnetic calorimeterradiation below 40 K(see Refs. 11 and 12Electrons ther-
detectors for high-energy-physics experiméntgpart from  mally freed at about 50 K from the (W~ center radia-
detailed reports on luminescence and scintillation charactetively recombine with holes localized nearby giving the
istics, the nature and role of various defect states in the preexcitonlike emission in the blue spectral regidhey can
cesses of energy transfer and storage remained a subjecta@o be retrapped by a deeper lattice defect, namely, by a
debate(for a review, see Ref.)2Trying to provide a micro- PE* cation perturbed by an oxygen vacancycj.'**
scopic interpretation of the radiation induced optical absorpAbove T~ 180 K, such Pb-(V) centers are thermally ion-
tion, several mechanisms were suggested and various poirized, giving rise to a thermally stimulated luminescence
defect configurations were considered for the free-chargetTSL) glow peak!® Trivalent ion (L&") doping of PWO
carrier capture and color-center creation. For instanceesults in the stabilization of the autolocalized electron in
simple hole centers (Bb and O') as well as electron cen- La®*-(WO,)3~ center up to 100 K and its thermal disinte-
ters(F and F) were assumed to explain radiation-induced-gration is again accompanied by a TSL peak around this
absorption spectra at room temperatii@xygen vacancies temperaturé®
were considered as parent sites for electron traps in the In this work we present a further complementary ESR and
radiation-damage mechanism at room temperdtubeher ~ TSL study on high-purity PWO single crystals. In particular,
authors considered oxygen bivacanties electron traps and we focus on the photoinduced defects that are thermally
bi-(O~) hole centers coupled to lead vacancié<tinally,  stable aff>260 K and therefore can be directly involved in
the cluster of two lead ion vacancies and one oxygen varadiation-damage processes of PWO at room temperature.
cancy was suggested as a parent site for the capture of twsome of the preliminary results related to the defects studied
holes at neighboring oxygen anions, and such a color centdrere have been briefly published previou<iyf
was ascribed to the radiation induced absorption band peak-
ing at 350 nn. Such a triple-vacancy center was found to be
stable in theoretical calculatiosThe electronic structure,
the energy position within the band gap, and the configura- PbWQ, single crystals were grown by the Czochralski
tion of oxygen vacancy-based defects were also treatethethod in air using the third crystallization methddBuch a
theoretically’° It was concluded that thd states of tung- method consists of twice regrowing the crystal, when previ-
sten, due to the missing oxygen in the Wttrahedron, are ously grown crystdk) is (are used to obtain the melt. The
lowered and fall into the forbidden gap. However, hypoth-crystals were slightly doped with RB.5 ppm in the sampje
eses dealing with the nature and configuration of color cenand also contained Cu{1-2 ppm). Samples for ESR mea-
ters should be experimentally verified by means of a methodsurements, 2X42.6X8 mn?, were cut in the(001) and
like electron spin resonand&SR), sensitive to monitor un- (100 planes, while for TSL measurements, polished samples
paired spins of electron/holes captured at such color centers. mm thick and approximately 1 ¢min area were used.

Il. SAMPLES AND EXPERIMENTAL DETAILS
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High-temperature-annealing treatments were performed iF=290 K (room temperatute(RT) new ESR spectra appear
inert-gas (Ar) or oxygen atmospheres. The samples wer€Fig. 1(a)]. Alternatively, these new spectra can be produced
heated at a rate of 10-12°C/min up to 950 °C, held at thapy ultraviolet irradiation at low temperatures and subsequent
temperature for 4 h, and cooled to room temperature at a ratgeating toT=260-300 K(Fig. 2. The same effect can be
of approximately 12 °C/min. The ESR measurements wergbtained under x-ray irradiation. The ESR signal reaches its
performed at 9.21 GHz and at temperatures from 4 to 100 Kmaximum atT=12-16 K. As temperature increases, the in-
A mercury high pressure arc lamp and a halogen tungstefensity rapidly decreases due to temperature dependence of
lamp were used for an optical irradiation of the samples. TSlthe spin-lattice relaxation, and the ESR spectra completely
measurements were performed following x-ray irradiationvanish atT>45 K. It will be shown below that these new
(Machlett OEG50 x-ray tube operated at 30)kat 293 K. ESR spectra belong to ¥ lattice ions with different sur-
The TSL signal was detected by an EMI 9635QB photomulroundings.

tiplier tube. Wavelength-resolved measurements were also The WP* spectra can be completely erased by either
performed by a home made TSL apparatus allowing meagreen light illuminationFigs. b) and Xc)] or temperature
surement of the TSL intensity both as a function of temperaincrease(Fig. 2). Note that the effect of green light illumi-
ture and wavelength. The detector was a double stage micr@mtion is different at low =40 K) temperatures and at RT:
channel plate followed by a diode array; the dispersiveynile irradiation at 15 K converts the ¥ centers into po-
element was a 140 lines/mm holographic grating, the deteqaronic (WQ,)3~ centers, irradiation at RT leads to recom-
tion range being 200—800 nm. In both cases, a heating ra§ination of freed electrons with localized holes and electron
of 1 K/s was adopted. traps are completely erased.

Under gradual heating from 260 to 300 K at least four
types of W* centers with different temperature stability and
spectral parameters can be distinguistieid. 2). We denote
them W, W,, W3, and W,. The concentrations of W
A. ESR spectra centers vary in different samples and are estimated around

Before illumination, the samples manifest only weak MY Sseveral atomic ppm. The detailed analysis of the"w
spectra of C& and N&* in agreement with results of Rosa ESR SPectra evidences the superhyperfisief) structure

et al?% After illumination by UV light (\ =260—330 nm) at S
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IIl. EXPERIMENTAL RESULTS AND THEIR
INTERPRETATION
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FIG. 1. ESR spectra at 15 K in PbWQ@fter ultraviolet(UV) 370 380 390 400 410 420 430 440 450
irradiation at 290 K, curvéa). Influence of subsequent irradiation B (mT)
by the 546-nm line of an Hg-arc lamp selected by an interference
narrow band-pas&l0-nm) filter at 15 K[curve (b)] and at 290 K FIG. 2. Influence of temperature increase on the UV light in-
[curve(c)]. duced paramagnetic centers in PbyWO

205102-2



ELECTRON TRAPS RELATED TO OXYGEN VACANCIS . .. PHYSICAL REVIEW B 67, 205102 (2003

originating from 2°Pb nuclei. The?°’Pb isotope, whose reliably resolve'®3W hyperfine lines. However, some idea
natural abundance is 22%, possesses a nuclear sdi¥2,  about the values of the shf splittings can be obtained from
resulting in the observation of shf doublets and small-analysis presented in Fig. 3.
intensity triplets(when an electron simultaneously interacts Based on theg-factor values(typical for a &' electron
with two isotopes, as indicated in Fig. 3 for two (\Wand  configuration in a tetrahedral crystal-field with trigonal dis-
W,) centers. The spectra of other two centers, non showtortion and close to those found for the (W& and
here, have approximately the same shf structure and, agaitWO,)% - La®>" centers:'9 and high purity of the crystals
all visible shf lines are related t8’Pb nuclei. In contrast to  studied (for instance, the Mo concentration was below 0.5
the unperturbed (W£?3~ polaronic center, where the shf ppm) we ascribe the spectra in Fig. 1 to paramagnetic
pattern arises from the interaction of a paramagnetic ion wittW®°* (5d?) ions which could be perturbed by some defects at
two sets(4 + 4) of equivalent Pb nucldisee Fig. 1b) and the neighboring sites. The observed strong shf interaction of
the analysis given in Ref. 11here all the closest Pb nuclei the electron with?*’Pb nuclei convincingly indicates that it
are inequivalent. This would suggest that ¥and/or PB™) is localized at the W site. In the PbWQ@rystal structure a
ions are significantly shifted from their symmetrical posi- W8* ion is surrounded by four closest Pbions (in the ab
tions in the ideal PWO lattice. On the other hand, the obplane at a distance of 0.389 hriThe next nearest four Pb
served shf interaction with°Pb nuclei clearly indicates that ions occupy positions in thac planes, or théc planes at a
W®* jons occupy regular lattice sites. Therefore the in-distance of 0.409 nm. As in the case of unperturbed \lén
equivalency of surrounding Pb cations can only be explainethe largestg value, denotedy,, is much smaller than that
by another perturbing defect nearby. expected for a tetrahedral crystal field of the PWO lattice
The angular dependencies of the® WESR lines mea- with the lowestd,2 orbital. Similarly to the authors of Ref.
sured in two perpendicular planes are given in Fig. 4. They21, who in detail considered the (M3~ center, we can
are successfully described using a spin Hamiltonian of rhomeonclude that a large deviation from the free-electron value
bic symmetry with an electron spB= 1/2. The fourfold site  can be due to the large covalency contribution from the outer
splitting observed in the spectra implies the existence of foushells of neighboring lead cations and oxygen anions. This
magnetically inequivalent positions for each center. As a reeonclusion is further supported by the noticeable overlap of
sult, theg tensors, transforming from one into the other by Pb and W wave functions obtained in the PWO band struc-
the lattice symmetry operations, have different orientationsture calculation¥ and namely by the anomalously strong
The spin Hamiltonian parameters of the centers are listed ihyperfine interaction of the paramagnetic electron with the
Table I. 2°’Pb shf tensor parameters were not determined. I£°Pb nuclei. Another contribution tg, comes from the ex-
was impossible due to the large number of shf lines and theicited orbitals which become nondegenerate due to the pres-
relatively low intensity. For the same reason we could notence of perturbing defects.
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B I1[001], T=15 K

FIG. 3. Measuredpointy and
calculated(solid lineg ESR spec-
trum of the W and W, centers for
B || [001] with a simulation of
207ppy shf structure. The simula-
tion was performed assuming a
superhyperfine interaction of an
electron with six (W) and five
(W,) inequivalent 2°"Pb nuclei.
Some of the calculated shf lines
are slightly shifted relatively to
the measured ones due to the
small difference in the orienta-
tions of g and shf tensors. Upper

| 39 mT
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o L W and lower graphs represent calcu-
L USR] L M lated shf patterns in the limit of
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B. Local structure of the W+ centers

(i) In accordance with the number of oxygen ions closest
to W ions (four iong, there are four magnetically inequiva-

Because of the high purity of the PbVW®@amples used, >
one must first consider oxygen vacancies as perturbing dd€nt positions for each of the W centers. Polar angles for
fects of the W sites. However, taking into account that therdh€ direction of theZ principal axes, at least for Y W3, and
is more than one type of ¥V center, besides an oxygen W, ienters, are very close to the W-O bond directigh (
vacancy one should assume the presence of another defe%?? )- -
close to the W' ion. This additional defect is most probably ("? W>" centers arf not 3?PSE'FVGd 0+n PWO samples doped
located at the Pb lattice site. There are several argumenfy trivalent ions (L&", Lu®*, and ¥**), which strongly
leading to the identification of W ..., W, centers as the SUPPresS OXygen vacancies. Orlthe other hand, acceptor-like
(WO5)~ vacancy- containing complex anions associatedMPurities (RO, Cu’, and NB*) favor the presence of
with a defect in the Pb sublattiéWOs) ~-Ap, complexeg ~ these defects.

TABLE I. Spin Hamiltonian parameters for $W/(WO;3 -Apy)
centers in PbWQ All angles are given with respect to the crystal-

line directions [100],[ 010],[001]=X,y,2).

(i) The presence of oxygen vacancies is confirmed by
high-temperature treatments of the samples in oxygen atmo-
sphere. The resulting ESR spectra are displayed in Fig. 5.
One can see that the ESR signal related fo \Wwenters prac-
tically disappeared after annealing in oxygen atmosphere.

This observation supports the hypothesis that the \en-

Center g tensor Polar and azimuthal Euler angles
angles of axeé ters contain an oxygen vacancy (WQenter$. However,
0 ¢ a B y after subsequent annealing in inert Ar gas the ESR spectra
did not recover their previous intensity. This could be ex-
Wi 9, 1.7491) 78 337 337 78 14  plained by the fact that after high-temperature treatment
gy: 1.7031) 76 70 337 —78 194  some uncontrolled impurities, present in a low concentration,
Ox: 1.5021) 161 28 241 78 14  change their valence state and therefore can limit the creation
247 —78 194  of WOj; centers. For instance, Fig. 5 shows that thé Cu
Wy g,: 1.8091) 59 346 346 59 335 spectrum arises after annealing in oxygen atmosphere, indi-
gy: 1.6101) 111 63 346 —59 155 cating a change of copper-ion-valence state from the non-
g,: 1.6501) 141 304 256 59 335 paramagnetic Cu to paramagnetic Gi. Furthermore,
256 —59 155  such high-temperature treatment can easily result in a space
Ws: g,: 1.8011) 58 13 13 58 26  separation between oxygen vacancies and the considered de-
gy: 1.7081) 68 117 13 -58 206 fects in Pb sublattice, which leads to the destruction of
Ox: 1.5961) 140 55 103 58 26 [(WOj;) -Apy] complexes.
103 —-58 206 The necessity for the presence of a second defect in the
W, g,: 1.8031) 59 9 9 59 314 W°' center model follows as well from the orientation of the
g, 1.6041) 128 72 9 -—59 134 O-tensor principal axes. Two of the principal axes of the W
g, 1.7170) 127 306 99 59 314 center are considerably tilted from the W-O connecting line
99 -59 134 towards theab plane (¢~78°; see Table)l Thus for this

center we may assume either an impurity ion substituted for

3Principal axes orientation is given by polar and azimuthal angleone of four PB* ions arranged in square-planar symmetry or
for one of the four equivalent W centers. even a lead vacancy. An appearance of just three intense
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FIG. 5. Influence of a 950 °C annealing-in-oxygen treatment on It should be noted that our analysis of the ESR spectra did
the ESR signal intensity of the (W -Ap,, centers. not revealbesides the®’Pb shf lineg any other lines related
to possible nuclear spins of thfg, pertubing ions. It could

207ph shf interactions in this center also supports the mod%e due to too weak electron-nuclear interaction for this ion,
t

where one of the closest Pb sites is occupied by an impuri

or is vacant. The main axis of the J\...,W, centers is 5
: 3 : : the other hand, observed by us®Wspectra cannot be as-
tilted from the W-O connecting line towards thec or cribed to the simple (WQ)~ or (WO,)3 —Apy(Vpg) de-

bc-planes (~10°-13°). This means that for these centers ; . . \
an additional defect may be located at one of the other fouPaCtS du_e to d_|fference ug-tensor_ax_es orle;ntatlon. For ex-
more distant Pb sites arrangediipy symmetry. Based on a ample, n ca_lcmr; tungsltate z pnntgpa(lj ac;<_|s oféhe (Who
charge balance condition we assume that the disturbing d _enter3|§ pointe exact.y at'W—O on |rept .rFor t'e
fect should be at-1 valence state or even a lead vacancy. In WO,) .'AP*? center this axis pr_ac‘.'ca”y commdes W'.m
fact, A* ions substituting P~ (for example R and Cu) crystal dlrect|0£11§md other two principal axes are tilted in the
favor the creation of the oxygen vacancy containing com—ab plane at 457

plexes because such associate peig-A™) is energetically

favorable. All possibilities of spatial arrangement of the per- ¢ Thermal stability of (WO5)™ centers and correlation
turbed (WQ) ™~ centers in the PWO lattice are schematically with TSL

shown in Fig. 6.

ecause even lead nuclei give shf splittings which are re-
olved in the spectra only for 3—4 closest Pb ions. On

The thermal stability of the (Wg) ™ centers was investi-
gated by measuring the time decay of their ESR intensities
after ultraviolet irradiation. While at 293 K the ESR intensity
of the W; and W, centers is characterized by a short decay
time about 5-20 min, the Wand W, centers show a much
longer decay time of about 3—5 dayBig. 2). In order to
study the role of radiative recombinations in the thermal ion-
ization of (WQ;)~ centers, TSL measurements after x-ray
irradiation at 293 K were also performed. The results are
displayed in Fig. 7. A dominant peak is observed at 323 K,
followed by a minor peak at 365 K and by other very weak
structures at higher temperatures. Wavelength-resolved TSL
measurements showed that the TSL emission is centered at
2.1 eV in accordance with previous experimental results.
The possible correlation between the 323-K TSL peak and
the oxygen-deficient centers observed here by ESR is sup-
FIG. 6. Fragment of PbwWplattice with (WQ;) "-A" centers.  ported by the fact that such a TSL peak is not observed in
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FIG. 8. TSL glow curves following different time delays after
x-ray irradiation at 293 Kx-ray dose of 270 Gy, evaluated in air
(a), 1.5 min,(b), 6.5 min,(c), 16.5 min,(d), 30.5 min; ande), 60.5
min. In the figure, the stars indicate the maximum temperatures
the peaks. The normalized intensity of the 323 K peak vs differen
time delays after irradiation is shown in the inset.

FIG. 9. TSL glow curves following x-ray irradiation at 293 K
and different annealing treatments), as received(b) following
0?mnealing in an @ atmosphere(c) following annealing in an @
Fltmosphere and subsequent annealing in an Ar atmosphere.

frequency factos.?* It turned to be of the order of 18~ 1.

trivalent-ion-doped crystals where the concentration of oxy-Due to the fairly good agreement between their thermal sta-
gen vacancies should be strongly redut&dihe trap depth bilities, a correlation between the/dnd W, centers and the

of the 323 K peak was calculated by the initial rise methodtraps responsible for the composite TSL structure at 323 K
applied to several glow curves obtained after irradiation andan be proposed. In particular, one can propose that electrons
subsequent heating up to various temperatures in the 303freed from such centers undergo radiative recombination giv-
323-K range(partial cleaning of the glow peakThe trap ing rise to the composite TSL peak. Although a detailed in-
depth was found to bE=0.89+0.02 eV. The inset of Fig. 7 Vvestigation of the 365-K peak was not performed because of
shows an example of such evaluation. Moreover, théZ®®  its low intensity, a similar correlation between the trap re-
K) time decay of the trap responsible for the 323-K peak wasponsible for this peak and M{V,) centers can also be sug-
investigated by measuring the TSL glow curves followinggested based on the similarity of their thermal stabilities.
various time delays after irradiatiaiffig. 8. The RT decay Finally, the correlation between the TSL peaks and the ESR
time of this trap is about 10 min, while the 365-K peak signals of the (W@~ centers was supported by high-
appears to be much more stable according to previous qualiemperature-annealing  treatments ~ and  green-light-
tative results where peaks in the 360—440-K region werdllumination experiments. The 323- and 365-K TSL peaks
found to have a RT decay time of the order of few dayge  almost disappeare(Fig. 9 after annealing in oxygen atmo-
observe that the time dependence of the intensity of théphere aff=950°C. A subsequent annealing in Ar gas did
323-K peak(see the inset of Fig.)8s not exponential. More- not cause the recovery of their previous intensities, similarly
over, a slight shift of the maximum temperature of the glowto what occurs in the case of ESRig. 5. Moreover, the
peak (T,,a,) is observed by increasing the time delay afterillumination of the sample with light from a tungsten halogen
irradiation. These two experimental results might be ex{amp in the 350-600-nm interval after x-ray irradiation
plained by considering that eithép the carrier recombina- caused a strong reduction of the 323-K peak, indicating the
tion is governed by second order kineticsiby a composite  Occurrence of photo-ionization of the TSL trap under this
structure of the 323-K peak exists, with at least two overlaptype of illumination.
ping traps of similar depth. To get a deeper insight, we per-

formed TSL measurements as a function of dose in the range

0.04-540 Gy. By increasing the dose in this interval, the

intensity of the 323-K peak increased approximately by a As above described, (W)~ -based centers are thermally
factor of 50. No significant lowering of ,,, Wwas observed stable at least up to about RT. We assume that the thermal
by dose increasing, contrary to what expected in the case d@bnization of these electron traps, rather than that of hole
second order processes. As a result, the observed phenotraps, gives rise to the TSL glow peaks at 323 and 365 K.
enology is more consistent with the existence of a composit©ne can easily see from Fig. 2 that under heating one
structure where at least two TSL peaks are so close in ten{\WQO3;) ~ center transforms into another. Such a conversion is
perature that they cannot be distinguished, neither in th@ossible only when freed electrons can be retrapped by
glow curve nor in the initial-rise evaluation. Assuming that deeper traps. The statement that electrons are the mobile spe-
first order recombination kinetics holds, one can calculate theies in the PWO lattice is also supported by the green-light-

IV. DISCUSSION
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illumination measurements. When a crystal containing

(WO3) ™ centers is cooled td <40 K and irradiated by the 3500;' K, wor B
546-nm line of an Hg arc lamp, the (WD -based centers 30000 ° ]
completely convert into polaronic (WP~ centers[Fig. - . ] m
1(b)]. Presumably electrons detrapped under green-light irra-"g 2500F 1%
diation move only a short distance and become immediately g ; ig
localized at the polaronic (Wf?~ levels rather than recom- & 2000 18
bining with localized holes. = 1500k ] %’
Unfortunately, the nature of hole centers in the PWO lat- é ; 12
tice is far from being established, mainly because by now nog 1000F 15
such centers have been observed by ESR. This might bef) ; 12

connected to a very weak ESR signal due either to a strong 500
temperature dependence of the spin-lattice relaxation of the ;
hole centers, or more probably to the fact that these centers
are not paramagnetic, e.g., a kind of bihole hypothesized in
Refs. 5 and 6. In any case the hole centers should neither be
simple PB* nor O™ defects, as both of them are usually well
observable by ESR, like in isostructural Caw®2° At the
same time the results presented here definitely rule out the O s O o CB 535659
hypothesis about the nature of electron traps participating in
radiation damage processes given in Refifple F and F T (i) T (L by l T
center$ and probably also in Ref. ®xygen bivacancy cen- (WO,)* Pb™- Vo o
ters, because all the W centers configurations point to the (WO, A
combination of an oxygen vacancy and a defect in the Pb by
cation surroundings.
Following the above presented data on the (JVGbased D @
centers together with analogous data of (WO and
Pb"-V, centers(see Refs. 11 and 15ve can propose a
global scheme of local electronic levels in the band gap of @
PWO, which are associated with all these electron traps. The

.sche.m(.a is depicted in Fig. 10. UItraV|oI((§3Q nm or x-ra7y FIG. 10. Comparison between TSL peaks and the thermal sta-
iradiation at T<40 K usually creates intrinsic (Wg? bility of photoinduced centers monitored by ESR. Points and
electronic centers and some hole centers of an unknown oriashed lines are ESR intensities, and solid lines depict TSL inten-
gin. The energy level of the (W®~ center is located 50 sities. The bottom panel represents the energy level diagram.
meV below the bottom of the conduction ba(@B). At
about 50 K the electrons are thermally freed from therelated to the fact that in the PWO structure botA™\Wand
(WO,)%~ centers and radiatively recombine with holes lo- Pt* ions are able to attract an electron trapped around a
calized nearby, giving rise to the excitonlike emission in theneighboring oxygen vacancy. It is known that in PWO the
blue spectral region detected by TSL. However, a significanbottom of conduction band is formed by both 5d states of the
portion of freed electrons can be retrapped by deeper eled¥®" ion and @ states of the P ion (see Refs. 10 and 27
tron traps: (WQ)3 -La®*(Y3"), Pb"-Vo, (MoO,)%", It seems thus difficult to predict which configuration of
(WO3) - A", etc. depending on the purity and/or doping of (WO3) ™ or Pb" -V would be energetically more preferable.
the crystal. As evidenced both from ESR and TSL measureTheoretical calculatioispredict the level of (W@) ™~ to lie
ments, the energy level of (W@ -La®>" centers is located more than 0.7 eV below the conduction-band edge, while the
0.27 eV below the bottom of the CB.The corresponding Pb'-V defect energy configuration was not found at all. On
energies of Pb-V and(more shallow (WO3) “-A* centers  the other hand, from the present experiment we find that for
are 0.55 eV and about 0.9 eV, respectively. At the temperathe (WQ;) “-A* center the electron binding energy is about
ture where such electron traps are thermally ionized the TSD.9 eV. For the simple (W§) ™~ center this binding energy
glow peaks arise and indicate the radiative recombination ofias to be smaller. Hence it may become comparable to that
part of the freed electrons at hole centers. The remainingf Pb"-V, configuration (-0.55 eV, Ref. 15 supporting
electrons are retrapped by deeper traps increasing their cothe idea of the competition between these two traps of simi-
centration as it is seen from Fig. 10. The most stable part ofar depth(with possible dominance of PbV,,) in the elec-
the (WQ;) "-A™ centers evidenced in this study survive attron capture. Furthermore, in Ref. 9 it was concluded that a
room temperature typically for several days and could b&”b—O vacancy pair introduces even two density-of-state
also considered responsible for part of the radiation induce@eaks in the PWO band gap associated withi"Wt seems
optical absorption well-known from radiation damage probable that after electron capture such center may be even
studies. a deeper electron trap with respect to a simple QVO

It is worth noting that we did not find unperturbed Therefore, in some aspects these theoretical calculations of
(WQO3) ™ centers in any of the crystals studied. This may bethe energy structure of oxygen-vacancy-based defects in

0 :_| oo, 1 1
0 50 100 150 200 250 300 350
T(K)

400

+

X©)

DD VB Pbés
02p

205102-7



V. V. LAGUTA et al. PHYSICAL REVIEW B 67, 205102 (2003

PWO qualitatively agree with experimental results presentethe central tungsten ion. Monovalent-impurity ions and lead
in this work. vacancies represent possible candidates for the Pb-site de-
fects. Electrons thermally freed from these traps are respon-
V. CONCLUSIONS sible for thermoluminescence peaks at 323 K and around 365
] ) . K. The similar temperature stabilities and the similar depen-
Four different types of deep electron traps were identifiejences of the signals from high-temperature annealing and
by ESR measurements performed on Ph\#iigle crystals  |ignt illumination further support the correspondence be-

temperature. Electrons are trapped at tungsten ions associ-

ated with complex defects like oxygen vacancies coupled to

other def_ects located at sur_rounding Pb site_s. The occurrence ACKNOWLEDGMENTS
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