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Electron traps based on regular Pb sites perturbed by oxygen vacavig)eis high purity undoped PbWgp
have been revealed and studied by electron spin reson&®® and thermally stimulated luminescence
(TSL) measurements. Detailed analysis of ESR spectra parametdestor, hyperfine, and superhyperfine
structure$ along with the variation of the concentration after annealing in inert and oxygen atmospheres had
shown that revealed centers are"P complexes. The PV centers are created in two way#: by direct
trapping of the electrons from the conduction band under x-ray or ultraviolet irradiatior 60 K; (ii) by
retrapping of electrons freed from unperturbed (WO centers after irradiation af<40 K, followed by
heating aff=60 K.AboveT~180 K, Pk -V centers are thermally ionized, giving rise to a TSL glow peak
due to the recombination of freed electrons with localized holes. The emission spectrum of the TSL features
one band peaking at around 2.5 eV. The temperature dependence of both TSL and ESR intensities has been
analyzed using a first order recombination model: the thermal ionization energy éf Pbenters turns out to
be 0.55 eV. The role of PV, centers in the processes of carrier trapping and recombination of nonequi-
librium carriers in the PbW@lattice is briefly discussed.
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[. INTRODUCTION nomena in PWO is due to the rather low binding energy of
the exciton statgbelow 0.1 eV, see Ref. }3leading to
The optical characteristics of lead tungstateexciton thermal disintegration above 150 (Kee Ref. 1%

[PbWQ,(PWO)] have been reported since the 194Gid  An intrinsic equilibrium between the exciton and electron-
more detailed studies of its luminescent centers appeardtble states is established, strongly favoring the latter at RT.
later?® Electron spin resonand&SR) was also applied to In such a way one might consider PWO to be a wide-gap
study some aspects of the charge carrier capture in PWO arsgmiconductor. An efficient tool for suppressing several
CaWQ, isostructural scheelite materi&SA renewed inter-  kinds of trapping centers was found by doping PWO with
est in PWO arose a few years ago due to its favorable scirselected large and stable™ trivalent ions, namely, L3
tillation characteristics and its planned use in electromag¢see Refs. 15-37Gd®* (see Ref. 18 Lu®>" and ¥¥* (see
netic calorimeter detectors in high energy phy§i€s#\part  Refs. 19-21 The radiation hardness and speed of scintilla-
from recent detailed reports dealing with luminescence andion response improved by several times in sAc¢h -doped
scintillation characteristics, the nature and role of variousrystals. This phenomenological finding, even if of crucial
defect states in the processes of energy transfer and storameportance for the mentioned applications, did not answer
became a subject of debaffer a review see Ref.)8 Trap-  the basic physical questions about the nature of trapping
ping centers are related to the formati@t room tempera- states in the PWO matrix. The first step toward understand-
ture (RT)] of quasistable color centers giving rise to radiationing the processes of charge carrier localization was achieved
damaggradiation induced optical absorptipphenomena in  recently by some of us. It was found that electron autolocal-
PWO?210 short living traps fzs-ms time scale) can also be ization in the PWO latticdpolaronic (WQ)3~ centef oc-
involved in carrier retrapping and can slow down in an es-curs after UV light irradiation below 40 Ksee Refs. 22,23
sential way the diffusion rate of free charge carriers inThe perfect correlation of the reported ESR study with
valence/conduction bands. As a consequence, slow-decayavelength-resolved thermoluminescencddSL) meas-
components appear?both in photoluminescence and scin- urement$* allowed us to make a detailed hypothesis about
tillation time decays. The enhanced importance of these phehe microscopic mechanism for electron and hole capture
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and recombination processes at about 50 K. Namely, an elec- A L I L

RN
L PbWO,

tron thermally freed from the (W{°~ center radiatively i 7
recombines with a hole localized nearby and the excitonlike [ BII100} T =15K .
emission in the blue spectral region is detected in TSL. The [ v = 9220 Mz ]
stabilizing effect of LA" ions on the polaronic (W3~ . ]
center was established in our subsequent study, which (WO,)

\

showed that the stability of the (W' -La®>* center ex-
tends up to almost 100 Ksee Ref. 2b

In the present work a further parallel ESR and TSL study
on pure PWO crystals is presented. In particular, attention is
focused on photoinduced defects that are thermally stable at
T>50 K. Another kind of point lattice defect/trapping state
has been found and identified, namely, an intrinsic¢ Bbn-
ter, located at the oxygen-vacancy-perturbed Pb site of the
PWO lattice.
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The samples used were undoped Ph\ihgle crystals T T T B T B

grown by the Czochralski method in air in the third 300 350 400 450 500 550 600

crystallization’® Glow discharge mass spectroscopy

(GDMS) analysis was performed, and showed that any un- B(mT)

wanted impurities were at a level below 1 ppm. Samples for 5 1 Esr spectra of light-induced centers in PbyV@)

ESR measurements, X£.6x8 mn, were cutin th€00)  (wo,)*~, (b) Pb'.

and (100 planes. For TSL measurements, samples of 1 mm

thickness and approximately 1 érarea were cut and pol-

ished. The ESR measurements were performed at 9.21 GHifes are due to even Pb isotopéS¥b, 2°Pb, 2*%Pb) which

in the standard 3 cm wavelength range and at the temper&re normally present with 79% isotopic abundance and have

tures 4-300 K. An Oxford Instruments ESR-9 cryosystemno nuclear spin. They give rise to two single anisotropic

was used. The applied magnetic field was rotated if@&)  resonance lines, due to the presence of four positions in the
and (100 planes of the PWO crystal structure. A mercury crystal lattice, in two equivalent couples at B[100] [indi-

high pressure arc lamp was used for optical irradiation of theated in Fig. 2 a$l,1l) and(lll, IV ), respectively. The 2°Pb

samples. Wavelength resolved TSL measurements were pésotope, whose natural abundance is 21%, possesses nuclear

formed following x-ray irradiationPhilips 2274 x-ray tube spin 1=1/2, resulting in the observation of hyperfine
operated at 20 Ky at 100 K. The TSL spectra were mea- (?°’Pb;) and superhyperfiné{’Pb; ) doublets, as again in-

sured by a spectrometer measuring the TSL intensity both agicated in Fig. 2.

a function of temperature and wavelength. The TSL signal Angular dependencies of the ESR lines measured in two

was detected by a double stage microchannel plate followegerpendicular planes are given in Fig. 3. They are success-

by a diode array. The detection range was 200-800 nm anfdjlly described using a rhombic-symmetry spin Hamiltonian
the spectral resolution was about 5 nm. The detector operates

between 10 and 320 K. A 0.1 K$ heating rate was N —

adopted. | BII[100] N B 1, IV)

II. SAMPLES AND EXPERIMENTAL DETAILS

*Pb,*(1,II)

IIl. EXPERIMENTAL RESULTS

A. ESR spectra

After ultraviolet (UV) irradiation of the PbWQ crystals NM/””“‘/\F‘“‘A
at low temperaturesT<40 K) an intense ESR spectrum
due to the intrinsic (WQ)3~ center usually arisé$*[Fig. .
1(a)]. Heating to 50-60 K completely destroys (\}&
and a new ESR spectrum appeffFig. 1(b)]. Alternatively,
this new spectrum can be produced by direct irradiation at
T=60 K. The same effect can be obtained under x-ray irra- |
diation. It will be shown below that this new ESR spectrum ,
belongs to a paramagnetic Pion. It is rather complex due
to the isotopic composition of Pb and to the different pos-
sible positions of Pb ions in the crystal lattice. The ESR  FIG. 2. ESR spectray=9.22 GHz,T=15 K) of a Pb center

spectrum produced after heating to 60 K is reported in Fig. Zccording to the Pb natural isotope abundance. Roman numerals
and the various Pbresonances are labeled: the more intenselenote the number of Pbequivalent centers.

“Tpb (1)

|
T

‘ 2P TP, (ILIV)

“Pb,"(1,Il) 7P *(1ILIV)

P S IS S RS SR RS SR
50 400 450 500 550 600 650

B(mT)

165102-2



PHOTOINDUCED Pl CENTER IN PbwWQ: ELECTRON.. .. PHYSICAL REVIEW B 64 165102

0 —— 77— T T T T T T T TABLE |. Spin Hamiltonian parameters for Pbcenters in
L I ] PbWQ,. Hyperfine A®) and superhyperfinA(?) parameters are
given in 104 cm™ 1. All angles are given with respect to the crys-

talline directions.

600 L

g andA tensor8 Polar and azimuthal Euler angles
angles of axés
0 ® a B 4
gz: 1.6091) 60.6 12.6 2416 40.8 139
Ox: 1.2581) 65 118 61.6 40.8 319
gy: 1.22Q1) 40.4 241 331.6 40.8 139

151.6 40.8 319
AR : 141510)
AQ): -1450(10)

0o 20 40 60 e 0 ‘ 20 ‘ 40 ‘ 60 80 AR -135510)

001 100 010 pAY

foot] [100] o(deg.) P10 AQ). 4125 115 321 6 33 2321
FIG. 3. Anqular dependencies of Bl di AR : -240(5) 110 61 186 33 141

. 9. Angular dependencies o esonances measured In Agz): 6935) 33 6 96 33 321

two planes(001) and (100 at »v=9.22 GHzT=15 K. Thick
smooth lines correspond to calculat8er 1/2,1 =0 magnetic tran-
sitions; thin lines:S=1/2,| =1/2 HF transitions; dashed lineS
=1/2,1 =1/2 SHF transitions. Points are experimental data.

276 33 141

*The signs ofA®) and A® are attributed to the HF parameters
according to the constraint requiring a positive anisotropic part of
the HF interaction.

bPrincipal axes orientation is given by polar and azimuthal angles
for one of the four equivalent Pbcenters.

with electron spirS=1/2 and nuclear spins=0 or| = 1/2 of
the form (in the usual notation

A= B3gB+ AN + A, M (kp)?
. . AgI=g|=09e=—— 2
whereA®) and A® are hyperfingHF) and superhyperfine E
(SHP tensors, respectively.
The fourfold site splitting observed in the spectra implies KA (kN2
the existence of four magnetically inequivalent positions for Ag, =0, —ge=— LT ot ’ (3)
a paramagnetic defect. As a result of thatgrendA tensors, E 2

transforming into each other by symmetry operations of the
lattice, have different orientations. The spin Hamiltonian pa- 1
rameters of all four centers are listed in Table I. The principal A= ( 1— —Ag”) A,+
axes of theg andAM) tensors coincide with each other while 2

they differ for the tensoA®). This indicates thaA® de-

scribes the hyperfine interaction of a paramagnetic ion with 1

its own nucleus, namely°’Pb. The second tenséx?), of AL=(1— 549
lower amplitude, can be ascribed to the interaction of a para-

magnetic ion with one of the surroundirf§’Pb nuclei. L
Based on these data we can assume that the observﬁre E, kH' k., As, andp are the energy level splitting in

3 1

A,—

13 9
1+ ZAQL—ZAQH p. (5

spectrum relates to a Pb-associated center. The ESR para e axial field, orbital reduction faqto(ﬁaking into accqunt .
eters(Table |) leave no doubt that one is dealing essentially€'eCts Of both covalency and anisotropy of the spin-orbit
with Pb"(6p') species. The large negative shifts of the couplmg_, the |S(_)trﬁ%p|c and anisotropic parts of the electron-
g-factor components and their relative magnitudes are Chapuclear interaction;, respectively. .
acteristic of a singlep electron and reflect the large spin- S follows from Table I, bothg andg, , in accordance
orbit-coupling constant of this heavy metal ign(Pb') ~ With Eas.(2),(3), have negativg shifts andg,>g, . These
~9400 cmi]. two observations are characteristic of mp* configuration
and they prove that the spectrum under study really belongs
to a PB ion. Additional arguments can be obtained by ana-
lyzing the HF interaction. Sincag; and Ag, are known
Taking into account approximately axial symmetry of experimentally, one can calculate the valpeand A, from
both g and HF tensors, in the following analysis we will the component#\; and A, using Egs.(4),(5). However, it
employ an axial approximation. In a simple crystal-field should be noted that the signs of tAg cannot be directly
model when an axial crystal field is present théactor and  obtained from the ESR spectra. They are assigned according
HF components for a single electron can be expressed as to a constraint imposed by thevalue, and possess the same
follows.2"28 sign as the magnetic moment of the Pb nucleus:

B. Analysis of the g and hyperfine tensors
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FIG. 4. Temperature dependence of the ESR intensity of the UV
light-induced centers in PbWQdetermined by isochronal anneal- I B E I S B
ing. 400 450 500 550 600
2w B (mT)
p=z—(r %, (6) .
S | FIG. 5. Influence of a 950 °C annealing treatment on the ESR

where, nuclear magnetom, =0.5837 is the magnetic mo- Signal intensity of the Pb center.

ment of the?’’Pb nuclear spin ané ~3) is calculated over
the 6p orbital of Pk". vacancy or an impurity ion. Because of the high purity of the
The best fit to the experimental data was obtainedpfor used PbWQ samples, we must first consider the oxygen
=474x10 % cm landA,=—-297x10 % cm !assuming Vvacancies as perturbing defects for the Pb sites. To clarify
that A, <0 andA;>0. Only this sign combination yields a such a possibility, we performed high temperature treatments
physically acceptable magnitude for the anisotropic part ofn an inert-gas(Ar) and oxygen atmospheres. The samples
the HF components. were heated at a rate of 10—12 °C/min ugte 950 °C, held
The p and A, values obtained in this work for Pbin at that temperature for 4 h, and cooled to room temperature
PbWQ, are also comparable to those found for the samavith a rate of approximately 12 °C/min. The results on the
Pb-associated defects in other materi@ee, for instance, ESR spectra are presented in Fig. 5. One can see that the
Refs. 30,31 ESR signal intensity related to Pbcenters strongly in-
creased after annealing in the inert Ar gas, and practically
C. Thermal stability of Pb* center disappeared after subsequent annealing jna@nosphere.

: ; i ’
The thermal stability of the center was studied by theThls observation strongly supports that the"Rienter con

method of isochronal annealing. The sample was heated totg\lInS an oxygen vacancy.

given temperature, held at that temperature for two minutes,

and quickly cooled to 15-16 K. At this temperature the ESR E. TSL results
spectrum was measured. The ESR signal intensities obtained
are presented in Fig. 4. It can be seen that-a60 K, when
polaronic WCﬁ‘ centers disappear, Plzenters arise indicat-

In order to investigate possible radiative recombination
mechanisms related to the thermal ionization of thé Bén-

; . 5 . . ter, we performed wavelength-resolved TSL measurements
ing recapture of liberated electrons at*PHattice sites. At following x irradiation at 100 K. The results are shown in

T~185 Kthe Pb spectrum also disappears due to the therrig 6 which displays a contour plot of the measurement. A

mal ionization of the center and some of the freed electronﬁ-SL structure in the 180-200 K region is observed: the
are recaptured at other traps, which are stable up to rO0mission wavelength is centered in the green spectral region

temperature. The ESR spectra of these centers have beﬁf‘around 496 mnni2.5 eV), in accordance with :
. ; ) . , previous
briefly described by us in Ref. 32. Most probably they can beresults obtained after 10 K irradiatiéh Since no significant

attributed to (WQ) ™~ complexes. variations in the emission pattern were observed along the
TSL structure, an integration over wavelength to obtain the
temperature profile of the glow curve was performédy.

It seems obvious that a localized state like'Rian appear 7). The glow curve shows a principal peak centered at 186 K,
only in the vicinity of some lattice defects, e.g., an oxygenfollowed by a shoulder at approximately 220 K. The analysis

D. Influence of high temperature annealing on PB center
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order to completely eliminate the 186 K peak. Finally, the

FIG. 6. TSL contour plot following x-ray irradiation at 100 K of dependence of the intensity of the 186 K peak upon anneal-
undoped PbWQ Data are slightly smoothed by a bidimensional ing treatments was investigated in a similar way as already
fast-Fourier transform algorithm. described in the case of the PIEPR center. An increase of

about a factor 4 is observed after annealing in Ar atmo-
of the trap depth of the 186 K glow peak was undertaken bysphere, while following a second annealing in oxygen the
considering the initial rise method after several heatingTSL intensity is again lowered approximately down to the
cycles(partial cleaning at different temperatures from 160 value of the untreated sample. This result is in good agree-
up to 180 K. By this method, the value of the trap depthment with that observed for the intensity of the ' PEPR
turned out to beAE=0.55 eV(see the inset of Fig.)7No  signal.
significant shift of the temperature maximum was observed
by increasing the partial cleaning temperature from 160 to IV. LOCAL STRUCTURE OE THE Pb * CENTER
180 K. This result, although qualitative, suggests that nearly
first order recombination may apply. Unfortunately, an inves- The experimental data allow us to propose a model for the
tigation of the dependence of the maximum temperatur@®b’ center in the PbW@lattice (see Fig. 8 First, it should
upon excitation dose over several decades could not be pepe pointed out that we assign the™Ptenter to a Pb ion in a
formed due to the low intensity of the TSL signal. Moreover, regular lattice site. This statement is based on the following
the thermal depth of the 220 K structure was not evaluate@xperimental facts and arguments.
due to the extremely low intensity of this peak after partial (1) The Pb™ centers observed by us can be created in two
heating cycles at 200 K and above, which were necessary iways: (a) by direct trapping of the electrons from the con-
duction band under x-ray or UV irradiation at 40<K

1 , — <180 K;(b) by retrapping of electrons freed from polaronic
- ] e (WOQ,)3" centers after irradiation &<40 K followed by
_Lg 08 LS ‘. i heating up taf>40 K. At T~185 K localized electrons are
5 go1f . ‘ thermally freed from Pb to the conduction band and recom-
g @ © bine with holes, giving rise to a TSL glow peak. It is also
208 qorlow o Xl L i important to note that some of the electrons freed from the
f7 i e Pb* centers are recaptured by deeper electronic centers,
£ 04 r 7 namely, (WQ)~ complexes. Thus we can consider the"Pb
'Uj) . center to be a donor with its energy level close to the bottom
F 02k ° g of a conduction band. This band is formed to a considerable
B o extent by both 8 orbitals of W and § orbitals of Pb. The
0 gomep S L T o o behavior of the Pb center mentioned above could hardly be
100 150 200 250 explained if it were at an antisite position. For an antisite

position(for instance, at a W' site), the energy level of Pb

should be located far from the bottom of the conduction band
FIG. 7. TSL glow curve of undoped PbWQ@fter x-ray irradia- due to the completely different electronic configuration of

tion at 100 K, obtained by integrating the signal in the 400—700 nmPb" and W™ ions. Obviously, this is also valid for an inter-

wavelength range. The inset shows the Arrhenius plot of the TSistitial position of the lead ion.
after partial cleaning at 170 K. (2) An analysis of the superhyperfine interaction gives

Temperature (K)
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additional support for our model. As was mentioned above LA A IR R
there is an interaction of a paramagnetic electron with only L .o

one of the surrounding®’Pb nuclei. It is clearly seen from i .
the PbWQ crystal structurgFig. 8) that each regular Bb Lo o o °
ion is surrounded by four Pb ions in,[Pnoninversion sym-
metry. Thus thep electron orbital has significant electron
density only on one of the fouf’’Pb nuclei, in agreement
with the experiment. Furthermore, the largest superhyperfine
componentA?) is oriented close to the PP’ * connect-

ing line (Table |). In contrast, W sites are surrounded by four
Pb ions in square-planar symmetry. For this symmetrypthe
electron should interact with two equivaleA?Pb nuclei,
which is in disagreement with experiment.

The simplest structure of the Plzenter could be a com-
plex involving an oxygen vacancy between two?Phons.
Probably, an electron becomes first trapped by an oxygen
vacancy compensating the lack of negative charge and after-
wards it can be localized ongy, orbital of the nearest Bb
ion, creating a paramagnetic center*Ptq (Fig. 8). The T (K)
second PH' ion is rather distant, 0.264 nm from the oxygen
vacancy position. As it was mentioned above, f&b iso-

Pb"in PbWO,,
| after UV at60 K

ESR intensity (arb. units)

0 30 60 90 120 150 180 210 240

FIG. 9. Comparison between the TSL intensity and the thermal
- . . - stability of Pb™ centers. Filled circles and solid line are the ESR
tope of this second Pb ion gives thf splitting of the ESR and TSL intensities, respectively; the dotted line is the calculated

lines. In accordan_ce with the number of oxygen i(bf_m”) . ESR intensity using the trap depth and frequency factor obtained
closest to the Pb ions, there are four magnetically inequivagom the TsL glow-curve evaluation.

lent paramagnetic centers with their magnetic axis orienta-

tions presented in Table I. o _ TSL data, first order kinetics could apply in this case and
The principal axisZ of the P center is tilted with re-  thys the frequency factarcan be calculated by the following

spect to thec tetragonal axis by an angle=60° due to the  formy|3 relating the frequency factor, the heating rae

presence of the oxygen vacancy. On the other hand, the maifhg the temperature maximum of the pdak:

axis of this center does not exactly coincide with the Pb-O

connecting line either, due to the scheelite structure of the BAE/KT2=sxexp — AE/KT,). 7
PWO, where the Pb site has eight oxygen neighbors in an

arrangement corresponding to a distorted cube. The Pb ion By consideringAE=0.55 eV (as calculated from the initial
surrounded by four oxygen ions at 0.258 nm and by otherise methoglthe frequency factor turns out to be on the order
four oxygen ions at 0.264 nm distance. These two oxygef 10'® s™*. Both parameters were used for the description
tetrahedra are twisted with respect to each other by a 90of the thermal decay of the PbESR center intensity. By
angle around the crystallineaxis (see Fig. 8 For this oxy- neglecting the possibility of carrier’s recapture as suggested
gen coordination a minimum of the,-orbital energy is ex- by the TSL datdfirst order recombination kinetigsthe con-
pected if the orbital is located between two neighboring oxy-centration decay of localized electrons is given by a simple
gen ions. This means that the main axis of the center will b&xponential dependence

tilted much less with respect to theor b axis (the azimuthal

— -P(T)A
anglep~12°). n=nye P(MAL )
whereP(T) is the probability of the center ionization, usu-
V. CORRELATION BETWEEN THE Pb * CENTER ally expressed in the form of Arrhenius law
AND THE 186 K TSL PEAK
P(T)=se AF/KT, 9

According to the data obtained on the thermal stability of
Pb" displayed in Fig. 4, this center is thermally ionized atwhile At is the isochronal annealing time and was kept as
approximatelyT=185 K. The very good correspondence two minutes in our experiment. A good numerical recon-
between this temperature and the position of the 186 K TSistruction of the experimental data was obtairiddtted line
peak strongly suggests a correlation between the trap respoim Fig. 9), which further supports the correlation between the
sible for the TSL and Pbcenters. Figure 9 directly displays ESR center and TSL traps.
the comparison between the thermal decay of thé EBR It is worth remarking that the calculated lifetime of the
intensity and the TSL glow curve. The identification of the Pb"-V4 center (i.e., the time during which an electron is
TSL trap with PG centers is also supported by the similar localized at such a Pb sjtat room temperature is about
dependence of the ESR and TSL signal intensities from an300 us, so that recapture of electrons at these centers in the
nealing treatments. Moreover, a reconstruction of the thermadcintillation process can significantly delay the radiative re-
decay of the Pb-V, center was attempted by considering combination of free electrons and holes at the emission cen-
the trap parameters of the 186 K peak. As suggested by thHers. Indeed, the intensity of very slow componefas the
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time scale of tens or hundreds pf at leastin the scintil-  with the fact that trivalent ions prevent the creation of oxy-
lation or photoluminescence time decays is higher in thosgen vacancies.
samples, where green emissigof whatever origin is The thermal decay of the PbV, center is accompanied
present? by a TSL peak at 186 K. The evaluation of the trap param-
eters yields a thermal depthE=0.55 eV and a frequency
VI. CONCLUSIONS factor of the order of 18 s™1. These parameters succesfully

) o ) describe the thermal decay of the observed ESR signal.

In thls paper, thQ localization of an elec_tron at.a Pb-site of The spectral composition of the TSL spectr(peaking at
scheelite PbW@ single crystals was studied using parallel 2 5 e\) shows a defect-based origin of the recombination
ESR and TSL measurements. The evaluation of the ESRjte as well. The position of the TSL emission peak is close
spectra provides evidence that a'Ptenter is created. The 5 the emission maximum of the well known green emission

observed electron center is stable up to about 180 K, and & ppwqQ,, which has been ascribed to W@.e., oxygen
oxygen vacancy was proposed as a stabilizing defect necegacancy relatedcenters.

sary for such electron localization. Oxygen vacancy partici-
pation is also supported by the variation of the concentration
of these centers after sample annealing in inert and oxygen
atmospheres at 950 °C. Appropriate variation was observed
consistently using both experimental techniques. It should This research was supported by the NATO Science for
also be noted that in PWO doped by trivalent ions(La Peace Project No. 973510-Scintillators and Czech GA CR
Lu®*, Y3*) electron traps related to oxygen vacancy, t6 Pb Project No. 202/01/0753. One of (¥. V. L) thanks Deut-
and to (WQ ) were never observed. This perfectly correlatessche Forschungsgemeinschaft for a personal grant.
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