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The localization of electrons at W sites perturbed by lanthanum in PbW® studied by electron spin
resonancéESR) and thermally stimulated luminescen@sL) measurements. The (W -La®" centers are
created at the W sites close to L% in two different ways:(i) direct trapping of electrons from the
conduction band under ultraviolet or x-ray irradiationTat 60 K; (ii) retrapping of electrons freed from
unperturbed (WQ3~ centers after irradiation &t<40 K followed by heating up td around 60 K. Electron
transfer from L&"-perturbed to unperturbed 8 sites stimulated by red light illumination is also observed.

The proposed mechanism of electron localization at one of four equivalent tungstate ions clogé ie La
based on the pseudo-Jahn-Teller effect, which gives rise to a rhombic distortion of) tWemplex. AtT

~95-98 K the (WQ)3 -La®" centers are thermally ionized giving rise to a TSL glow peak due to the
recombination of detrapped electrons with localized holes. The emission spectrum of the TSL features one
band peaking at 2.8 eV. The temperature dependence of both TSL and ESR intensity is analyzed in the frame
of a general order recombination model. The thermal ionization energy of,J¥e@a®* centers has been
calculated to be approximately 0.27 eV.

[. INTRODUCTION was found as an efficient tool for suppressing the deep and
some of the shallow trapping centers. It resulted in several
Lead tungstate—PbWQPWO) single crystals became a times higher radiation hardness and speed of scintillation re-
subject of intense studies some years ago, when this materigponse in suchA3*-doped crystals. This, essentially phe-
was selected due to its favorable scintillation characteristicaomenological finding, even if of crucial importance for the
for coming applications in electromagnetic calorimeter de-mentioned applications, did not answer the fundamental
tectors in high energy physié¢$. Apart from detailed reports questions about the nature of trapping states in the PWO
dealing with its luminescence and scintillation characteristicsnatrix. Several hypotheses were put forth, based on the ex-
(for a recent review see Ref),2he nature and role of vari- istence of PB" and O hole centers, and of F and"Felec-
ous defect states in the processes of energy transfer and sttien centers® Alternatively, more complex bi-hole or bi-
age became a subject of debate. At room temperature, thexygen vacancy centers were proposed by other autfiors,
trapping states can be usually divided into two groups: deepnd even the existence of Pbcenters was hypothesizét.
centers, in which the lifetime of captured carriers is at leastHowever, none of these hypotheses was confirmed, e.g., by
several minutes, and shallow ones, which can localise chargdectron spin resonand&ESR. A systematic study of the
carriers for a fewm(milli) microseconds or even less. While processes of charge carrier localization in PWO was initiated
the former group of traps is responsible for the formation ofby an ESR study, which revealed an electron autolocalized at
quasistable color centres, i.e., so-called radiation dartiage a regular tungstate sifpolaronic (WQ)3~ centef produced
duced absorptionphenomena in PW®?® the latter trapping by ultraviolet (UV) light irradiation below 40 K3° Soon
states essentially slow down the diffusion rate of free chargafter, the perfect correlation between this ESR study and
carriers in valence/conduction bands and are reflected in theavelength-resolved thermoluminescenCeSL) measure-
appearance of slow decay compon@htsoth in photolumi- mentg® enabled one to make a detailed scheme of the
nescence and scintillation PWO decays. The doping of PW@nicroscopical mechanism of electron and hole capture and
by selected large and statAé* trivalent ions, namely, L3 recombination processes around 50 K: electrons thermally
(Refs. 8—10, G (Ref. 11, Lu®" and ¥¥** (Refs. 12—-1%  detrapped from (W3~ centers recombine radiatively
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with holes localized nearby, and the excitonlike emission in L L B B LI

the blue spectral region is detected in TSL. [ PWO: La(80 ppm)
This paper presents a correlated ESR and TSL study of [ BII[100]

undoped and La-doped PWO samples in the temperature re- |

gion 60-100 K which reveals the existence of a

La®>*-stabilized (WQ)3~ center, as well as its role in the - @

observed TSL features.
L after UV(325 nm)

Il. SAMPLES AND EXPERIMENTAL DETAILS

Crystals of undoped and La-doped PWO were grown by
Furukawa Ltd(Y.U.) from 5N purity raw material using the
Czochralski method in air and the third crystallization |
method. The lanthanum doping level was 80 and 460 at. ppm | )
in the melt. Due to the high value of the segregation coeffi-

cient of La in PWO k=2.4—-2.5) and close-to-seed position i UV and heat at 60 K ' wo-La™ ]

of the samples cut from the parent boule, the true concentra-
tion of La in the samples is expected to be about two times
higher with respect to that in the melt. Samples for ESR

measurements, 2:42.6x8 mnt, were cut along the (001) _ ©
and (100) planes. For TSL measurements, samples of 1 mm |
thickness and approximately 1 érarea were cut and pol- UV, heat at 60 K and red light

ished. The ESR measurements were performed at 9.21 GHz
in the standard 3 cm wavelength range of the ESR spectrom-
eter ERS230ZWG Berlin). An Oxford Instruments ESR-9
cryosystem allowed the measurements at temperatures of
4-300 K. The applied magnetic field was rotated in the e
(001 and(100 planes of the PWO crystal structure. A mer- 380 400 420 440 480 480 500
cury high pressure arc lamp was used for optical irradiation B (mT)

of the samples. Alternatively, an x-ray tube Siemens Dermo-

pan, Cu anode operated at 50 kV, 20 mA was used for irra- F|G. 1. ESR spectra of light-induced centers in P)M@) after
diation as well. Wavelength-resolved TSL measurementgradiation at 40 K[ (WO,)3~ centet; (b) after irradiation at 40 K
were performed following x-ray irradiatiofPhilips 2274  and subsequent heating up to 60[KWO,)3-La*>* centel; (c)
x-ray tube operated at 20 KVat 10 and 60 K. The TSL after irradiation at 40 K, subsequent heating up to 60 K, cooling
apparatus consists of a spectrometer measuring the TSL iback to 40 K and illumination by red lights71 nm [(WO,)3~
tensity both as a function of temperature and wavelength: theentef.

detector was a double stage microchannel plate followed by

a diode array. The detection range was 200—800 nm and the Angular dependencies of resonance magnetic fields were
spectral resolution used was about 5 nm. The system opegtescribed by a spin Hamiltonian of rhombic symmetry tak-
ates between 10 and 320 K, amd a heating rate of 0.I'K's ing into account only 1/2; — 1/2 electron-spin transition, be-

was used. cause %a (1=7/2) superhyperfine(s.h.f) lines are
strongly masked by the superhyperfine pattern arising from
Il. EXPERIMENTAL RESULTS the interaction of the paramagnetic electron with neighboring

A. ESR spectra 20%Pp nuclei. The spectroscopic data of (W& -La** cen-

. . ) ters are presented in Table |. As can be seen from Table |,
After UV irradiation of PWO:La crystals at low tempera- e nrincipalX and Y axes of the centers coincide with the

tures (T<40 K) an intense ESR spectrum belonging to the<1lo> crystal axes and th&@ axis is deviated from the
intrinsic (WQ,)°~ center usually arisé$'°[Fig. 1(a)]. Heat- Crystal axis by 3°.
ing the sample up to 50-60 K completely destroys ( Our assignment of the observed spectrum to the ()¥O

centers, while a new ESR center apped#ig. 1b)]. Alter- a5 magnetic center pertubed by lanthanum is based on the
natively, this new center can be produced by direct 'rrad'aToIIowing arguments.

tion at T=60 K. The same effect can be obtained under
x-ray irradiation. It will be shown below that this new ESR
center can be ascribed to a paramagnetic (WO La>"

complex. There are four magnetically nonequivalent

TABLE |. ESR parameters of (WQ° -La®* centers in PWO.

(WOQ,)3 -La®* centers which differ in theig-tensor axes Center g factor Thermal stability

orientations and exhibit a strongifactor anisotropy in the (WQ,)%" 9o01=1.733(1) 50 K E;=50 meV)

(ab) crystal plane. If, in a following step, the crystal is Op100=1.476(1)

cooled down again td <40 K and irradiated by red light (W0,)* -La®*  gjooy20=1.770(1) 95 K E,=270 meV)
(671 nm at that temperature, (W -La>* centers com- Oj170;=1.542(1)

pletely disappear and the polaronic (W& centers arise Op10= 1.471(1)

again[Fig. 1(c)].
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FIG. 2. (a8 ESR spectrum of (WQ?3 -La®" center aB||[110]; a '
v=9.5 GHz,T=20 K. (b) ENDOR resonances measured on the |
ESR line atB=442 mT;T=10 K. ‘ b
L

(i) The values ofy,, and 1/2¢,,+9,,) are close to those
found for the (WQ)3~ center(see Table | for comparisgn FIG. 3. Model of (WQ)3 -La®" center in PbWQ. Projection

(i) The anisotropy of they tensor suggests that one of of one layer of (WQ)?~ tetrahedra on thé001) plane is shown.
four lead ion sites in theab) plane is the place of a disturb-
ing defect. Taking into account that the spectrum was ob-

served only in the crystals doped by La and that due to its N order to further investigate carrier trapping in lead
ionic radius L&* substitutes for P& cations. we can ex- tungstate, TSL measurements were also performed. As it will

pect, namely, L& as the most probable candidate for such a€ Shown below, a TSL structure characteristic for the La-
defect. doped sar_nples has been put in evidence, and the existence of

(iii) Direct electron-nuclear-double-resonan@&\DOR) a correlation between the ESR and TSL characteristics has
measurements performed on this center unambiguouslgfiﬁgJ O:Qgr' -il;?; d(i:;[?(;tgu;tplfés Efct)?ebgtshl‘urgggzggegﬁgtigb'
prove that ”Ta”fg"d of .superhyperfme lines is dug to thedoped crystals are shown in Figgagand 4b), respectively.
interaction with **1a, since the frequency separatidn’  common TSL structures are observed at 20-30 K and at
=5.32 MHz between the ENDOR doublet exactly corre-510nd 50 K, with emission peaking in the blue spectral re-
sponds to the difference in nuclear Zeeman splitting for thigyion, As already mentioned in Sec. 1, this latter structure was
nucleus at the external magnetic field used. 2). ~ recently studied in detail and related to the (W& ESR

It should be mentioned that the s.h.f. pattern inactive defect® Moreover, the La-doped sample displays an-
(WO,)3"-La>" center is much more complex in comparison other intense structure at around 100 K: as already pointed
with a simple (WQ)3~ center. Substituting one of the out in Ref. 20, a peak in the same temperature region was
neighboring PB" ions for L&* makes superhyperfine split- only barely detectable in the undoped sample. This structure
tings from 2°Pb nuclei nonequidistant. As a result a greatis characterized by an emission similar to that observed at
number of overlapping superhyperfine lines makes any ddower temperatures. In Fig. 5 the TSL glow curve is reported
tailed analysis of this s.h.f. interaction impossible. after x-ray irradiation at 60 K, and obtained by integration of

The proposed local model for (WP -La®>* center is the wavelength-resolved measurement in the investigated
schematically shown in Fig. 3. In general, due to the tetragSPectral range. The glow curve exhibits two peaks at 75 and
onal symmetry of PWO, the electron should be localized®® K- In the following, the analysis of the trap depths corre-
with equal probability at each of four tungstate ions closesBPonding to these peakarticularly the 96 K principal
to La®* to conserve a tetragonal symmetry of the center aStrUcture is presented by two different methods} the so-
before trapping the electron. The observed s.h.f. structure g&lled “initial rise” method and(ii) the numerical fit based
well asg-factor symmetry clearly indicate that the electron is on general order klnetlcs_. The analyses were performed after
localized only at one of four tungstate ions. This means th everal subsequent heatings of the sample up to selected tem-

X . eratures between 70 and 99(partial cleaningin order to
after being trz_apped, t.he electron lOW?rS its local energy Iey eparate the individual glow peaks. The inset of Fig. 5 dis-
and a potential barrier appears, which prevents its movingaus the analysis by the initial rise method performed on the
towards the other three %W ions. Such an energy decrease low curves obtained after partial cleaning at 7q[drve
can be considered due to pseudo-Jahn-Teller effect, whic )] and at 94 K[curve (b)]: The corresponding trap depths
gives rise to a rhombic distortion of (WP~ complex as  were determined to be 0.15 and 0.25 eV for the 75 and 96 K
well as a displacement of related®Wion in the direction  peaks, respectively. The numerical fit of the main 96 K peak
opposite to L&" (see Ref. 21 In fact, a deviation of th&  was then attempted. Some experimental evidences suggested
axis of the center from the crystal axis by 3° supports this the presence of a complex recombination process, possibly
assumption. A simple geometric calculation shows, that alue to charge carriers retrapping. In fact, a slight shift of the
deviation of the principak axis can lead to the displacement temperature maximum of the peak was noticed by increasing
of W°* from their central position of about 0.0052 nm. the partial cleaning temperatur@ {,, is shifted to 102 K by

B. Thermally stimulated luminescence
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lowing x-ray irradiation at 10 K of
(@ undoped PWO;(b) La®'-
doped PWO.

T - 50

600 800 400 600 800
WAVELENGTH (nm) WAVELENGTH (nm)

a partial cleaning at 99 K moreover, a recombination pro- mon parameters. The simultaneous fit of these three glow
cess of higher order is also suggested by the symmetricalurves allowed us to consider directly the dependence of
shape of the glow peak. For these reasons, a fit of the TSI ,,,, from the initial trap population, as expected in a general
intensity I (T) considering general order recombination ki- order recombination proce$$0n the other hand, possible
netics was performed, based on the following empiricalslight variations of the kinetics order due to the different trap
equatior?? filling in the considered glow curves were here neglected.
The results gav&=0.27 eV andb=1.6; a very good fit is
, , obtained for curvegb) and (), while the lower quality of
I(T)=s"noexp(— E/kT)/ [1+[(b_ 1)s"/B] the fit of curve(a) could be due to a residual presence of the
75 K structure in the lowT side of the peak. It is worth
b/(b—1) remarking that a good agreement is found between the values
} ' 1) of trap depth evaluated by this method and by the initial rise
method. We point out that the existence of two closely lying

wheren, is the number of initially populated trapg,is the ~ Peaks could also in principle account for the observed shift
thermal depthb is the order of the kinetics3 is the heating  Of TmaxWith partial cleaning temperature, and this possibility
rate;s” is defined asn’~*/RN, wheres is the frequency ~Was nota priori excluded. However, the existence of a com-
factor, R is the ratio between the transition coefficients of POSite structure of the 96 K peak was never proved in our
trapping and recombination for electrons in the conductiofnéasurements, neither by changing the partial cleaning tem-
band, andN is the concentration of available electron traps.Perature, nor by varying the irradiation dose.

The results are depicted in Fig. 6: the fit was performed

simultaneously for three glow curves obtained after partial C. Thermal stability of (WO,)3"-La®* center

cleaning at 90, 94, and 99 K, and by considering the trap and correlation with TSL

depth, the order of kinetich, and thes/RN value as com-

T
X f exp —E/kT)dT
To

The thermal stability of (WQ)* -La>" centers is appar-
ently higher with respect to the intrinsic (W}3~ ones. Un-
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FIG. 5. TSL glow curve of La-doped PWO following x-ray

irradiation at 60 K. The inset shows the Arrhenius plots of the TSL  FIG. 6. TSL glow curves of La-doped PWO after different par-
curves obtained after partial cleaning (@ 70 K; (b) 94 K. The tial cleaning temperature&) 90 K; (b) 94 K; (c) 99 K. Solid lines
solid lines are exponential fits based on the initial rise method. are numerical fits, based on general order recombination model.
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LA L I L tional elementary charge. Taking into account the dielectric
B PWO: La(80 ppm) constant of PWQRef. 24 (s =23.6) this results in an addi-
I : 1 tional electrostatic energy of 0.16 eV which is in an approxi-
n mate agreement with the difference of thermal activation en-
ergies for the intrinsic and La-perturbed centers.

At T=75-80 K, the concentration of (W -La*"
centers increases by 5-10%. This could be tentatively ex-
plained by considering also the TSL peak at 75 K, whose
origin is presently still not determined. In fact, it can be
suggested that electrons freed from traps responsible for the
75 K peak move towards Ba sites creating additional
(WOQ,)3 -La®* paramagnetic centers.

Finally, the effect of a thermal treatment on both ESR and
TSL was investigated: it was found that annealing of the
lanthanum doped sample at 850 °C in oxygen reduces the
intensity of the TSL peak at 96 K, while the 50 K peak is left
unchanged. At the same time, the number of (WO-La>"
centers becomes much smaller. This corresponding behavior
T (K) provides further support for the correlation between
fWO4)3‘—La3+ centers and the TSL peak at 96 K.

TSL intensity (arb.units)

ESR intensity (1) of WO,” - La** (arb.units)

sl b e e b e
20 40 60 80 100 120 140 160

FIG. 7. Comparison between the TSL intensity and the therma
stability of (WQ,)® -La®>" centers. Filled circles and solid line are
ESR and TSL intensity, respectively; dotted line is calculated ESR IV. DISCUSSION
intensity. The first derivative of the ESR signal is represented by a

dashed line. As it was described above, (W3~ -La>" centers can be

created both by direct irradiation at 60 K or by heating pre-
fortunately their decay cannot be studied directly because oficusly irradiated (below 40 K samples up toT
=60-80 K, when the polaronic (WP~ centers become

strong ESR line broadening as a result of faster spin-lattice N ,
relaxation with increasing temperature. Therefore we used §1€rmally ionized. This second procedure demonstrates that
t all the electrons detrapped from (W& centers recom-

different approach: first the crystal was irradiated at about 20/t &' { o=
K and then heated up to 60 K in order to createPine with holes giving rise to the TSL peak near 50d€e

(WO,)% -La* centers. The ESR spectrum was then re-Ref. 20. Part of them move towar_ds (\3/\4[!()32* sites pertubed
corded under identical conditions dt=22 K before and bPY lanthanum and deeper (W3 -La>" complex centers
after a 2 min annealing at higher temperatures. The experi@'® createdFig. 1 (b)]. A subsequent cooling of the crystal
mental results obtained are shown in Fig. 7 by solid circles®t T<40 K, followed by '”?id'a“??f with red light671 nm
The decay rate of the concentration of the centers as a funE—ompl‘?f’ly converts (W§)®"-La”" centers into polaronic
tion of temperature is given by the first derivative of the (WO4)”™ centers againFig. 1 (c)]. This suggests that the
signal (dashed ling In a crude approximation, the first de- €lectrons, detrapped under red light irradiation, move only
rivative of the ESR signal can be compared with the TSLON @ short distance since they are localized immediately at
. . L . N . H 3- H H i

intensity (solid line in Fig. 7. It is clearly seen that the peak the polaronic (WQ)*" levels with a higher probability than
positions nearly coincide; the small difference of the tem-that of r_ecomb|nat|on with localized holes_. _Thls is in agree-
perature maximaapproximately 2 K could be reasonably ment with the absence of photoconductivity below 150 K
accounted for by the slightly different heating cycles used (S€€ Refs. 19 and 25 o | an S

and by the different iradiation conditions. Such coincidence The thermal stability of (WQ)®"-La™" centers is limited
can be considered as a qualitative proof of a correlation bd® 95-98 K; according to the present study, (WO -La

tween the trap responsible for the TSL peak at 96 K and th&enters can be identified with the traps responsible for the 96
(WO,)3 -La3" electron center. This correlation is further K TSL peak. _ _
supported by a numerical reconstruction of the temperature We point out that the mechanism for the creation of
dependence of the ESR intensity, obtained by using the folt WO4)®"-La”" here proposed could be possibly applied also

lowing equation derived from EqL): to other rare-earth dopants 1¥,Lu*"), the ESR spectra of
which were shortly described in Ref. 19.
(1) P/ =1 + Aexp—E/KT)t, 2 Some comments on the hole centers participating in the

recombination process might be deserved.

in whichE=0.27 eV andb=1.6, as derived from the TSL (i) Due to the fact that we did not find any significant
analysis, whileA=(b—1)s" is left as a free parameter. A difference in the concentration of (W -La>" centers
good numerical reconstruction of the experimental data wag5—20 at.pm in the 80 and 460 ppm La-doped PWO
obtained(dotted line in Fig. 7. The correspondence of the samples, the number of electronic centers must be limited by
TSL glow curve and the (W3 -La®>" center concentra- the hole ones, so that the origin of the latter may be related to
tion temperature dependence becomes evident also from atie impurity-based or intrinsic point lattice defects. This con-
other fact: if the electron trapped at tiiésite has in its close clusion also follows from the fact that under UV irradiation
neighborhoodat a distance of 0.386 nnone trivalent cat- (WO,)3~ concentration starts to grow rather slowly and be-
ion, it will be subjected to the attractive force of one addi-comes saturated at a level, which is compardbiihin less
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than one order of magnitugléo the number of centers cre- regions are detected in the cases of Mo, Nb, Eu and in Pb-
ated by x-ray irradiatiorfapproximately 50 Gy rich crystalsi*343° Unfortunately, the assignements of all
(i) The hole centers created by irradiation at low tem-TSL emission bands to specific lattice sites are far from be-
peratures are very probably deeper with respect to the eled?g established, also due to the fact that the nature of hole
tronic ones because the TSL peaks at 50—100 K are relaténters could not be determined until now because no such
to the thermal ionization of electronic centers. With respectenters were evidenced by EPR. This might be connected
to this interesting hints have been recently found concernin/ith @ strong temperature dependence of the spin-lattice re-

other tungstate scintillators like BawGand ZnwWQ (see axation of the hole centers or, most probably, to the fact that
Refs. 26 and 27 For both materials, in contrast to PbyO tNese centres are not paramagnetic. Anyway, hole centers

(see Ref. 28 no contribution of cation states to the valenceShould be neither the simple Pbnor O” defects, as both of

band is expected. Consequently, typitssIf) trapped holes them should be observable by EPR. Future studies should

at one of the oxygen ligands are created by x-ray irradiationtake into account the possibility that dopant ions have both

Their recombination with trapped electrons gives rise to the(i) an indireqt role in modifyi_ng the_ concent_ra_tion_ of iptrinsic
TSL peak in the 50—-70 K temperature range, too. In contras(?ptICaIIy active Q¢fects andi) a dlrect participation in the
to PWO, however, in both Ba and Zn tungstates the holes araructure of additional recombination centres.

the mobile species initiating similar emissions.

(iii) The nature of the recombination partners for the elec-
trons released from both (W@~ and (WQ,)3 -La>" traps In this study, an electron center created by low tempera-
is still a matter of debate. The TSL emission spectrum ofture UV or x-ray irradiation of a lanthanum doped lead tung-
undoped and L} -doped PbWQ crystals was discussed in state has been investigated by ESR, and ascribed to an elec-
detail in Ref. 20: at 50 K, blue emission peaking at 2.85 andron localized at a tungstate group perturbed by &fLa
2.8 eV characterizes the spectrum of undoped andearby[(WO,)3 -La®* complex. Such assignment is sup-
La®*-doped samples, respectively. The latter emission bangorted by the results of ENDOR measurements.
again dominates the TSL spectrum of La-doped PWO in the Moreover, this center has been identified with the electron
100 K region. On the other hand, green emisgi@rb eV)  trap responsible for a TSL peak observed at 96 K for the
was observed in the TSL at 100 K of the undoped samplesame kind of crystal, and characterized by a thermal depth
The blue emission was ascribed to a transition within a requE=0.27 eV. This correlation results from a good correspon-
lar (WO,)?~ group?® while a correlation with (W) dence between the numerical analysis of the TSL glow peak
defect® and the presence of Mo impurity iofs*3was pro-  and of the thermal dependence of the ESR signal.
posed for the 2.5 eV band. The slight redshift of the blue The spectral distribution of the TSL features one emission
emission observed in the £a-doped sample with respect to band at 2.8 eV: the recombination process between elec-
the undoped one could suggest an influence of doping on thisons thermally freed from (Wg)3 -La®* traps and hole
band. It is worth noting again that very similar TSL spectracenters has been discussed, also in comparison with the data
around 100 K were observed also for Gd, Lu®*-, and  obtained from literature concerning Pb\W@oped by other
Y3*-doped PWC* On the contrary, rather complex defect- aliovalent ions, and the low temperature carrier trapping-
and/or impurity-related emissions in the green-red spectralecombination features in various tungstates.
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