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Optical absorption and induced color centers are discussed on the base of γ irradiation and
annealing treatment in Yb3+ -doped lead-tungstate crystals. The photoluminescence spectra (under
UV excitation), the X-ray excited luminescence, and the IR fluorescence (under LD 940-nm infrared
excitation) of Yb3+ ions in the PbWO4 crystal was studied at room temperature. γ irradiation with
a dose of 105 Gy and subsequent annealing in air could lead to a valence change of the Yb3+ ions
and evolvement of color centers in the crystal. Based on the irradiation-induced absorption spectra
and annealing, F and F+ centers perturbed by Yb3+ ions are proposed and could be responsible
for shaping the absorption and emission spectra of Yb3+ ions in PbWO4 crystals. X-ray excited
luminescence measurements were also performed and showed a charge transfer luminescence in
heavily doped PWO4 : Yb3+ (2.0 mol%). Annealing treatments in air exerted a distinct influence
on the intrinsic luminescence in PbWO4 , the IR emission, and the lifetime of Yb3+ ions, but did
not show an influence on the charge transfer luminescence. Contrarily, γ-irradiation only shows
an influence on the charge transfer luminescence of Yb3+ ions, and has no obvious effect on the
intrinsic luminescence of PbWO4 .
PACS numbers: 78.55.Hx, 78.90.+t
Keywords: Charge transfer, Lead tungstate, Growth from melt, Yb3+ impurity ion, X-ray excited luminescence

detection [2].
In the past one decade, as a new scintillating crystal, lead tungstate, PbWO4 (PWO), has been intensively investigated worldwide for applications in highenergy physics due to its high density, short radiation
length, and fast decay time [3]. As a new optical crystal, PbWO4 has some special features, e.g. rather low
cost, high irradiative hardness, high chemical stability,
and a well-developed growth technique for large-sized
crystals. PWO is characterized by a complex behavior
including emission properties, an influence of trap centers on decay, transmission spectra, and radiation damage [4]. This crystal doped with rare-earth (RE3+ ) [5–
7] and transition-metal [8, 9]ions has received considerable attention in recent years. Firstly, doping with selected trivalent RE3+ ions with inert luminescence struc-

I. INTRODUCTION
The Yb3+ ion consists of two multiples, the 2 F7/2 (fundamental) and the 2 F5/2 (excited) states, separated by
an energy of around 10,000 cm−1 , which fits quite well
the emission from diode and quantum-well lasers. Yb3+ doped materials have attracted a great deal of interest
with the rapid development of diode-pumped solid-state
lasers (DPSSLs) [1], and the charge transfer luminescence of Yb3+ -doped crystals has also been paid more attention. Many Yb3+ -doped matrices with emission from
charge-transitions states (CTSs) are regarded as good
candidates for potential applications in solar neutrino
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tures, e.g., Gd3+ , Y3+ , La3+ , etc., is one of the most
important methods for improving scintillation properties [10–12]; secondly, PbWO4 with a Sheelite structure
can also accommodate other rare earth ions with rich
4f9 luminescence configurations : e.g., Er3+ , Yb3+ and
Nd3+ , can present new luminescence properties [7,13,14].
PWO has a higher Raman gain, a narrow Raman-shifted
linewidth, and a larger thermal conductivity compared
with KGd(WO4 )2 and has proven to be a promising host
materials for laser crystals [15,16]. Yb3+ -doped PbWO4
has the broad absorption of Yb3+ (850 – 1,050 nm) and
efficient emission (950 – 1100 nm) [13]. However, compared with other RE3+ ions, Yb3+ is more difficult to
dope into PWO lattices because of its small radius in
the RE3+ ion family. PbWO4 : Yb3+ single crystals also
have more complex color centers, which exert great influence on the luminescence properties. Consequently, it
is necessary to investigate the defect structures in this
crystal.
In the present work, the optical absorption and the
induced color centers are discussed on the base of microstructures to elucidate the influence on Yb3+ luminescence in the PWO host. In addition, the charge transfer
luminescence of the heavily doped 2.0 mol% PWO : Yb3+
crystal under X-ray excitation was also studied. The excitation and the emission spectra were measured for the
crystal.

II. EXPERIMENT
Yb3+ dopants were introduced into a charge mixture
in the form of Yb2 O3 . The initial doping concentrations of Yb3+ were 0.6, 1.2 and 2.0 mol% with respect
to Pb atoms in the crystal. PWO : Yb3+ 0.6 mol% was
grown from the melt by using the Czochralski method,
and the other two crystals were grown by using the vertical Bridgman method. Crack-free crystal ingots with a
size of 25 × 25 × 250 mm3 were obtained. The samples
for the optical measurements were cut perpendicularly
to the Z direction from the same position near the seed
and were polished on both sides to a thickness of 1 mm.
Visible fluorescence spectra were obtained in the range
from 200 to 800 nm by using a Perkin-Elmer spectrofluorimeter LS-5B. X-ray excited luminescence (XEL) spectra were obtained in the range from 200 to 850 nm by
using X-ray excitation (FluorMain, 80 kV/4 mA) at RT.
The spectra were obtained by using a 44-W plate grating monochromator and a Hamamatsu R928-28 (900 V)
photomutiplier.
In order to investigate the color centers in PWO :
Yb3+ , we calculated the induced absorption coefficient
(µir ) after the 60 Co irradiation at a dose rate of 3,500
rad /h for 24 hours (hr) in air by using the formula
µir = (1/D)Ln(To /T ),

(1)

where d is the thickness across which the transmittance

Fig. 1. Absorption spectrum of as-grown PWO : Yb3+
(2.0 mol%) in the regions of UV to VIS and NIR. The inset is
an enlargement of the absorption near the optical absorption
edge.

T0 (before irradiation) and T (after irradiation) were
measured. Before each irradiation, the sample was thermally bleached by heating for 2 hr at 200 ◦ C. In this
way, the absorption changes in the sample due to the
irradiation procedures were evaluated. All the optical
absorption and transmission were recorded on a PerkinElmer Lambda 9 UV/VIS/NIR spectrophotometer. The
annealing treatments were sequentially performed in air
for 8 hr at the following temperatures: 740 ◦ C → RT (for
luminescence measurements); → 840 ◦ C → RT; → 940
◦
C → RT; → 1040 ◦ C → RT. Before and after each step
of annealing, X-ray excited luminescence spectra were
recorded.

III. RESULTS AND DISCUSSION
1. Optical Absorption Spectra

The absorption spectra of as-grown PWO : Yb3+ 2.0
mol% in the region of UV to VIS and of NIR are shown
in Fig. 1. The absorption between 880 and 1,050 nm are
related to electronic transitions 2 F7/2 → 2 F5/2 within the
4f electronic shell of Yb3+ ions. However, two obvious
broad absorption bands exist: one in the region of 510
– 580 nm and the other in the region of 630 – 770 nm,
which are signed by α and β, respectively. By enlarging
the spectra near the optical absorption edge, another absorption band centered at 360 nm could be found (inset
in Fig. 1). The other samples had similar absorption
profiles. The intensities of the absorption bands α and β
increased with increasing of Yb3+ doping level, as shown
in the Fig. 2. Generally speaking, in a crystal, the additional absorption could be caused by native defects, color
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Fig. 2. Dependence of absorption bands α and β in Fig. 1
on Yb3+ doping level in PWO.
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Fig. 3. Induced absorption spectra of PWO : Yb3+ irradiated with 60 Co irradiation.

2. Induced Absorption

centers, and thermal stresses inside the crystal created
in the growth process.
Annealing in air could remove the additional absorption bands, as mentioned above, of the PWO : Yb3+
crystal [17], which should influence the defect absorption bands. The diffusion of oxygen ions “in” and “out”
of the sample changes the overall Coulombic charge in
the oxygen sublattice and modifies the defect- related
oxygen [17]. In fact, intensive evaporation of PbO and
WO3 during crystal growth causes a nonstoichiometric
deviation, which results in intrinsic defects of oxygen vacancies Vo , casually distributed cation vacancies Vc , and
regular cation vacancies Vc ∗ . [4]. Tenatively, these color
centers might be related to the lattice oxygen. The [Vo ]”
could capture an electron and form a F (two electrons in
an O vacancy), or a F+ (one electron in an O vacancy)
centers, which might be related to the valence changes
of Yb2+ ions: Yb3+ → Yb2+ + h (h is a positive hole).
The negative charge centers of the Yb2+ ions were created during the crystal growth. In order to get a charge
balance and to decrease the system energy in the lattice,
the positive-charge holes are needed. Consequentially,
[Yb-F] centers could exist in the lattices. Such kinds of F
color centers perturbed by RE3+ ions has been reported
in CaF2 crystals [18]. In fact, the tetragonal scheelitetype symmetry of the PWO crystal can be derived from
the fluorite-type structure.
Usually in Yb3+ -doped crystals grown in a reductive
environment, [RE-F] centers may be created and be accompanied by changes in the charge valence of Yb3+ ions,
e.g., Yb:YAG and Yb:YAP crystals, in which the optical absorption is influenced by the Yb2+ content. Also,
crystals can exhibit broad absorption bands at 280, 400
and 660 nm, which can be unambiguously attributed to
Yb2+ ions [19,20].

The level of crystal imperfection can be, in first approximation, estimated by induced absorption measurements after γ irradiation and involves the absorption
value (optical density of a crystal) and induced absorption bands, especially their shapes and positions, which
suggests that color centers appear due to this particular treatment. Fig. 3 shows the changes in the absorption spectra induced by 60 Co irradiation. After γ
irradiation, the induced absorption bands present more
complex structures, which appear with maxima at three
locations: 1.73 – 2.10, 2.2 – 2.7 and 2.8 – 3.5 eV.
Usually, γ ray induced radiation damage can be understood as a three-step process consisting of (a) the creation of hot electrons and holes by the interaction with
high-energy γ quanta, (b) separation during subsequent
cooling down and diffusion, and (c) separate localization of both types of free carriers at suitable lattice sites
traps. Such sites might arise as a result of lattice distortion dislocations, domain interfaces, point-defects vacancies, impurity ions, or a combination of them. Color
centers might be created during the step (c) as a result
of a need for local re-creation of a charge balance in the
lattice, e.g., near the trivalent impurity ion at the Pb2+
site.
In the case of PWO, four color centers are proposed,
which could be responsible for shaping the absorption
spectrum of PbWO4 crystals below 3.6 eV: namely,
Pb3+ , O− , F, and F+ centers. Nikl et al. studied the
changes in the absorption spectra induced by 60 Co irradiation and by high-temperature annealing for another
set of PbWO4 crystals [21]. The conclusion is that the
Pb3+ and the O− hole centers peak at about 3.4 – 3.6
and 2.85 – 3.0 eV, respectively, and the F and the F+
electron centers peak at about 2.15 – 2.35 and 1.75 – 1.85
eV, respectively [21, 22]. In PWO, the stability of Pb+
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centers in the regular PWO lattice is strongly limited
because otherwise two electron captures in two steps at
the Pb2+ site becomes probable and subsequent creation
of Pb0 and Pb-colloids might follow, as seen in PbX2
compounds [23].
After γ irradiation, the induced absorption bands
present in Fig. 3 show nearly the same structure as
that obtained by Nikl et al. [21], but some differences
exist, especially in region of 2.8 – 3.5 eV. The induced
absorption bands of 2.2 – 2.7 eV and 1.73 – 2.10 eV in
Fig. 3 seem to correspond to the absorption bands of
α and β shown in Fig. 2. If the scheelite structure
of PWO is taken into account, the presence of Yb3+
ions at Pb2+ sites might induce defect configurations,
namely [2(Yb3+ P b )·−VP b ”] complexes close to Pb vacancies. The concentration of Pb vacancies may increase because of a possible lead deficiency resulting from more intense evaporation of the PbO component from the melt.
Yb3+ ions at Pb2+ sites introduce an excess charge into
the Pb-sublattice, which efficiently balances the charge
deficiency mentioned for this sublattice and lowers the
concentration of Pb3+ and O− hole centers.
Both Pb and O vacancies are supposed to be immobile
at RT, thus ensuring the thermal stability of these centers. Both electrons and holes are assumed to be freely
moving once in conduction or valence bands, which is
justified by the character of the recombination decay kinetics of free carriers in PWO [24]. The electrons are expected to be captured mostly in oxygen vacancies; thus,
F and F+ centers are formed. In another ternary oxide,
e.g., LiNbO3 crystals [25], the absorption bands at 2.4
and 1.8 eV were ascribed to F and F+ centers.
The analysis above has shown that the same absorption bands can be distinguished in as-grown/irradiated
sample and that their ascription is based on the assumption that the same color centers can be observed, as well.
The main centers after γ irradiation, the induced absorption bands at 1.73 – 2.10, 2.2 – 2.7 eV, are related to the
F+ and the F centers, respectively, while the 2.8 – 3.5 eV
absorption to Yb2+ -perturbed O centers following irradiation or growth under a reduced environment: Yb3+
→ Yb2+ + h and O2− + h → O− .
Under high-energy irradiation, the color centers might
be quite similar to those of the as-grown crystals because we consider only centers arising as the result of free
charge carrier capture electrons and holes at suitable lattice sites. However, for γ irradiation, the induced color
centers could be more complex. However, both the color
centers created during crystal growth and those induced
under high -energy irradiation all could exert a very great
influence on the emission and the laser properties of the
PWO crystals.
For example, Fig. 4 exhibits the luminescence spectra for the 2 F5/2 → 2 F7/2 transition in PWO : Yb3+
2.0 mol% excited by 940 nm, which consists of a broad
emission from 950 to 1100 nm. The intensity of emission was enhanced after annealing in an oxygen atmosphere. The lifetime of the fluorescence was measured to
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Fig. 4. Fluorescence spectra and lifetime of as-grown and
annealed PWO : Yb3+ (2.0 mol%) excited by a LD at 940
nm at RT.

be 0.38 ms for the as-grown PWO : Yb3+ and 0.41 ms
for the sample annealed at 840 ◦ C in air. This might
be caused by the reduction of defects in the lattice after
annealing. A nonstoichiometric deviation is well known
to be caused by the evaporation of PbO and WO3 during
crystal growth, which results in the existence of intrinsic defects of oxygen vacancies VO , casually distributed
cation vacancies VC , and regular cation vacancies VC ∗
[4]. These complex defects might absorb some pumping,
and this absorption is not helpful for the emission. When
PWO is annealed in air, the oxygen vacancies exist in the
as-grown lattice can be compensated for by the diffusion
of oxygen from the air, so the VO defects are annihilated [13]; PWO : Yb3+ crystals are grown in a large
thermal gradient, and the crystals show large anisotropy
of thermal expansion coefficients along the a- and the
c-axes. When the PWO crystal is cooled down to room
temperature, a thermal stress is formed in the crystals,
so annealing can enhance the homogeneity of the PWO :
Yb3+ crystal by re-oxidization and by release of the thermal stress. Moreover, OH− groups, which are known
to have a great influence on IR emission, might exist in
some level and could exert a quenching effect on the fluorescence emission. After annealing, all the quenching
factors might be eliminated; consequently, the emission
in the IR region is enhanced.

3. Photoluminescence and X-ray-excited Luminescence

Photoluminescence and X-ray excited luminescence
spectra of PWO : Yb3+ 2.0 mol% are given in Figs. 5 and
6, respectively. The photoluminescence of pure PWO is
well known to consist a broad blue luminescence with
green components [4]]. In PWO : Yb3+ , the blue emis-
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Fig. 5. Photoluminescence spectra of the PWO : Yb3+
(2.0 mol%) at RT.

Fig. 6. X-ray excited luminescence spectra of the PWO :
Yb3+ (2.0 mol%) before and after γ-ray irradiation.

sion is present, both the green emission from 450 – to
600 nm is greatly suppressed. This show the same effects as is seen for common RE3+ ion doping, e.g., La3+ ,
Gd3+ , and Y3+ . However, the difference is that a weaker
red emission can be found for PWO : Yb3+ . The excitation peaks for this additional red emission (em = 715
nm in Fig. 5) has nearly the same position as that of the
430-nm intrinsic blue emission (em = 432 nm). This indicates the Yb3+ doping introduces shallow trap centers
in the PWO lattices.
In Fig. 6, the bands of 350 – 480 nm is due to intrinsic
emission of the PWO host. Different from the photoluminescence (PL) in Fig. 5, another emission band peaking around 510 nm under X-ray excitation was observed,
which has not been detected in other RE3+ -doped PWO,
which should be assigned to the charge transfer (CT)
transition of oxygen to the 2 F5/2 state of Yb3+ , and
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Fig. 7. X-ray excited luminescence spectra of the γ-ray
irradiated PWO : Yb3+ (2.0 mol%; sample b in Fig. 6) after
sequentially annealing at 840 and 1,040 ◦ C .

whose position nearly coincides with the Yb3+ -related
CT emission in a YAG matrix [26]. Another CT emission band of Yb3+ around 346 nm, which corresponds
to the transition from the charge transfer state (CTS)
to the 2 F7/2 state of the Yb3+ ion, cannot be detected
because of the shallower band gap of the PWO crystal. A similar CT emission band has been investigated
in Yb3+ -doped inorganic scintillators, e.g., Y3 Al5 O12 ,
Lu3 Al5 O12 , Y3 Ga5 O12 , LaYbO3 , and YAlO3 crystals,
which all have slightly different positions for the charge
transfer luminescence due to the different hosts [27–29].
As Fig. 6 shown, the CT luminescence becomes weaker
after γ -ray irradiation, which seems to exert little influence on the intrinsic luminescence of the PWO host because of the well known fact that the irradiation cannot
change the luminescence mechanism in PWO [4]. The
luminescence changes in Fig. 6 can only be explained by
a valence change in Yb3+ ions (Yb3+ + e → Yb2+ ) accompanying the induced color centers after γ irradiation,
as mentioned above.
Fig. 7 is the influence of annealing on the XEL of
PWO : Yb3+ (only shown for 840 and 1040 ◦ C). Sequential annealing in air from 640 to 1040 ◦ C at intervals of
100 ◦ C only has an influence on the luminescence of the
PWO host, which shows nearly the similar tendency to
that reported for pure PWO [30] because of the “in” and
“out” of oxygen components. The annealing at a temperature below 840 ◦ C, oxygen diffuses into the lattice
and increases of the PWO luminescence, which is suppressed at higher annealing temperatures above 840 ◦ C
[30] because of overflow of oxygen components. However,
annealing above 640 ◦ C has little influence on the CT
emission bands of Yb3+ ions around 510 nm, as shown in
Fig. 7. This proves again that the 510-nm luminescence
bands comes from CTS of Yb3+ ions. Further investigations are needed to determine the luminescence decay
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and, in that case, the optimal Yb3+ concentration and
temperature dependence.

IV. CONCLUSION
In the Yb3+ -doped PbWO4 crystals, special absorption bands exist in the regions of 510 – 580 nm and 630 –
770 nm. Those additional absorptions are created by distinct color centers, mainly F and F+ centers, perturbed
by Yb2+ ions. The color centers become serious with
increasing of Yb3+ doping in PbWO4 crystals. Highenergy irradiation treatment with γ-rays can induce large
numbers of similar color centers and valence change in
the Yb3+ ions in the PbWO4 : Yb3+ . All these color
centers quench the intensity and the lifetime of Yb3+
ions in excited state, for this crystals, annealing at a
high temperature is necessary. X-ray excited luminescence measurements were also performed and showed a
charge transfer luminescence in the heavily doped PWO
: Yb3+ 2.0 mol% crystal. After γ-ray irradiation, the
CTS luminescence of Yb3+ ions became weaker, but the
intrinsic luminescence of PbWO4 was nearly the same.
Annealing treatments in air exerted a distinct influence
on the intrinsic luminescence in PbWO4 , the IR emission, and the lifetime of Yb3+ ions, but did not show
any obvious effect on the charge transfer luminescence.

ACKNOWLEDGMENTS
This work was supported by the Korea Research Foundation (KRF-2004-C00168).

REFERENCES
[1] P. Lacovara, H. K. Choi, C. A. Wang, R. L. Aggarwal
and T. Y. Fan, Opt. Lett. 16, 1089 (1991).
[2] R. S. Raghavan, Phys. Rev. Lett. 78, 3618 (1997).
[3] Lecoq, I. Dafinei, E. Auffray, M. Schneegans, M. V. Korzhik, O. V. Missevitch, V. B. Pavlenko, A. A. Fedorov,
A. N. Annenkov and V. L. Kostylev, Nucl. Instrum.
Meth. A 365, 291 (1995).
[4] M. Nikl, Phys. Stat. Sol. (A) 178, 595 (2000).
[5] M. Kobayashi, Y. Usuki, M. Ishii, T. Yazawa and K.
Hara, Nucl. Instrum. Meth. Phys. Res. A 399, 261
(1997).
[6] T. H. Yeom and S. H. Lee, J. Korean Phys. Soc. 45, 1052
(2004).
[7] Y. L Huang, H. J. Seo, S. H. DoH, K. W. Jang and H.
D. Kang. J. Korean Phys. Soc. 46, 1198 (2005).
[8] T. H. Yeom, J. Korean Phys. Soc. 44, 376 (2004).
[9] T. H. Yeom, S. H. Lee, I. G. Kim, S. H. Choh, T. H. Kim
and J. H. Ro, J. Korean Phys. Soc. 44, 1513 (2004).

[10] M. Kobayashia, S. Sugimotoa, Y. Yoshimuraa, T. K. Komatsubaraa, K. Mimoria, K. Omataa, T. Sekiguchia, T.
Tsunemia, T. Yoshiokaa, Y. Tamagawab, H. Shirasakab,
T. Fujiwarac and Y. Usukid, M. Ishiie. Nucl. Instrum.
Methods Phys. Res. A 484, 140 (2002).
[11] M. Kobayashi, Y. Usuki and M. Ishii, Nucl. Instrum.
Meth. Phys. Res. A 465, 428 (2001).
[12] M. Nikl, P. Bohacek, E. Mihokova, M. Martini, F.
Meinardi, A. Vedda, P. Fabeni, G. P. Pazzi, M.
Kobayashi, M. Ishii and Y. Usuki, J. Appl. Phys. 87,
4243 (2000).
[13] Y. L. H uang, W. L. Zhu, X. Q. Feng, G. J. Zhao, G. S.
Huang, S. G. Li and Z. Y. Man. Materials Lett. 58, 159
(2004).
[14] Y. L Huang and H. J. Seo, Materials Chemistry &
Physics 91, 424 (2005).
[15] A. A. Kaminskii, H. J. Eichler, K. Ueda, N. V. Klassen,
B. S. Redkin, L. E. Li, J. F. Findeisen, D. Jaquem J.
Garcia-soli, J. Fernandez and R. Balda, Appl. Optics
38, 4538 (1999).
[16] W. B. Chen, Y. J. Inagawa, M. Tateda, N. Takeuchi and
Y. Usuki. Opt. Commun. 194, 401 (2001).
[17] M. Nikl, K. Nitsch, J. Hybler, J. Chval and P. Reiche,
Phys. Status Solidi B 196, K7 (1996).
[18] D. L. Staebler, S. E. Schnatterly and W. Zernik, IEEE
J. Quant.Electron. QE-4, 179 (1968).
[19] H. B. Yin,. P. Z. Deng, J. Z. Zhang, G. Z. Wu and F. X.
Gan, ACTA OPTICA SINICA 18, 247 (1998).
[20] M. Henke, J. Persson and S. Kuck, J. Lumin. 87-89,
1049 (2000).
[21] M. Nikl, K. Nitsch, S. Baccaro, A. Cecilia, M. Montecchi,
B. Borgia, I. Dafinei, M. Diemoz, M. Martini, E. Rosetta,
G. Spinolo, A. Vedda, M. Kobayashi, M. Ishii, Y. Usuki,
O. Jarolimek and P. Reiche, J. Appl. Phys. 82, 5757
(1997).
[22] M. Nikl, J. Rosa, K. Nitsch, H. R. Asatryan, S. Baccaro, A. Cecilia, M. Montecchi, B. Borgia, I. Dafinei, M.
Diemoz and P. Lecoq, Mater. Sci. Forum 239-241, 271
(1997).
[23] J. F. Verwey, J. Phys. Chem. Solids 31, 163 (1970).
[24] M. Martini, G. Spinolo, A. Vedda, M. Nikl, K. Nitsch,
V. Hamplova, P. Fabeni, G. P. Pazzi, I. Dafinei and P.
Lecoq, Chem. Phys. Lett. 260, 418 (1996).
[25] K. L. Sweeney and L. E. Haliburton, Appl. Phys. Lett.
43, 336 (1983).
[26] N. Guerassimova, N. Garnier, C. Dujardin, A. G. Petrosyan, and C. Pedrini, Chem. Phys. Lett. 339, 197
(2001).
[27] I. A. Kamenskikh, N. Guerassimova, C. Dujardin, N.
Garnier, G. Ledoux, C. Pedrini, M. Kirm, A. Petrosyan
and D. Spassky, Opt. Mat. 24, 267 (2003).
[28] Y. J. Dong, G. Q. Zhou, J. Xu, G. J. Zhao, F. L. Su, L.
B. Su, G. B. Zhang, D. H. Zhang, H. J. Li and J. L. Si,
J. Crystal Growth 289, 676 (2006).
[29] N. Guerassimova, C. Dujardin, N. Garnier, C. P?drini,
A. G. Petrosyan, I. A. Kamenskikh, V. V. Mikhailin, I.
N. Shpinkov, D. A. Spassky and K. L. Ovanesyan, Nuc.
Instr. Meth. in Phys. Res. A 486, 278 (2002).
[30] Y. L. Huang, W. L. Zhu and X. Q. J. Electron Spectroscopy and Related Phenomena 133, 39 (2003).

