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Abstract—We present the results of our experimental investigation and numerical simulation of excitation-
energy relaxation processes in zinc molybdate crystals. We show that our kinetic model of the energy relax-
ation makes it possible to describe basic features of experimental results. Using this model, we estimate the
trap concentration in ZnMoO, upon irradiation of the crystal by VUV synchrotron radiation and X-ray radi-
ation. We conclude that prolonged phosphorescence of ZnMoQ, that is observed after irradiation of the crys-
tal by X-ray radiation can be caused by the occurrence of additional traps with a low activation energy.
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INTRODUCTION

Recently, crystals based on MoO, complexes have
attracted attention as a possible material for cryogenic
phonon—scintillation detectors [1]. Simultaneous
recording of photon and phonon responses of the
detector increases its resetving-poewes, which makes it
possible to use such a detector for recording rare
events, e.g., neutrinoless double beta decay. Zinc
molybdate ZnMoO, may be of interest for use in cryo-

genic detectors, since the isotope Mo is one of the
most probable sources of neutrinoless double beta
decay [2, 3]. The absence of heavy elements in the
crystal ensures achieving a low radioactive back-
ground, which is a necessary condition for application
of cryogenic phonon—scintillation detectors. The first
results that demonstrate the potential of ZnMoQO, as a
cryogenic detector were recently reported in [4].

The table summarizes data on certain physical
properties and the crystal structure of zinc molybdate.
At T = 10 K, the luminescence of zinc molybdate
upon interband excitation is a broad elementary band
with an intensity maximum at 2.0 eV. It is known that
molybdate compounds are capable of luminescing
without introducing activator ions. Therefore, the
observed luminescence band is the intrinsic lumines-
cence of zinc molybdate and, as was shown in studies
of different molybdates, is caused by the luminescence

of an exciton that is self-trapped at the MoOf{ com-
plex [6—9].

It has been found previously that
ZnMoQ, eontainstraps [1, 4, 6]. The light yield of the
scintillator substantially depends on the occurrence of
traps in the crystal. Upen energy relaxation of an
absorbed high-energy quantum, numerous low-
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energy electron—hole pairs are created. During ther-
malization of these pairs, traps can form a channel of
energy relaxation of the absorbed high-energy guan—
tum, which competes with the intrinsic luminescence
and prevents the formation of excitons at low temper-
atures. As a result, the occurrence of traps gives rise to
prolonged components in the luminescence decay
kinetics and causes a decrease in the total lumines-
cence light yield of the scintillator. Therefore, to
improve the scintillation properties of ZnMoQy,, it is
important to elseidatg the nature of traps and the
character of the influence of traps on energy transfer
processes to luminescence centers in this compound.

The objective of this work was to study excitation-
energy relaxation processes in the ZnMoO, crystal in
the presence of traps of several types. This investiga-
tion was performed based on experimental results and
on their numerical simulation. Results were obtained
using X-ray radiation and VUV synchrotron radiation
as luminescence excitation sources.

Crystal structure and physical properties of ZnMoO,

Melting temperature, °C 986
Density, g/cm?[5] 4.37
Space group [5] P-1
Type of crystal lattice [5] a-ZnMoO,
Refractive index 1.98
Band gap width, eV [6] 4.3
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NUMERICAL SIMULATION OF ENERGY RELAXATION PROCESSES 73

EXPERIMENTAL

Samples of the ZnMoO, single crystal under study
were grown by the Czochralski method from platinum
crucibles in the air atmosphere at the Prokhorov Gen-
eral Physics Institute of the Russian Academy of Sci-
ences [10]. Luminescence spectra and thermolumi-
nescence curves, i.e., temperature dependences of the
intensity of thermostimulated luminescence, were
measured. Experiments with the X-ray excitation were
performed on a setup of the laboratory of luminescent
materials at the Claude Bernard University (Lyon,
France). As a source of X-ray radiation (24 keV), an
XRG 3000 INEL X-ray tube was used. Details of the
experimental setup were described in [11]. Experi-
ments with VUV synchrotron radiation were carried
out on the Superlumi setup (DESY, Germany) [12].

Mathematical simulation of experimental results
and visualization of the numerical solution were per-
formed using the Mathematica 7.2 computer algebra
system.

RESULTS AND DISCUSSION

Luminescence and Thermostimulated Luminescence
of ZnMoO , upen, X-ray Excitation

Experimental data en—the-exeitation—-ofJumines—
tati 3, are presented in
Fig. 1a. A sample of ZnMoQO, was cooled to a temper-
ature of 7= 26 K and was X-ray irradiated for 510 s. At
a time moment of #, = 510 s, the excitation was termi-
nated and phosphorescence of the sample was
observed. At r = 900 s, the sample began to be heated
at a constant rate of 0.169 K/s. During heating, a peak
of thermostimulated luminescence (TSL) of a nonele-
mentary form with an intensity maximum at a temper-
ature of 7= 65 K was observed. We-nete that the inten-
sity of the TSL peak is high, approximately four times
higher than the intensity of the stationary lumines-
cence. The inset of the figure shows that the spectral
composition of the luminescence in the TSL peak cor-
responds to the spectrum of the intrinsic luminescence
upon excitation by the X-ray source.

The profile of the TSL peak can be approximated
using a model that assumes that charge carriers ther-
mally released from traps are more likely to be bound
to form an exciton than to be captured again by a trap
(the so-called first-order kinetics) [13]. In the approx-
imation of the first-order kinetics, the elementary TSL
peak can be described by the following formula:

E;  oksT’(0) £k (1)
kgT(@)  E T"(@)

Here, n(0) is the concentration of filled traps in the
crystal immediately after the termination of the exci-
tation, £, is the depth of traps, ®, is the frequency fac-
tor of traps, kjp is the Boltzmann constant, 7 is the
temperature, and 7 is the rate of linear heating.

Ilum(t) = ”(O)Coo exXp |:_
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Fig. 1. Luminescent:‘e and thermoluminescence of

ZnMoO, upen-exeitation-by—(a)X—ray-radiation and (b)
VUV radiation. Curves in the inset in (a): (/) spectral com-
position of the TSL peak, and (2) spectrum of stationary
luminescence excited by an X-ray source.

In accordance with this model, we approximated
the TSL spectrum assuming that there exist traps of
two types in the crystal. As can be seen from Fig. 2a,
the approximating curve describes the experimental
results well. We calculated the following parameters of
traps: the activation energies of traps of these two types
were determined to be 50 and 69 meV;, their frequency
factors were estimated to be 180 and 615 s~!, respec-
tively; and the concentration ratio of traps of the two
types proved to be #,/(0)/n,(0) = 2. Wenete, that the
obtained values of the frequency factors are unusually
small. It is known that the frequency factor of a trap
should not exceed the frequency of optical phonons,
10'4s~!; therefore, commonly, the frequency factors of
traps are 10'—10"3 s~ [14—16].

The frequency factors of traps can also be obtained
from the formula

m:(ocE/kT,,f)exp(E/kTm). (2)

Here, o is the rate of heating, F'is the depth of the trap,
and 7,, is the temperature that corresponds to the
maximum of the TSL peak. Formula (2) for the fre-
quency factor of the trap, as well as formula (1), was
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Fig. 2. Approximation of the TSL peak undes,the assump-
tion of eecurrenee of traps of two types: (a) upenexeitation
by-anX-raysoureg (F,,. = 24 keV) and (b) upen-exeitation
by- Vo Vradiation (L, = 13.8 eV).

obtained in the approximation of the first-order kinet-
ics and was used for determining frequency factors,
e.g., in [17]. Frequency factors obtained using formula
(2) (230 s~! for traps of the first type and 692 s~! for
traps of the second type) are consistent with corre-
sponding values obtained by formula (1).

It should be noted that small frequency factors of
traps were already previously observed for lead tung-
state (~10°s~) [18] and cadmium tungstate (~10*s™")
[17]. The luminescent properties of these compounds
are similar to the properties of ZnMoO,. In particular,
the nature of intrinsic luminescence centers in all
these compounds is related to radiative transitions at
the oxyanion complex. These small frequency factors
of traps in CdWO, and PbWO, were explained by a
spatial correlation between traps and luminescence
centers, which leads to temperature tunneling of
charge carriers from traps to luminescence centers. In
other words, under the action of temperature vibra-
tions of lattice ions, there is a probability for a charge
carrier to escape a trap, and, missing the valence band,
if the carrier is a hole, or the conduction band, if the
carrier is an electron, directly reach the complex

OPTICS AND SPECTROSCOPY Vol. 112

MoOf[; bind into an exciton; and be relaxed emitting
luminescence quanta. It seems that a similar tunneling
process also takes place in zinc molybdate upon charge
carrier transfer from traps to luminescence centers.

It is worth noting that we also considered the possi-
bility of approximating TSL curves using a model of
the second-order kinetics. This model assumes that
charge carriers that escaped a trap are more likely to be
captured by the trap again than to be bound into an
exciton. However, this model did not ensure good
approximation of the experimental TSL peak and
yielded considerably different frequency factors of
traps, namely, 10'® and 10~' s~!. In our opinion, there
is no reasonable physical explanation for this differ-
ence, and, therefore, this approximation model is def-
initely erroneous.

Luminescence and Thermostimulated Luminescence
of ZnMoO , upewn, VUV Excitation

Experimental data on the excitation of lumines-
cence by the synchrotron radiation are presented in
Fig. 1b. A sample under study was cooled to 7 K and
irradiated for 510 s by VUV radiation at a wavelength
of 90 nm (£, = 13.8 eV). As the excitation was termi-
nated, no phosphorescence of the sample was
observed, which differs from the result obtained upen,
X-ray excitation. The absence of phosphorescence
may be related to the fact that the initial temperature
from which the heating began was 7 K rather than 26 K
as in the experiment with the X-ray source. Then, the
crystal was heated at a constant rate of 0.163 K/sand a
TSL peak with a maximum at 62 K was observed. The
intensity of the TSL peak was seven times lower than
the intensity of the stationary luminescence, which
also appreciably differs from the experiment with the
X-ray excitation. The shape of the TSL peak is nonele-
mentary and is a superposition of two elementary
peaks that can be described by formula (1) under the
assumption that there exist two types of traps. The
depths of traps were determined to be 40 and 67 meV,
their frequency factors were calculated to be 34 and
777 s~!, respectively; and the concentration ratio of
traps was found to be #,,(0)/n,,(0) = 4 (Fig. 2b). A small
low-temperature peak at 35—40 K is hardly distin-
guishable and was not taken into account upon
approximation; however, it is quite likely that this peak
corresponds to the contribution of shallow traps,
depletien of which at 26 K in the experiment with the
X-ray source leads to phosphorescence. The occur-
rence of the low-temperature peak in the range of 30 K
is also confirmed by the results of investigations per-
formed in [1].

We-alsenete that, despite the fact that the profiles
of the TSL peaks obtained after the VUV and X-ray
irradiations were the same, the parameters of traps
obtained from the approximation proved to be some-
what different. This difference can be associated with

No. 1 2012
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a small shift of the TSL peak in the VUV experiment
(to 62 K) compared to its position in the X-ray exper-
iment (65 K). The relative concentrations of filled
traps are also different. Indeed, upon X-ray excitation,
the relative concentration of filled deep traps (67—
69 meV) is higher than apen—-exeitationby-the- VUV

Kinetic Model of Energy Relaxation in the Crystal

To simulate our experimental results, we used a
kinetic model of the energy relaxation in the crystal.
Processes that are described by the model are sche-
matically shown in Fig. 3. We will assume that traps
capture free holes from the valence band. Indeed, it
was shownin [17, 19] that low-temperature TSL peaks
(T'< 75 K), which are characterized by low-frequency
factors, are associated with the thermal release of self-
trapped holes. Nevertheless, we—snete, that, for the
model presented in this work, the character of the trap
(electron or hole) does not affect the calculation
results. The model assumes that, under the-aection-of
excitation radiation, separated electron—hole pairs
can be produced in the crystal (process /) and excitons
can be directly created (process 2). During migration
of separated charge carriers over the crystal, traps can
capture holes (process 3) with their subsequent ther-
mal release (process 4); furthermore, secondary exci-
tons that can also be formed as free electrons are
bound with free holes (process 5). Excitons can relax
either radiatively (process 6) or nonradiatively as a
result of intracenter temperature quenching (process
7).

To describe these processes, we proposed a system
of kinetic equations for the concentration of excitons
n.,, free holes n,, free excitons n,, and filled traps #,,

Oney ()]0t = —nyy (t)/ Trag — Og€
+ Benhte (£) 1y (2) + 1)1y,
oy (1)/0r = ™", (1) = By lng = n,(0)]
— Bewtte (1) my@) + 1) (1 = 1ey.) »
on, (1)]0t = By, (1) n, ) + 1) (1 -1y,
on, (t)/ét = _@t"_Er/kT(r)”t (1) + Bty (1) [ — m, @]

—E,/kT ()
! nCX (t)

3)

Changes in the density of low-energy electronic exci-
tations in the sample /(¢) and changes in the tempera-
ture of the sample 7(7) can be described as follows:

1 <t
[(t) :{ 0> < 0>
0, 1>t

KT = {kTO, t <ty

kTO + Ot(f _tro), t 2 t’ro.

Here, k is the Boltzmann constant and o is the rate of
the linear heating of the sample.
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Fig. 3. Processes described by a kinetic model of the energy
relaxation in a crystal: (/) creation of separated electron—
hole pairs, (2) direct creation of excitons, (3) capture of
holes by traps, (4) thermal release of holes from traps, (5)
formation of secondary excitons, (6) radiative relaxation of
excitons, and (7) nonradiative relaxation of excitons.

The first equation of system (3) describes the varia-
tion with time of the concentration of excitons. The
first term of the right-hand side, — —n,,(¢)/t,,4 charac-
terizes the process of radiative relaxation of excitons.
In this case, the exciton lifetime t,,4 was taken to be
10~ s, which is consistent with the experimental
results by order of magnitude [6, 20]. The second term
—w e Fa/k 0y (f) describes the nonradiative deeay-of
theexeitenunderthe-actionoftemperature (the intra-
center temperature quenching). We obtained the val-
ues of the coefficient @, = 5500 s™' and activation
energy E,=0.117 eV of the luminescence temperature
quenching process previously from approximation of
the temperature dependence of the luminescence
intensity using the Mott formula [6]. The third term of
the equation +f3, ,n.(9)n,(f) describes the process of
formation of secondary excitons from free excitons
and holes. The last term in the right-hand side
describes the process of direct formation of excitons
under the aetien of the excitation radiation on the
crystal.

The second equation of the system describes the
variation with time of the concentration of free holes
in the valence band. The first term w,e #/kTOn(7) in
the right-hand side of this equation describes the
appearance of holes due to their release from traps.
The term —,,_n,(¢)[n,,— n,(1)] describes the process of
the hole capture by the trap. The higher the concen-
tration of free holes in the valence band and the higher
the concentration of free traps, the higher the proba-
bility of this process. The third term of the equation
—Bontt(H)n, (1) describes the process of formation of
secondary excitons from free excitons and holes. The
last term of this equation /()(1 — r,,) describes the
variation in the concentration of free holes due to the
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creation of electron—hole pairs under the aetien of the
excitation radiation.

The third equation of the system describes the vari-
ation in the concentration of free excitons in the con-
duction band. The processes that this equation
describes are similar to those described by the third
and fourth terms of the second equation of the system.

The last equation of the system describes the varia-
tion in the concentration of holes in traps due to their
capture and temperature release. In modeling, we
assumed that there exist several types of hole traps in
the crystal, which differ in their activation energy and
relative concentration. For this purpose, we added
equations to the system that described the dependence
of the concentration of holes captured by traps of the
given type (similarly to the last equation of the system)
and, as a result, the system contained either four or six
equations (with—aHewanee—fox traps of two or three
types, respectively) rather than four equations. The
parameters of traps, which are the activation energy
and the frequency factor, as well as the ratio of the lim-
iting concentrations of traps, were obtained from the
approximation of the experimental TSL spectra using
formula (1). The model did not consider the possibil-
ity of a hole transiting from a deep trap to a shallow
one without escaping to the valence band.

The bimolecular coefficients ,_, and [,_, that
determine the probability for an electron and a hole to
be bound into an exciton and the probability for a hole
to be captured by a trap, respectively, are described in
the diffusion approximation as follows:

Be—h = 4Tc(De + Dh)Re—h: Bh—r = 4TCDth-n

where R; are the radii of the capture sphere and D, and
D, are the coefficients of diffusion of excitons and
holes over the crystal. The diffusion coefficients D, =
a*v,/3 and D,= a*v,/3 are expressed in terms of the
distance a between neighboring MoQO, complexes,
through which the hop diffusion occurs, and via the
diffusion frequency factors v, and v,, of excitons and
holes, respectively. In accordance with the results of
the X-ray diffraction analysis of ZnMoO, [21], the dis-
tance a was assumed to be 0.5 x 1077 ¢cm. The fre-
quency factors v, and v, were taken to be 3 x 1013 s,
which is of the same order of magnitude as the experi-
mentally determined phonon frequencies of zinc
molybdate [22]. The radius of the capture sphere of
the electron and hole R,_, was assumed to be 10~7 ¢cm,
while the radius of the capture sphere of the electron
by the trap was R,_,= 108 cm. These values of the cap-
ture sphere radii are consistent with the approximation
of the model of the first-order kinetics that was used to
describe TSL curves.

The parameter r,, characterizes the probability of
direct creation of excitons under the action of the
excitation radiation and can be estimated from the
excitation spectrum. The gexcitation spectrum of zinc

OPTICS AND SPECTROSCOPY Vol. 112

molybdate at a temperature of 10 K was reported in
[6]. If we assume that, at the excitation energy of
4.24 eV (the first peak in the excitation spectrum),
only excitons are created, rather than separated elec-
trons and holes, the ratio of the excitation intensity at
the energy of 13.8 eV to the intensity of the first peak
yields the upper estimate r., < 0.28. In this work, we
used the value of 0.2 for this parameter. To model
experiments with the X-ray excitation source, the
parameter r,, was taken to be 0.02 in view of the fact
that the probability for a high-energy exciton and hole
to be bound into an exciton decreases with increasing
excitation energy.

The density of low-energy electronic excitations /,
can also be estimated. In experiments with the X-ray
excitation source, the photon flux incident on the
sample was 6.5 x 107 mm~2 s~!. Taking into account
that the penetration depth of the radiation with the
energy of 24 keV into the zinc molybdate crystal, the
density of which is 4.37 g/cm? (table), is 81 um, the
density of absorbed photons is 0.8 x 1012 cm—3 s~!. We
can also estimate the number of low-energy electron—
hole pairs created by one quantum of the excitation
radiation with the energy of 24 keV, which turned out
to be 1.86 x 103. This estimate takes into account that,
to create one electron—hole pair spen high-energy
excitation, the energy of about triple band-gap width
E, is required (the value of E, is given in the table) [23].
As a result, the density of low-energy electronic exci-
tations is ;= 1.5 x 10> cm™3 s,

In the case of the excitation by the synchrotron
VUV radiation, /,= 3.2 x 10" cm~3s~!. Here, we took
into account the photon flux of the Superlumi setup,
which is equal to 3 x 10'° mm~2 s~!; the characteristic
penetration depth of 13.8-eV photons into the sample
with-a-thieknessof 0.01 um; and the fact that, on the
average, the energy of 13.8 eV suffices to create 1.07
low-energy electron—hole pairs.

Upen approximation, the limiting concentration
of empty traps in the crystal prior to its excitation sy,
(for each type of traps) was selected such that the
experimentally obtained intensity ratio between the
TSL peak and the statienary luminescence would be
retained.

RESULTS OF SIMULATION

By numerical solving system of equations (3), we
obtained curves of the time dependence of the lumi-
nescence intensity, which can be compared with
experimental dependences in the entire time range of
measurements.

The simulated time dependence of the lumines-
cence intensity obtained in the experiment with the
VUV excitation is presented in Fig. 4a. Hpen simula-
tion, it was assumed that there exist traps of two types
in the crystal, the parameters of which were obtained

No. 1 2012
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from the approximation of the experimental TSL
spectrum using formula (1). The limiting concentra-
tions of traps (the number of filled traps per 1 cm? of
the crystal at the moment of the termination of excita-
tion) were n,,= 6.4 x 10! cm~3 for traps of the first type
and n,= 1.6 x 10" cm=3 for traps of the second type.
As a result, the simulated dependence agrees rather
well with the obtained experimental data. This means
that, apen simulation, we took into account the basic
physical processes that affect the relaxation of excita-
tions #per, VUV excitation.

Figure 4b presents the result of simulation of the
time dependence of the intensity of luminescence
excited by the X-ray source. Qualitatively, the simu-
lated spectrum repeats basic features of the obtained
experimental results. However, in the course of the
simulation, it was assumed that there exist traps of
three types in the crystal. The parameters of two of
them were obtained from the approximation of the
experimental TSL spectrum using formula (1). The
parameters of traps of the third type were selected such
that it could be possible to describe the phosphores-
cence. The frequency factor of traps of the third type
was o5 = 100 s7!, and their activation energy was E,; =
0.02 eV. The limiting concentrations of traps of the
first, second, and third types were n, = 4 x 10'%, n, =
2 x 10", and n,; =4 x 10'® cm~3, respectively. There-
fore, our theoretical model predicts the occurrence of
shallow traps (20 meV) in the crystal, with their con-
centration being rather high. It seems that the phos-
phorescence observed for 400 s after the termination of
the excitation at a constant temperature of 26 K, to
which the sample was cooled, is caused by a gradual

depletion of shallow traps.

We-nete that, in both cases, the simulated concen-
trations of filled traps proved to be physically reason-
able. Indeed, for an average concentration of atoms of
1023 cm—3, we find that the relative concentration of
filled traps was about 0.08% in the experiment with the
VUYV synchrotron excitation and 0.01% in the experi-
ment with the X-ray excitation source. The concentra-
tion of filled traps in the experiment with the synchro-
tron excitation was higher because the photon flux of
the Superlumi setup was almost three orders of magni-
tude higher than that of the setup with the X-ray exci-
tation source. If, upon simulation, we assume that the
photon fluxes in both experiments are the same, the
concentration of traps created by the X-ray radiation
becomes considerably higher than the concentration
created under the aetien of the VUV radiation. It is
likely that this is related to the destructive action of X-
ray radiation on the crystal. The nature of hole traps in
the zinc molybdate crystal is not yet known with cer-
tainty. However, there are several works in the litera-
ture in which such traps were observed. In [24], self-
trapping of holes at low temperatures was observed in
zinc tungstate, and, in [19], in cadmium tungstate. In
these works, the nature of hole traps was investigated
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Fig. 4. Theoretical calculation of statierary, luminescence
and TSL peak: (a) upen-exeitationby- VU V-radiation and
(b) epen-excitationbyanX—rayexcitation-sottree,

by the method of electron paramagnetic resonance
(EPR). The authors of these two works arrived at the
conclusion that, at low temperatures (below 75 K),
holes are self-trapped at one of two possible states of
oxygen. The EPR method showed that, at tempera-

tures below 50 K, the self trapped he}e—e*peﬂeﬁees

atare to 50 K causes a partial destruction of this trap,
and, at a temperature of 75 K, the trap is completely
destroyed. Here, it should be noted that zinc and cad-
mium tungstates belong to a structural type of the
tungstate such that it is characterized by two different
positions of oxygen atoms in the crystal structure. In
zinc molybdate, the crystal structure is somewhat dif-
ferent and is characterized by five different positions of
the oxygen ion. It is likely that it is this fact that leads
to the appearance of traps of three types with different
depths, which is manifested in the nonelementary
character of the TSL peak.

CONCLUSIONS

We presented the results of our experimental inves-

tigations inte, the statienary-exeited luminescence and
thermoluminescence of zinc molybdate using VUV


Dima
Cross-Out

Dima
Inserted Text
at

Dima
Cross-Out

Dima
Inserted Text
under

Dima
Cross-Out

Dima
Inserted Text
thermal release

Dima
Cross-Out

Dima
Inserted Text
under VUV excitation

Dima
Cross-Out

Dima
Inserted Text
under X-ray excitation

Dima
Sticky Note
Marked set by Dima

Dima
Sticky Note
Marked set by Dima

Dima
Cross-Out

Dima
Inserted Text
Temperature increase

Dima
Inserted Text
 and

Dima
Sticky Note
Unmarked set by Dima

Dima
Sticky Note
Unmarked set by Dima

Dima
Cross-Out

Dima
Inserted Text
of

Dima
Cross-Out

Dima
Inserted Text
influence

Dima
Cross-Out

Dima
Inserted Text
holes are delocalized in the space between two energetically
equivalent nearest neighbor oxygen ions and tunnels between them

Dima
Cross-Out

Dima
Inserted Text
steady

Dima
Cross-Out

Dima
Inserted Text
It is worth noting

Dima
Cross-Out

Dima
Inserted Text
steady


78 SAVON et al.
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exist two types of traps in the crystal. Using a model of 6. D. Spassky, A. Vasil’ev, I. Kamenskikh, et al., Phys. Sta-
the first-order kinetics, the parameters of traps were tus Solidi A 206 (7), 1579 (2009).
determined. Based on the obtained parameters, we 7. E. G. Reut, Izv. Akad. Nauk SSSR 49, 2032 (1985).
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