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A B S T R A C T

Charge carrier trapping was studied using EPR and TSL methods in ZnWO4, MgWO4 and mixed ZnxMg1-xWO4

crystals. An electron trapped at a perturbed W site was detected in MgWO4. It was also shown that holes are
trapped at oxygen ions thus forming O− centers. Two different O− centers, one perturbed by a cation vacancy,
another by Al impurity, were found in MgWO4, while a single hole center perturbed by Cd impurity and hydroxyl
group nearby was detected in ZnWO4. The number of non-equivalent hole centers increases up to five for the
mixed crystals due to the perturbations induced by statistically distributed substitutional cations. It is shown that
the thermal release of holes is accompanied by thermostimulated luminescence (TSL). The broadening of the TSL
peaks typically observed in mixed crystals is connected with the increase of the number of non-equivalent
trapping centers of the same type.

1. Introduction

Zinc and magnesium tungstates are promising scintillating materials
for application in rare events search experiments [1,2]. Recently an
enhancement of the light output has been detected in ZnxMg1-xWO4

mixed bulk and nanocrystals compared to that of their constituents
ZnWO4 and MgWO4 [3,4]. The light output of mixed bulk and nano-
crystals increases up to 150% and 450%, respectively, compared to that
of ZnWO4. The structural and optical characteristics of mixed com-
pounds demonstrate linear dependence on x, while the efficiency of
energy transfer to luminescence centers increases for the intermediate
values of x, reaching the highest value for x= 0.5 [5]. The effect is
ascribed to the disorder in the sublattice of substitutional cations that
results in the confinement of the charge carrier thermalization length
and serves as a key factor for the observed light yield enhancement [6].
The trapping of charge carries is also supposed to be influenced by
substitutional cations disorder. It is known that the peaks of thermo-
stimulated luminescence in mixed crystals are broader than in their
constituents [7–9]. To understand the reason of the TSL peak broad-
ening, we used the EPR method as the most straightforward technique
which allows to determine the origin of the defects responsible for

charge carriers trapping. Here, we present the results of the study of
trapping centers in ZnWO4 and MgWO4 crystals, as well as their mod-
ification in ZnxMg1-xWO4 mixed crystals, using the combination of TSL
and EPR methods.

2. Experimental details

The single crystals of ZnxMg1-xWO4 (x=0, 0.3, 0.4, 0.5, 0.6, 0.8, 1)
were grown by the Czochralski technique from platinum crucibles using
high-frequency heating. The single crystal of MgWO4 was grown from
melted flux solution by pulling on a rotating seed from a platinum
crucible. Solid-phase synthesis method was used to obtain the charge
for the single crystal growth. Initial oxides for the charge were ZnO
(99.995%), MgO (99.95%) and WO3 (99.995%). The flux was prepared
from Na2WO4 (99.95%). All the grown crystals belong to the wol-
framite structural type.

EPR measurements were carried out on a Bruker X-/Q-band E580
FT/CW ELEXSYS spectrometer at X-band (9.4 GHz). The temperature
region was 30–296 K. The magnetic field sweep range was chosen ra-
ther narrow to study irradiation-induced centers with the aim to in-
tensify observed signals by increasing scan time. Temperature for a
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single measurement was selected in most cases such as to avoid sa-
turation and find the best signal-to-noise ratio. Samples were X-ray ir-
radiated at liquid nitrogen temperature using an ISO-DEBYEFLEX 3003
highly stabilized X-Ray equipment for structure analysis (tungsten X-
ray tube, 55 kV, 30mA). All procedures of EPR spectra fitting were
performed using the “Easyspin 5.0.0 toolbox” program [10]. Tungstate
crystal samples were not oriented and thus all EPR measurements were
done in an arbitrary orientation of the samples with respect to an ex-
ternal magnetic field. For this reason all fitting parameters were
omitted in the text below as they did not provide any physically useful
information.

TSL glow curves were obtained using a CRYOTRADE LN-120 cryo-
stat equipped with a LakeShore 335 temperature controller. Samples
were UV-irradiated for 30min at 77 K and then heated to 270 K with a
linear rate 10 K/min. TSL curves were recorded using an H7732-11
photosensor module. The luminescence excitation spectra of the sam-
ples were measured using a 150W Xe lamp as an excitation source
while luminescence signal was detected using an Oriel MS 257 spec-
trograph equipped with a Marconi CCD detector.

Absorption and reflection spectra were measured using a
PerkinElmer Lambda 950 spectrophotometer. The measurements of
absorption spectra were performed in the temperature range 77–500 K
using a CRYOTRADE LN-120 cryostat.

3. Results and discussion

3.1. EPR studies of ZnxMg1-xWO4 single crystals

The lattice symmetry of tungstates studied in the present work be-
longs to the P2/c space group, wolframite type. It allows seven struc-
turally equivalent and non-equivalent sub-lattices, each of which can
offer a paramagnetic impurity ion one or two magnetically non-
equivalent positions in the lattice [11]. EPR spectra measured in such
samples will show, respectively, either one or two similar signals, split
due to the magnetically inequivalent positions and dependent on the
site occupied. However, if the materials are contaminated, the im-
purities can break the local symmetry and thus increase the number of
certain sites at least twice, so that instead of one or two lines, two or
four can be observed [11]. Exactly the same situation will be discussed
below.

The EPR spectra of non-irradiated ZnWO4 and MgWO4 samples
exhibited the traces of some accidental paramagnetic impurities
(Fig. 1). Gd3+ revealed itself in the fine and hyperfine structures (HFS)

characteristic for an ion with electron spin S= 7/2, studied in detail in
ZnWO4:Gd [12]. The HFS arises because of the 155Gd and 157Gd nuclei
with non-zero nuclear magnetic moment, i.e. with the nuclear spin
I= 3/2 with 15% and 16% abundance, respectively. Mn2+ was found
due to the peculiar fine structure (transitions “1–3” in Fig. 1) and sextet
of lines with pronounced and specifically spaced HFS (~90 G) [13–17].
Cu2+ (3 d9) was identified due to a characteristic spectrum studied in
CdWO4, MgWO4 and ZnWO4 [18]. The Cu2+ impurity occupies most
probably one position, since only one very specific quartet of lines (HFS
from 63Cu and 65Cu, both having nuclear spin I=3/2 and 69% and
31% natural abundance, respectively) was detected. No other similar
signals were found in the spectra, which would allow to refer to another
kind of Cu2+ ion. At the same orientation, a broad and strong line,
obviously composed of several poorly resolved components, appears in
the spectrum of MgWO4 (“u.o.” in Fig. 1). Its origin remains unknown.
No EPR signals coming from impurity centers other than Gd3+ ions
were detected in the non-irradiated ZnxMg1-xWO4 mixed crystals. Most
probably the detected impurities originate from initial materials used
for crystal synthesis and some of them perhaps were induced from a
crucible in the process of crystal growth. It is noteworthy, that X-ray
irradiation did not affect the corresponding EPR lines, allowing а con-
clusion that the detected impurities are stable and do not facilitate
radiation defect creation in their closest surrounding.

X-ray irradiated samples show the creation of various paramagnetic
centers. In ZnWO4 and mixed tungstates, all the observed irradiation-
induced centers were hole-like O− defects (2p5 outer shell). All were
characterized by g factors slightly higher than the free electron value
2.0023 and the spectral positions of the EPR lines were slightly de-
pendent on sample orientation with respect to an external magnetic
field direction, having this in common with the O− defects described in
other materials [19–27]. In MgWO4, beside the O− defect, an electron-
like center was detected as well. The principal view of the corre-
sponding EPR spectra did not significantly depend on x in the 0.2–0.8
range in the mixed crystals, except slight variations in thermal stability
(~10 K) of the respective irradiation-induced centers. This result ob-
viously coming from small perturbations in the local surrounding as the
Zn2+ ions in ZnWO4 and Mg2+ ions in MgWO4 have almost the same
ionic radii in octahedral environment, i.e. 0.74 Å and 0.72 Å, respec-
tively [28].

EPR spectra of irradiated MgWO4 are shown in Fig. 2. Since the
crystal sample was not oriented, they have been taken at an arbitrary
orientation of the external magnetic field with respect to the crystal
axes. Two different types of centers, electron-like and hole-like, were
detected. The hole-like type is represented by two distinct centers la-
belled as O−(I) and O−(II). The EPR signal of the second one exhibits a
pronounced superhyperfine structure (SHFS, see an inset in Fig. 2). It is
composed of six equally spaced resonance lines of the same intensity
with some weaker satellites beside. This suggests hyperfine interaction
of the paramagnetic electron with a nucleus presented in the majority
(more than 50%) by the isotope with the nuclear spin I=5/2 of a non-
paramagnetic ion. There are several stable elements possessing such
property: 27Al (100% natural abundance); 55Mn (100% natural abun-
dance); 185Re and 187Re, 37.4% and 62.6% natural abundance, re-
spectively, both having I=5/2; 121Sb (I=5/2, 57.2% abundance), and
123Sb (I=5/2, 32.8% abundance); 141Pr, 100% abundance. Manga-
nese, rhenium and praseodymium may be excluded because the hole
trapping might occur at their ions directly. It has been shown, for ex-
ample, in Li2B4O7 [29] that X-rays cause the decrease of the total Mn2+

EPR intensity supposing thus a hole capture and Mn3+ creation. The
Mn2+ signal measured in MgWO4 does not lose its intensity upon the X-
ray irradiation. Sb3+,5+ are also expected to trap holes [30]. Moreover,
referring to the purity of the starting materials for the crystals synthesis
given in Ref. [3], no antimony, praseodymium and rhenium ions could
be expected in the samples studied. On the other hand, Al3+ cannot
take part in a direct hole trapping processes. Besides, electron and hole
traps associated with the Al3+ impurity have been already studied in
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ZnWO4 [31]. Therefore, one may rather expect a hole trapped at an
oxygen ion and stabilized by an Al3+ ion nearby. The super hyperfine
interaction in the O−(II) experimental spectrum (a lower inset in Fig. 2)
was fitted by the calculated one by using the following spin-Hamilto-
nian:

= + + +g S B S A Al I Al S A W I W S A Mg I MgH ( ) ( ) ( ) ( ) ( ) ( ),e eff z z z z z z z

(1)

where geff, βe are the effective g factor and the Bohr magneton; S B,z are
the electron spin operator (S=1/2) and magnetic field, respectively;
A(Al) is SHF tensor of 27Al, I Al( )z is the corresponding nuclear spin
operator. Similar designations are given for tungsten and magnesium
nuclei. It can be seen that, the simulation gives a satisfactory agreement
with the experiment. Some deviations originate from an arbitrary or-
ientation of a crystal, so additional splitting of the lines may occur,
which due to the low 25Mg and 183W abundances, approximately 10%
and 14%, respectively, can hardly be resolved. Besides, the forbidden
transitions were not considered. The parameters of fit were:
geff=2.08 ± 0.01, A(27Al)= 52 ± 2MHz, A(183W)= 168 ± 8MHz,
A(25Mg)= 60 ± 8MHz. Remarkably, the 27Al superhyperfine constant
is approximately twice as large as that reported for W5+ in Ref. [31].
Unfortunately, for the Al-related hole trap in MgWO4 the super-
hyperfine interaction with the aluminum nucleus was very weak (the
nucleus was too far from the center) to be determined. Similarly to the
case of ZnWO4 [31] the Al3+ ion was expected to substitute for Mg2+.
According to the MgWO4 crystal structure [32], only the O2 type of the
possible distinct oxygen positions (O1 and O2) is connected to two Mg
ions. Based on this analysis, the O−(II) center can be described as
O2 + Al + W + Mg. The proposed center model is shown in Fig. 3a.

The O−(I) center is different. It is characterized by a single line
accompanied by obscure satellites. Moreover, its spectrum is strongly
overlapped with that of the O−(II) when the crystal is rotated in an
arbitrary plane. Therefore, one may expect it to originate from a similar
lattice site, e.g., O1 [28], which, however, in contrast to O−(II) is most
probably not perturbed by an imperfection nearby. The analysis of the

SHFS of the O−(I) spectra in the similar way like it was described
above, shows a possible contribution from two equivalent tungsten
nuclei. They can be observed at orientations different from that in
Fig. 2, but these satellite transitions are so strongly overlapped with the
central line that a quantitative analysis would be rather speculative.
However, the hyperfine constant was estimated to be about 15MHz for
each tungsten nucleus. It is approximately 10 times lower than for the
O−(II) discussed above. The structure due to 25Mg is completely in-
discernible in the O−(I) SHFS. The centers O−(I) and O−(II) have dif-
ferent thermal stability. The O−(I) center disappears already after
heating up to 190 K while the spectrum of O−(II) survives unchanged as
it is shown in Fig. 2. Therefore, it was impossible to estimate the SHFS
unambiguously basing on the presented data. All these considerations
lead to the following center model: O1 + 2W + VMg (Fig. 3b). Mag-
nesium vacancy then could be responsible for the shift of O− towards it
and consequent reduction of the hyperfine interaction with two tung-
sten nuclei as compared to the O−(II) center.

Therefore, one may expect that both trapped holes constituting
O−(I) and O−(II) centers are rather defect-related than self-trapped.
Remarkably, self-trapped holes have been detected in the isostructural
ZnWO4 earlier [25], however, it seems that holes can be trapped next to
some defects as well. For instance, O− defect affected by Li was ob-
served in ZnWO4:Li [33]. It is known that self-trapped holes or electrons
exhibit very low thermal stability [21]. In the present case, X-rays ir-
radiation was delivered to the samples at 77 K which is probably too
high temperature for the self-trapping processes to be observed.

The electron-like center has g factor lower than 2.0023. In parti-
cular, the corresponding signal shown in Fig. 2 is observed at g=1.54.
It was deduced to be related to the W5+ ion, due to a pronounced
hyperfine structure of the 183W nucleus clearly observed. The experi-
mental spectrum was fitted with the calculated one by using the fol-
lowing spin-Hamiltonian:

= + +
=

g S B S A I S A IH (W) (W) (Mg ) (Mg ),e eff z z z
i

z z
1

2

i i
(2)

where contributions of two slightly different magnesium nuclei were taken
into account beside the tungsten one. The fit parameters were:
geff=1.54 ± 0.01, A(183W)=317 ± 8MHz, A(25Mg1)=72 ± 2MHz,
A(25Mg2)=64 ± 8MHz. The calculated spectrum is in good agreement
with the experimental one shown in the upper inset in Fig. 2. Large 183W
hyperfine constant along with the g factor smaller than 2.0023 presents
evidences for the electron center to be W5+. Different hyperfine constants
of the 25Mg1 and 25Mg2 nuclei suggest local perturbations of the centers,
influencing their thermal stability as it is shown further. Besides W is a
structural component of the material and a transition ion which can be
easily recharged [34–36]. Moreover, the effective g factor and 183W hy-
perfine constant demonstrate values common for the W5+ ion, if com-
pared, for example, with such charge trap detected in isostructural ZnWO4

[31,37–39].
In ZnWO4, only one hole-like O− center was found. The
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Fig. 3. Irradiation-induced center models. a) MgWO4, O−(II) –
O2 +W+Mg+ AlMg, b) MgWO4, O−(I) – O1 + 2W+ VMg, c) ZnWO4, O−(1)
– O2 + 2W + CdZn (first coordination sphere within 3 Å radius) and OH− are
shown.

N. Krutyak, et al. Optical Materials 96 (2019) 109362

3



corresponding spectrum consisting of the components “1” and “2” is
shown in Fig. 4. Both components demonstrate the same intensity de-
pendence on annealing temperature (see Fig. 7) according to thermal
stability study (described in detail below). Some small difference may
come out of occasional temperature shift in EPR measurements. The
components are attributed to the same paramagnetic center which oc-
cupies a site allowing at least two magnetically inequivalent positions.
However, according to Ref. [11] the ZnWO4 lattice does not possess
such site. Thus, a local distortion occurring, most likely, due to addi-
tional tensions in the nearest surrounding of the site can be anticipated.
To have a clearer image of the trapping center origin, the component
“1” of the O− spectrum (labelled O−(1) by analogy with centers in
MgWO4) was analyzed similarly to the O−(II) in MgWO4 (see Fig. 2).
The experimental spectrum 1 in Fig. 4 was approximated by the cal-
culated one assuming the interaction of a paramagnetic electron with
surrounding nuclei as follows: O2 + OH− + (2W + Cd
(Pb)Zn)r1 + (2Zn + 2W)r2 (oxygen lattice site is given in accordance
with [40]). Here, r1= 3Å and r2=4Å are radii-vectors of the first and
second coordination spheres containing the nuclei listed in the

parentheses, which contribute to the super hyperfine structure in the
spectra in Fig. 4. Note that the interaction with a hydrogen nucleus in a
hydroxyl was also taken into account. For example, the O− - VZn – OH−

trapping center has been described in ZnWO4 previously [31]. The spin-
Hamiltonian similar to the ones in Eqs. (1) and (2) was used taking into
account superhyperfine interactions with H, W, Cd, Pb and Zn nuclei as
introduced above. The fit parameters were: geff=2.0457 ± 0.0002;
A(HOH)= 7 ± 2MHz; A(Wr1)= 9 ± 2 MHZ; A(Wr2)= 4 ± 2MHz;
A(Cd(Pb)r1)= 18 ± 2MHz; A(Znr2)= 10 ± 2MHz. It should be
noted that the obtained values of effective g factor and hydrogen hy-
perfine constant are similar to those for the O− - VZn – OH− center
[31]. As one can see, the calculated spectrum demonstrates almost
perfect agreement with the experimental one. The Zn2+ ion from the
first coordination sphere should be replaced by the Pb2+ or Cd2+ ion
(both having isotopes with nuclear spin I=1/2 and natural abundance
about 20%), however, Cd2+ ion is more probable since CdWO4 [41] is
nearly isostructural to ZnWO4. No other combination of nuclear con-
tributions could give even nearly as good fit. The cadmium ion can be
the source of above-mentioned tensions which lead to the creation of
two magnetically inequivalent positions of the same oxygen site. Thus,
the discovered center is perturbed and cannot be regarded a self-
trapped hole. The proposed center model is shown in Fig. 3c where only
the first coordination sphere and hydroxyl group are taken into account
since the second one is supposed to undergo no or much smaller per-
turbations.

In the mixed tungstates, five hole-like O− defects were found. The
corresponding spectra marked O1 5 are shown for Zn0.4Mg0.6WO4 in
Fig. 5. Despite the strong mixing of resonance lines it was possible to
roughly resolve the signals coming from different O− centers, char-
acterized by different thermal stability, by carrying out measurements
at 70 K after the annealing steps indicated in Fig. 5. Due to poor re-
solution it was impossible to distinguish SHFS and, consequently, to
deduce the origin of the centers. However, one may suggest them to be
located at either O1 or O2 anion regular lattice sites (Fig. 3a and b)
[32,40] with differently perturbed local surroundings due to the al-
ternating Zn and Mg in the lattice.

In order to demonstrate the relation between the O− defect centers
and thermally stimulated luminescence we studied the conditions of
defect creation under UV radiation and analyzed the correlations be-
tween the thermal stability of defect centers and features in TSL curves.

3.2. TSL excitation spectra of ZnxMg1-xWO4 single crystals

An O− defect center is created when a hole is trapped at an oxygen
ion. To create separated electrons and holes the energy of an exciting
photon has to be sufficiently high. In the EPR experiment, the crystals
were irradiated using a high-energy X-ray source. For the TSL experi-
ments, we used a UV light source and performed the studies aimed at
the determination of the creation threshold of separated charge carriers
in studied crystals. Usually the threshold corresponds to the bandgap
value Eg in undoped crystals, however in some cases, it can exceed Eg
due to the features of the band structure and phenomena related to the
mobility threshold [42,43].

The intrinsic luminescence of ZnWO4, MgWO4 and ZnxMg1-xWO4 is
connected with the radiative annihilation of excitons self-trapped at the
WO6 complexes [3,44,45]. It can be excited starting from the funda-
mental absorption edge of the crystals (see Fig. 6, panels (a), curves 2
and absorption spectra in panels (b)), that is typical for the emission
centers of intrinsic origin. The excitation spectra of TSL are presented in
Fig. 6, panels (a), curves 1. The lowest energy Ee-h needed to create
separated electrons and holes, deduced from the threshold of the TSL
signal observation, was 4.58, 4.76 and 4.95 eV for ZnWO4,
Zn0.4Mg0.6WO4 and MgWO4, respectively. The Ee-h value increases in
mixed crystals gradually from ZnWO4 to MgWO4, which is connected
with gradual increase of the bandgap with the increase of Mg content
[5]. It is worth noting that previous estimations of Ee-h in ZnWO4
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Fig. 5. EPR spectra measured from the Zn0.4Mg0.6WO4 crystal (T=70 K,
f= 9256.3MHz). “dec.” accounts for the declination angle in an arbitrary
sample rotation plane so the spectrum with the dec.= 0° is eventually the in-
itial one. The ~3° difference (see “dec. ~3°” spectra) appears due to an irre-
gular sample (not oriented) shape. The “0°” and “~3°” spectra were measured
separately. The spectra are also distinguished by the annealing temperature Th.
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performed using photo-stimulated luminescence excitation method
gave higher values than obtained in the present study [45,46]. The
discrepancy may be connected with lower sensitivity of luminescence
registration or with peculiarities of the photo-stimulated method used
for the estimation of Ee-h in previous studies.

The threshold of TSL excitation spectra is shifted by 1.0–1.2 eV to

higher energies with respect to that of luminescence excitation spectra.
At E < Ee-h the steady luminescence is excited via direct creation of
excitons, while separated electrons and holes are not created. In order
to prove this supposition, we have performed a fit of temperature de-
pendence of the absorption coefficient. The absorption coefficient is an
exponential function of the photon energy in the region of the

Fig. 6. (a) TSL excitation (1), luminescence excitation (2) and reflection (3) spectra for ZnWO4 (I), Zn0.4Mg0.6WO4 (II) and MgWO4 (III). Curves 1 were measured for
TSL peaks in 80–200 K range, curves 2 and 3 were measured at 300 K. (b) Energy dependences of the absorption coefficient measured at 100, 200, 300, 400 and 500 K
are represented by dots. Sample thickness was 0.1mm for ZnWO4 and Zn0.4Mg0.6WO4 and 0.3mm for MgWO4. The lines represent the fit of eq. (1)Eq 3 to the
experimental data. In the inset: temperature dependence of the steepness parameter σ (squares) and it's fit by Eq 4 (line).
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fundamental absorption edge (the so-called Urbach tail). This depen-
dence can be described by the following formula [47]:

=h E E
k T

( ) exp ,
B

0
0

(3)

where α0 and E0 are the characteristic coordinates for the given com-
pound of the intersection point of the extended Urbach edges at dif-
ferent temperatures, kB is the Boltzmann constant and T is temperature,
σ is the temperature-dependent steepness parameter which can be re-
presented as:

=T kT
kT

( ) 2 tanh
2

,
p

p
0

(4)

where p is an average energy of the interacting phonons and σ0 is the
limit of σ at high temperatures.

The fit of Equation (3) to the experimental data is presented in
Fig. 6, panels (b). The extrapolation of the fitting lines for different
temperatures intersect at a point α0 ~ 104 - 105 cm−1 and E0= 4.56,
4.70 and 4.95 eV for ZnWO4, Zn0.4Mg0.6WO4 and MgWO4, respectively.
The value of E0 corresponds usually to the energy of an exciton peak in
a given compound [48]. The obtained E0 values are slightly lower than
that of Ee-h. As Ee-h corresponds to the bandgap and E0 to the energy of
exciton peak, the observed difference arises due to the binding energy
of excitons. The obtained values of E0 are in relatively good corre-
spondence to the position of the first reflectivity peak (Fig. 6, panels (a),
curves 3) which has been previously shown to be of excitonic origin
[49]. The position of exciton reflectivity peak depends on temperature

and its maximum shifts to higher energies with temperature decrease
thus approaching the E0 value.

The value of σ0 was calculated using formula (4) (see inset in Fig. 6,
panels (b)). The σ0 parameter characterizes the strength of the ex-
citon–phonon interaction and allows to predict whether the self-trap-
ping of excitons is expected in a given compound. The value of σ0 below
unity is a criterion for exciton self-trapping, otherwise the creation of
free excitons could be expected. The obtained σ0 values are small and
similar for all studied crystals (0.39, 0.38, and 0.27 for ZnWO4,
Zn0.4Mg0.6WO4, and MgWO4, respectively), thus confirming a strong
exciton-phonon interaction and exciton self-trapping in these crystals.

It also worth noting that even at energies below Ee-h we have ob-
served a weak TSL signal which can probably be explained by rechar-
ging effects in defect pairs.

3.3. Thermal stability of trap centers and TSL curves

Thermal stability of the centers found in ZnWO4, Zn0.4Mg0.6WO4

and MgWO4 was studied by the pulse annealing method. The samples
were annealed up to certain temperature, kept at this temperature for
3min and quickly cooled down to the reference temperature of 40 K at
which the EPR spectrum was measured. The cycle was repeated con-
tinuously, each time increasing the annealing temperature, until the
EPR signal disappeared completely. The dependence of the EPR in-
tensity on heating temperature is shown for various centers in Fig. 7
together with TSL curves. The TSL curves were obtained after irradia-
tion of the samples by photons with energy Eex= 5.5 eV for 30min at
77 K.
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The EPR signal intensity of the O−(I) center decreases starting from
Th=140 K in MgWO4 (Fig. 7a). The holes released in this process are
partially recaptured at the deeper O−(II) centers, the number of which
reaches its maximum at Th=195 K. In the same temperature range,
some part of the holes recombines with electrons trapped at the W5+

centers, causing a decrease of their number. The TSL curve for MgWO4

is characterized by the presence of an intense peak at 170 K. Its rise at
~140 K coincides with the threshold of thermal release of holes from
the O−(I) centers (arrow in Fig. 7a). Thus, the TSL peak can be at-
tributed to the recombination of holes released from O−(I) center with
electrons trapped at W5+ center. The experimental TSL curve was
perfectly fitted by a single peak with Eact= 0.25 eV and frequency
factor ω0=6×105 cm−1 in the first order kinetic approximation
[20,50].

Upon the increasing annealing temperature over 200 K one can
observe another recombination process, leading to a complete depletion
of O−(II) hole centers and W5+ electron traps at approximately 290 K.
Unlike the case of the above-described recombination of O−(I) related
holes with W5+ centers, no TSL peak was detected in this temperature
region. In view of the fact that the crystal photoemission is not quen-
ched at these temperatures, one can only suggest an opposite sign of the
reaction, namely, a thermal release of electrons from W5+ traps and
their non-radiative recombination with O−(II) hole centers.
Considering a relatively high temperature at which this processes takes
place, the W5+ center cannot be regarded as a self-trapped electron
observed in some tungstates and molybdates at much lower tempera-
tures [20,35,36].

One also can note a slight decrease of the concentration of trapped
electrons at T= 80–100 K, which is accompanied by a weak TSL peak
at 112 K. However, the concentration of trapped electrons returns to its
initial value at 110 K, while the concentration of holes trapped at O−(I)
and O−(II) centers does not change. Therefore, there is no direct cor-
relation between the TSL peak at 112 K and the change in the con-
centration of trapped charge carriers. The variations of EPR signal
amplitude in this temperature range can be ascribed to fluctuations
during the measurements.

In ZnWO4, the O−(1) signal remains almost unchanged until the
annealing at 100 K and then reduces steeply by 120 K. The rise of the
TSL peak coincides with the threshold of thermal release of holes from
the O−(1) EPR centers at T > 100 K (arrow in Fig. 7b). Fitting the TSL
peak at 123 K by a single curve in the first order kinetics approximation
was unsuccessful. It can be fitted by the superposition of at least two
peaks (Eact1= 0.21 eV, ω0

1= 107 cm−1, Eact2= 0.19 eV,
ω0

2= 5×107 cm−1) which correspond to thermal release of holes
from two different centers. The EPR analysis has shown that the O−(1)
center is characterized by two components “1” and “2”, which originate
from two magnetically inequivalent positions of the center. Thus, this
TSL peak can be attributed to the recombination of holes released from
both inequivalent positions of the EPR center. In contrast to MgWO4,
the TSL curve of ZnWO4 consists of two pronounced peaks. The second
TSL peak at 147 K is caused by thermal release of charge carriers from
non-paramagnetic centers.

The data on thermal stability of hole centers in the Zn0.4Mg0.6WO4

mixed crystal are presented in Fig. 7c. TheO1,2 centers are characterized
by very low stability and are thermally destructed already at 90 K. Self-
trapped holes are not observed in the investigated crystals because they
are released at lower temperatures than the temperature of crystal ir-
radiation. It is known, that this process occurs at 50 K in ZnWO4

[25,45,51] and MgWO4 [52]. Some part of the holes released from the
O1,2centers is re-trapped by deeper traps. In particular, the EPR intensity
of the O3 center rises at approximately 90 K with consequent fast de-
struction at 95 K. The remaining two hole traps O4 andO5 recapture the
holes from the depleted O1,2, which is confirmed by the increase of the
intensity of the corresponding EPR signals from 90 to 115 K. Both
centers disappear completely at about 140 K, although the thermal
stability of the O4 is a bit higher. Both hole centers are obviously

stabilized by some defect or impurity nearby.
The TSL curve of Zn0.4Mg0.6WO4 is complicated with a pronounced

maximum at 134 K and satellite peaks at 102 and 157 K, which is in the
temperature region where TSL peaks are observed in ZnWO4 and
MgWO4 single crystals. The TSL curve can be fitted by a superposition
of four peaks (Eact1= 0.33 eV, ω0

1= 5×109 cm−1, Eact2= 0.11 eV,
ω0

2= 120 cm−1, Eact3= 0.24 eV, ω0
3= 5×1011 cm−1,

Eact4= 0.09 eV, ω0
4= 5 cm−1). The peaks can be attributed to the

thermal decay of the 1 5 hole centers. The annihilation of the 2
center starts at 70 K that is below the low-temperature limit of TSL
registration and the center is completely destroyed at 85 K. Therefore,
this center did not contribute to the formation of the TSL curve. The
release of holes from other four centers results in the appearance of four
TSL peaks. The thermal release of the holes from the 3 centers results
in the intensive TSL peak at ~100 K with Eact3= 0.24 eV. The disin-
tegration of the 1 and 5 centers is prolonged in temperature scale.
The thermal release of the former center starts at 70 K and occurs in two
steps with its complete disintegration at 125 K. The corresponding va-
lues for the 5 center are 105 K and 135 K, respectively. We suppose
that broad peaks with Eact2= 0.11 eV and Eact4= 0.09 eV arise due to
the disintegration of these centers. Finally, thermal disintegration of the

4 centers starts at 125 K and is accompanied by the rise of the high-
temperature TSL peak with maximum at 157 K and Eact1= 0.33 eV.

Structural disorder, which arises due to cationic substitution in
mixed crystals results in the increase of the number of capture centers
of the same origin in comparison to that in their constituents. The de-
tection of five different O− EPR centers in the case of Zn0.4Mg0.6WO4

mixed crystal instead of two such centers in ZnWO4 confirms this
conclusion. The increase of the number of trapping centers results in the
broadening of TSL peaks, which is usually observed for mixed crystals
[7–9].

4. Conclusions

ZnWO4 and MgWO4 single crystals as well as Zn0.4Mg0.6WO4 mixed
crystal were studied using EPR and TSL techniques. EPR analysis re-
veals the creation of the variety of defect centers in the studied crystals
after X-ray irradiation at low temperatures. It is shown that the main
defects in these crystals may be categorized as hole-like O− centers.
Two types of the O− centers, one with Al impurity and the other with
Mg vacancy nearby, were detected in MgWO4. One type of the O−

centers perturbed by a cadmium ion and hydroxyl group was detected
in ZnWO4. Up to five O− defects were found in the Zn0.4Mg0.6WO4

mixed crystal, which originate from differently perturbed local sur-
roundings due to the partial disorder of crystal structure. It is shown
that the thermal release of trapped holes results in the appearance of
TSL peaks. The broadening of TSL peaks, which is usually observed in
the mixed crystals, is connected with the increase of the number of non-
equivalent trapping centers of the same origin.
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