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The mineral willemite (Zn,SiO4) exhibits five thermoluminescence (TL) peaks approximately at 160, 225,
260, 310 and 400 °C. Electron paramagnetic resonance (EPR) studies were carried out to study the defect
centers induced in the mineral by gamma irradiation and also to identify the centers responsible for the TL
process. Room temperature EPR spectrum of irradiated mineral is a superposition of at least four distinct
centers. One of the centers (center I) with an isotropic g factor 2.0114 is attributable to an intrinsic O~ type
center and the center correlates with the TL peak at 160 °C. Center II exhibiting hyperfine lines is also
tentatively assigned to an O~ ion and is related to the low temperature TL peak at 160 °C. Center III is
characterized by an axially symmetric g-tensor with principal values g,=2.0451 and g, =2.011 and is
identified as an O, ion. This center appears to be related to 160, 225 and 260 °C TL peaks. Center IV with
principal g-values g;=2.0025 and g, =2.0088 is attributed to an F*-type center (singly ionized oxygen

vacancy) and is the likely recombination center for TL peaks between 160 and 310 °C.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Silicate minerals are found abundantly in the Earth crust. They
are ionic crystals in which anions can be tetrahedral SiO4 or com-
plex molecules formed by coupling of SiO, tetrahedra. One, two, up
to five valence cations can be bonded to produce a very large variety
of crystals of silicate. The natural minerals of silicate during their
formation have incorporated large number of impurities that
influence profoundly the proprieties of minerals. These impurities
together with thermodynamically produced point defects are, of
course, basic of mineral physical proprieties and how to correlate
them is an important and not easy task to be carried out.

Willemite, Zn,SiOy, is isomorphous with phenakite (Be,SiO,4)
and phenakite belongs to C%h(R 3) point group. The rhombohedral
unit cell has parameters 0.768 nm and 108° 1’ and the hexagonal
a=1.242 nm and ¢=0.821 nm [1]. Willemite is a silicate of indi-
vidual unlinked silicon tetrahedra. Each zinc is also at the center of
the oxygen tetrahedral of almost the same size as the silicon tet-
rahedron. These tetrahedral are linked together in a chain running
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parallel to the hexagonal c axis. Each oxygen has two zinc and one
silicon atoms at the corners of an equilateral triangle.

In a perfect lattice, Si and Zn atoms are expected to be located
in their respective sites. However, antisite cation exchange is likely
to exist in Zn,SiO4 wherein Si atoms will partially replace Zn sites.
These replacements, called as cation exchange disorder, are a point
defect in crystal lattices. The occurrence of such defects has been
predicted by theoretical calculations [2]. X-ray diffraction [3] and
X-ray absorption fine structure [4] investigations support this
prediction. In recent years, it has also been possible to directly
observe these defects by advanced electron microscopy [5]. This
mineral has been investigated experimentally by many authors
due to its luminescence properties. Luminescence properties may
be affected by these defects and a recent study of Cr** doped
AB,04 spinels has demonstrated the effects of such defects [6]. The
luminescence of the synthetic willemite doped with Eu3*,
Mn2+(Tb3*), or Ce** covers the red, green, and blue portions of
the visible spectrum, respectively [7-10]. A process of irradiation
and thermal treatment can change the luminescent properties of
the crystals [11-13]. Due to their high luminescence, the sample
natural willemite can be used in the dosimetry by TL and EPR.

As far as we know, no work has been published on TL and EPR
of willemite crystal up to the present. The objective of the present
work is to study the nature of the luminescence and paramagnetic
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centers in natural willemite, measuring the effects of gamma
irradiation and thermal treatments through electron paramagnetic
resonance (EPR) technique in an attempt to understand some
physical properties and seeking possible applications in the area of
ionizing radiation dosimetry of this mineral.

2. Materials and methods

Willemite of chemical formula Zn,SiO4 here investigated is a
natural silicate mineral from Mexico, purchased through stone
dealer Luis Menezes Minerals Ltd. in Belo Horizonte, MG. This
mineral together with olivine, phenakite and zircon belongs to the
group of olivine.

The TL measurements were carried out in a nitrogen atmo-
sphere with a model 4500 Harshaw TL reader equipped with two
photomultiplier tubes, which could record luminescence inde-
pendently. The reader was controlled by WinRems software sup-
plied with the spectrometer and running on a Windows computer.
The heating rate used in the TL measurements was 5 °C/s. Each
point in the glow curve represents an average of five reading.

EPR experiments were carried out using a Bruker EMX EPR
spectrometer operating at X-band frequency with 100 kHz mod-
ulation frequency. The g-factor of signals were determined using a
reference sample of Diphenyl Picryl Hydrazyl (DPPH). Temperature
dependence of the EPR spectra was studied using a Bruker BVT
2000 variable temperature accessory.

For TL and EPR measurements a fraction of crystals have been
crushed and sieved retaining grains of size 0.080 and 0.180 mm
diameters. Grains smaller than 0.080 mm were used in the X-ray
fluorescence (XRF) and X-ray diffraction analysis. The X-ray fluor-
escence (XRF) technique was used to find the elemental composi-
tion of the mineral and the X-ray diffraction technique was utilized
for the structural analysis.

For irradiation, IPEN/CNEN/SP - Institute for Energy and
Nuclear Researches Radiation Center's °Co source was used.

3. Results and discussion

The diffractograms of the willemite crystal is shown in Fig. 1,
together with that of a standard willemite crystal. Comparing the
powder XRD pattern to the JCPDS files, all the peaks of the crystal are
identified as belonging to willemite (JCPDS card, No. 37-1485), as
shown in Fig. 1. An analysis of the main oxide components of the
willemite crystal was obtained by X-ray fluorescence (XRF). Results
are presented in Table 1. This analysis was performed to identify the
chemical elements in the sample, and for future studies about which
of these elements are responsible for the TL signal. Besides SiO, and
ZnO that are basic components, Al,Os, Fe;03 and CaO appear as
impurities in small but considerable amount. The role of these
impurities is something to be investigated. From the comparison of
experimental results with the XRD pattern of the willemite, it was
inferred that other parasitic phases are not present in the sample.
Therefore, it may be concluded that impurities such as Al,03, Fe;03
and CaO are diluted in the crystal of willemite as impurities.

In natural willemite mineral, TL glow peaks are not observed. TL
glow curves of willemite samples heat-treated at 500 °C for 30 min
and irradiated with y-doses from 10 Gy to 2.5 kGy show four TL
peaks at 160, 225 and 310 °C whilst a smaller broad peak is seen
around 390 °C. The TL glow curves are shown in Fig. 2. The inset of
Fig. 2 shows the behavior of TL peaks with y-dose. All TL peaks grow
linearly up to about 200 Gy and supra-linearly between 200 Gy and
2 kGy and then the three main TL peaks saturate.

The TL glow curve of the willemite crystal was analyzed by the
E-Tsop [14, 15] and CGCD [16] methods and the characteristic
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Fig. 1. X-ray diffraction of the willemite crystal.
Table 1

Main oxide components in (weight %) of willemite.

Sample Compound (wt%)
Si0, ZnO Al,O3 Fe,03 MgO Cao MnO
Willemite 249 74.4 0.23 0.14 0.12 0.03 0.15
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Fig. 2. TL glow curves of 500 °C thermally treated natural samples for 30 min and
irradiated at several y doses. In the inset of the figure, the TL intensity versus doses
of the TL peaks at 160, 225 and 310 °C.

parameters (i.e. E, s, and the lifetime) for each peak were
calculated.

Fig. 3 shows the obtained activation energies (E) using the E-
Tswop method. With these results and applying the CGCD equations
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Fig. 3. Activation energy vs. Tsop Obtained by the E-Top method. In inset, the TL
glow curve from natural willemite pre-annealed at 500 °C and subsequently
receiving a gamma-ray dose of 1 kGy. A good fit between the experimental glow
curve (circles) and the simulated glow curve (full line) can be achieved by assuming
the presence of five peaks.

Table 2
Activation energy (E), frequency factor (s) and lifetime (z) of TL traps of willemite.

TL peak (°C) E (eV) s (s~ 1) x10M 7 (year at 25 °C)
160 1.01 + 0.02 5.62+1.23 0.007 +0.001
225 118 +0.01 2.30+0.70 12+1

260 1.32+0.01 3.70 £ 0.80 1788 + 195

310 1.52 +£0.02 173 £33 (9193 + 839)10?
400° 1.80 55.7 1545x107

?In the E-Tsop method the error could not be evaluated.

proposed by Kitis et al. [16] we obtain the deconvolution of the TL
glow curve of willemite thermally pre-heated at 500 °C for 30 min
and then gamma-irradiated with a dose of 1kGy. The inset of
Fig. 3 shows the five TL peaks separated using second order
kinetics in the region between 50 and 500 °C. The deconvolution
analysis has shown that the TL glow curve of the willemite crystal
is composed of five peaks in the region between 50 and 450 °C.
The positions, frequency factors (s), activation energies (E) and life
times (t) of the TL peaks are presented in Table 2. The obtained
high lifetime values of the 225, 260 and 310 °C TL peaks indicate
its stability at room temperature and the linear behavior with
gamma dose irradiation, allowing us to use the willemite crystal
for dosimetric purposes.

The EPR spectrum at room temperature of gamma irradiated
(dose: 10 kGy) willemite is shown in Fig. 4. On the basis of thermal
annealing experiments, it is inferred that at least four defect centers
contribute to the observed EPR spectrum. The EPR lines associated
with these centers are labeled in Fig. 4. The EPR line labeled as
center I in Fig. 4 is characterized by an isotropic g-value equal to
2.0114 and 4G linewidth. Cation exchange disorder mentioned
earlier and non-stoichiometry can lead to lattice defects in Zn,SiO,.
First principal calculations suggest that the probability of formation
of oxygen vacancies in a lattice with cation disorder is high as
compared to a perfect cation-ordered system [17]. In this situation,
F* centers will form with ease by trapping electrons at oxygen
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Fig. 4. Room temperature EPR spectrum of irradiated willemite (gamma dose:
10 kGy). Lines labeled as I and II are due to O~ ions. Center III line is assigned to an
0, ion and center IV characterized by an axial g-tensor is attributed to an F*
center.

vacancies. On the other hand, cation vacancies can trap holes
resulting in the formation of V-centers [ 18]. The slightly large g-shift
of center I suggests that the center may be tentatively attributed to
an O~ ion, which is formed by hole trapping at an oxygen ion,
adjacent to a Zn-ion/Si-ion vacancy. O~ ion, in general is char-
acterized by an axial g-tensor with the perpendicular component
greater than g. while the parallel component will nearly equals ge.
An example is the O~ ion in Magnesium Oxide [19]. On the other
hand O~ ion also exhibits a rhombic g-tensor is some lattices. In a
recent study on anatase nanoparticles, Misra et al. [20] observed the
ion to have a rhombic g-tensor with principal values, g,=2.0,
gy=2.01 and g,=2.03. There have also been instances wherein an
isotropic g-value is observed for the O~ ion.

The study on MgAL,O4 by Ibarra et al. [21] is one such case.
MgAl,O, after X-irradiation shows a center with similar features as
center I. The g-value is 2.011 and an optical absorption band is
observed at about 3.4 eV. On the basis of optical absorption spectra,
the authors conclude that the center responsible for the EPR spectra
and the associated absorption band is a hole trapped cation vacancy
i.e.,, a V-type center formed by hole trapping at oxygen ions sur-
rounding cation vacancies. In the present study on willemite, the
assignment is mainly based on the findings of Ibarra et al. [21]. The
EPR spectrum of center I is simulated and the simulated spectrum is
given in Fig. 5. It is possible that there may be a parallel component
EPR line for center I but difficult to see due to overlap of lines from
other centers. A pulsed-thermal annealing method was used to
measure the stability of center I. After heating the sample up to a
given temperature, where it is maintained for 3 min, it is cooled
rapidly down to room temperature for EPR measurements. Fig. 6
shows the thermal annealing behavior of center I. It is observed that
the center becomes unstable around 110 °C and decays in the
temperature range 110-210 °C. This decay appears to relate to the
TL peak at 160 °C.

Apart from the EPR line of center I seen near free-electron
resonance, a multiple line spectrum of low intensity is observed in
this region with lines extending over a magnetic field range of
about 100 G (Fig. 4). These low intensity lines seem to originate
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Fig. 6. Thermal annealing behavior of center I (o black square) and center II (@ red
circle) in willemite.

from the hyperfine interaction of the unpaired electron with
nearby nuclei. In willemite (Zn,Si0y), zinc (57Zn, 4.1% abundance)
as well as silicon (*°Si, 4.7% abundance) have isotopes with nuclear
spin. Further, chemical analysis has indicated the presence of
aluminum as an impurity in the willemite mineral and aluminum
27Al (nuclear spin 5/2 and magnetic moment: 3.142) has an
abundance of 100% [22].

It was mentioned earlier that cation disorder and non-
stoichiometry of Zn,SiO, can give rise to O~ ions, which are
formed by hole trapping at zinc or silicon vacancies. Hence, center II
is tentatively assigned to an O~ ion (2) stabilized by a nearby cation
vacancy (a hole trapped in a Zn?*/Si** ion vacancy). It has been
observed that O~ type hole centers in some cases exhibit hyperfine

interaction due to adjacent ions. For example, in an earlier study on
LiNbO5 [23], it has been observed that the O~ hole center exhibits
hyperfine structure due to three neighboring ions. On the other hand,
in Li3VO,4, Murata et al. [24] have observed that the O~ ions interacts
with one vanadium ion. In Li3VO,4 each oxygen has one nearest
neighbor vanadium ion and consequently, the O~ ion formed in this
system shows hyperfine interaction with the nearest neighbor
vanadium ion. In a similar way, the hole trapped by oxygen in will-
emite [0~ ion (2)] could be interacting with nearest cations giving
rise to the observed spectrum. On the basis of the observed multiple
line spectrum it is speculated that the possibility of the unpaired
electron interacting with aluminum (?’Al) is more due to the ion’s
larger abundance. The higher spread of the spectrum is perhaps
consistent with the 27Al ion's higher magnetic moment and higher
nuclear spin. Assuming an axial g-tensor for center II with principal
values g,=1.9974 and g, =2.029 and also assuming an interaction of
the unpaired electron with 2’Al nucleus (4,=6.5G and A, =7.5G),
the EPR spectrum of center Il has been simulated and the simulated
spectrum is shown in Fig. 5. Fig. 5 shows also the simulated spectrum
arising from the contribution of centers [, I, IIl and IV and it is seen
that there is reasonable agreement between the experimental and
simulated spectra. It is observed that the principal g-values of center
Il as derived from the simulation are in accordance with the expec-
tations of an O~ ion [19]. The thermal annealing behavior of center II
is shown in Fig. 6. It is observed that the center becomes unstable
around 120 °C and decays in the temperature range 120-200 °C.
Hence, O~ ion (center II) could also be associated with the 160 °C TL
peak along with O~ ion (center I).

Center III shown in Fig. 4 does not exhibit any hyperfine
structure and is characterized by an axially symmetric g-tensor
with principal values g;=2.0451 and g, =2.011. Center III lines are
seen more clearly after thermal anneal at 250 °C and this spectrum
is shown in Fig. 7. A simulated spectrum of center IIl using the g-
values g,=2.0507 and g, =2.0145 is shown in Fig. 5. In general,
the most likely centers to be formed on gamma irradiation in a
system like willemite are the V-centers, F-centers and F*-centers
(an electron trapped at an anion vacancy). In a study on the binary
oxide system Y,03-CaO, Osada et al. [25] have observed oxygen
ions. EPR studies have shown that the ion is characterized by an
axial g-tensor with principal values g,= 2.040 and g, =2.0030.
The oxygen ion has been ascribed to the superoxide ion O, and is
generated by adsorption of molecular oxygen by the binary oxide
system. O, ions with considerable g-anisotropy have also been
observed in a number of zeolites and metal oxides [26-28]. It is to
be noted that the g, value for the O, ion was found to be highly
matrix dependent and ranged between 2.015 and 2.080. Based on
these results, center Il with a relatively large anisotropy in g-
values in the present system is tentatively assigned to an O, ion.
The thermal annealing behavior of center III is shown in inset of
the Fig. 7. It is observed that the center becomes unstable around
120 °C and decays in the broad temperature range 120-370 °C.
This decay appears to relate to the TL peak at 160 °C and also may
contribute to the dominant TL peaks at 225 and 260 °C.

The EPR line labeled as IV in Fig. 4 is due to a center char-
acterized by an axially symmetric g-tensor with principal values
£,=2.0025 and g, =2.0088. The axial nature of the spectrum
could be seen more clearly in thermal annealing experiments and
Fig. 8 shows this spectrum which is recorded after thermal anneal
at 400 °C.

A probable center which can be trapped in the present system is
the F* center (an electron trapped at an anion vacancy). In an alkali
halide system like LiF, the F center (an electron trapped at the F~
ion vacancy) displays a large linewidth of about 100 G [29]. The
center has a g-value close to the free-spin value. However, the
inherent linewidth of F* center is about 1 G and is observed in MgO
system [30]. The linewidth is determined by the delocalization of
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the unpaired electron and also on the ions present in a system. In
systems like alkali halides, there is considerable delocalization and
the electron interacts with several alkali and halide ions from suc-
cessive neighboring shells.

Centers with an electron trapped at an anion vacancy (i.e., F*
centers) have also been observed in oxide systems. The basic
features of these centers are the g-values which are close the free-
electron value with a g-shift which may be positive or negative. A
recent observation of this center is in pure and defective TiO,
nanoparticles [31]. Defect center IV formed in the present system
is characterized by a relatively small g-shift and the linewidth is

not large. On the basis of these observations and considerations of
the characteristic features of the defect centers likely to be formed
in a system such as willemite (Zn,SiO,4), center IV is tentatively
assigned to an F* center.

In general, F* centers are characterized by an isotropic g value
and in the present study, center IV exhibits an axially symmetric g-
tensor. Systems like CaZrO5:Tb [32] as well as yttria stabilized
zirconia (YSZ), i.e. ZrO,:Y [33] exhibit a center which shows an
axially symmetric g-values. In YSZ, the principal g-values are
£1=1.996 and g, =1.972 and the g-values are seen to be smaller
than the free-electron value. These centers were identified as F*-
centers. The axial nature of the g-values in YSZ were interpreted
by considering the presence of a symmetry breaking defect at an
anionic site near the F*-center. The symmetry breaking defect was
considered to be the neutral F-center (oxygen vacancy with two
electrons) which has a high probability of forming in YSZ lattice
owing to the presence of a large density of oxygen vacancies
present in this system. Center IV in the present system is also
identified as an F*-center and the center needs to be in the vici-
nity of an F-center which results in the observed features. Oxygen
vacancies may be present in Zn,SiO,4 lattice due to reasons men-
tioned earlier. Irradiation can then lead to the formation of F-
center in close proximity to center IV. It may be mentioned that an
F*-center in X-irradiated sodium [-alumina also exhibits an axial
g-tensor with positive g-shifts [34] as in the present case.

The thermal annealing behavior of center IV is shown in inset
of Fig. 8. The intensity of the EPR line associated with this center
appears to decrease in two stages. The initial decay is in the range
100-240 °C and this may be associated with the TL peaks at 160
and 225 °C. On the other hand, the second stage is in the tem-
perature region 240-420 °C and this correlates with the TL peaks
at 260 and 310 °C. It is speculated that the charges released from
defect centers are combining with center IV rendering this center
as a possible recombination center for the 160 and 225 °C TL peaks
and perhaps also for the peaks at 260 and 310 °C.

4. Conclusions

Willemite mineral exhibits TL glow peaks at about 160, 225,
260, 310 and 400 °C. Four defect centers have been identified in
the irradiated mineral. These centers are tentatively assigned to
O~ ions, O, ion and F* center. O~ ion (1) correlates with the
160 °C TL peak while O~ ion (2) is also associated with this TL
peak. A broad decay is exhibited by the O, ion which relates to
the TL peak at 160 °C and also may contribute to the main domi-
nant peaks at 225 and 260 °C. The F* center appears to act as a
recombination center for the 160 and 225 °C TL peaks as well as
for the peaks at 260 and 310 °C.
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