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ABSTRACT 25 

Alexandrite (BeAl2O4:Cr3+) is a variety of the chrysoberyl mineral widely found in Brazil. 26 

This mineral is expected to have potential as a natural dosimeter since its composition 27 

contains 19.8 wt % BeO and 80.2 wt % Al2O3, both oxides being commercially used as 28 

dosimeters. We report the investigation of thermoluminescence (TL) properties from 29 

alexandrite in natural form. Samples 1.0 mm-thick and mass of 0.045 g were cut of a 30 

stone originated in Bahia, Brazil. Sample composition was determined through x-ray 31 

fluorescence and scanning electron microscopy/energy dispersive x-ray spectroscopy 32 

measurements. Irradiations were performed at room temperature using a 90Sr/90Y beta 33 

source of the Riso TL reader (dose rate = 10 mGy/s).  TL measurements were made at 34 

5ºC/s within the dose range from 1 to 50 Gy. The glow curve consists of a dominant peak 35 

at 350˚C and three additional peaks at 110, 160 and 280˚C. Results showed that the TL 36 

signal increases linearly with beta irradiation dose. Our results suggest that Fe and Cr ions 37 

together with the presence of secondary phases such as mica and apatite play important 38 

roles in the TL process. Based on the linearity of the TL response, we conclude that 39 

alexandrite shows potential for use in dosimetry. 40 

 41 

Keywords: alexandrite, chrysoberyl, thermoluminescence, X-ray fluorescence, 42 

photoluminescence.  43 

 44 
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1. INTRODUCTION 49 

Currently, Brazil is one of the largest producers of natural alexandrite mineral in 50 

the world. Nevertheless, despite belonging to families of gems of high economic and 51 

technological interest [1], there are few studies about the physical properties of natural 52 

alexandrite, for example, thermoluminescent properties. 53 

Alexandrite, with chemical composition of BeAl2O4:Cr3+, has a chrysoberyl type 54 

structure with the incorporation of chromium in its lattice [2]. The chrysoberyl (BeAl2O4) 55 

has the theoretical composition of 42.5 wt.% Al, 7.1 wt.% Be and 50.4 wt.% O, a chemical 56 

composition similar to that of spinel mineral group, and structurally isomorphic to olivine 57 

[3]. The chrysoberyl structure has orthorhombic symmetry (Pmnb) that corresponds to 58 

dense hexagonal packing, influencing oxygen atom (atomic radius 2.7 Å) positions, 59 

which are slightly distorted by the presence of aluminum atoms. The unit cell contains 60 

four molecules with eight Al3+ ions (0.54 Å) occupying distorted octahedral sites, and 61 

four Be2+ ions (0.47 Å) occupying distorted tetrahedral sites formed with oxygen ions 62 

located in planes perpendicular to the c-axis [4]. Due to the small ionic radius of Be2+, the 63 

crystal structure of chrysoberyl has a lower symmetry than the spinel mineral group with 64 

similar chemical composition [5]; this small ionic radius also results in a bond length of 65 

1.637 Å for Be-O [6]. Two of the three oxygen positions are located in a reflection plane 66 

and the third oxygen occupies a general position [7].  67 

These distortions give rise to two sites of different symmetries: site, Al1, average 68 

Al-O bond length of 1.890 Å, set in an inversion center symmetry and a site, Al2, average 69 

Al-O length of 1.938 Å, located in a reflection plane [5,8,9]. In alexandrite, Cr3+ ions 70 

preferably occupy the largest of these sites, Al2.  Chromium impurities are responsible 71 

for the optical properties of this mineral, being used as laser emitter [4,6,10]. This mineral 72 
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also has a photochromatic effect that can be explained by the relative presence of 73 

chromium in both positions: Cr3+ (Al2)/ Cr3+ (Al1) [3]. This property, known in the 74 

literature as the alexandrite effect [11], results in the popularity and high market value of 75 

alexandrite as a gem [12]. Furthermore, the alexandrite crystal is mechanically rigid and 76 

has good thermal conductivity [12]. Alexandrite in synthetic form is also well known in 77 

the medical field as an active laser medium, first reported by Bukin et al. [13], with 78 

superior characteristics when compared to other types of laser media with emission in the 79 

range between 700 and 800 nm [9,14]. Comprehensive reports on the applications of the 80 

alexandrite laser in medicine can be found in [15-21].  81 

This work presents results of thermoluminescence (TL) of natural samples of 82 

alexandrite mineral investigated under beta irradiation. TL is the light emitted under 83 

heating by insulating materials that were previously exposed to ionizing radiation. It is a 84 

thermally stimulated emission originating from the energy that was previously stored in 85 

the material during the irradiation [22]. Therefore, the material exposure to ionizing 86 

radiation generates charge carriers that populate trapping levels, with heating leading to 87 

the release of these carriers from the trapping centers [23]. The light emitted during 88 

heating is caused by the recombination of the released carriers with the opposite charge 89 

carriers in defects called recombination centers, where radioactive deexcitation occurs 90 

[24]. 91 

There are some naturally occurring minerals, such as quartz [25], topaz [26], 92 

feldspar [27] and mica [28] that present characteristics desired for TL dosimetry. 93 

However, in the literature, although there are many papers related to optical properties of 94 

alexandrite, to our knowledge, only one of them, by Yarovoi et al. [29], studied the 95 
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ionizing radiation effects in synthetic alexandrite and another paper, by Ferraz et al. [30], 96 

investigated the TL properties of natural alexandrite and chrysoberyl.  97 

Yarovoi et al. [29] studied the creation of color centers in alexandrite irradiated by 98 

X rays and gamma rays and found out that the TL peak at 712 K (439°C) was related to 99 

these centers, with Cr3+ ions serving as the recombination centers. Ferraz et al. [30] 100 

showed TL measurements with the presence of the peaks at 170, 260 and 320°C, the latter 101 

being the most intense. The authors also claimed that chrysoberyl samples exhibits TL 102 

peaks at the same temperatures as in alexandrite samples, but with the glow curves being 103 

more than 200 times less intense. 104 

In this work, the main motivation to investigate chrysoberyl is the fact that it 105 

contains 19.8 wt % BeO and 80.2 wt % Al2O3 [5]: both these crystals are commercially 106 

used as TL materials. BeO is used for ionizing radiation TL dosimetry, with high 107 

sensitivity, linear dose response and an effective atomic number (Zeff = 7.2) near to that 108 

of human soft tissue (Zeff ~7.6) [31]. Similarly, Al2O3 is a sensitive, well established 109 

material for luminescence dosimetry [32-34]. In both cases, studies are still in course to 110 

improve TL properties of these materials using different dopants [35,36]. For example, 111 

there are works with single crystals of Al2O3: Fe,Mg,Cr [37], and Al2O3:Cr,Ni [38]; 112 

additionally, recent works show Al2O3:C,Mg as a highly sensitive alternative luminescent 113 

material [39-41]. 114 

In this paper, we will present a series of experimental TL results of Brazilian 115 

alexandrite, relating the observations with the material impurities in order to explain the 116 

mechanism of the luminescence and the effects of ionizing radiation in this mineral. 117 

 118 

 119 
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2. MATERIALS AND METHODS 120 

2.1 Samples and preparation for analyses 121 

Our sample is a natural stone of alexandrite originated from Bahia, Brazil, with a 122 

dark green color. Two 1.0 mm-thick slices with mass of 0.045 g and perfectly parallel 123 

faces were cut from this stone, and denominated as Ale I and Ale II.  124 

 125 

2.2 Chemical analysis and photoluminescence 126 

Chemical analysis was carried out on polished sections of the samples by means of 127 

scanning electron microscopy (SEM)/electron dispersive X-ray spectroscopy (EDS) 128 

using Stereoscan 440 (LEO) with an energy dispersive spectrometer (EDS) (x-act, 129 

Oxford), imaged at accelerating voltage of 20 kV. For each section, back-scattered 130 

electron (BSE) imaging was used in complement to chemical characterization by EDS; 131 

EDS standardization was based on standards from Smithsonian Institute and Micro-132 

Analysis Cons. Ltd. The characterization procedure also included standardless chemical 133 

analysis (total oxides) by nondestructive X-ray fluorescence (XRF) for major oxides 134 

(SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O5). The analyses were 135 

carried out using a Bruker S8 Tiger WD X-ray fluorescence spectrometer, with 136 

QuantExpress Full Analysis mode. The alexandrite samples were mounted in 40 mm 137 

diameter epoxy resin section blocks (Epofix–Struers) and then ground and polished with 138 

diamond for both SEM / EDS and XRF bulk analyses. Blank epoxy resin blocks were 139 

also analyzed to assure that there was no interference on analyses of the oxides. 140 

Photoluminescence (PL) spectra were obtained using a Horiba Jobin Yvon 141 

Fluorolog 3 spectrofluorometer equipped with double monochromators for both 142 

excitation and detection, and a 450 W xenon lamp as the excitation source. All 143 
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measurements were carried out in ambient conditions and detection spectral resolution of 144 

1 nm and integration time of 1s. 145 

 146 

2.3 TL measurements 147 

TL measurements were carried out using a commercial automated TL/OSL reader 148 

produced by Risø National Laboratory (model DA-20). TL glow curves were obtained 149 

using a heating rate of 5ºC/s, from room temperature to 450 ºC. The TL signals were 150 

detected with a bialkali photomultiplier tube (PMT) behind an UV transmitting filter 151 

(Hoya U-340, 7.5 mm thick). Irradiations were performed at room temperature using the 152 

built-in 90Sr/90Y beta source of the TL/ OSL reader (dose rate of 10 mGy/s) at a dose 153 

range from 1 to 50 Gy.  Before use of a sample in a TL experiment, the sample was heated 154 

at 20ºC/min up to 700 ºC and kept at this temperature for 1h, in a muffle furnace, to empty 155 

the traps and erase any TL signal. 156 

 157 

3. RESULTS  158 

3.1 Sample composition 159 

The emission and excitation spectra of the samples are shown in Figure 1. The 160 

results agree with previously published results for both natural and synthetic alexandrite 161 

samples [1,42], therefore, this outcome is consistent with the presence of Cr3+ in the 162 

samples. 163 

Table 1 shows the results of standardless XRF bulk concentration of major oxides 164 

in both samples. Unfortunately, it is not possible to quantify beryllium with this 165 

technique, as only elements with atomic numbers above B (Z=5) in the periodic table can 166 

be detected, and only above F (Z=9) can be quantified with the QuantExpress mode. 167 
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Figure 2 presents BSE images of both samples, Ale I and Ale II. In these images, it is 168 

possible to identify other minerals in the samples, besides alexandrite, a fact that is 169 

common with natural samples. In order to identify these secondary phases some points 170 

were selected for ESD analysis based on the BSE images. In Tables 2 and 3 it is possible 171 

to see the results of EDS in these selected positions for both Ale I and Ale II samples.  172 

 173 

3.2 TL results 174 

Figure 3 shows the TL glow curves obtained for both samples at various irradiations 175 

doses (10 to 50 Gy). In the inset of the figure, the intensity of the high temperature peak 176 

as function of dose is presented. In addition, Figure 4 shows the linear regression from 177 

the normalized maximum values of the TL glow curves as a function of the dose. The 178 

parameters obtained by the linear fit are presented in Table 4. A study of the immediate 179 

fading of the TL signal was conducted, and Figure 5 shows the corresponding TL glow 180 

curves. In this experiment, the sample was beta irradiated and stored for some time (from 181 

0 to 60 min) in the dark, at room temperature before the TL readout.  In the inset of the 182 

figure we can observe the intensity of the main TL peak as function of time of storage. 183 

 184 

4. DISCUSSION  185 

In the case of alexandrite, two wide emission bands, and two lines (the R lines) are 186 

expected the spectrum. Figure 1 shows PL spectra of samples in different conditions of 187 

excitation/emission. The band centered at 570 nm corresponds to the overlapping of two 188 

emission bands of Cr3+ ions in two distinct sites Al1 and Al2 and the band centered at 420 189 

nm, represents Cr3+ and Fe3+ also incorporated at different sites [42]. The broad bands are 190 

the strong vibrational of the 4A2 to 4T2 and 4A2 to 4T1 transitions, respectively [29,43]. R 191 
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lines, located between 680 and 678 nm at room temperature, not resolved in our 192 

measurement, are associated with forbidden 2E to 4A2 transition of Cr3+ located at Al2 sites 193 

on a reflection plane [1,44,45]. This Cr3+ ions at Al2 center are responsible for various 194 

optical properties of alexandrite, for example, are responsible for the laser properties, 195 

while the Cr3+ ions at Al1 sites do not contribute to the luminescence spectra, or even 196 

disfavor the process of ion excitation in the laser process [6,10,46]. 197 

It is possible to observe in Table 1 that, although both samples were extracted from 198 

the same piece of rock, they present different levels of aluminum oxide, besides other 199 

oxides. Sample Ale II contains a considerable amount of mineral impurities, including 200 

CaO, SiO2 and P2O5. Moreover, in sample Ale II the amount of Fe and Cr is about 45% 201 

higher than in Ale I sample. Moreover, the presence of Fe in both the samples is 202 

substantially large than Cr. The presence of Fe in alexandrite samples is important 203 

because a high amount of this impurity may mask the identification of the optical 204 

absorption bands attributed to Cr3+ in the host matrix [42]. 205 

In Figure 2, alexandrite mineral represents more than 98% of the Ale I sample and 206 

75% of Ale II, which also contains 18% of phlogopite-biotite and 7% of apatite. Sample 207 

Ale I is more homogeneous than sample Ale II, having compounds which are the basis of 208 

alexandrite. However, when point measurements are taken in microfractures, the analysis 209 

shows the presence of phlogopite-biotite with a higher SiO2, MgO and Fe2O3 content. In 210 

the sample Ale I there is a region composed of apatite with high a concentration of 211 

phosphorus and calcium (light tone), another region with high a concentration of 212 

aluminum, silicon, magnesium and iron (gray color, intermediate), and a third region 213 

composed basically of alexandrite, also with the presence of phlogopite-biotite veins 214 

(darker shade). 215 
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In Figure 3, both alexandrite samples show TL over a very wide temperature range 216 

with peaks at 110, 160 and 280 ˚C and a dominant peak at 350 ˚C. We can observe that 217 

Ale II sample emits about ten times more TL than sample Ale I for the same absorbed 218 

dose. The width and the shape of this peak suggest a superposition of several peaks. In 219 

the inset of Figure 3, we show the dose-response curves of the 350 oC peak, that exhibits 220 

an almost linear growth with irradiation dose. In Figure 4, when we observe the 221 

normalized peak value obtained from the inset of Figure 3, the behavior of the points 222 

evidences a linear growth with the irradiation dose. In addition, in Table 4, we notice that, 223 

after normalization by the TL peak height for 50Gy, the linear behavior of both samples 224 

is the same, with similar slopes. As the TL peak positions are the same for both samples, 225 

and the quantities and varieties of impurities are diverse in the samples, we infer that the 226 

TL peaks are related to traps associated with intrinsic defects (related to the matrix atoms 227 

Al, Be, O) or to an impurity that is common for both samples. We speculate this also 228 

occurs with the sample studied by Ferraz et al. [30] as the peaks as very similar.  Only the 229 

recombination centers might be of different nature in the various samples. 230 

The TL intensity of sample Ale II may also be related to the mineral phases found. 231 

Barcena et al. [47] showed that the study of the TL of three different types of micas, 232 

muscovites, sericite and phologopites, from Spain, exhibit the presence of different and 233 

complex glow peaks. The mica has glow peaks in a temperature range of 160 to 400 °C. 234 

In particular, beta irradiation of muscovite samples was found to induce complex glow 235 

peak between 150 and 170 °C with a large high temperature signal, similar to our results 236 

in this work. Kalita and Wary [28] also observed the TL peak around 70 °C in a muscovite 237 

from India and mention that muscovite and biotite commonly coexist with quartz and 238 
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feldspar, which are widely used as natural dosimeters for luminescence dating and 239 

retrospective dosimetry [48,49].  240 

In addition, according to Barcena et al. [47] the emissions obtained for the micas 241 

are related to Mn2+ ions in octahedral coordination, but more research is needed to know 242 

if this peak is or not related to other cations or different defects in their lattice. Besides 243 

the presence of micas, the sample Ale II contains a considerable presence of apatite. 244 

According to Roman-Lopez et al. [50], that studied the luminescence of natural apatite in 245 

Brazil, the samples present TL peak at 370 °C. 246 

Yoshimura [37] investigated the TL emission in aluminum oxide single crystal 247 

doped with Cr, Mg and Fe and the results show a TL glow curve with four peaks (110, 248 

160, 225 and 270˚C). The trapping center responsible for the 160 ˚C peak was related to 249 

intrinsic defects, and that the other TL glow peak positions are impurity dependent. 250 

Mittani et al. [51] also observed a peak at 165 ˚C in all the glow curves with different 251 

doses for natural beryl exposed gamma irradiation. Those authors suggested that this 252 

process involves Fe3+ ions.  253 

Ferraz et al. [30], also correlates a presence of Fe3+ with TL emission, however, at 254 

320˚C.  The authors suggested that the pre-annealing at temperatures higher than 600 ˚C 255 

(in our case 700 ºC for 1h), in alexandrite, induces the Fe2+ → Fe3+ conversion in natural 256 

sample and that an increase in the Fe3+ ion content improves TL emission. This is because 257 

these ions can capture electrons during irradiation, playing a role of electron traps. 258 

Pokorny and Ibarra [52] reported that the presence of the peak at 330˚C in Cr doped Al2O3 259 

samples is related to the presence of Cr4+ ions.  They concluded that the peak is related to 260 

the F centers and their recombination with Cr4+ ions. Lapraz et al. [53] commented about 261 

a similar peak, which is attributed by them to a conversion of the Cr2+ (or Cr4+) centers to 262 
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Cr3+. As in our samples it is also possible to notice (Figure 3) a peak around 275 to 295 263 

˚C, we might associate it with the same origin. 264 

It is possible to observe in Figure 5 that, for both samples, the first peak, at 110 ˚C, 265 

is unstable at room temperature. When the time interval between the sample irradiation 266 

and the TL measurement increases, the peak diminishes and moves towards higher 267 

temperatures, extinguishing the TL band in 1h. The temperature shift may indicate the 268 

influence of the 160 ˚C peak, which does not fade, but can also point to the presence of a 269 

continuous distribution of activation energies for the corresponding trap. Except for this 270 

peak (110 ˚C), we observe qualitatively that the area remains constant because the other 271 

peaks do not have significant changes in the intensity with the storage time in the dark, 272 

and the TL glow curves continue with the same characteristics discussed before.  In inset 273 

of the Figure 5, Ale I sample had a reduction of 6% in the intensity of the high temperature 274 

peak in relation to its initial value with 1h in the dark, while sample Ale II showed a 275 

reduction of 3%. Therefore, the samples are stable at room temperature up to 1 hour after 276 

the exposure to radiation, an important characteristic for dosimetry. 277 

 278 

5. CONCLUSIONS 279 

In this study we worked with two samples from the same mineral rock. The SEM / 280 

EDS results show that both samples have microfractures filled by micaceous minerals; 281 

but sample Ale II also presents a larger content of mica and apatite when compared to 282 

sample Ale I. Results like this may somehow be expected in natural materials, as the 283 

environment, the temperature and other important parameters of the mineral forming 284 

process might influence the incorporation of elements in different parts of the rock. The 285 

TL glow curve consists three peaks at 110, 160 and 280 ˚C and a dominant peak at 350 286 
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˚C. Comparing the samples, in the XRF, the sample Ale II presents higher content of 287 

silicon, calcium and phosphorus in relation to the sample Ale I, but by the EDS we 288 

conclude that these elements are present in the minor phase minerals. As the TL glow 289 

curves of both samples are very similar, regardless the presence of other mineral phases, 290 

it can be concluded that in the results of TL, the more prominent intensity in the Ale II 291 

sample may be related to the other observed mineral impurities: for instance, this can be 292 

related to the amounts of Cr and Fe that are higher for sample Ale II than for Ale I. 293 

It was possible to observe that alexandrite shows potential for use in TL dosimetry.  294 

TL signal increased linearly with dose using beta excitation. Both samples, despite their 295 

individual peculiarities, presented a decrease of less than 10% in the intensity of the main 296 

peak in the reading after 1h in the dark. In addition, when linear regression of dose 297 

intensity values was performed, both samples had the same angular coefficient of 0.0199. 298 

Our investigation strongly supports the position that Fe and Cr ions interfere in the 299 

obtained results, generating TL broad bands that suggest the superposition of several 300 

peaks. A more detailed characterization of a larger number of samples and different 301 

regions of Brazil is being investigated. A deconvolution analysis of the TL curve should 302 

be done in later studies to better study on each of the TL peaks and to analyze the structure 303 

of the trap of this material, subsequently, the activation energy values can be estimated.  304 

 305 
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FIGURE CAPTIONS 486 

 487 

Figure 1 Excitation and emission spectra of Ale I and Ale II samples of natural 488 

alexandrite. 489 

 490 

 491 

 492 

 493 

 494 

 495 

 496 

 497 
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Figure 2 BSE images of Ale I (a) and Ale II (b) alexandrite samples with minor phases 498 

associated; Al – alexandrite; M – mica (phlogopite-biotite) and Ap - apatite. 499 

 500 

 501 
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Figure 3 TL glow curves of Ale I (a) and Ale II (b) samples of natural alexandrite, using 502 

a 5˚C/s heating rate. The inset shows intensity of the high temperature peak for each 503 

curve as a function of dose. 504 
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Figure 4 Linear regression from the TL normalized intensity of the high temperature peak 516 

as a function of the dose for Ale I (a) and Ale II (b) samples. 517 

 518 
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Figure 5 TL glow curves of Ale I (a) and Ale II (b) samples of natural alexandrite, using 529 

5˚C/s heating rate and dose 1Gy. The inset shows intensity of the high temperature 530 

peak for each curve as a function of pause time. 531 
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TABLE CAPTIONS 535 

 536 

Table 1 X-ray fluorescence bulk analysis results of Ale I and Ale II samples of natural 537 

alexandrite. All results in wt%; normalized results. 538 

Sample MgO Al2O3 SiO2 P2O5 CaO TiO2 Cr2O3 Fe2O3 

Ale I 0.495 96 <0.001 <0.001 <0.001 0.391 0.89 2.2 

Ale II 2.66 76.6 8.29 4.42 3.52 <0.001 1.29 3.24 
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Table 2 EDS results of sample Ale I at different regions. All results in wt%; non-558 

normalized results; Al – alexandrite; M - phlogopite-biotite. 559 

Phase Area/point MgO Al2O3 SiO2 K2O TiO2 Cr2O3 MnO Fe2O3 Total 

Al 1 - 77.25 - -  0.31 - 1.62 79.18 

Al 2 - 76.89 - - 0.32 0.43 - 1.26 78.90 

Al 3 - 75.62 - - 0.19 0.42 - 1.47 77.70 

Al 4 - 71.67 - - 0.16 0.96 - 1.23 74.01 

M 5 19.21 18.51 31.87 4.01 - 0.76 0.49 12.79 87.65 

M 6 22.29 21.46 27.89 - - 0.55 0.43 15.52 88.14 

M 7 18.15 20.77 24.98 - - 0.87 0.49 18.02 83.28 

M 8 19.36 22.44 26.87 - - 0.86 0.85 18.85 89.22 

 560 

 561 

 562 

 563 

 564 

 565 

 566 

 567 

 568 

 569 

 570 

 571 

 572 

 573 

 574 

 575 



29 
 

Table 3 EDS results for sample Ale II at different regions. All results in wt%. Al – 576 

alexandrite; Ap – apatite; M - phlogopite-biotite. 577 

Phase Area/point MgO Al2O3 SiO2 P2O5 CaO Cr2O3 MnO Fe2O3 Total 

Al 1 - 78.75 0.29 - - 0.51 - 1.83 81.38 

Ap 2 0.37 0.36 - 41.05 50.61 - 0.23 0.22 92.84 

M 3 9.95 27.69 33.62 - 2.38 0.24 - 4.12 79.47 

M 4 23.93 24.01 29.85 - - 0.37 0.55 18.1 96.83 
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Table 4 Parameters determined in a linear fit (y = a + b * x) from the normalized peak 600 

maximum intensity of the high temperature TL peak for Ale I and Ale II samples. 601 

Fit Parameters 

Sample a (a.u.) b (a.u./Gy) 

Ale I -0.012 (±0.009) 0.01995 (±0.00029) 

Ale II -0.032 (±0.023) 0.01992 (±0.00074) 
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