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RESUMO

Alexandrita € um mineral da variedade crisoberilo que contém cromo em sua
estrutura, possuindo a seguinte composicdo quimica: BeAl,0,:Cr**. O Brasil é
considerado atualmente o maior produtor mundial de alexandrita; porém, ainda
€ uma gema pouco conhecida quanto as suas propriedades fisicas. Além de
apresentar um efeito de mudanca de cor dependendo da fonte de luz a qual
esta exposta, esse material também tem sido importante tecnologicamente
como laser em aplicacbes médicas, principalmente na area de dermatologia e
tratamento de cancer, com propriedades superiores aos seus principais
concorrentes, lasers de rubi e Nd:YAG. Nesse trabalho a composi¢cdo quimica
das amostras serdo obtidas pela técnica de fluorescéncia de raios X e a
qualidade das amostras sera verificada por meio de absorcéo Optica na regido
do visivel. O objetivo da pesquisa € investigar os efeitos de radiacado ionizante
(raios X, beta e gama) e da luz UV em propriedades Opticas de alexandrita
utilizando técnicas de Termoluminescéncia (TL) e Luminescéncia Opticamente
Estimulada (OSL). O projeto tem também como objetivo correlacionar e
ampliar os conhecimentos sobre esse material, principalmente quanto a
resposta luminescente - TL e OSL - e 0 estudo da viabilidade de uso em
dosimetria de radiacdes. Estudos preliminares mostram que alexandrita exibe
picos TL de baixa intensidade em 110, 160 e 280°C e um pico dominante em
350°C e resultados inéditos de OSL mostram um sinal intenso no espectro
mesmo com doses baixas de radiacdo. Acredita-se que as impurezas,

principalmente o Cr** e Fe®*, ttm um papel importante nessas caracteristicas.
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1. REALIZACOES NO PERIODO

O Brasil é considerado atualmente o maior produtor mundial de
alexandrita (BeAl,O4:Cr®"). O objetivo da pesquisa é investigar os efeitos de
radiacdo ionizante (raios X, beta e gama) e da luz UV em propriedades épticas
de alexandrita utilizando técnicas de TL e OSL, e o estudo da viabilidade de
uso em dosimetria de radiacbes. A investigacdo da potencialidade da
alexandrita como material dosimétrico é relevante por alguns aspectos; mapear
o material quanto a determinacéo dos picos TL e a curva resposta com a dose;
h&a uma escassa literatura sobre a técnica TL aplicada a esse material, e ndo
consta publicacbes de OSL para o0 mesmo material; e o fato de que a matriz
contém 19,8 wt% de BeO e 80.2 wt% de Al,O3, ambos muito utilizado na area
de dosimetria TL e OSL.

O grupo possui uma grande quantidade de amostras naturais oriundas
do estado da Bahia e de Minas Gerais, Brasil. Para efeito de comparacao, sera
utilizado uma amostra sintética, crescida por H. P. Jenssen and R. Morris
(Allied Signal Inc, U.S.A.), pelo método Czochralski. As analises quimicas sao
realizadas através de medidas de fluorescéncia de raios X (XRF), utilizando um
espectrometro MINI-X (modelo Amptek XR-100SDD). As medidas de absorcéo
Optica sdo realizadas na faixa de 400 a 700 nm, utlizando um
espectrofotometro Cary 1G de Varian. As medicbes de OSL e TL séo
realizadas utilizando um leitor comercial de TL/OSL automatizado produzido
pelo Laboratério Nacional Risg (modelo DA-20).

Na primeira fase desse poOs-doutoramento o candidato publicou o

seguinte artigo com o grupo:
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Trindade, N.M., Blak, A.R., Yoshimura, E.M., de Andrade Scalvi, L.V. and
Scalvi, R.M.F. (2016) Photo-Induced Thermally Stimulated Depolarization
Current (TSDC) in Natural and Synthetic Alexandrite (BeAl,O4:Cr*"). Materials
Sciences and Applications, 7, 881-894. http://dx.doi.org/10.4236/msa.2016.712067.

Também iniciou os estudos de TL e OSL em alexandrita. Estudos
preliminares mostram que o mineral exibe picos TL de baixa intensidade em
110, 160 e 280°C e um pico dominante em 350°C e resultados inéditos de OSL
mostram um sinal intenso no espectro mesmo com doses baixas de radiacao.
No momento o candidato esta produzindo um artigo referente a esses
resultados que sera submetido em breve:

Trindade, N.M., Yoshimura, E.M. (2017) TL and OSL preliminar studies on
BeAl,0,4:Cr** natural Brazilian mineral. Minerals Engineering.

Esses resultados foram divulgados em eventos cientificos nacionais,
como Encontro de Fisica 2016, Brazilian Materials Research Society Meeting,
Congresso Brasileiro de Engenharia e Ciéncia dos Materiais, Brazilian Meeting
on Inorganic Chemistry; e serdo divulgados em eventos internacionais como
Process Mineralogy 17, financiado pela FAPESP processo 2016/22984-0, a ser

realizado em marco na Africa do Sul.

2. ANEXOS

e Trindade, N.M., Yoshimura, E.M. (2017) TL and OSL preliminar studies
on BeAl,O4:Cr® natural Brazilian mineral. Minerals Engineering (artigo a
ser submetido em marco);

e Trindade, N.M., Blak, A.R., Yoshimura, E.M., de Andrade Scalvi, L.V.
and Scalvii R.M.F. (2016) Photo-Induced Thermally Stimulated

Depolarization Current (TSDC) in Natural and Synthetic Alexandrite


http://dx.doi.org/10.4236/msa.2016.712067
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(BeAlL,O4:Cr®"). Materials Sciences and Applications, 7, 881-894.
http://dx.doi.org/10.4236/msa.2016.712067;

e Certificado de participacdo no Encontro Nacional de Fisica 2016;

e Certificado de participacdo no Brazilian Materials Research Society
Meeting;

e Certificado de participacdo no Congresso Brasileiro de Engenharia e
Ciéncia dos Materiais;

e Certificado de participag&o no Brazilian Meeting on Inorganic Chemistry;

3. PLANO DE ATIVIDADES

A continuidade deste projeto esta prevista para 1 ano. A seguir,
encontra-se o quadro de distribuicdo bimestral das atividades que seréo
desenvolvidas no decorrer do projeto. Nele, as linhas verticais indicam o0s

semestres e as horizontais significam:
A — Revisao Bibliogréfica;
B — Medidas de Termoluminescéncia (TL);
C — Medidas de Luminescéncia Opticamente Estimulada (OSL);

D — Paralelamente as medidas de TL e OSL, realizacdo de medidas de

Absorcado Otica na regifio espectral do ultravioleta e visivel;
E — Microanalises das amostras naturais através de FRX;

F — Interpretacdo e submissdo dos resultados para revistas cientificas da

area.


http://dx.doi.org/10.4236/msa.2016.712067
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4. CONSIDERACOES FINAIS
Espera-se ter demonstrado o mérito do relatério e que a
continuidade da pesquisa é muito salutar para que o0 mesmo possa
evoluir na linha de pesquisa escolhida e estabelecer novas parcerias,
além de divulgar seu trabalho na comunidade internacional e também ter

a oportunidade de publicar.
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ABSTRACT

The investigation of luminescent properties in alexandrite (BeAl,04:Cr*") in natural
form is presented in this paper. Alexandrite is a rare and precious mineral that changes
color according to the light incident on it. Moreover, in the synthetic form it is used
technologically as active medium for laser, especially to its applications in the medical
field, with properties superior to its main competitors, ruby and Nd:YAG. Sample
composition is obtained through X-ray fluorescence measurements and, we present
results of optical absorption. The work proposes to examine the behavior of
thermoluminescence (TL) and Optically stimulated luminescence (OSL) signals, as well
as their correlations. Initial measurements show that alexandrite sample exhibits low
intensity TL peaks at 110, 160 and 280°C and a dominant peak at 350°C. For the first
time an OSL study of the material is performed, showing an intense signal. In addition,

probably Fe and Crions have an important part in the process TL and OSL.

Keywords: Alexandrite, Crysoberyl, TL, OSL, XRF, Optical absorption.
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1. INTRODUTION

Thermoluminescence (TL) is the light emitted by some crystals that were exposed to
ionizing radiation, when heated. It is a thermally stimulated emission originating from
an energy that was previously stored in the crystal during the irradiation (Yukihara,
2001). Therefore, the exposure of material to ionizing radiation leads to the population
of the available trap levels, while heating leads to the release of traps (Jacobsohn et al.,
2013). This light emission after heating is caused by the release of charges trapped in
defects in insulating or semiconducting materials (Mckeever, 1985) and their
recombination with opposite charges in other defects called recombination centers.

Optically stimulated luminescence (OSL) allows complementing the TL
characterization through optical stimuli of the irradiated material. The interesting thing
about this technigue is that the luminescence can be monitored at room temperature,
without heating the material, a fact that is used for applications in dating and dosimetry
(Yukihara, 2001). OSL is observed during illumination of crystalline insulating
materials or crystalline semiconductors that have been previously excited, typically by
ionizing radiation (Yukihara & Mckeever, 2011). When the OSL signal is proportional
to the absorbed dose, the material in question can be used as a dosimeter. OSL has been
observed since the 19th century, but has only been used for dating and personal
dosimetry since the mid-20th century (Mckeever, 2001; Mckeever, 2011). Although it is
a well-founded knowledge, a wider use of OSL for dosimetry is hampered due to the
limited number of dosimetric materials available. The objective of this work is to study
the feasibility of a new material, alexandrite mineral, for OSL dosimetry.

Alexandrite, chemical composition: BeAl,O,: Cr**, is well known in the medical field
in synthetic form as an active laser medium, first reported by Bukin et al. (1978), with
superior characteristics when compared to other types of media with emission in the
range between 700 and 800 nm (Torezan & Osorio, 1990; Scalvi et al., 2005).
Comprehensive works about applications of the alexandrite laser in medicine can found
in papers by Toosi et al. (2010), Ibrahimi et al. (2011), Nilforoushzadeh (2011), Li et al.
(2012), Saedi et al. (2012), Wang et al. (2012) and Kim et al. (2014). Another
interesting fact about this mineral is its color change according to light incident on it.
This property, well known in the literature as alexandrite effect (Gubelin et al., 1976),
results in popularity and high market value of alexandrite as a gem (Collins et al.,

1997),. However, despite belonging to families of gems of high economic and
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technological interest (Ollier et al., 2015), being Brazil one of the largest producers of
this mineral there are few studies of the physical properties of natural alexandrite.

The alexandrite structure is of chrysoberyl type with the incorporation of chrome in its
lattice (Rossi et al., 2014). Chrysoberyl (BeAl,O,4) has orthorhombic symmetry (Pmnb)
that corresponds to dense hexagonal packing, influencing the oxygen atom positions,
which are slightly distorted by the presence of aluminum atoms. These distortions give
rise to two sites of different symmetries: a site, Alj, set in an inversion center (Ci
symmetry) and a site, Al,, located in a reflection plane (Cs symmetry) (Rabadanov &
Dudka, 1997; Ivanov et al., 2005; Scalvi et al., 2007). The larger site, Al, is preferably
occupied in alexandrite by Cr®* ions which are responsible for the optical properties of
alexandrite as laser emission (Shepler, 1984; Scalvi et al., 2002, Weber et al., 2007).

In the literature, although there are many papers related to optical properties in
alexandrite, as mentioned before, we found, in our bibliographic search, only one study
the ionizing radiation effects in synthetic alexandrite (by Yarovoi et al., 1991), and
another paper about thermoluminescence studies on natural alexandrite and crysoberyl
(by Ferraz et al., 2002). Further motivation for this work is the fact that crysoberyl
contains 19.8 wt % BeO and 80.2 wt % Al,O3 (lvanov et al., 2005). BeO as a good
material for TL and OSL dosimetry,with high sensivity to ioniziation radiation, linear
dose response and an effective atomic number (Zeff = 7,2) near that of human soft
tissue (Zeff ~7,6) (Groppo & Caldas, 2014). By the other hand, Al,O3 s a sensitive TLD
and OSL material, well established in luminescence dosimetry (Yukihara & Mckeever,
2011), but studies are still being done to improve TL/OSL properties in these materials
using different dopants (Salah et al., 2011; Liu et al., 2013). For example, the Al,03:C
is a unique synthetic material in use today as an OSL dosimeter and has applications as
in medical, personnel and environmental dosimetry (Yoshimura & Yukihara, 2006);
single crystals of Al,Os. Fe, Mg, Cr have also shown interesting results (Yoshimura,
2007), and Cr doped Al,O3; system has been studied and proposed as a UV and an
ionizing radiation dosimeter (Pokorny & lbarra, 1993). These detectors are used in
applications like solar irradiation monitoring, chemical analysis or medical sensing as in
phototherapy (Escobar-Alarcon et al.,, 2003). Salah et al. (2011) also propose
nanoparticles of Al,O3: Cr with easy method of preparation, good sensitivity, simple
glow curve structure and useful TL response over a wide range of doses, being a
candidate for high dose dosimetry for food and seed irradiation. Moreover, Liu et al.

(2013) managed to produce Cr:a-Al,O5 transparent ceramics and showed that with



96
97

98
99
100

101

102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124

125

126

increasing Cr,O3 content the intensities of TL peaks increased and could improve the

stability and sensitivity of its OSL signal.

In this paper, we will present a series of experimental results of TL and OSL of
Brazilian alexandrite, relating the observations with the material impurities, to explain

the mechanism of the luminescence and the effects of ionizing radiation in this crystal.
2. MATERIALS AND METHODS

Our sample is a stone of alexandrite originated from Bahia state, Brazil, with a dark
green color. Two 1.0 mm thickness slides with perfectly parallel faces were cut from
this stone, mass around 0.050 g, and denominated as Ale G and Ale H. Before the first
use and between subsequent uses of the same sample in an experiment, the sample was
heated at 20°C/min up to 700°C and kept at this temperature for 1h, in a muffle furnace,
to empty the traps and erase the TL and OSL signals.

Chemical analyses were performed through X-ray fluorescence (XRF) measurements,
using a MINI-X spectrometer (Amptek XR-100SDD model). The fluorescence
intensities of the characteristic X-rays (Ka lines) were measured with a Si Drift detector
(25 mm? x 500 um/0.5 mil) with Be window (1.5™). Optical absorption measurements
were carried out in the range 400 to 700nm, using a spectrophotometer Cary 1G of
Varian.

OSL and TL measurements were carried out using a commercial automated TL/OSL
reader produced by Risg National Laboratory (model DA-20). Luminescence was
stimulated using blue light emitting diodes (470 nm, FWHM = 20 nm) delivering 80
mW/cm? at the sample position in CW mode. Each OSL measurement was carried out
during 60 s of LED stimulation with 90% of the maximum power of. The TL/OSL
signals were detected with a bialkali photomultiplier tube (PMT) behind an UV
transmitting broad-band glass filter (Hoya U-340, 7.5 mm thick and 45 mm diameter) to
block the stimulation light while transmitting part of the OSL signal from the samples.
Irradiations were performed at room temperature using the built-in ©°Sr/*°Y beta source
of the TL/ OSL reader (dose rate of 10 mGy/s) at a dose range from 10 Gy to 50 Gy.
TL glow curves were obtained using a heating rate of 5°C/s.
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3. RESULTS AND DISCUSSION

Figure 1 shows the results of XRF technique used to obtain mainly the concentration of
iron, aluminum and chromium contained on the two samples. The technique does not

detect Be element due to its low atomic number.
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Figure 1: X-ray fluorescence analysis results of Ale G and Ale H samples of natural
alexandrite. The inset shows compounds relation of Fe/Cr for samples.

It is possible to observe by the compositional analysis, that differenty Fe and Cr
concentration are present in the two samples. Results like this are expected since natural
materials, as the environment, the temperature and other important parameters of the
mineral forming process may influence the incorporation in different parts of the stone.
Is verified here Si, P, Ca, Ti, Mn, Cu, and a high concentration of Ca is found in sample
Ale H. Moreover, as seen in the inset of Figure 1, the presence of Fe in these natural
samples is substantially large compared to Cr. The Fe presence is very relevant in
alexandrite samples, because a high amount of this impurity may mask the identification
of optical absorption bands attributed to Cr** in the host matrix (Trindade et al., 2010),
and may influence the results of electrical properties of this mineral (Trindade et al.,
2016). Iron may also play an important role in TL results.

The optical absorption spectrum for natural alexandrite is shown in Figure 2, measured

at room temperature.
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Figure 2: Optical absorption spectra of Ale G and Ale H samples of natural alexandrite.

In the case of alexandrite, the spectrum is expected to present two wide absorption
bands (A and B), and two lines (the R lines). Band A, centered at 590nm represents the
overlapping of two absorption bands of Cr** ions in two distinct sites Al; and Al
associated with the transition from ground state *Ayq to excited states *T,,. Band B,
centered at 420nm represents Cr* and Fe** also incorporated at different sites, with the
transition from ground state *A,, to excited states “Ti4. The R lines correspond to Ay,
& ZEg transition (Ollier et al., 2015), and show up around 680nm are attributed to Cr**
located at Al, sites on a reflection plane, and responsible by optical properties of
alexandrite. As experimentally verified and presented in the literature (Powell et al.,
1985; Suchocki, 1987), R; and R, lines (not defined in Figure 2 due to limitation of the
experimental apparatus) appear precisely at the same wavelengths (680.4 nm and 678.5,
respectively), in both absorption and emission spectra, at room temperature. They are



164  associated with transitions from the ground state to the E level. The narrow lines that
165 appear at 655.7, 649.3 and 645.2 nm positions in the optical absorption and are
166  associated with Cr®" ions lines in Al;. The result is in accordance with previously
167  published measurements for both natural and synthetic sample (Trindade et al., 2010),
168 therefore, this outcome is consistent with the known presence of Cr®* in this sample.
169 The dose-response curves were obtained for TL and OSL techniques and are shown in
170  Figures 3 and 4. The samples were pre-annealed at 700°C for one hour and then beta
171  irradiated to doses from 10 to 50 Gy.
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177  Figure 3: OSL curves of samples Ale G (a) and Ale H (b) of natural alexandrite after
178  pre-irradiation treatments with dose, using blue light. The inset shows maximum value
179  counts and area intensity for each curve as a function of dose.

180



181 In the OSL curves we can observe that the sample Ale H emits more light for the same
182  absorbed dose than the sample Ale G. Correlating with the results of XRF this can be
183  related to the amount of Cr and Fe trapping centers that are more quantitative for sample
184  H than the G. The decay of the counts in the OSL measurement for both samples is
185  similar, starting the curve with intense value and decreasing exponentially to values
186  close to zero after 1 min of the blue light. We also observed that there is linearity in the
187  data when we analyze the plot of area intensity versus dose.
188  Figure 4 shows the residual TL glow curves obtained.
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194  Figure 4: TL curves of samples Ale G and Ale H of natural alexandrite after several pre-
195 irradiation treatments with dose, using a 5°C/s heating rate. The inset shows area
196 intensity for each curve as a function of dose.
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Both alexandrite samples show light emission over a very wide temperature range with
small peaks at 110, 160 and 280°C and a dominant peak at 350°C, the width suggests
that the glow curve represents the superposition of several peaks. In inset figure, it is
observed that material exhibits a linear growth of TL area intensity with dose

Yoshimura (2007) investigated the emission in aluminum oxide single crystal doped
with Cr, Mg and Fe and results show a TL glow curve with at four peaks (110, 160, 225
and 270°C) and that the trapping center responsible for the 160°C peak is related to
intrinsic defects, and that the other TL glow peak positions are impurity dependent.
Villarreal-Barajas et al. (2002) show the presence of the temperature peak at 162°C,
glow curve obtained for the beta irradiation in aluminum oxide thin films, with good
stability and suggest that this peak can be used as a dosimetric peak. Mittani et al.
(2002) also observed peak at 165°C in all the glow curves with different doses for
natural beryl exposed gamma irradiation, and this process involves Fe** ions.

Ferraz et al. (2002) suggest that the pre-annealing at temperatures higher than 600°C
induces the Fe** > Fe®* conversion in natural sample and that an increase in the Fe®'
ions improves TL emission at 320°C, this is because these ions are able to capture
electrons during irradiation. Pokorny & Ibarra (1994) in their paper report that the
presence of the peak at 330°C in G and H samples is related to the emission of holes or
electrons related to the presence of Cr** ions, but reference other works in which this
peak can appear for Al,O3; doped with other impurities or even appears for Al,O3 doped
with Cr. Finally, they conclude that the peak is related to the F centers and their
recombination with Cr** ions. It is still possible to perceive a band around 275 to
295°C, Lapraz et al. (1991) in their study comment that this peak is attributed by them
to a conversion of the Cr?* (or Cr**) centers for Cr*.

Figure 5 shows the OSL glow curves of alexandrite pre-annealed at 700°C for one
hour and then beta irradiated to a dose of 1 Gy and kept in the dark before readout for
various times (from 5 to 60 min). This study is intended to verify the stability of the

OSL signal of both samples and detect if they present fading of the OSL signal.
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Figure 5: OSL curves of samples Ale G and Ale H of natural alexandrite after pre-
irradiation treatments with pause, using blue light and dose of 1Gy. The inset shows
maximum value counts and area intensity for each curve as a function of pause time.

First, we observed that even with a lower dose, 1Gy, and without any pause between
the dose and the OSL measurement, both samples show OSL signal, initiating sample
Ale H with a higher counts value than sample Ale G, in relation the presence of Cr and
Fe elements. Although there is a significant decrease of the initial OSL signal for both
samples (about 40% decrease for both samples) we notice that, for sample G the
decrease of the integral signal is very subtle — less than 5%. The integral signal for
sample H has more fading, but it corresponds to less than 20% of loss in 60 min of
storage in dark. Although a longer time study can be performed, the residual signal is
large enough for dosimetry applications. It is a question of waiting some time for single
stabilization or introducing a pretreatment that eliminates the non-stable part of the

signal before analysis. In this result, we show that even with a time delay of some
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minutes before the OSL reading of the sample it is possible to generate a stable and

reproducible OSL signal, but with an intensity reduced in the maximum value of counts

and area intensity. It is important to note that Ale G sample, when dealing with the

reduction in area intensity with time delay, remained more stable than Ale H sample. In

addition, sample G showed complete emptying (close to zero) with the time delay,

while sample H presented a higher background value, possibly requiring more time for

total emptying to occur.

Figure 6 shows the TL glow curves obtained after of the fading study.
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Figure 6: TL curves of samples Ale G and Ale H natural alexandrite after several pre-
irradiation treatments with pause, using 5°C/s heating rate and dose 1Gy. The inset
shows area intensity for each curve as a function of pause time.
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To assist in the interpretation of the previous results, especially the peak at 110°C,
Figure 7 presents the TL analysis with and without blue light (OSL) for one of the
samples.

5 210 :
= = 10 Gy after OSL
— — 20 Gy after OSL
25 30 Gy after OSL -
— — 40 Gy after OSL
50 Gy after OSL
10 Gy
2| =20 Gy i
— 30 Gy
— 40 Gy
50 Gy

Correlation TL and OSL Alexandrite Sample H

Intensity (arb. units)
in
T

| 1 =
a a0 100 150 200 250 300 350 400 450 500
Temperature ("C)

Figure 7: TL curves of samples Ale H of natural alexandrite after several pre-irradiation
treatments with dose, using a 5°C/s heating rate, with and without exposure to blue light
(OSL).

The first peak at 110°C is unstable at room temperature. It is possible to observe the
differences between the measurements with and without exposure to blue light of OSL.
Comparing samples, this peak is more evident in Ale H than Ale G and we observed that
by XRF analysis Ale H presents an expressive amount of calcium, therefore, we try to
correlate with Rocha et al. (2003) that investigated calcium aluminate glass samples to
describe the intrinsic defects that are formed in UV irradiated glasses. In our
measurement, it is observed that 1 h after irradiation at room temperature there is a
drastic reduction of intensity only of that peak, which is evident in the inserted graph of
the area intensity with the pause time. If we separate this peak, we observe qualitatively
that the area remains constant because the other peaks do not have significant changes
in the intensity of the curves. Rocha et al. (2003) observed TL glow curves present a
broad band centered at 120 °C, and just like our case, when the time interval between
the sample irradiation and the TL measurement increase, the peak moves towards higher
temperatures, emptying of the TL band and indicating the presence of a continues

distribution of activation energies.
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4. CONCLUSIONS

The X-ray fluorescence analysis revealed elements as Al, Si, P, Ca, Ti, Mn and Cu,
particularly Fe and Cr, expected by the chemical composition of alexandrite and being a
natural sample. It was possible to observe that alexandrite shows potential for use in TL
and OSL dosimetry, and our investigation strongly support the position that Fe and Cr
ions interfere in the obtained results, generating TL broad bands that suggests the
superposition of several peaks. More work is in progress to correlate the Cr and Fe
concentration and to determine the charge carrier responsible for the TL bands. Also,
we can conclude that the content of other impurities play an important role in this
process, as the case of Ca that may be related to the defect responsible for low
temperature TL peak. A study of alexandrite OSL curves was performed for the first
time and more studies are being developed to reach a better understanding of the OSL
process. A more detailed characterization of a larger number of samples and different

regions of Brazil is being investigated.
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Abstract

The investigation of electrical properties in alexandrite (BeALO4Cr**) in synthetic
and natural forms is presented in this paper. Alexandrite is a rare and precious min-
eral that changes color according to the light incident on it. In the synthetic form, it
is used technologically as an active laser medium. The electrical characterization was
obtained using the Thermally Stimulated Depolarization Current (TSDC) technique,
an interesting tool to study the behavior of impurities in insulators. Alexandrite pre-
sented the electric dipole relaxation phenomenon, both in natural and in synthetic
samples. It was possible to observe TSDC bands for the synthetic sample at around
170 K, and at around 175 K for the natural sample. Besides, photo-induced TSDC
measurements were performed through the excitement of the samples by using a
continuous wave argon laser. In addition, photoluminescence measurements were
performed to verify in advance whether the laser light would be absorbed by the
sample, and in order to complement the photo-induced TSDC measurements analy-
sis. The results of photo-induced TSDC experiments have contributed to the under-
standing of the TSDC bands behavior: the results obtained with the technique sug-
gest that there is an effective participation of Cr** ions in the formation of TSDC
bands because they were more intense when the sample was exposed to the argon la-
ser beam.
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1. Introduction

Alexandrite is a variety of chrysoberyl crystal that contains chromium in its structure
and presents the following chemical composition: BeAl,O4:Cr** [1] [2]. Brazil is one of
the largest producers of natural alexandrite [2]; it belongs to families of gems of high
economical and technological interest [3].

The technological importance of alexandrite has increased after 1974, when it was
possible to use it in synthetic form as an active laser medium, with superior characteris-
tics when compared to other types of media, with emission in the range between 700
and 800 nm [4]. The first scientists who suggested the possibility of application of syn-
thetic alexandrite as laser crystals were Farrel in 1963 [5], but they were not successful
in obtaining it in practice [6]. Bukin et al first reported the alexandrite laser in 1978
[7]. The Q-switched alexandrite laser operates in the range of 755 nm, near infrared
emission spectrum. Its pulse lasts about 100 ns, and its long wavelength allows deep
penetration into the skin [8], so it is widely used in dermatology, as well as other popu-
lar lasers such as the Q-switched ruby (QSR) (694 nm) and Q-switched Nd:YAG laser
(1064 nm and 532). There are many recent works showing applications of the alexan-
drite laser in medicine as in the treatment of facial and labial lentigines associated with
Peutz-Jeghers syndrome [9], café au lait macules [10], seborrheic keratoses [11], hirsut-
ism [12], trichostasis spinulosa [13] and other applications such as hair removal [14]
and tattoos removal [15].

An important property is its color change according to light incident on it. If exposed
to incandescent light, rich in red wavelengths, alexandrite has a red color. Exposing
alexandrite to natural light, with a smaller portion in the red region of the spectrum, it
generates shades of dominant blue-green color. This phenomenon is referred in the li-
terature as alexandrite effect [16] [17]. The color change results in popularity and high
market value of alexandrite as a gem. Furthermore, the alexandrite crystal is mechani-
cally rigid and provides good thermal conductivity [18].

Figure 1 shows chrysoberyl structure. In chrysoberyl the unit cell contains four mo-
lecules with eight AI** ions (ionic radius 0.535 A) occupying distorted octahedral sites,
and four Be* ions (0.47 A) occupying distorted tetrahedral sites formed with oxygen

ions located in planes perpendicular to the c-axis [19]. Due to the small ionic radius of

Figure 1. Chrysoberyl structure [4] [18].

882

K
0:{2: Scientific Research Publishing



N. M. Trindade et al.

Be?*, the crystal structure of chrysoberyl has a lower symmetry than the spinel mineral
group with similar chemical formulas [20]. Such ionic radius also results in a bond
length in the Be-O of 1.637 A [17]. Two of the three oxygen positions are located in a
reflection plane and the third oxygen occupies a general position [20]. The chrysoberyl
crystallization has an orthorhombic structure that corresponds to dense hexagonal
packing, influencing the oxygen atom (atomic radius 2.7 A) positions, which are
slightly distorted by the presence of aluminum atoms. These distortions caused by alu-
minum give rise to two sites of different symmetries: a site, Al,, set in an inversion cen-
ter (Ci symmetry) and a site, Al,, located in a reflection plane (Cs symmetry) [22] [23].

In two sites of different symmetries the Al** ions are replaced by Cr** (0.615 A) ge-
nerating alexandrite. The larger site, named Al,, is preferably occupied by Cr** ions
[18]. The octahedron containing Al sites, is regarded as larger than the Al, octahedron,
because the Al-O bond length (1.938 A) is wider at that site than at Al; (1.890 A), re-
sulting in a larger volume polyhedron [17]. According to literature, Cr** jons located in
Al sites are responsible for the optical properties of alexandrite, including laser emis-
sion [24].

The electrical properties studied here can contribute to the understanding of the
optical properties observed in alexandrite, such as the impurities aggregated in this

crystal having diverse charge states.

2. Materials and Methods

The synthetic sample has been grown by H. P. Jenssen and R. Morris (from Allied Sig-
nal Inc., USA), by the Czochralski method [25]. Iridium crucibles, zirconia ceramic
furnaces and N,O, atmospheres were used, obtaining the following result: [001]
oriented blades measuring about 1 cm x 2 cm with Cr** substitutions of up to 0.3% atm
(of A1%* sites) [26]. The sample faces were perfectly paralleled, with thickness of 2.33
mm. Alexandrite rock pieces come from Minas Gerais state, Brazil, and show a dark
green color. Samples have been cut in small pieces with thickness of 1.5 mm.

The optical studies and electrical characterization of alexandrite can significantly
contribute to the technological application of the material. The Thermally Stimulated
Depolarization Currents (TSDC) technique successfully allows the understanding of the
electric dipole relaxation mechanisms present in minerals [4] [27] [28] [29] [30] [31].
In addition, the TSDC technique can also be used in a modified manner, when the
sample is photo-excited along with the electric field and then the effects on the material
are analyzed.

Through one single measurement, the TSDC technique represents a very sensitive
and accurate method for the determination of physical parameters such as relaxation
time (1), activation energy (£,) and dipole moment strength (p) associated with defects
with dipolar characteristics. Electric dipole characteristics are one of the requirements
to detect the behavior of defects in solids using this technique [32]. The TSDC method
consists of four basic steps: the sample is first polarized in an electric field E, for a time

t, at temperature 7,. This temperature should be such that the dipoles can still be sta-
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tistically oriented with the electric field applied in a certain time t;, and should not be so
high that heavy space charge contributes to the signal. To ensure good polarization,
dipoles must be polarized by a time £, > 7(7}). Then, in the second step, the temper-
ature of the sample is reduced to 7, <« 7} so that the dipole relaxation time is long
enough to prevent movements at low temperatures. At this stage, it can be said that the
dipoles are “frozen” and statistically aligned with the applied field. After reaching 7,
(the liquid nitrogen temperature, in our experiment) the field is removed and an elec-
trometer is connected to the sample (third step). After the initial capacitive discharge in
the sample, it is heated at a constant rate b = d7/dt, and the current is recorded as a
function of temperature in the final step of TSDC. The relaxation times become short
and a current depolarization 7 (7) is detected when the dipoles lose their preferential
polarization orientation. During the time in which this process occurs, the current first
increases exponentially, and continues increasing until a maximum value is reached;
and then falls rapidly as Figure 2 illustrates. The physical process of TSDC measure-
ment and behavior of dipoles presented in each step of the technique are also in Figure
2.

Previous to the measurement, the faces of the samples in contact with the electrodes
are painted with silver paint to improve electrical contact for the application of electric
field. The sample is polarized initially at room temperature and, after a first step to
identify the TSDC peaks, the polarization is made near the peak of TSDC and an elec-
tric field is applied for a predetermined period of time in order to reduce the lattice
contributions. After that time, the cryostat walls are put in contact with liquid nitrogen
to produce a rapid temperature decrease. When the sample reaches a temperature of
approximately 77 K, the electric field is turned off. The same terminal is connected to
an electrometer that will measure the depolarization current. When the current is stabi-
lized, the sample is heated at 6 K/min, up to 300 K. The polarization electric field is
about 1.4 kV/mm value that considers the thickness of the sample.

E E E
Ep 1
(1) (2) ) “)
i i : Ti
T i i 1 ime
i Tp M
| i ' Time
5 /\TSDC band
= v v ' Time
AN I 0 v A I Ve
4 7 7/ T Va4 B A
75N ! 22 ' I” T ! 17,

Figure 2. Physical process of TSDC measurements and behavior of dipoles.

884

K
0:52: Scientific Research Publishing



N. M. Trindade et al.

In measurements of photo-induced TSDC, the process is quite similar to the TSDC
one. The scheme and steps of this method are shown in Figure 3. We have used two
different methodologies to illuminate the sample, as explained next.

In the first process (i), in Figure 3, after the application of the electric field at a given
polarization temperature (2), the temperature is decreased rapidly to a temperature
close to 77 K (3). After removing the applied electric field, a laser beam is shined on the
sample for a given time (4). The laser beam is removed and the temperature is in-
creased at a constant rate, as usual. In this case, it is considered that the dipoles are al-
ready oriented and “frozen” when the laser is applied —~we investigate the possible effect
in this polarization direction with the incidence of laser beam in the material. In the
second case (ii), in Figure 3, when the sample reaches a temperature close to 77 K (2),
the electric field is applied together with the laser beam, but for different intervals (3)
and (4). After removing the laser beam, the temperature is increased at a constant rate.
In this case, it is considered that the dipoles are randomly oriented because they had
not yet been “frozen” without the application of a previously bias field. This way, we
seek to investigate the effect on these dipoles and if their orientation in these same con-
ditions is possible with the absorption of photons of the laser beam.

The TSDC equipment makes use of a Janis Research VPF-100 model cryostat pro-
vided with transparent windows, high voltage source Keithley 248 High Voltage Supply
model, a Lakeshore 321 temperature controller model, an electrometer Keithley 6517A
model and a turbomolecular pump system Boc Edwards GI, 70H/E2M1.5/Ticcart mod-
el. The measurements were made using an automatic acquisition system data, the
USB-6008 board 12-bit, 10 kS/s Multifunction I/O and NI-DAQmx software. To carry

out the photo-induced TSDC measurements, an argon laser was used with beam di-
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Figure 3. Scheme of photo-induced TSDC measurements, indicating the methods used: process i
and process ii.
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rected to the sample by means of lenses and mirrors. Chemical analyses were per-
formed using Scanning Electronic Microscopy (SEM), the Energy Dispersive (EDS) and
Spectroscopy Wavelength Dispersive (WDS) techniques. The Argon laser emissions
(Spectra 2017 model), with energy hv = 2.51 eV, were used in the photoluminescence
excitation and TSDC measurements. The light emitted by the sample is sent to the
spectrometer and then to a detector due to the energy region where the measurement
was made. The entire system is connected to a computer that controls the spectrometer

and processes the data.

3. Results and Discussion

3.1. Chemical Analysis

Table 1 shows the results of two techniques (EDS and WDS) used to obtain the con-
centration of iron, aluminum and chromium contained in the sample. Both the tech-
niques do not detect Be element due to its atomic number (smaller than 8).

The environment, the temperature and other important parameters of the natural
materials forming process also influence the various types of impurities which may be
incorporated in bulk rock, such as K, Si and Ca. The Table 1 results show that iron
concentration is substantially larger compared to chromium. Moreover, iron can also
be related to the color of alexandrite [17]. It is of great importance to highlight the
presence of Fe, which is verified due to the presence of inclusions in natural alexan-
drite. According to Weber et al [17], based on chemical and geometric arguments, it is
assumed that, in alexandrite originated from Russia, the Fe** ion replaces Al in octahe-
dral sites in the structure once the tetrahedron Be site is too small for such replacement.
It can also occur the replacement of AP’* to Fe** with the locally distorted octahedral
coordination and expanded in accordance with the large ionic radius of Fe** (0.750 A)
compared with AI** (0.535 A). Thus, the charge is compensated by the presence of Ti
tetravalent in the alexandrite. Both bivalent and trivalent iron in different Al positions
has a certain preference for the wider site, Al,. Furthermore, a refinement of the struc-
ture shows that most of the iron is trivalent, but a small amount of bivalent iron is also
detected, and that the incorporation of iron occurs in Al sites. In the TSDC measure-
ments, Fe bands are observed only in natural samples.

The Cr’* ions in Al, are responsible for the laser property and characterize the high
probability of electric dipole transitions. The transitions in the magnetic dipole type
Cr* ions in Al, do not significantly contribute to the photoluminescence of the material

and, furthermore, are excluded from the laser process, as well as reinforcing the non-

Table 1. Composition of natural alexandrite obtained through EDS and WDS analysis.

Element EDS (%WT) WDS (%WT)
Al 76.45 -
Cr 0.09 0.13
Fe 0.44 0.61
K2
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radiative processes, degrading the efficiency of the laser [6] [33]. For the photo-induced
electrical characterization it is necessary to verify that the material shows luminescence

in the same temperatures that occur polarization.

3.2. Photoluminescence

In the luminescence spectrum, the Cr** ions lines in Al, are called R; and R,, and the
Cr’* ions lines in Al are called S, and S,. Figure 4 shows the separation of R and S lines
both for the natural and synthetic samples. As experimentally verified and presented in
literature [34] [35], R, and R;lines appear in precisely the same wavelength at 680.4 nm
and 678.5 nm, respectively, in both spectra, absorption and emission at room tempera-
ture and are associated with transitions from the ground state to the “E level. In the
emission spectrum, the lines S, and S, appear at 695.8 and 689.9 nm positions as well as
in the optical absorption as narrow lines at 655.7, 649.3 and 645.2 nm.

Figure 4 shows the luminescence spectrum for synthetic and natural samples whose
transitions in the reflection site (R lines) are around 680 nm and 678.5 nm, in the in-
version site (S lines) are around 695.5 nm and 690 nm. The R line is assigned to the
forbidden *E > A, transition of Cr** [3]. The R lines in the emission spectrum are more
intense than the S lines because the spectrum is dominated by the transitions associated
with Cr** ions in Al, compared to Cr** ions in Al; [3] [23] [35]. This result was clearly
observed for the natural sample.
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Figure 4. Photoluminescence spectrum of synthetic and natural alexandrite with exposure to
argon laser (488 nm).
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3.3. Photo-Induced Thermally Stimulated Depolarization Current

Assuming that the source of the dipole is essentially the participation of Cr** ions, it is
interesting to analyze the results of photo-induced TSDC measurements because these
ions are responsible for emission lines in the photoluminescence spectra, and thus, we
seek to investigate a photo-excited influence on the bands of TSDC. Regarding to elec-
trical properties, according to the literature [4], the possible formation of dipoles in
alexandrite is related to its crystalline structure. The structure has the Al, and Al linked
sites, each one with six oxygen atoms, three of which are independent and symmetri-
cally designated O;, O, and Os. The simple aforementioned replacement of Cr** to AI**
in the structure would be able to cause the formation of dipoles. Nevertheless, the dif-
ference between the ionic radius AI** (0.535 A) and Cr** (0.615 A) in alexandrite can
trigger the dipoles. It is also likely that the presence of oxygen vacancies leads to the
presence of dipoles of impurity-vacancy type caused by different distances between Cr**
and vacancy. One last possibility is the presence of other structure intrinsic defects, es-
pecially in the case of natural samples. The TSDC measurements were taken with a
synthetic and a natural sample.

In photo-induced TSDC we used a high quality synthetic sample. The sample had al-
ready been polished and its faces parallel to each other, through which the electric field
is applied. The sample was polarized for 7 minutes at room temperature with a 3300 V.
We chose to carry out the process (i), photo-induced TSDC. The measurement was re-
peated twice with exposure to argon laser, for equal periods of time, but with different
powers, as shown in Figure 5.

In Figure 5, TSDC curve for synthetic sample shows a broad band with maximum
intensity around 170 K. We believe that above 230 K the results are not related to the

effects of dipolar relaxation. It is likely that bands at these temperatures are due to a
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Figure 5. TSDC and photo-induced TSDC data for a synthetic sample, with exposure to argon
laser (488 nm), in process i.
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contact effect. It can be concluded from Figure 5 that the increase in the laser power,
leads to the process of “destruction” of dipoles, as be the main band has a decreased
area, which is the quantity related to the number of oriented dipoles. To that extent, it
is also clear that the dipolar relaxation can occur by photo-excitation, and not only by a
thermal process, which is also a process dependent on the power of the laser used.

In the case of a natural sample, it is important to determine the dependence of the
relaxation dipolar process with the electric field the TSDC measurement. It was per-
formed for four different values, 800 V, 1000 V, 1200 V and 1400 V, shown in Figure 6.

In Figure 6, for natural sample, it can be seen that the area under the TSDC curve is
proportional to the applied field, according to the picture inserted. The graph is consis-
tent with the dipolar relaxation theory, with increasing voltage applied, there are an in-
creased number of dipole relaxations, and, in turn, curves become more defined and
the maximum intensity of current increases.

As for the synthetic sample, polarization was carried out similarly in natural samples,
including the length of polarization time. Nevertheless, a 1400 V voltage value was ap-
plied in accordance with its thickness. In addition to analyze the consequences of pho-
to-excitation, the photo-induced TSDC, process i and ii were performed. Figure 7
shows obtained result.

The photo-induced TSDC results, for same natural sample, it can be seen in Figure 7.
In process i (Figure 3), an intense band with its maximum at around 175 K is observed.
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Figure 6. TSDC data for a natural sample, with application of four different voltages. The inset
shows the linear dependence of TSDC maximum peak intensities with applied voltage.
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Figure 7. TSDC and photo-induced TSDC data for a natural sample, with exposure to argon la-
ser (488 nm), in processes i and ii.

A comparison can be drawn between the power required to destroy the TSDC band in a
natural and in a synthetic sample. The natural sample band at around 175 K disappears
even with lower laser power (200 mW), whereas, the synthetic sample requires a larger
power to do so. The process ii (Figure 3) was carried out using the same conditions, it
is observed that this method promotes TSDC band for this sample with an intense band
around 230 K. We are convinced that this orientation of dipoles in low temperature (77
K) by the laser light is possible, because of the synergism of the photon energies of the
laser beams together with the applied electric field. Interestingly, it can be seen in these
results that TSDC bands for natural samples are better defined and more intense at the
maximum temperature than for synthetic samples. To understand these results, one
should consider that in the natural samples there is presence of Fe** ions observed in
optical absorption measurements in the spectral region of ultraviolet, and other addi-
tions such as OH and SiO, can be seen in optical absorption measurements in the spec-
tral infrared region [2]. These inclusions may lead to dipolar relaxation in the same
temperature region, which is a Cr** and vacancy characteristic. Consequently, the
TSDC band for these natural samples can be observed as a superposition of other bands
of TSDC.

Regarding photo-induced measurements, it was observed that the process of destruc-
tion of TSDC bands in natural sample occurs more noticeably than in the synthetic one,

which has dependence on the power of the applied laser. This result is in agreement
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with previous work [36] when it done to synthetic samples, and should contribute to
the interpretation of results in natural samples presented in the literature. Also accord-
ing to these authors, it is suggested that this process of destruction of TSDC bands does
not occur for natural samples for they have irregular faces causing scattering of the light
incident on it. Nonetheless, this work presents unprecedented results of destruction of
bands in such samples. A small band around 280 K was also observed, which apparently

is not influenced by laser presence and may be associated with contact effect.

4. Conclusions

The present work demonstrates that the material presents electric dipole relaxation
phenomenon, both in natural and in synthetic samples. In this study, it was assumed
that Cr** ions form dipole defects in the material. Chemical analysis of natural samples
showed a large concentration of Fe in the material, predicted to be present in the Al,
site, which can interfere in the obtained results.

It was possible to observe TSDC bands for synthetic sample, around 170 K, and
around 175 K in natural sample. The TSDC experiment was performed with modifica-
tion using an argon laser source, method called photo-induced TSDC. It was observed
in the results that when the (i) process is carried out, the destruction of the TSDC band
occurs in synthetic and natural samples. That way, you can disorient the dipoles at low
temperature (77 K) and, consequently, most likely destroy TSDC bands at the temper-
ature they occur, and to the synthetic sample it was found that there is a laser power
dependence on the effective destruction of these bands. The result of the (ii) process
shows that the incidence of the laser beam provides a more effective orientation of di-
poles and, consequently, an increase in the intensity of TSDC band if compared to the
situation without laser beam in natural samples.

These results of photo-induced TSDC suggest that there is an effective participation
of Cr** ions in the formation of TSDC bands. This statement comes from the correla-
tion between the measurements of electrical characterization and optical characteriza-
tion of alexandrite. This is possible because the photoluminescence measurements con-
firmed the presence of Cr** emission lines with the incidence of the same laser used in
photo-induced measurements. Another interesting fact was that the TSDC bands were
more intense when the sample was exposed to the laser beam, thus promoting greater
orientation of dipoles related to the presence of oxygen vacancies associated with Cr**,
and change local load due to substitution of AI’* sites by Cr** ions.

Future efforts will be directed to thermoluminescence (TL) investigations of natural
alexandrite. Thermoluminescence is the thermally stimulated emission originated from
energy that was previously stored in the crystal during exposition to ionizing radiation.
Initial measurements show that the alexandrite sample exhibits the TL peaks and it is

likely that Cr** ions have an important part in this process.
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