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Thermally stimulated depolarization current (TSDC) measurements were carried out for SiO
2
 in the 

amethyst form, aiming to investigate the relationship of observed current with relaxation phenomena 
related to quartz impurities. In addition to TSDC conventional dark procedure, photo-induced TSDC 
was also carried out, where the exciting light came from an Ar+ laser, tuned either at 488 nm or at 
541 nm. X-ray diffraction and optical absorption measurements were used as complement for the 
interpretation of TSDC data. Optical absorption data, mainly in the range 400-700 nm, allow identifying 
the characteristic bands of amethyst as well as to relate them with TSDC and photo-induced TSDC 
data, leading to a relationship between absorption bands and light irradiation with selected wavelengths. 
These results allow determining how the formation of a TSDC band in the range 220-260 K, is affected 
by the light absorption, modifying the formation and the dipole orientation distribution in the samples. 
Results also help the verification of defects formed by Fe3+ or Fe4+ ions in the amethyst structure, as 
well as suggest that these defects, besides the participation in the amethyst structure as color centers, 
also play a role in the formation of TSDC bands, contributing for the observed effect of monochromatic 
light irradiation on these bands.
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1. Introduction
Raw quartz is one of the main sources of materials for 

microelectronic and other high technology industries such 
as advanced glasses plants and optical fibers units, besides 
piezoelectric devices used in telecommunications1-4. Due 
to its large variety and geological origin, Brazilian quartz 
causes great scientific interest. Since the Second World War, 
Brazil has become one of the greatest suppliers of this raw 
material. The violet coloration of Amethyst is one of the 
most appreciated and prized of quartz. There are reports 
on Amethyst use since the birth of civilization, where 
this mineral comes from Egypt, Southeast Asia, and West 
Europe3. Although it presents a high economical relevance, 
there is little scientific background on the natural reserves5, 
and, thus, this material represents a great potential to be 
explored.

The impurity incorporation is directly related to 
the mechanism of growth and geological formation of 
the natural crystal and, its utilization as precursor of 
quartz-based technological devices is strongly dependent on 
the existent defects. Developing knowledge on the nature 
and properties of impurity defects in quartz is a great help 
towards the applicability of the raw stone6.

The main goal of this work is to apply the thermally 
stimulated depolarization current (TSDC) technique on 
Amethyst samples, in order to understand the rules of 
formation and charge of defects on the material properties. 
This technique has been widely used to investigation of 
dipole-like defects in several types of materials, such as 
ionic solids (Alkali halides films and bulk, for instance 
KCl doped with metallic impurities), polymers, oxides and 
semiconductors7-10. The basic principle of this technique 
is the polarization of dipole-like defects, whose directions 
are originally randomly distributed throughout the material, 
which are frozen down by temperature lowering, followed 
by the removal of the applied bias, which leads to a recorded 
electric current. In this communication, along with this 
technique, a photo-induced TSDC is also applied, in order 
to understand the dipole formation in Amethyst. X-rays 
diffractograms and optical absorption spectra are also 
presented, helping the interpretation of TSDC data.

2. Experimental
The samples used in this work are Brazilian amethyst 

from the Minas Gerais state. The raw stone was cut to pieces 
in the form of small plates 1 mm to 2 mm thick, according 
to its utilization.
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X-ray diffraction (XRD) data for amethyst samples 
were obtained with a RIGAKU diffractometer, model 
D/MAX-2100/PC, using CuKα radiation (1.5406 Å) and 
a Ni filter for elimination of Kβ radiation. It was used the 
X-ray powder diffraction technique and the scanning rate 
was 1°/min in the range 20° to 80°.

Optical absorption spectra were obtained in the 
range 200 to 900 nm, through a Varian spectrophotometer 
model 1 G.

For thermally stimulated depolarization current (TSDC) 
and photo-induced TSDC it was used a Janis cryostat 
coupled with a liquid nitrogen reservoir for cooling and a 
resistive element for heating. The perfect balance between 
these thermal actions, assured by a Lake Shore controller, 
allows a perfect control in the linear heating rate. The 
pressure for application of bias is lower than 10–6 torr, 
which was obtained with the help of a turbomolecular 
pump (Edwards). The sample polarization was done with 
a High Voltage Supply Keithley, model 248. The practical 
relationship: V

p
 = 1.38 × 104 × e gives the adequate voltage 

to be applied, where Vp is the applied voltage, and e is 
the thickness (cm) of the sample, in the bias direction. 
For the sample thickness used in this work, it yields 
about 1500 V, which was the actual value applied in most 
of our experiments. The electric field generated from the 
application of this voltage was also evaluated, considering 
the sample dimensions.

Usually the voltage is applied for 5 to 10 minutes, 
which was done at a previously determined temperature, 
before finishing the sample cooling down process. The 
used heating rate for TSDC measurements was 5 K/min. 
For photo-induced TSDC, it was used a Ar+ laser of Spectra 
Physics, model 2017, which was tuned at 488 nm or 541 nm, 
depending on the measurement, and laser power was varied 
from 250 mW to 610 mW. Appropriate lenses and mirrors 
were used to direct the laser beam to the sample.

3. Results and Discussion
Figure 1 shows X-ray diffractogram for an Amethyst 

sample previous and after a thermal annealing (T.A.) at 
1000 °C, for 30 minutes. For the thermally treated sample, 
the heating rate was 10 °C/min and the cooling down 
follows the natural exponential law. The labeled peaks 
refer to alpha quartz, according to file PDF 89-8934 of the 
ICDD/JCPDS11. The thermal annealing did not lead to peak 
shift, but to a slight intensity variation. Besides, the relative 
intensity of some peaks are varied, for instance the peak 
concerning the (110) direction increases, whereas the peak 
related to (112) direction decreases. It may be interpreted as 
a material texture variation. No other material structure was 
detected by the X-ray diffractogram, such as iron clusters, 
which means that this ion is dispersed in the Amethyst 
crystalline structure and, as widely known, is responsible 
for some of its properties.

Figure 2 shows optical absorption spectra of natural 
Amethyst samples in the form of a small uncut stone and 
also in the form o small plates, with thicknesses labeled in 
Figure 2. No thermal annealing was carried out for these 
samples. It is possible to distinguish absorption bands 
about 220, 355 and 550 nm. In the inset of Figure 2, the 

range 400 to 700 nm is shown, in order to highlight the 
band around 550 nm (green-yellow). For the analyzed 
samples, it is easily seen that the absorption is directly 
proportional to the thickness, as expected, besides there 
is some influence of surface regularity and color. Then, 
the optical density depends on the concentration of Fe3+ 
and Fe4+ impurities, which are the ions responsible for the 
color center formation12,13. In the Amethyst structure, the 
Fe3+ ion is located at an interstitial position of quartz positive 
rhombohedra, being ionized to Fe4+, which is a defect in the 
structure, the color center. This defect is responsible for 
the absorption bands in the green-yellow range, allowing 
the transmittance of ultraviolet, blue and red wavelengths, 
giving birth to the violet Amethyst color10. Optical 
absorption spectra and electron resonance paramagnetic 
resonance (EPR) are the basis for the determination of the 
uncommon Fe4+ oxidation state14. There is some controversy 
concerning the Fe4+ location, which could be substitutional 
to Si4+[14], or interstitial12. Independent on the ion position 
there is a good agreement that Fe is the main responsible 
for the Amethyst color, and that the absorption bands 
are characteristic of its influence. The bands reported 

Figure 1. X-ray diffractogram of a natural Amethyst sample 
previously and after a thermal annealing at 1000°C. Labeled 
directions refer to PDF-8934 file (alpha quartz).

Figure 2. Optical absorption spectra on natural amethyst for an 
uncut gemstone and pellets with two distinct thicknesses. Inset: 
400-700 nm range for better visualization.
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on Figure 2 are in good agreement with this attribute. 
Fe3+ impurities are present in low concentrations and have 
lesser influence on the color varieties of quartz, but it can 
be important precursors of color centers, for instance, 
when oxidized to Fe4+[13]. Analysis of other impurities, for 
instance Aluminum15, does not lead to a relationship with 
the observed absorption bands, enlarging the idea that most 
of absorption bands characteristics of Amethyst come from 
iron impurities16. This idea is associated with the similarities 
between color centers and iron optical transitions.

As it will be seen, results of thermally stimulated 
depolarization current (TSDC) reported here are optically 
influenced by excitation with laser lines, associated with 
the optical absorption bands. Photo-induced TSDC bands 
present a different behavior when the excitation line used 
is close to the absorption band about 550 nm, or when the 
sample is excited with the 488 nm line.

Concerning TSDC results, there is some shift on 
the location of the main band, because we are dealing 
with natural samples. However, all the bands are located 
between 200 and 270 K, and for the reported sample, 
its TSDC band is located around 225 K. In order to find 
out the best temperature to bias the amethyst sample, the 
TSDC procedure was repeated several times, changing 
the polarization temperature. Some of these results are 
summarized in Figure 3. For all of these four measurements, 
the capacitive discharge time (tdc) was 30 minutes, 
the temperature raising rate (b) was 5 K/min and the 
polarization voltage (Vp) was 1500 V. There are two curves 
practically overlapped, which correspond to measurements 
with a 1.1 mm thick sample, done with polarization at 
295 K (room temperature), but varying the polarization 
time. Measurements shown with the other two curves 
correspond to a 1.3 mm thick sample, where a volumetric 
contribution is detected due to an increased current value. 
When the polarization was done at room temperature, there 
was freezing out of all sorts of impurities. The sample 
heating at fixed rate led to a current increase starting at the 
beginning of the band (about 170 K), but no decrease was 
observed and the current increased until room temperature. 
The polarization was also carried out at 220 and 250 K, as 
shown in Figure 3. The first one corresponds to the beginning 
of the band and the second one is an approximated value 

where, when the polarization is done at room temperature, 
there is a tendency to ending the current growth. This last 
polarization temperature was chosen to verify if surface 
charge or impurities contribution had their effect separated 
from the main band. For all of these measurements, only the 
current growth was observed, although a slight tendency of 
band formation could be observed, mainly for polarization 
at 220 K, which means that it was observed a shoulder 
about 250 K, indicating the probable formation of the TSDC 
band, but no current decrease was observed. It reinforces the 
hypothesis of polarization of all sorts of dipolar impurities 
besides the Fe3+ and Fe4+ based dipoles. The overall result is 
that the main band is masked, and cannot be unequivocally 
identified. However, this result helps to determine a better 
temperature for the sample polarization. Biasing the sample 
at 170 K (beginning of the curve), leads to what is called 
“peak cleaning”, where secondary impurities and surface 
charge are already frozen at original positions and do not 
influence the current during temperature increasing. It 
is important to mention that when the temperature was 
decreased with the polarization applied for some time 
at 170 K, usually 10 minutes, the TSDC peak was higher and, 
then, this was the used procedure for the results reported in 
this paper. Considering that even for the polarized sample, 
the dipole direction distribution is a statistical function, 
this polarization time allows that the dipoles be statistically 
oriented by the electric field before the depolarization 
process, which takes place with temperature increasing.

Figure 4 presents TSDC results for natural Amethyst 
with distinct polarization voltage at 170K for 10 minutes. 
There is clear dependency between the magnitude of applied 
bias and depolarization current. This dependency leads to 
a linear relationship between the TSDC band peak and the 
applied voltage, as can be seen in the inset of Figure 4.

Figure 5 shows photo-induced TSDC, for the same 
sample of Figure 4. Illumination was done at 77 K for 
5 minutes, after removing the electric polarization. As 
observed in Figure 5, the band is affected in its magnitude 
but not in its position. Measurements were taken using an 
Ar+ laser adjusted in two distinct wavelengths: 488 nm 
and 541 nm. The latter is very close to the absorption peak 
about 550 nm (Figure 2). Independent on the used line for 

Figure 3. TSDC measurements obtained by polarizing the amethyst 
sample at different temperatures.

Figure 4. Formation of TSDC band and dependency with 
polarization tension (V

p
). Inset: TSDC peak as function of V

P
, 

showing linearity.
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excitation, the variation of laser power leads a decrease of 
the band intensity with laser power increase. For the same 
laser power (250 mW or 500 mW) the TSDC current peak 
is lower for excitation with 541 nm (lower energy) when 
compared with excitation with 488 nm. The effects of light 
incidence with these selected energies are evident, causing 
some perturbation on the polarized dipoles, which are 
metastably and statistically oriented by the electric field.

Table 1 shows the influence of laser power at 
wavelengths of 488 nm and 541 nm on TSDC peak current, 
and the area under the TSDC band, for fixed bias voltage 
of 1500 V (electric field of 1.15 V.m–1). The total charge 
Q released by the depolarization process is proportional to 
the number of dipoles (N) in the bulk17,18. As seen in Table 1 
the light irradiation decreased the number of such dipoles. 
Some data listed in Figure 1, can be better visualized in 
Figure 6, where the TSDC peak is shown as function of 
laser power and the area under the TSDC curve is shown 
in the inset.

Considering φ as representing the average value of 
dipole inclination angle, measured to the direction of 
application of the electric field (which can be determined 
through a Boltzmann distribution)17, when the dipoles are 
randomly oriented throughout the sample, φ is about 90°, 
which means the dipoles are in thermal equilibrium. The 
electric field rotates these dipoles, taking them to a high 
energy position, which is metastably kept by the bias. 
Temperature decrease freezes the dipoles in biased positions 
and the temperature increase provides enough thermal 
energy for the dipoles overcome the activation barrier 
and return to its original position, randomly distributed 
throughout the Amethyst sample. The dipole potential 
energy (U) is related to the activation energy, which depends 
on the dipolar moment. In other words, for the maximum 
alignment of dipoles with the applied electric field, φ is zero 
and U will have its maximum value.

The monochromatic light interacts with the oriented 
dipoles, probably shifting its orientation distribution related 
to the electric field direction, changing the value of φ, and, 
thus the energy U. Then, the area under the TSDC band is 
decreased, because the charge displacement is lower, giving 
birth to a current of lower intensity. Table 1 also shows 
this effect, for instance, when the excitation line is kept 
at 488 nm, the area under the TSDC curve is reduced 19.1%, 
with power of 250 mW, and 32.9% for 500 mW, both 
compared to the dark value.

Comparing the TSDC curves shown in Figure 5, for 
illumination with the 541 nm line, the area reduction with 
laser power of 250 mW was 38.3%, which can also be 
verified in Table 1. It means a more pronounced reduction 
compared with illumination with 488 nm, even when the 
power is twice the used value in this case (500 mW). This 
is expected, because 541 nm is very close to the recorded 
absorption band of Amethyst (550 nm – Figure 2). The area 

Figure 6. Photo-induced TSDC current peak as function of laser 
power. Inset: Area under the TSDC band as function of laser power. 
In this figure, the straight lines are drawn only as a guide to the eyes.

Figure 5. TSDC data in the regular procedure and photo-induced 
with an Ar+ laser, where two distinct laser lines and several laser 
powers are used.

Table 1. TSDC current peak (I
max

), temperature at I
max

, FWHM and area under the TSDC band, for fixed bias voltage of 1500 V (electric 
field of 1.15 V.m–1), and variation of laser Power at 488 and 541 nm.

Measurement λ (nm) Imax (pA) Tmax (K) Full width at 
half maximum 
(FWHM) (K)

Area under TSDC 
band (a.u)

Dark 488 4.4 225 25.1 148

250 mW 488 3.6 220 21.4 120

500 mW 488 2.9 220 26.2 99

Dark 541 4.4 225 25.1 148

250 mW 541 2.4 220 31.2 91

500 mW 541 1.8 225 30.5 68

610 mW 541 1.1 220 26.6 43
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slight relative variation of peak magnitude is detected for the 
sample submitted to thermal treatment. X-ray difractograms 
did not allow detecting impurities clusters.

The optical absorption spectra allowed distinguishing 
bands about 220, 355 and 550 nm, which are directly 
proportional to the thickness, surface regularity and color. 
This absorption bands are in good agreement with previous 
reported results concerning the Fe attributes, since the 
optical density depends on the concentration of Fe3+ and 
Fe4+ impurities. The Fe3+ ion is located at interstitial position 
of quartz positive rhombohedra, being ionized to Fe4+, 
becoming a color center, responsible for the absorption 
bands in the green-yellow range.

Concerning TSDC results, biasing the sample at the 
170 K, secondary impurities and surface charge are already 
frozen at original positions and did not influence the current 
during temperature increasing. Then, a TSDC band was 
observed due to the dipoles orientation by the electric field, 
before the depolarization process, which takes place with 
temperature increasing. The effect of light on photo-induced 
TSDC bands was basically to destroy the distribution of 
polarized dipoles throughout the samples, decreasing the 
sample magnitude of TSDC bands. This current decrease 
may be summarized as dependent on two factors: laser power 
and wavelength. Excitation with wavelength (541 nm) close 
to absorption band (550 nm) leads to a much more effective 
destruction of the polarized dipoles, which contributes for 
the TSDC band, when compared to the laser excitation 
with wavelengths far from the absorption bands. In natural 
Amethyst, the Ar+ laser action does not contribute for 
the formation of any sort of dipoles, even for rather high 
operating power.

The results shown in this paper help the interpretation 
of photo-induced electrical characteristics of Amethyst, 
aiming the contribution of this raw material for technological 
innovation based on photo-interacting electric devices.
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reduction with 541 nm laser line in comparison with the 
non-irradiated TSDC band, for laser power of 500 mW and 
610 mW is 54.0% and 71.1%, respectively.

On the other hand, the width at half maximum height 
(FWHM) does not lead to similar conclusion of the area 
under the curve, because no linear dependency with laser 
power or incident light energy is obtained, unlike the area 
under the curve. As can be seen in Table 1, FWHM may 
even increase for lower areas. It seems that higher current 
peaks cause a narrowing of the band, which means that the 
charge movement during the depolarization process is not 
related with the FWHM value.

When a different procedure was used with laser 
application, with the sample being irradiated since T

P
 

(170 K) until 77 K, the form of TSDC band was identical 
to the observed curves shown in Figure 5. It means that 
the laser does not promote dipolar disorientation when the 
applied bias is still present in the sample, suggesting that the 
electric field is much more relevant than the laser action on 
color absorption centers linked to iron impurities. Using the 
laser as a bias factor, instead the electric field, it did not lead 
to the formation of a TSDC band, and the current remains 
only with its background noise value during the whole 
temperature increase process, suggesting that at least for 
the incident energies used, the laser is not capable of cause 
any sort of dipole alignment.

In summary, it may be stated that photo-induced TSDC 
bands are dependent on two factors: laser power and 
wavelength. A combination of these two parameters causes 
a higher or lower influence on the TSDC curve. Excitation 
with wavelengths closer to absorption bands may lead to 
a much more effective destruction of the polarized dipole 
distribution, than when the laser is operated in wavelengths 
far from the absorption bands. In Amethyst, the Ar+ laser 
action does not contribute for the formation of any sort of 
dipoles, even for rather high operating power.

4. Conclusion
X-ray diffraction results reveal alpha quartz as the main 

structure of the natural stones of Brazilian Amethyst. This 
result is independent on thermal annealing, even though a 
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