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Introduction of modern technologies and methods and quality analysis for the gemstone industry are the main strategic initiatives
of the Small and Medium Development Authority (SMEDA) of Pakistan. In this regard, four natural gemstones Quartz, PyropeAlmandine Garnet, Black tourmaline, and Amethyst brought from Hunza valley Pakistan were analyzed by state-of-the-art
spectroscopic techniques including EDX, UV-VIS, and FTIR spectroscopy. EDX revealed the traces of Fe, Mg, and Ca in PyropeAlmandine garnet, Mg and Fe in Black tourmaline, Au and Ca in Amethyst. UV-VIS data revealed the values of Urbach energies
520, 210, 460, and 430 meV, and the values of direct bandgap energies 5.14, 6.12, 5.54, 5.74 eV, respectively. The higher structural
disorder due to the presence of Fe and other impurities in stones except Quartz was attributed to the higher values of Urbach
energies and decrease in band gaps: FTIR data Fe-O and Si-O stretching vibration in Pyrope-Almandine garnet, Si-O bending
vibrations and O-H stretching vibration in Quartz, Si-O-Si bending and stretching vibrations and C�O stretching vibrations in
Black tourmaline, Ca-O stretching vibrations and Si-OH weak-vibrations in Amethyst. Photoluminescence results also showed
useful information in investigating the properties of gemstones.

1. Introduction
Mineral deposits play a vital role in the economic development of a country, and in this regard, Pakistan is well
known for its abundance of natural resources and beauty.
Especially northern and northwestern areas are rich with
minerals incorporating precious and semiprecious gemstones. Of particular importance, these areas are blessed
with huge reservoirs of ruby, sapphire, spinel, emerald,
Quartz, topaz, tourmaline, and aquamarine. The aforementioned types/classes of gemstones have great signiﬁcance due to their wide use in jewelry, as well as in
electronic, instrument, and scientiﬁc tools. It is, therefore,
necessary to identify and distinguish natural gemstones
from their synthetic counterparts to avoid the imitation of
natural ones. Most of the gemstones are colorless in nature
and they are colored by some trace elements as impurities.
These trace elements can serve as ﬁngerprints for the
identiﬁcation and provenance of gemstones. Identiﬁcation

of gemstones has signiﬁcant value for the commercial trade
of natural gemstones. Therefore, a robust qualitative and
quantitative analytical technique is required for distinguishing synthetic and natural gemstones. In this regard,
refractometers, polariscopes, hand spectroscope, and microscopes were being used in gemstones identiﬁcation in
the past. Nowadays, most sophisticated techniques like
ultraviolet visible (UV-VIS) spectrometer, Raman spectroscopy, infrared spectroscopy, electron dispersive X-ray
spectroscopy, and X-ray ﬂuorescence (XRF) are used for
detail qualitative and quantitative analysis of natural
gemstones in order to separate them from their artiﬁcial
counterpart [1–4].
The color of the natural gemstones is the basic factor for
determining the quality and commercial signiﬁcance, and
there are multiple factors for the origin of these colors in gem
minerals [2, 5–7]. Geologists have identiﬁed the following
ﬁve mechanisms which are responsible for the color of
gemstones [8–10].
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(i) Disperse metal ions causes the color in the gemstones. Illumination of dispersed metal ions by a
light source absorbs certain wavelengths and can
cause the electrons to jump to some temporary
higher state. Luminescence is emitted as energy
from electrons and confers color to the gemstones.
The recognition of the ion is not the only factor that
can aﬀect the color of gemstones; other factors like
the valence state, nature of neighboring atoms, and
ion coordination also take part in coloration in
gemstones.
(ii) When the absorption occurs, then electrons jump
from one atom to another atom that causes the
coloration of the gemstones.
(iii) Irradiation of gemstones can aﬀect the metal ions
and change their oxidation state along with the
color center.
(iv) Absorption can be occurred due to the transition of
energy bands that can cause the color.
(v) Phenomena like interference, scattering, diﬀraction,
and inclusion can change the color of gemstones.

In order to have fully explored the nature of scientiﬁc
phenomena responsible for giving color to gemstones,
various spectroscopic methodologies including UV-VIS,
FTIR, XRD, XRF, EDX spectroscopy, are used [11–13]. In
this regard, Kassem et al. [14] have characterized the Quartz
sample (milky color) belonging to a wadi of the eastern
desert of Egypt, i.e., Araba, while using a number of techniques including SEM, XRD, UV-VIS, FTIR, XRF, and
inductively coupled plasma-optical emission spectra (ICPOES) and electron spin resonance (ESR) technique to assess
the radiation treatment eﬀect on the color of Quartz. The
FTIR spectra results revealed the increased absorption bands
for [Al- OH/Na]+ and [Al-OH/Li]+ on irradiation. UV-VIS
spectra reveal an increase in bandgap properties on irradiation while ESR spectroscopy has shown a signiﬁcant
increase in peak intensity. Although Kassem et al. [14] have
used many techniques, unfortunately, the correlation among
the results of diﬀerent experimental techniques is missing to
have a solid conclusion. In another study, Branca et al. [15]
utilized the SEM, XRD, Raman, and FTIR spectroscopy for a
qualitative investigation of ﬁve types of emerald samples
from diﬀerent localities. They have used the Gaussian
deconvolution for the identiﬁcation/quantiﬁcation of OH
and Si-O contents while ﬁguring out the hidden peaks in
3400–3800 cm−1 and 1000–1300 cm−1, respectively. In addition to peak deconvolution, they also used spectral differentiation for establishing the proper correlation for alkali
contents within the beryl channels. However, a major
limitation of this smart systemic approach is its narrow line
of investigation as far as the regime of the research area is
concerned, i.e., alkali contents. More recently, Izzo et al. [16]
have established a comprehensive information bank of 192
FTIR spectra of geomaterials for the mineralogical community. This data set oﬀers a robust tool for gemstone

identiﬁcation and classiﬁcation on the basis of properties
like color and inclusion, morphism (Iso and poly), anisotropy (optical), crystallinity index, H2O contents, and polyphysicity, etc. The associated functional groups were used
for the estimation of all the abovementioned properties.
However, still, more in-depth analysis is required to have a
precise qualitative and quantitative analysis of gemstones
from diﬀerent localities.
In this paper, characterization of four natural gemstones
including Quartz (colorless), Pyrope-Almandine Garnet
(purplish-red), Black tourmaline, and Amethyst (light
purple) brought from Hunza valley (Gilgit Baltistan) is
performed. All four precious ornaments are primarily
characterized with EDX spectroscopy for investigating the
trace elements. Subsequent to EDX, FTIR spectroscopy was
performed to identify the major functional groups in each
sample. In addition, UV-VIS spectroscopy is performed to
ﬁgure out the Urbach energy, direct and indirect bandgap
energies of each stone. Actually, the main theme is to explore
the electronic transitions responsible for the color origination and to develop the correlation among the electronic
properties with the molecular ones. Furthermore, a Photoluminescence study was carried out to further investigate
the trace elements and meaningful information about the
identiﬁcation of gemstones.

2. Experimental
2.1. Materials. Four natural gemstones which are investigated in this study are Quartz (colorless), Pyrope-Almandine
Garnet (purplish-red), Black tourmaline, and Amethyst
(light purple). These samples were brought from Hunza
valley (Gilgit Baltistan), Pakistan. The information about the
chemical composition of each stone is given below.
(i) Quartz is the most abundant mineral in the crust of
Earth and is found in tetrahedron form, and its
chemical composition is SiO2.
(ii) Pyrope-Almandine Garnet is a mixed variety of
pyrope and almandine garnet, and its general formula is (Mg, Fe)3Al2(SiO4)3.
(iii) Tourmaline constitute the supergroup minerals and
its general formula is XY3Z6 [T6O18][BO3]3V3W; In
which X can be Na, K, Ca, Pb+2; Y can be Li, Mg,
Fe2+, Mn2+, Cu2+, Al, V3+, Cr3+, Fe3+, Mn3+, Ti4+; Z
can be Mg, Fe2+, Al, V3+, Cr3+, Fe3+; T can be Si, B,
Al; B �B; V can be OH, O; W can be OH, F−, O2_.
Black tourmaline is a black color variety of tourmaline group, and its chemical formula is NaFe3[Al,
Fe]6[Si6O18][BO3]3[OH]3OH.
(iv) Amethyst is the purple color variety of Quartz and
its composition is the same as that of Quartz. The
purple color of Amethyst is caused by the traces of
iron impurities or other transition elements.
All stones have been used as received without any further
treatment.
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2.2. Sample Characterization
2.2.1. EDX Testing. For the observation of trace elements
within each stone, a small piece of each stone was crushed
and examined under the scanning electron microscopy
model JSM-5910 SEM (JEOL Company, Japan). The elemental composition of the samples was obtained through an
EDS analysis by utilizing Field Emission Gun of Scanning
Electron Microscope (FEG-SEM, SE-4300, Hitachi Co.,
Tokyo, Japan), which was equipped with an Electron Dispersive X-ray Diﬀraction (EDS) probe and a cathodoluminescent (CL). The accelerated voltage was 5 kV with
magniﬁcation between 2,000X to 70,000X.

where Eg is the bandgap energy and is either direct or indirect depending on the value of x, If x � 1/2, then the above
equation gives the values of the allowed direct transition, If
x � 2, then the above equation gives the value of indirect
transitions, and K is a constant within the given frequency
range.
For determination of direct and indirect transition, a
graphical approach is used, where extrapolation of linear
regions of [αh]]2 and [αh]]1/2 plots to Y axis � 0 on energy
axis give the values of direct and indirect energy bands gaps.
As α is proportional to the Kulekha–Munk function F(R)
given as follows:
[F(R)] �

2.2.2. FTIR Testing. The infrared spectroscopy (in total attenuated reﬂectance mode) of pure all stones was performed
in the laboratory by using Nicolet-6700 Fourier transform
infrared spectrophotometer (Thermo Electron Corporation,
Waltham, MA, USA) at a resolution of 4 cm−1 from
400 cm−1 to 6000 cm−1. The FTIR spectra were standardized
and signiﬁcant vibration groups were recognized and associated with the main chemical group. In order to reduce
the signal-to-noise ratio (SNR), spectra were taken from
three/four points and then averaged to have a single spectrum for each sample [17].
2.2.3. UV-VIS Testing. The stones under investigation were
tested on Perkin Elmer DRS setup Model Lamda 950
equipped with a 150 mm integrating sphere, which is
available at National Center for Physics, Islamabad, Pakistan. The reﬂectance measurements were carried out over
the spectral range 250–100 nm and further processed to
extract the spectroscopic and bandgap properties. The detail
of processing the reﬂectance data is given below.
The absorption coeﬃcients over the wavelength of interest are utilized for determining the Urbach energy and
bandgap energies (Eg) [18]. The value of absorption coefﬁcient at a particular wavelength is the ratio of absorption to
sample thickness and is represented as α, i.e.,
A
α� ,
d

(1)

where α is the absorption coeﬃcient, A is the absorption, and
d is the thickness of the sample.
For the calculation of Urbach energy which is denoted by
Eu, the following relation is used [all relevant ref].
α � α0 exp(h]/Eu ) ,

(2)

where α is the absorption coeﬃcient, h] is the photon
energy.
The slope of the ln (a) vs. h] plot in the lower photon
energy region is used for the calculation of Eu of each
sample. For the calculation of bandgap energies direct and/
or indirect, modiﬁed Mott and Davis as reported in the
literature [19, 20] is used.
x

αhv � Khv − Eg  ,

(3)

K (1 − R)2
�
,
2R
S

(4)

where [F(R)] is remission or Kubelka-Munk function
(KMF), R is reﬂectance, K is the absorption, S is the scattering from sample, respectively.
It is, therefore, used here for the calculation of Urbach
energy and band gap properties.
2.2.4. Photoluminescence Testing. Photoluminescence is the
process in which a substance absorbs electromagnetic radiation in the form of photons and reradiates photons.
Quantum mechanically, it is deﬁned as the excitation of
electrons to higher energy states and then relaxes to lower
energy states accompanied by emission of light. Photoluminescence spectroscopy measures the emission spectra,
which reveals only the lower energy features. In this study,
the gemstones were analyzed by Photoluminescence spectrometer DONGWOO OPTRONIC CO. Ltd. with a Laser
exciting wavelength of 325 nm.

3. Results and Discussion
Chemical analysis of samples was carried out by SEM/EDX
that revealed the concentration of each component element
and impurity traces. The results of EDX are tabulated in
Table 1 and it can be seen as follows:
(i) Traces of Ca, Mg and Fe in Pyrope-Almandine
Garnet
(ii) Traces of Mg and Fe in Black tourmaline
(iii) Traces of Au and Ca in Amethyst
(iv) No trace elements or impurity contents were observed in Quartz.
In UV-VIS spectroscopy, the sample is irradiated by an
ultraviolet and visible portion of the spectrum. When a
certain band of UV-Visible spectrum matches the certain
electronic transition of the sample, then it will be absorbed.
The absorbed energy of the electron must be equal to the
energy gap between the two levels; as a result of the
aforementioned electronic transition phenomena, an absorption spectrum is obtained, called UV-VIS absorption
spectrum. In the case of crystalline materials, the ultraviolet
region of the spectrum reveals the interesting features of
sample due the band to band transition. Among these
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Table 1: Concentration of impurities within the gemstones characterized in this study.

Gem stone
Pyrope-almandine garnet
Quartz
Black tourmaline
Amethyst

wt.%
A%
wt.%
A%
wt.%
A%
wt.%
A%

Au
—
—
—
—
—
—
4.68
0.53

Ca
1.09
0.60
—
—
—
—
0.66
0.37

Mg
3.63
3.31
—
—
1.49
1.27
—
—

Fe
20.00
7.94
—
—
8.98
3.35
—
—

Na
—
—
—
—
0.98
0.89
—
—

Al
10.57
8.59
—
—
19.24
14.84
—
—

Si
17.15
13.54
48.10
26.78
18.88
14.00
53.31
41.97

O
47.56
65.92
60.90
73.22
50.44
65.65
41.34
57.14

Note. Boron was not detected in Black tourmaline EDX spectra due to low X-rays energy.

features, absorption edge close to short wavelength is of
particular importance because this absorption is due to the
excitation of electrons from the valence band to the conduction band [21, 22]. This transition from valance-toconduction bands, i.e., absorption edge in the shorter
wavelength region, has meticulous importance in the ﬁeld of
electronic structure. In addition to such absorption in the
shorter wavelength or UV regions, the absorption in the
visible region is responsible for the coloration of an object,
and the color is the most attractive characteristic of gemstones that arise at diﬀerent wavelengths. In most of the
cases, transition metals (Fe, Mn, Co, Ni, Cu, Ti, Cr, V) are
responsible for the coloration of gemstones due to the absorption of visible light. These transition metals can be
present as part of impurities or as part of the chemical
composition of gemstones. The transition metals have the
partially ﬁlled d-orbital. When the wavelength having
suitable energy raises the unpaired electron to higher energy
states, the energy of such wavelength is completely absorbed
by electrons, thus giving the absorption spectrum in gems
due to d-orbital’s transition. These transition metals are
identiﬁed by the UV-VIS spectrum of gemstones in accordance with their speciﬁc absorption bands [23].
Figure 1(a) shows the UV-VIS spectrum of PyropeAlmandine Garnet in which absorption peaks of Fe were
observed in the visible region, Mg and Ca in UV region.
Following are the identiﬁed absorption bands in the UV-VIS
spectrum shown in Figure 1.
(i) The UV-VIS spectra of Pyrope-almandine garnet
revealed the absorption bands of Ca at 266, 243, 228,
and 205 nm, while Mg at 371, 336, 318, and 292 nm
and Fe at 701, 574, 507, and 426 nm.
(ii) The Iron band at 701 nm is assigned to 6A1g (S) ⟶
4
T1g (G) transition, the bands 574 nm and 507 nm are
assigned to 6A1g (S) ⟶ 4T2g (G) transitions, while
the band 426 nm is assigned to 6A1g (S) ⟶ 4A1g (G),
4
Eg (G) transition.
The EDX data shown in Table 1 and documented results
in the literature [24, 25] are in agreement with our ﬁndings.
Furthermore, the higher concentration of Fe, i.e., 20% by
weight within the matrix of this gem stone, is the reason for
the purplish-red color of Pyrope-Almandine Garnet (see
Figure 2). Shown in Figure 1(b) is the UV-VIS spectrum of
Quartz. It shows only one absorbance peak at 321.9 nm,

which belongs to SiO2 absorbance, thus complementing the
EDX results given in Table 1. From Figure 1(c), it was
observed that the UV-visible spectra of Black tourmaline
revealed the absorption bands of Mg at wavelengths of 263,
301, 340, 351, and 381 nm and Fe at 437, 469, 532, and
701 nm. The iron band 701 nm is assigned to 6A1g (S) ⟶
4
T1g (G) transition, the band 532 nm is assigned to 6A1g
(S) ⟶ 4T2g (G) transition, while the bands 469 nm and
437 nm are assigned to 6A1g (S) ⟶ 4A1g (G), 4Eg (G)
transitions, respectively. The spectrum of Amethyst is shown
in Figure 1(d), which revealed the absorption band of Au at
550 nm, which is assigned to 2Eg (2D) ⟶ 2T2g (2D) transition and the Ca bands revealed at 344, 309, and 272 and
256 nm. As impurities of iron changes the purple color to
Amethyst, but Amethyst used in this study has a light purple
color and revealed the weak absorption of Au impurities at
550 nm. Therefore, it means that very weak absorption of Au
in the visible region may cause the light purple color in
Amethyst, and thus, in this case, Au impurities cause the
light purple color in Amethyst. The results of EDX shown in
Table 1 are in total agreement with the UV-VIS
spectroscopy.
Urbach energies (Eu) or the optical activation energies of
the gemstone, which are calculated from UV-VIS absorption
spectra, are given in Table 2. Urbach energy was calculated
from the plot of ln[F(r)] (shown in Figure 3) on the y axis
versus the photon energy on the x-axis while calculating the
reciprocal of the slopes of the linear portion in the shorter
wavelength region. The reason for choosing the Kublekha
Munk function for the calculation of Urbach energy is the
linear dependence of F(R) on the absorption coeﬃcient α.
Urbach energy is among the important parameters as far as
optical transitions are concerned and has a correlation to the
structural disorder of the material under investigation. This
means that the higher value of Urbach energy reveals a low
crystalline structure while a smaller value reveals a higher
crystalline structure. Thus, Urbach energy indicates the
structural disorder or imperfection in materials. These
structural imperfections arise due to the formation of localized energy states close to the boundaries of the energy
gap. Urbach energy is also inversely proportional to the
optical band gap energy [18, 19]. The values of Urbach
energies of Pyrope-Almandine garnet, Quartz, Black tourmaline, and Amethyst are 0.52 eV, 0.21 eV, 0.46 eV, and
0.43 eV, respectively. The smaller value of Urbach energy for
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Figure 1: UV-VIS spectrum of (a) pyrope-almandine garnet, (b) Quartz, (c) Black tourmaline, and (d) Amethyst.

(a)

(b)

Figure 2: Continued.
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(c)

(d)

Figure 2: Screen shots of stone investigated in this study: (a) Quartz (10 Ct) (b) Pyrope-almandine garnet (5Ct), (c) Black tourmaline (30
Ct), and (d) Amethyst (5 Ct).

Table 2: Urbach energy of gemstones calculated by the slope of the
best ﬁt line through vertical segments of plots from Figure 3

Table 3: Direct bandgap energy is calculated by extra plotting the
vertical segment of the plot with intercept x-axes from Figure 4.

Samples
Pyrope-almandine garnet
Quartz
Black tourmaline
Amethyst

Sample
Pyrope-amandine garnet
Quarts
Black tourmaline
Amethyst

Slope
1.93
4.75
2.17
2.32

Urbach energy (meV)
520
210
460
430

4
3
2

Ln[F (r)]

1
0
−1
−2
−3
−4
−5
1

2
Garnet
Quartz

3
4
Energy hv (eV)

5

6

7

Black tourmaline
Amethyst

Figure 3: Plot of ln[F(r)] versus Photon energy (h]) for the calculation of Urbach energy.

Quartz, i.e., 0.21 eV reveals the fact that Quartz sample used
in this study has the high crystalline structure with almost
negligible traces of impurities. Further, the observation is
consistent with the recently reported Urbach energy range of
SiOx for x < 2, i.e., 0.172–0.523 eV depending upon the
contents of oxygen [26]. Pyrope-Almandine Garnet has a
higher value of Urbach energy which shows a low crystalline

Direct band gap energy (eV)
5.14
6.12
5.54
5.74

structure compared to Quartz and is also evidence of higher
impurity contents. The EDX data of Pyrope-Almandine
Garnet also agree with our ﬁnding of higher values of
Urbach energy and structural disorder. The value of Urbach
energy of Pyrope-Almandine Garnet found in this study is
520 meV. That is, it might be due to the higher percentage of
Fe by weight, i.e., ∼ 20% by weight (see Table 1). The reported
results of Urbach energy for Fe oxide by Zhao et al. [27] are
in good agreement with our ﬁnding for this gemstone. The
values of Urbach energy for Black tourmaline and Amethyst
are 0.46 and 0.43 eV, respectively. These values are also
higher and evident by the presence of impurities within these
samples. The value of Urbach energy for Black tourmaline
might belong to the Mg contents present in this sample as it
is recently reported by Singh et al. [28] that the sample
containing the 50% contents of Mg+2 has the value of
Urbach energy to 0.46 eV. The values of Urbach energy for
Amethyst might be due to the Ca.
Direct bandgap energies of all gemstones were calculated
by plotting the [F(r)xhѵ]2 as a function of photon energy hѵ.
Afterward, extra plotting the vertical segments of the plot to
intercept the x-axes gave the bandgap energies shown in
Figure 5. As the absorption coeﬃcient is directly proportional to the absorbance F(r); therefore, here in this study,
F(R) is used for calculating the energy band gaps. The
calculated values of bandgap energies of all gemstones are
given in Table 3. Pyrope-Almandine Garnet showed a
bandgap energy of 5.14 eV, which is attributed to SiO2 that is
the major component of garnet. The decrease in bandgap
energy is due to the presence of impurities of Fe, Mg, and Ca,
as found from EDX data. The value of bandgaps for Quartz
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Figure 4: FTIR spectra of (a) pyrope-almandine garnet, (b) Quartz, (c) Black tourmaline, and (d) Amethyst.

found in this study is 6.12 eV (see Table 3), which in total
agreement with the values reported in the literature, i.e.,
6.3 eV [29, 30]. Black tourmaline revealed the bandgap
energy of 5.54 eV. As SiO2 is the major component of Black
tourmaline; therefore this bandgap 5.54 eV is attributed to
SiO2. Amethyst revealed a bandgap energy of 5.74 eV.
Amethyst is the purple color variety of Quartz due to the
presence of Fe impurities. In this study, Amethyst revealed
the impurities of Au and Ca that caused the decrease in the
bandgap energy of Amethyst. The inverse proportion of
Urbach energy with the direct band gaps energies is also in
agreement with the literature [29].
FTIR spectra of all gemstones under investigation are
shown in Figure 4. Pyrope-Almandine Garnet revealed
FTIR-vibrational bands at 424, 657, 1034, 2351, 2630, and
2925 cm−1. In addition to these bands, very small absorption

bands at 3673 and 3740 cm−1 are also there in the FTIR
spectra of Pyrope-Almandine Garnet (see Figure 4). Vibrational peaks observed at 424 cm−1 and 657 cm−1 are attributed to Fe-O. The peak at 1034 cm−1 occurred due to SiO stretching vibration. The stretching vibration of C�O
observed at 2334 cm−1, while peaks at 2820 and 2925 cm−1
may be resulted due to O-H stretching vibrations or might
be caused by other impurities [25]. The smaller peaks observed at 3673 and 3740 cm−1 might be due to Fe-OH-vibrations [31].
Figure 4 shows the FTIR spectra of Quartz, in which
absorption peaks at 430, 496, and 677 cm−1 are attributed to
Si-O bending vibrations, while the peak at 1113 cm−1 is
attributed to stretching vibration of Si-O [32, 33]. The
bands that appeared at 2260 and 2327 cm−1 are attributed
to weak Si-OH-vibrations [34]. Strong bands at 2488, 2592,
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Figure 5: Plot of [F (r)xh]]2 versus photon energy shows the direct bandgap energies of the garnet, Quartz, Black tourmaline, and Amethyst.

and 2677 cm−1 are observed due to Si-O stretching. In
addition to this, strong bands were observed at 2924 and
3066 cm−1, which are always present in Quartz according to
previous literature [35]. The origin of these bands might be
the O-H stretching vibration. The bands observed at 3190
and 3310 are attributed to Si-O stretching, the bands at
3379 cm−1 and 3381 cm−1 are ascribed to Al-OH and AlSiOH/Li-vibrations, respectively [36], since Al3+ and Fe3+
replace the Si4+ in the center of SiO4 tetrahedron and
designated as AlSi3+ or FeSi3+, the charge deﬁciency is
fulﬁlled by interstitial monovalent ions (H+, Li+ and Na+)
considered as charge compensators. The band at 3597 cm−1
is ascribed to AL-OH/Na stretching vibration [37]. Typical
noise was observed between regions of 3600 and 4000 cm−1
in accordance with previous literature [38]. It is also
possible that the bands appeared at 3730 and 3796 cm−1 and
in this region may be resulted due to the presence of FeOH-vibration.
Figure 4(c) shows the spectra of Black tourmaline, in
which the main bands observed at 422, 467, 545, and 639
cm−1 are attributed to Si-O-Si bending vibrations, B-O
bending vibration, and M-O stretching vibrations (where M
can be Fe or Al). The band at782 cm−1 is attributed to Si-O-Si
stretching vibration; the bands observed at 953, 1076, and
1171 cm−1 are attributed to Si-O stretching vibrations. The
bands appearing at 1303 and 1397 cm−1 are attributed to B-O
stretching vibrations. The bands at 1597 and 1767 cm−1
might be due to C�O stretching vibrations, while the band at
3313 cm−1 is ascribed to O-H stretching vibration. The bands
at 3465 and 3531 cm−1 are attributed to the stretching vibrations of M-OH3 bonds in yFe zAl zAl environment
(where M represents Fe and Al). The band at 3796 cm−1 is
ascribed to strong stretching vibration of M-OH bond in yFe
y
Fe yFe environment (where M represent Fe). All these
vibrations of Black tourmaline are in good agreement with
previous literature [39].

Figure 4(d) shows the spectra of Amethyst. As Amethyst
is a purple color variety of Quartz due to the presence of iron
impurities, therefore, some of its FTIR bands can be correlated with Quartz and the bands may vary within
10–20 cm−1. The less intense bands at 449, 496, 582, 678, and
725 cm−1 are attributed to Si-O bending and some bands
might be due to Ca-O stretching vibrations, while the intense
bands at 953 and 1123 cm−1 attributed to Si-O strong
stretching vibrations, the bands at 1285 and 1389 cm−1 are
attributed to Si-OH weak-vibrations, the band at 1625 cm−1
might be resulted due to C�O stretching vibration, the bands
appeared at 2289 cm−1 attributed to Si-OH weak-vibration,
bands at 2412, 2517 and 2924 cm−1 are attributed to Si-O
stretching vibrations. The band at 3332 cm−1 is attributed to
AlSi-OH-vibration, the band at 3455 cm−1 attributed to AlSiOH/Na-vibration, the bands at 3579.1 to 3580.5 cm−1, 3395.2
to 3415.4 cm−1, and 3351.5 to 3354.4 cm−1 are probably
related to iron according to previous literature [37], but
these bands are not observed in Amethyst sample. The bands
at 3787 and 3920 cm−1 may be attributed to Fe-OH
stretching vibrations.
Absorption spectra measure the absorbed energy of
electrons when they jump from lower energy states to higher
energy states, while emission spectra measure the releasing
energy of electrons when they jump from higher energy
states to lower energy states as the absorption spectrum
encounters the excitation energy when electrons jump from
ground state S0 to higher energy states S1, S2, S3, S4, etc. Thus,
it reveals the absorption of higher energy states and lower
energy states and exposes detailed information about the
optical properties and impurities content of a sample. On the
other hand, PL spectroscopy takes a case of emitted light that
comes due to the transition of lowest energy state S1 to
ground state S0. When an atom or molecule is excited to
higher energy states, it ends up in the lowest energy state S1
while emitting radiations, then the emission and absorption
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Figure 6: Photoluminescence (PL) spectra of (a) pyrope-almandine garnet, (b) Quartz, (c) Black tourmaline, and (d) Amethyst.

spectrum will be the same. However, if an atom directly goes
to the ground state without ends up in the lowest energy
state then it only reveals the lowest energy features. The
absorption spectrum shows the S0–S1, S0–S2, S0–S3 bands
while the emission spectrum shows only S0- S1 band [40, 41].
Mostly the colors of gemstones are caused by the transition
elements due to the absorption of visible light, and these
transition metals can be present as impurities or as compositional parts of gemstones. Therefore, our UV-Visible
absorption spectra of all four gemstones: pyrope-almandine
garnet, Quartz, Black tourmaline, and Amethyst have shown
the absorption bands of Ca, Mg, Fe, and Au both as impurities and compositional constituents (see Figures 1(a)–
1(d)). However, for PL spectra, the situation is diﬀerent as it
only encounters the emitted light due to the transition of
electrons from lowest energy states S1 to the ground state So.
The bands of Ca, Mg, and Fe in pyrope-almandine garnet,
Mg and Fe in Black tourmaline, and Ca in Amethyst are not
present in PL spectra in spite of the fact that all of the above

are found as compositional elements from UV-Vis spectra
shown in Figure 1, e.g., Fe and Mg in pyrope-almandine
garnet, Ca and Fe in Black tourmaline, while Mg and Ca in
Amethyst. A PL spectra only encounter the emission light
due to the relaxation of electrons from lowest energy state S1
to ground state So and reveal the lower energy features, and
also the direct transition from higher energy states to ground
state cannot be measured by PL spectroscopy. In addition to
this, some molecules absorb the radiations but do not emit
light. It is, therefore, the bands of Ca, Mg, and Fe in pyropealmandine garnet, Mg and Fe in Black tourmaline, and Ca in
Amethyst are not there in PL spectra. However, emission
bands of Au at the wavelength of 522 and 544 nm are there in
PL spectra of Amethyst as an impurity due to the low energy
feature of Au (see Figures 6(a)–6(d)). The bandgap energy is
calculated by converting the emission onset wavelength
from the lower wavelength side into electron volts. It is
worth mentioning here that bandgap energy obtained by PL
spectra is always less than the original band gap as it
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measures only the lowest energy transition from S1 to So.
Therefore, it only reveals lower energy features. In Photoluminescence spectra of all four gemstones: pyrope-almandine, Quartz, Black tourmaline, and Amethyst, the main
emission bands are observed at the same wavelength
325.89 nm that slightly shifted toward a longer wavelength
compared to absorption bands shown in Figures 1(a)–1(d).
The main emission band at 325.89 nm is also responsible for
the bandgap of the gemstones and attributed to the SiO2 as
all the samples contain SiO2 as a major component. Conversion of wavelength 325.89 nm into energy by E � hc/ʎ
gave the bandgap energy of 3.805 eV for each sample. All the
gemstones revealed the same bandgap energy due to SiO2 as
the dominant constituent. The most important observation
here is that emission bandgap energy is less than the absorption bandgap energy which is due to the energy differences between the absorbed and emitted radiations. In
this case, both the emission and absorption spectra diﬀer
from each other due to diﬀerent transitions. The emission
spectra and absorption spectra can be the same only if a
molecule is excited to higher energy states and it often ends
up in the lowest energy state S1 and then returns to the
ground state with the emission of light.
Photoluminescence emission peaks of gold are observed
in the range of 400–653 nm depending on the interfering
medium (ligand) and exciting wavelength. Ligand induces
little changes in the electronic structure of the gold, which
causes the ligand to metal charge transfer transition due to
which emission fundamentally arises from molecular gold
and few from the atoms. There are two major accepted
explanations about the Photoluminescence mechanism:
(i) One is the pure metal quantum conﬁnement eﬀect
Photoluminescence emission of pure metal originated from sp-sp and sp-d transitions.
(ii) The other explanation is the charge transfer due to
the interaction between functional ligand and metal,
i.e., the ligand to metal charge transfer (LMCT) and
ligand to metal-metal charge transfer (LMMCT).
Luminescence dominantly is ascribed to the LMCT eﬀect
rather than the LMMCT eﬀect. However, increasing the
electro positivity of metal can promote the interaction between ligand and metal. Photoluminescence emission peaks
position can be altered due to ligand to metal charge transfer
transition (LMCT) or metal to ligand charge transfer
(MLCT). The charge can be transferred from ligand to metal if
the ligand has ﬁeld orbital and metal has the vacant orbital,
while in other cases, the charge can be transferred from metal
to ligand if the ligand has the vacant orbital and metal has the
ﬁeld orbital. Here, in this study, for the case of Amethyst,
Photoluminescence spectra emission peaks of gold were
observed at 522 and 544 nm because SiO2 is the ligand for this
case, which contains the electron-rich oxygen atom. It is,
therefore, the emissions peaks of gold at 522 and 544 nm
might be assigned to the ligand to metal charge transfer
transition, i.e., electron transfer from oxygen to gold [42–44].

4. Conclusion
SEM/EDX was used to evaluate the chemical composition
and hence the trace elements of all gems. SEM/EDX results
revealed traces of Fe, Mg, and Ca in Pyrope-Almandine
garnet, Mg and Fe in Black tourmaline, Au and Ca in
Amethyst, whereas no impurities were detected in Quartz.
The UV-Visible technique was successfully employed to
identify the trace elements of all samples through their
absorption spectra with their corresponding absorption
peaks, and to conﬁrm the decency of EDX data of particular
importance, data on the Urbach and bandgap energies were
reported for the ﬁrst time, to the best of our knowledge, to
explore the eﬀects of impurities/trace elements on the
structural and electronic structure of these gemstones.
Furthermore, FTIR spectroscopy is also successfully used to
characterize the gems to identify the functional group and
molecular vibrations by their respective band position with
more reliable values. Photoluminescence results were successfully interpreted in correlation with UV-Visible spectroscopy, and it also showed meaningful information about
the identiﬁcation of gemstones.
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