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1. Introduction

Abstract

Most of natural topaz is colorless; thus, methods of color enhancement are widely used for coloring
this mineral. Currently, blue color is obtained by cobalt diffusion due to drawbacks in existing coloration
methods. In this study, optimum conditions suitable for Cobalt diffusion in Sri Lankan colorless topaz
were investigated and coloration mechanism was elucidated. The diffusion agent was prepared by
mixing CoCO3 with Na2CO3, CaCO3 and carbon powder and diffusion was carried-out by varying
the temperature and soaking time. Chemical analysis, UV-Vis absorption spectrum, infrared absorption
spectra, and Raman peaks of diffused and non-diffused topaz were tested. The results clearly indicated
that the optimum condition for Co diffusion in Sri Lankan topaz is 950°C for 11 h. The EPMA analysis
showed that the Co concentration in the diffused sample varied from 0.001 wt% to 0.027 wt% while
colorless topaz showed <0.001 wt%. The UV-Vis spectrum of Co diffused blue topaz gave three absorption
peaks at 556, 588, and 627 nm corresponding to three spin-allowed electronic transitions of Co?* ion
in teterahedaral coordination. In case of Co diffused topaz, one additional new broader IR absorption
peak was noticed around 6640 cm™! presumably arising by optical transitions of *“A2 — #T} in Co?* (“F).
Our results lead to the conclusion that, blue color of the Co diffused topaz is arising by spin-allowed
electronic transitions of Co?* ions in tetrahedral site of topaz matrix through substitution of Si** ions.

by external influences such as fast neutron irradiation [4]. Additionally,
these colors are also affected by the presence and variations in the

Topaz is an aluminum fluorosilicate mineral with the chemical
formula of Al2SiO4(F, OH)2. Major chemical variation of different
types of topaz is determined by the [OH]/[F] concentration ratio.
Topaz consists of Al[O4(F, OH)2] octahedral chains which are linked
to isolated tetrahedral SiO4units. Generally, topaz crystallizes in the
orthorhombic system but the extent of OH/F substitution turns
its symmetry into triclinic and occurs as an accessory mineral in
aluminous rocks [1].

Topaz is often colorless, but it occurs naturally in a variety of
colors such as pale blue, yellow, brown, orange, and pink, etc. [2].
The occurrences of these colors are mainly determined by the presence
of lattice defects known as color centers [3]. Defects consist of missing
or misplaced atoms or electrons. These defects may have originated
at the time of mineral formation or may have been introduced later
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amounts of F, OH, and minor impurities in the material. Crystals
with more OH are yellow to brown in color, while those with more
F are typically blue or colorless. Pink-red and violet stones contain
chromium as an impurity in the crystal structure [2]. However, most
of the natural topaz is colorless; thus, color enhancement methods
are widely used to convert these stones to beautiful gemstones.
Different coloration methods such as irradiation followed by
heating, surface coating, surface modification, and surface diffusion
have been introduced to give color to colorless topaz [5-7]. Among
them, irradiation is the most common method used to obtain blue
topaz where color centers are produced by exposing topaz either to
gamma rays or neutrons or electrons, followed by low-temperature
heating [8-11]. Though the method is effective, the main limitation
is the radioactivity induced by irradiation [4,12]. Neutron irradiated
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blue topaz has to be kept aside for several months, until its residual
radioactivity reaches a safer level of less than 74 Bq/g or 2 nCi/g,
as defined by the Nuclear Regulatory Commission (NRC) [12].
Sometimes, it may have to be kept away for more than one year.
Such long delays cause a loss of revenue to the manufacturer; thus,
premature radioactive colored topaz is released into the market [ 13].
In addition to that, the irradiation methods have significant drawbacks
in terms of cost, safety, and efficacy. Further, in some developing
countries such as Sri Lanka where the colorless topaz is abundant [4],
facilities are inadequate to use irradiation as a value addition method.

Therefore, currently, the blue color is obtained by diffusion of
cobalt (Co?") ion by heating cobalt coated colorless topaz at 1024°C
for 24 h [6]. However, subjecting the mineral to high temperatures
for a prolonged period can create external and internal damages in
the structure of the material. Crystallographic, optical, and chemical
properties of topaz can vary with chemical composition, which reflects
the petro-genesis of the rocks in which the individual crystal formed [14].
Therefore, optimum cobalt diffusion conditions perhaps may slightly
deviate with the petro-genesis or locality. Hence, the identification
of an optimum cobalt diffusion condition at low temperatures with
short soaking time is imperative, as well as time and cost effective.
Although it required detailed investigations on chemical and
spectroscopical characteristics of Co diffused topaz, such studies are
limited and the color formation process of Co diffused topaz is
hitherto unknown.

Sri Lanka is an island which is well known for its fine gemstones.
Most of the gem-quality material is found in alluvial deposits throughout
the island. Among them, the largest untreated and treatable gem
material is colorless topaz (Figure 1) [15]. However, no coloration
process is undertaken to enhance the value of this colorless topaz.
Therefore, introducing an easy, non-harmful and economically viable
method for coloring colorless topaz is essential to the trade.

Moreover, the coloration mechanism of Cobalt diffusion blue
topaz is still hitherto unknown. Therefore, elucidating of coloration
mechanism of Cobalt diffused blue topaz is paramount important to
the scientific community. In this study, a modified treatment method
was tested followed by chemical and spectroscopic analysis with
the intension of introducing optimum conditions for Co diffusion in
Sri Lankan topaz. The changes in physical and chemical properties
after diffusion were investigated by EPMA, EDXRF, UV-VIS,
Raman, and FTIR spectroscopic analysis. Subsequently, based on
the characterization results, the cause of color change in cobalt diffused
topaz was elucidated for the first time.

2. Materials and methodology

2.1 Sample collection, preparation, and gemological
properties

Rough colorless topaz samples (Figure 2) were collected from
Ratnapura gem market which is one of the world’s reputed gem
markets located in Sri Lanka. Initially, the collected stones were
immersed in bromoform to distinguish topaz from quartz. Selected
topaz samples were further examined with the microscope (KRUSS
OPTRONIC, Germany) and samples with fewer defects were chosen
for the treatment. The weight of each sample was measured with a carat
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weighing scale (Vibra CT, Japan). Refractive indices and luminescence
characteristics of the samples were examined by using a refractometer
(Fable FB/R02, China) and UV lamp (Module 6-System Eickhorst,
Germany). The internal features such as color diffusions, inclusions,
cracks, and fractures, etc., were examined with a horizontal stage
microscope. Optical absorption spectrum of the samples were obtained
using OPL spectroscope. Before subjected to the treatments, each
sample was cut into slices of ~ 3 mm thickness, polished and separated
into three groups.

2.2 Preparation of diffusion material and heating process

The diffusion material used in the study was prepared with
analytical grade CoCO3, Na2CO3, CaCOs, and carbon powder collected
from a kerosene oil lamp (buckyball). The components of CoCO3,
Na2COs, and CaCO;3 were mixed in the ratio of 1:1:1 to form a slurry.
The Co content of the slurry was approximately 15% by weight.
In this composition, carbon powder was used as a base material with
CoCO:s. In previous studies, Co?" ion in the form of CoO has been
used as the coloring material [5,6] whereas CoCO3 was used in the
current study. Out of the three sample groups, two groups were rolled
in the prepared slurry to get an evenly coated chemical layer (<0.5 mm)
all around the stones and were allowed to dry for 4 h. The remained
group of samples was used as the controls.
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Figure 1. Availability of low gem quality materials in Rathnapura gem trade
(after Illangasinghe et al., 2019).

Figure 2. Colourless topaz samples available in Sri Lankan gem trade; (a)
rough colourless topaz samples, (b) sliced and polished samples prepared for
cobalt diffusion.
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Heat treatment was carried out using muffle furnace (Carbolite
CWF 11/13). Different batch experiments were performed by varying
the temperature and soaking time. After coated with prepared slurry,
three batch experiments were performed at temperatures of 900°C,
950°C and 1000°C for 11, 15, 20, and 25 h accordingly under oxidizing
condition. To study the effect of temperature on cobalt diffusion,
previously treated first batch was re-heated at 950°C. Moreover,
resulted samples of the second batch treatment were re-heated under
the same condition for three times. Finally, fourth batch of samples
that were dip in a dry mixture of carbon powder and CoCO3 were
subjected to heat treatment at 950°C for 25 h. All resulted colors
were clearly examined and further chemical and spectroscopical
analysis were performed only for the gem quality Co diffused blue
topaz and untreated colorless topaz.

2.3 Chemical analysis

Measuring the cobalt concentration of the diffused and reference
colorless samples is more imperative to acquire an idea on cobalt
diffusion. Quantitative CoO and other major element contents across
the surface of the diffused and non-diffused samples were analyzed
using a JEOL Electron Probe Micro—Analyzer (EPMA) (JXA-8100,
Japan). Pure oxide and mineral standards were used as standards for
calibration. Analyses were performed at 15 kV (accelerating voltage),
with a beam current of 24 nA and focused beam with a probe diameter
smaller than 1 pm. Measuring times were set to 30 s and 10 s for peak
counts and background counts, respectively. Ten (10) points across
the diffused and reference samples were tested.

2.4 Spectroscopic analysis

To determine the effect of chromophores on cobalt ion in colored
topaz, UV-VIS absorption spectra were obtained using UV-Visible
Spectrometer (Shimadzu UN-160, Japan and GemmoSphere™
UV-Vis-NIR spectrometer, Finland).

The infrared (IR) absorption spectrum of a mineral gives information
on the bond structure. The vibration frequency of chemical bonds
corresponds to the lattice ordering and bond length of the topaz
structure. These bond characteristics were studied using Fourier
Transform Infrared (FTIR) and Raman spectroscopy. The infrared
absorption spectrum of topaz is a reliable analytical method to find
out the occurrence of hydroxyl groups and the presence of impurity
elements in topaz [16]. Infrared absorption spectra of Co diffused
and colorless topaz was examined using an FTIR Spectrophotometer
(GemmoFtir™, Finland). Un-polarized IR absorption spectra were
recorded from ~400 cm™! to 7000 cm™! with 4 cm! resolutions and the
range from 1000 cm! to 7000 cm™! was used in the interpretations.

To study the structure of the mineral, Raman spectra of cobalt
diffused and colorless topaz was obtained using a Raman spectrometer
(GemmoRaman-532™, Finland). Absorption spectra were recorded
from 225 cm™ to 4700 cm™! with 11 cm™! resolution.

3. Results and discussion

3.1 Classical gemological properties of Co diffused and
colorless topaz

1.0 nch
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Figure 3. Cobalt diffused blue topaz with different treatment conditions. (a)
Co diffused at 950°C for 11 h, (b), Co diffused at 900°C, (c) Co diffused
green topaz re-heated at 950°C for 11 h and (d) dry powder diffused topaz
at 950°C.

All the topaz specimens selected for this study were colorless
and free from inclusions. The weight of selected specimens ranged
from 0.53 carats to 4.17 carats. They showed a refractive index (RI)
in the range of 1.610-1.620 and their birefringence was 0.010.

However, anomalous RI values greater than 1.81 observed for
the Co diffused topaz (Figure 3). Based on X-Ray Photoelectron
Spectroscopy (XPS) analysis, it has been revealed an enrichment of Si
in the outermost layer of the Co diffused topaz while the concentrations
of Al and Co were considerably depleted [5]. However, at depths
between 10 nm to 50 nm, Si concentration become depleted to
below detection limits, while Al and Co concentration reached their
maximum. Previous studies have reported a decomposition of the
outermost layer under elevated temperature conditions where topaz
surface decomposed to mullite and other silicate phases [17-19].
However, the decomposition of the outermost layer of Co diffused
topaz is not yet well known. The layer between 10 nm to 50 nm
is enriched with Al and forms a Co-aluminum complex which has
been identified as a spinal phase [5]. In this phase, Si ions are perhaps
replaced by the Co ions in the topaz matrix; consequently, these
released Si ions may be involved in the formation of Si enriched
outermost layer. As such, Co diffusion performed at 950°C for 11 h
in the present study may have caused a phase change in the outer
surface layer resulting a high RI value.

In both untreated and treated samples, no any clear distinguishable
absorption bands in visible spectrum were observed under the classical
gemological spectroscope. Untreated samples didn’t show any
fluorescence effect in the short or long wave ultra violet condition
while the treated sample was given a chalky glow. Moreover, untreated
sample was seen in black after examined through Chelsea color filter
while red was given for the treated samples. Therefore, ultraviolet lamp
and Chelsea color filter can be used to distinguish cobalt diffused topaz.

J. Met. Mater. Miner. 33(1). 2023
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The color of the treated colorless topaz varied from bluish-green
to greenish-blue color (Figure 3). Microscopic observations showed
a spotty coloration in diffused samples where the observation is
comparatively higher in the samples diffused by the dry powder
method. Colorless topaz became green in color when diffusion was
performed at 900°C for 11, 15, 20, and 25 h (Figure 3(b)). This green
color formed by Co diffusion has been identified as unstable position
in the topaz lattice compared to the blue color [20]. It was identified
that an intense blue coloration in topaz can be obtained when the
diffusion is carried-out at 950°C for 11, 15, 20, and 25 h (Figure 3(a)),
however, gem quality blue color topaz was resulted by heating at
950°C for 11 h. Moreover, no any external damage or spotty coloration
was observed in this gem quality blue topaz under the naked eye.
Further, the aforementioned green color also can be turned into
a blue color by re-treating them at 950°C for 11 h (Figure 3(c)).
However, the presence of spotty coloration can be observed in the
dry powder diffusion process, even with the naked eye (Figure 3(d)).
In contrast, melted surfaces were observed after heating at 1000°C
for 11, 15, 20, and 25 h which implies the unsuitability of higher
temperatures in Co diffusion treatments for Sri Lankan topaz. Therefore,
it could be suggested that the optimum Co diffusion treatment
conditions for colorless topaz found in Sri Lanka are 950°C for 11 h.

3.2 EPMA analysis

Average content of Al203, SiO2, F, CaO, FeO, MgO, and CoO
in the colorless topaz were reported as 51.8384+0.334, 32.940+0.15,
14.736+0.212, 0.022+0.014, 0.011+0.008, 0.012+0.008 and <0.001 wt%
accordingly. However, the same in the Co diffused samples were
reported as 51.677+0.435, 33.153+0.216, 14.671+0.277, 0.0118+0.007,
0.013+0.007, 0.0078+0.008, 0.0172+0.011 wt%. Among the analyzed
elements, Al203, SiO2, and F show chemical homogeneity and FeO

and MgO did not show chemical homogeneity across the sample
(Table 1).

Comparatively high F content is typically recorded in topaz from
pegmatites and is ~19.5 wt% [21]. However, the studied topaz indicated
F contents around 14.7 wt% which is lower than the above value.
However, similar F contents were recorded in imperial topaz from
Brazil originated by metamorphic tectono-thermal events [22].
Moreover, cobalt diffused blue topaz showed that the CoO content
varied from <LOD to 0.027 wt% which confirms the cobalt diffusion
into the topaz matrix. The chemical analysis revealed that the Co ion
concentrations across the diffused samples are uneven and suggest
a spotty surface coloration under the microscopical scale. However,
the influence of temperature and soaking time on Co diffused depth
variation was not addressed in this current study and needs further
investigation.

3.3 Results of UV-visible spectroscopic analysis

The UV-Visible spectra of colorless and cobalt diffused blue topaz
are shown in Figure 4. In both Co treated and untreated samples,
an absorption peak was observed at ~420 nm and the edge of this
asymmetric broad peak extended to 680 nm. This peak has been
assigned to O center interaction with Al ions or due to presence of
impurities of Cr, Fe and Mn [23]. The peak was remained after heating
up to 950°C, thus implies its thermal stability.

No any additional peaks were observed in colorless topaz (Figure 4).
Therefore, the resulted UV-visible absorption spectrum for colorless
topaz imply the absent of any color forming element in the topaz
matrix in detectable levels. Interestingly, Cobalt diffused blue topaz
showed a new broad intense absorption peak between 520 nm and
720 nm, correspond to the resulted blue colour. This broad peak is
composed of several narrowed peaks at about ~550, ~588, and ~625 nm.

Table 1. Major chemical composition of Co diffused blue topaz and colourles topaz, Sri Lanka (unit; wt%).

Point number F ALOs CaO FeO SiO: MgO CoO Sample
12 15.128 51.665 0.014 0.003 33.455 0.002 0.004 °
13 14.864 51.643 0.011 <0.001 32.683 0.002 <0.001 E*
14 14.847 51.478 0.007 <0.001 33.253 <0.001 <0.001 8
15 14.552 51.235 0.003 <0.001 33.358 <0.001 <0.001 §
16 14.725 51.942 0.016 <0.001 33.045 <0.001 0.018 E
17 14.436 51.306 <0.001 0.024 33.177 0.025 <0.001 _%
18 14.722 51.404 0.003 <0.001 33.089 0.007 0.017 §
19 14.567 52.172 0.015 <0.001 33.259 <0.001 0.027 %
20 14.105 52.587 0.017 <0.001 32.998 0.003 0.01 g
21 14.768 51.335 0.021 <0.001 33.217 <0.001 0.027 ©
22 15.233 51.203 <0.001 0.018 33.151 <0.001 <0.001

23 14.694 51.489 0.042 0.012 32.938 0.011 <0.001 o
24 14.717 51.477 0.032 <0.001 33.171 0.014 <0.001 g
25 14.819 52.165 0.018 0.007 32.883 <0.001 <0.001 E
26 14.656 51.842 0.006 0.002 33.007 0.005 <0.001 §
27 14.771 51.989 0.012 0.025 32917 0.026 <0.001 %
28 14.407 52.177 <0.001 <0.001 32.856 0.004 <0.001 %
29 14.81 52.052 <0.001 0.009 32.998 <0.001 <0.001 %
30 14.689 51.911 <0.001 0.005 32.788 <0.001 <0.001 ©
31 14.571 52.08 <0.001 <0.001 32.692 <0.001 <0.001
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Figure 4. UV-Visible absorption spectrum of colorless topaz and cobalt diffused blue topaz.
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Figure 5. UV-Visible absorption spectra with Gaussian curve fitting; (a) blue and (b) greenish blue color topaz obtained after Co diffusion.

Figure 5 depicts the UV-Visible absorption spectra of resulted
blue and greenish blue color topaz with Gaussian curve fitting. The
R? and chi-squar values of curve fitting of blue topaz were 0.982 and
0.00009 respectively. In the spectrum of blue topaz, a broad triplet
peak from ~450 nm to 700 nm was observed. The Gaussian fitting
showed that this broad peak is composed of three absorption peaks
occurred at 556.2, 588.2, and 627.4 nm with absorption intensities
0f0.14, 0.15, and 0.17 respectively (Figure 5). In topaz matrix, trace
elements substitution is possible at two sites which are the Si** ion site
in tetrahedral coordination and AI** ion site in octahedral coordination.
Different trace elements can substitute in these two sites [22,24,25].
However, distinct minerals having Co?" ions have given similar triplet
absorption peaks and consequently those minerals have given a blue
color [26-30]. The Co?* ions in these minerals occupied the tetrahedral
coordination as demonstrated by Co bearing natural blue quartz,
Co-doped synthetic quartz [28], Co bearing spinel [27,31], Co bearing
staurolite [29], Co-doped gahnite [32], Co-staurolite [33], and synthetic
Co-doped Mg-spinel [30]. On the other hand, octahedrally coordinated
Co?" sites are not consistent with the observed optical spectrum [28].
Therefore, in the present study, Co?* ions may have diffused into topaz
matrix and presumably substituted for Si** ions in tetrahedral sites.
This process can be verified by the chemical composition variation
in Co diffused outer layer where Al was enriched while Si was depleted
[5]. However, ionic charge and radius of Co?" and Si** are different.

However, this different ionic charge may be charge compensating
in tetrahedral site by monovalent ions. Likewise, lattice distortion
may be occurred due to ionic radius differences. However, further
investigations are required on this for detail explanation.

Further, the inference that Co?* ions occupied the tetrahedral
coordination of Co diffused blue topaz can be reasoned-out considering
energies of spin electronic configurations. Octahedrally coordinated
ion complexes have high spin electronic configurations. Based on
the theory and following the Tanabe-Sugano diagram for tetrahedral
Co?*, during three spin-allowed electronic transitions, increasing
transition energies are expected as: *Ax — *T2(*F), *A2 — T1(*F)
and *Az — *T1(*P) [29,34]. Energy difference between the ground state
and exiting state of these three spin-orbit transition matches with
the three absorption peaks at 556.2, 588.2, and 627.4 nm observed
in the present study. Therefore, red, yellow, and green parts of the
visible light region were absorbed by Co?" in tetrahedral site with
spin-orbit transitions. Remaining transmitted region in visible light
is responsible for the color of Co?" diffused topaz. Consequently,
blue color was given for Co diffused topaz in accordance with other
blue color minerals mentioned above.

The Gaussian curve fitting of UV-Visible absorption spectrum
of Co diffused green color topaz is shown in Figure 5(b). The R?
and chi-squar values of curve fitting correspond to green topaz were
0.998 and 0.00001 respectively. Integral absorption peaks were slightly

J. Met. Mater. Miner. 33(1). 2023
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deviated with blue color absorption spectrum. The intensity of integral
absorption peaks were lower than the corresponding peaks resulted
for blue topaz. The absorption peak at 556.2 nm of blue topaz has
slightly moved its peak position to 573.5 nm in green color topaz and
has become broader. Nevertheless, other two peaks (588.2 nm and
627.4 nm) positions remained unchanged. However, comparatively
low intensities were observed in peaks positioned at 573.5, 588, and
633 nm, where the intensities were 0.13, 0.04, and 0.10 respectively
(Figure 5(b)). These slight deviations in UV-Visible absorption
spectrum of green color topaz may have resulted from occupying
unfavorable positions in the lattice by Co ions [20] at comparatively low
temperature diffusion. Taran et al. (2009) [29] emphasized that
coordination and symmetry play an important role in the intensity
gaining mechanism of absorption peaks of Co?". Thus, coordination
and symmetry around Co?" ions in green topaz may differ from blue
topaz and may have resulted in absorption intensity differences of the
three distinct peaks considered.

3.4 Results of IR absorption spectra

IR absorption spectra of Co diffused and colourless topaz depicted
five distinct IR absorption bands clustered around 1000-2050,
2300-3000, 3300-4100, 4200-4850, and 6000-7000 cm™! (Figure 6).
IR absorption peaks observed in 1000-2050 cm! region are attributed
to stretching of AI-O bonds and Si-O bonds in the topaz matrix
[16,35]. Similar bands were also observed by Smith (1995) [36] due
to Al-O bonds in corundum.

Distinguished four IR absorption peaks were recorded in the
region of 2300 cm! to 3000 cm™! (Figure 6). Dominant sharp absorption
peak appeared at 2312 cm! while comparatively weak absorption
peaks occur at 2600, 2760, and 2918 cm’!. Similar pattern in all peaks
in that area were observed in different Co diffused and colorless
samples in spite of their different heat treatments. Previous researchers
have interpreted the particular peaks in this IR absorption region as
stretching vibration of bonded OH molecule [23,37]. Furthermore,
It has been experimentally revealed that the position of hydrogen in
the structure of topaz-OH by means of ab-initio quantum techniques
with IR absorption pattern [37]. Accordingly, this study has attributed
the two peaks near 2300 cm! to stretching of topaz-OD (Deuterium)
[37]. Thus, sharp dominant peak at 2312 cm™ observed in the present
study is most probably associated with topaz-OD stretching. Moreover,
IR absorption peaks around 2300 cm™ to 2700 cm! are accorded with
stretching of Topaz-OD [38]. Therefore, minor absorption peak at
2700 cm! is also attributed to stretching of Topaz-OD.

Five IR absorption peaks at 3351, 3453, 3640, 3828, and 3944 cm’!
appeared in the 3300 cm™ to 4000 cm! region. Absorption peaks in
this region are mainly be attributed to various OH vibration modes
[10,11,16,24,35,38-41]. Most prominent absorption peak in this region
is at 3640 cm™!. This peak was appeared in both Co diffused and
colorless topaz. The hydroxyl stretching vibration peak of topaz is
commonly given at 3650 cm™! and this anticipated peak was not
observed in the present study. Nevertheless, the IR peak at 3650 cm!
was decomposed in two components at 3639 cm™! and 3650 cm’!
[16]. Moreover, these two peaks were assigned to two stretching modes
of the OH molecules substituting F ions in topaz [42]. Thus, most
prominent IR peak observed at 3640 cm™! in the present study may
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assigned to stretching modes of the OH molecules substituting for F-
ions in topaz. Two minor peaks appeared at 3351 cm™ and 3453 cm’!
(Figure 6) may attributed to the anomalous OH groups attached to
lattice defects of topaz [11,16,37-39,41,43,44]. The remainder of the
absorptions at 3828 cm! and 3944 cm! agree well with those reported
in previous studies and were assigned to “mirror image” peaks at
3300 cm™! to 3500 cm™! region [43].

A strong absorption peak at 4796 cm™! can be observed in the final
absorption peak region. This peak is associated with the combination
of main hydroxyl stretching and Al-OH bending modes. Similar results
have been reported in previous studies [11,41]. The IR absorption
spectrum can mainly divide in to six regions as depicted in Figure 6.
The demarcated regions of 1000 to 2050, 2300 to 3000, 3000 to 3780,
3780 to 4100, 4200 to 4850, and 6000 to 7000 cm™! can correspond
to stretching of Al-O and Si-O, stretching of topaz-OH and OD,
stretching of crystallographically bound OH and defect OH, mirror
image of 3300 cm™! to 3500 cm! absorptions, stretching of OH and
bending of Al-OH, and optical transition of Co?" ions respectively
(Figure 6).
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Figure 6. Infrared absorption spectrum of cobalt diffused and natural topaz.
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Figure 7. Raman spectrum of colorless topaz and cobalt diffused blue topaz.

There are two distinguished features of IR absorption spectra
observed between Co diffused topaz and colorless topaz. In case of
Co diffused topaz, one additional new broader IR absorption peak
has been noticed around 6640 cm’!. On the contrary, colorless topaz
does not show any absorption around 6640 cm™. Previous studies
on Co doped or bearing minerals (quartz, spinel and staurolite) have
given IR absorption peaks at 5350 cm™ to 8250 cm™! due to optical
transitions of “A2 — *T1 in Co?* (*F) [28-30]. Among them, one of the
absorption peaks at 6640 cm™! has appeared in Co bearing blue spinel.
Therefore, presumably this broad peak reported in the Co diffused
topaz may assigned to Co ions. Depth profile investigations of Co
diffused blue topaz using X-ray Photoelectron Spectroscopy (XPS)
have revealed that Co concentrate near the surface ~4 (at%) and
it reached its maximum 8 (at%) at around 50 nm. Then, from the depth
of ~80 nm to ~200 nm, Co concentration gets decreased exponentially
[5] (please see the supplementary Figure S1). The results imply that
Co atoms are concentrated within the outer surface layer and are a
prerequisite for blue coloration. Subsequently, the IR peak of 6640 cm
! presumably corresponds due to optical transitions of “A2 — 4T1 in
Co?" of this outer layer. Other contradictory feature of Co diffused
topaz is slightly low intensity of peaks at 3351 cm™ and 3453 cm! than
colorless topaz. Past research have emphasized that, peak intensity
associated with OH groups attached to the lattice defects of the topaz
was decreased with temperature [35,43]. Therefore, this newly obtained
IR absorption data have clearly shown that “defective” hydroxyl
content has reduced with temperature that has been applied in the
cobalt diffusion process.

Raman spectroscopic analysis resulted similar spectra for both
natural colorless and cobalt diffused blue topaz treated at 900°C and
950°C. In the spectrums, several Raman shifts were clearly visible.
In colorless topaz, the shifts were appeared at 244, 272, 335, 404,
522, 560, 644, 703, 925, 985, and 1165 cm! levels (Figure 7(a))
while in Co diffused topaz they were at 246, 273, 283, 336, 407, 563,
646, 859,937,985, and 1165 cm! (Figure 7(b)). The Raman spectra
of this study nearly match with those of previous studies [16,22,
35,42]. Raman peaks at 272, 644, 855, 927, 983 and 1163 cm’! are
due to various Si-O vibrational modes of SiO4 group [16,35]. The
Raman peak at 1165 cm! is associated with in plane stretching modes

Raman Shift (cm™)

of hydroxyl ions [22]. In the present study, that peak was not observed
at 1163 cm! position, however, it has slightly shifted to 1165 ¢cm’!
(Figure 7). In addition, Raman peaks at 405 cm™! and 522 cm™! are
assigned to the stretching and bending modes of AlOs octahedra
coupled with the bending modes of SiO4 tetrahedra. Raman peaks
at244 cm' and 336 cm! are given by symmetric Si-O ring deformation
and stretching of Al-F bonds respectively [22].

There were two disparate features of Raman peaks observed
between Co diffused blue topaz and colorless topaz. The Raman
peaks intensity of Si-related bonds were comparatively low in the
Co diffused blue topaz. Moreover, the Raman peak at 522 cm™! was
disappeared in the Co diffused topaz (Figure 7). These distinctive
features of the Raman spectra may attribute to the possible phase
changes occur in the outermost layer of Co diffused topaz.

4. Conclusions

In value addition of low quality gem stones, expose into
comparatively low temperature and low soaking time is important
to reduce internal damages. However, the optimum condition for Co
diffusion to Sri Lankan colorless topaz is hitherto unknown. In the
present study, cobalt diffusion in Sri Lankan topaz was successfully
carried-out at comparatively low temperature with a short soaking
period and the study revealed and introduce for the first time, that
the optimum temperature is 950°C with a soaking time of 11 h.

Foremost finding of this study is the elucidation of coloration
mechanism based on the resultant colors, resultant UV-Visible absorption
spectra and IR absorption spectra. Moreover, blue coloration of Co
diffused topaz may attributed the by spin-allowed electronic transitions
of Co?" ions in tetrahedral site of topaz matrix where it substitutes
for Si*" ions. Likewise, the green color of diffused topaz represents
an unstable lattice phase of topaz where the cobalt ions occupy
unfavorable lattice sites. Thus, this newly interpreted data clearly
explain the color formation mechanism of Co diffused blue topaz.
Finally, the present study clearly suggests that the Sri Lankan colorless
topaz can be treated easily and shows a high potential to be used as
a valuable blue color gem variety in the industry.
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