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Abstract. Naturally, thin sheets of layered, dioctahedral muscovite single crystals are transparent to visible light. Upon
heat treatments performed up to 900 ◦ C, the single crystal sheets of thickness ∼200 μm exhibited changes in its optical
transparent character. The muscovite sheets exhibited either translucent or nontransparent, dark-brown, gold or copper
like luster, varying optical band gap (from ∼3.7 to 2.7 eV) and photoluminescence (PL) properties, which depend on the
temperature of the heat treatment. A comprehensive investigation has been made using X-ray diffraction, thermal analyses,
energy dispersive X-ray and Raman spectroscopies to understand how/why the optical properties of the muscovite sheets
changed up on heat treatments. Besides, no phase changes were found in the layered, lamellar crystal structure, evidences
for the known dehydroxylation of muscovite were clearly seen from the thermal analyses data. Further, the Raman spectrum
of the muscovite sheet heat treated at 900 ◦ C showed no evidence for the presence of hydroxyl group (OH− ), which
confirmed the completion of the dehydroxylation. The dihydroxylation-induced changes in the structural-elements (for
example, Al-(O,OH)6 partly or fully changing to Al-O5 /O6 and its effects on the lattice constants, and also the defect levels
introduced by the heat treatments are responsible for the changes in the optical transparency, colour of appearance, band
gap and PL of the muscovite natural single crystal sheets.
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1. Introduction
Mica group is a type of phyllosilicate, exhibiting
two-dimensional (2D) sheet or layered structure, which
occurs naturally in all three major rock varieties, namely
igneous, metamorphic and sedimentary. Micas are distinguished based on the end members of the general formula,
AM2−3 1−0 T4 O10 X 2 , where A denotes interlayer site that is
occupied by K+ , Na+ , Ba2+ and Ca2+ ions, M denotes the
octahedral cations that are usually Al3+ , Mg2+ , Fe2+ and Ti4+ ,
T denotes the tetrahedral cations that are mostly Si4+ , partly
Al3+ and a small amount of Fe3+ , the  denotes a metal ion
vacancy in the structure and X denotes the anions, OH− and
F− [1]. Essentially, mica is classified further into two types:
(i) dioctahedral mica of formula AM2 1 T4 O10 X 2 (e.g. muscovite) and (ii) trioctahedral mica of formula AM3 T4 O10 X 2
(e.g. biotite). As shown in figure 1, dioctahedral muscovite
(polytype 2M1 ) is an Al-rich silicate having a sandwich
of two tetrahedral (Si/Al-O4 ) sheets joined by a dioctahedral (Al/Mg/Fe/Ti-O6 ) layer. Each octahedral metal cation
is bonded with four O2− and two OH− anions. Interlayer

cations (K+ etc.) are bonded with eight O2− -anions and also
neutralize the charge imbalance, which occurs due to the substitution of Al3+ for Si4+ in tetrahedral sites [2].
Muscovite mica exhibits interesting physical properties due
to the substitution of some transition metals for Al, Mg or Si.
For example, previously, we have reported magnetic vortex
state in muscovite natural single crystals [3]. Muscovite usually has a flat and thin planar geometry with hexagonal or
pseudo-hexagonal edges [4–8] and colourless; but, impurities like Fe, Mg and Ti in octahedral (Al) layer make it appear
rose-red, light gray, pale green or brown. The effects of heat
treatment on colour, apparent optic axial angle and optical
absorption spectra of muscovite sheet mica of pink ruby, dark
green, and light green colours have been previously studied.
The study revealed the following: (i) pink ruby colour mica,
at first, gets its red colour enhanced at 300 ◦ C, then turns
into gray with residual pinkness at 500 ◦ C and to gray after
600 ◦ C, (ii) dark green mica becomes khaki at 300 ◦ C and deep
green at higher temperatures, and (iii) light green mica gets a
slight gray cast at 300 ◦ C and returns to light green at higher
temperatures. It had also been noticed that the opacity of the
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Figure 2. The original as-collected muscovite single crystal placed
on graph sheet.

of seven square sheets were taken as samples for our experimental investigations. Using a high temperature furnace,
six of them were heat treated for 30 min, separately at the
temperatures of 400, 500, 600, 700, 800 and 900 ◦ C, respectively, and allowed for furnace-cooling to room temperature.
Figure 1. Polyhedral view of the crystal structure of muscovite.

3. Optical properties
3.1 Diaphaneity and luster

mica gets affected by the heat treatments [9]. Further, in the
luminescence point of view, muscovite had been extensively
studied for its thermoluminescence (TL) properties. The TL
of muscovite was found changing with pre-annealing temperature and irradiation [10,11]. However, surprisingly, no
report is found about the photoluminescence (PL) properties
of muscovite [12]. Here, we present our experimental findings
about the heat treatment temperature-dependent optical properties including PL of dioctahedral muscovite natural single
crystal sheets. The reasons for the observed changes in the
colour, optical transparency, band gap and PL of the muscovite sheets have been investigated using crystal structure
analysis and various spectroscopic techniques.

2. Material and sample preparation
The muscovite natural single crystal used in this work was
collected from sedimentary rocks in Tiruchirappalli district,
Tamil Nadu, India. As shown in figure 2, the as-collected
crystal (before cleaning) had a dimension of about 7.3 ×
5.2 × 0.24 cm3 . The as-collected crystal was cleaved using a
scalpel down to ∼0.2 mm thickness [13]. The cleaved muscovite sheet had fresh and clean surfaces and was also seen
optically transparent. Further, the sheet was cut into many flat
and nearly square shapes of dimensions ∼7 × 7 mm2 . A set

As it is shown in figure 3, for the temperature of the heat
treatment (TH ) at its maximum of 900 ◦ C, the muscovite single crystal sheet changed its characteristics from brownish
optical transparent to copper-like shining and opaque. With
increase of TH , the samples lost the transparency little by little,
but remained partly transparent, at least to some extent, for
up to TH = 600◦ C. For TH = 700◦ C, the sample became dark
brown and opaque; further, for TH = 800◦ C, it appeared with
gold-like glittering and for TH = 900◦ C, copper-like glittering. Additionally, with increase in TH , the following were also
observable:
(i) flexibility of sample decreased and for TH ≥ 800◦ C,
the sample became fragile [14].
(ii) thicknesses of the samples were seen nearly unchanging for TH ≤ 700◦ C and increased considerably for
TH ≥ 800◦ C.
(iii) for TH ≥ 700◦ C, the samples get easily delaminated [15].
3.2 Reflectance
Since the optical transparency and the colour of appearance of
muscovite single crystal sheets changed upon the heat treatments, we performed diffuse reflectance spectroscopy (DRS)
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Figure 3. A set of seven muscovite single crystal sheet samples placed on a graph sheet showing its shape, size and optical characteristics
with respect to the heat treatment temperatures written below the samples.

The unheated sample exhibited an E g of about 3.69 eV. In
the case of the heat-treated samples, E g first increased (3.80
eV for 400 ◦ C, 3.61 eV for 500 ◦ C and 3.7 eV for 600 ◦ C) and
then, linearly decreased for the heat treatments at 700, 800
and 900 ◦ C; the corresponding values of E g are 3.6, 3.25 and
2.76 eV, respectively. Thus, it is seen that the heat treatment
and its temperature have influences on the optical band gap
of muscovite single crystal sheets. This means that up on heat
treatments, some new defect levels should have formed in the
electronic band structure of muscovite sheets.
3.3 Photoluminescence (PL)

Figure 4. (a) Reflectance spectrum and (b) Tauc plot made from
diffuse reflectance spectroscopy data of the unheated and all the
heat-treated muscovite natural single crystal sheets.

studies on all the samples of the natural muscovite single crystal sheets using SHIMADZU UV–2600 UV–Vis spectrometer.
As shown in figure 4a, the reflectance of the muscovite single
crystal sheets changes depending on the temperature of the
heat treatment. From the DRS data, the corresponding optical absorption coefficient (α) was calculated by following the
2
∞)
,
most widely used Kubelka–Munk function, α = (1−R
2R∞
where R∞ is the diffuse reflectance [16]. Optical band gap
(E g ) of the unheated and all the heat-treated samples were
determined using a set of Tauc plots [10] shown in figure 4b.

Room temperature PL spectra of the unheated and the heattreated muscovite single crystal sheets were recorded using
iHR550 imaging spectrometer from HORIBA Scientific. A IK
Series He–Cd laser emitting 325 nm UV radiation (35 mW)
was used as the excitation source. As it is seen in figure 5, the
unheated sample exhibited an intense emission centred about
750 nm, in near IR region, with one of its tails in the red
and a small shoulder peak at 678 nm. There is another broad
band ranging from about 520 nm (green) to 640 nm (red)
with its centre about 580 nm (yellow). The next emission
band (in the higher energy side) is a doublet; one is in the
near ultraviolet region (centred about 385 nm) and the second
of the doublet is overlapping with previous, has its centre
about 450 nm (blue) and ends at about 520 nm (green). The
muscovite sheet heat treated at 400 ◦ C exhibited different PL
profile. Multiple overlapping emissions are seen in the near
UV region. These construct a broad emission peak centred
at 440 nm (blue). Comparing with the unheated sample, this
blue (centred) emission band dominates in intensity with the
emissions centred in yellow (a hump about 580 nm) and near
IR (centred about 750 nm) and therefore, the shoulder peak at
678 nm is hardly seen. Heat treatment at 500 ◦ C led for slightly
enhanced emissions in yellow (centred about 590 nm) and
near IR (centred about 750 nm); in the higher energy side, the
near UV emission has decreased in intensity, a doublet centred
about 410 nm (violet) and 440 nm (indigo) is dominating in
intensity. The 600 ◦ C heat-treated sample exhibited a broad
triplet having its peaks centred about 450 nm (blue), 575 nm
(yellow) and 760 nm (near IR) with its tails extending into the
near UV in one side and near IR on the other side. Further, as it
is seen in figure 5, the emission spectra of 700, 800 and 900 ◦ C
heat-treated samples are different from that of the other heattreated ones; the emission spectrum gradually modulates itself
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4.1 XRD analysis

Figure 5. PL spectra of the unheated and the heat-treated muscovite single crystal sheets.

and finally, the PL profile of 900 ◦ C heat-treated one is seen
matching with that of the unheated muscovite single crystal
sheet. It is to be noted that the sharp red emission (678 nm) has
been observed in the unheated and all heat-treated samples.
These experimental observations on PL spectra proves that the
heat treatments had influenced the luminescence centres of
muscovite single crystal sheets. From the literature and other
web resources, we learned that minerals with impurity metals
are known for exhibiting luminescence [17,18]. However, we
found no report about the PL properties of muscovite and
therefore, this is the first report.

4. Analyses for how and why
To understand how and why the heat treatment affected
the optical properties of the muscovite natural single crystal sheets, we performed X-ray diffraction (XRD) analysis,
thermal analyses, energy dispersive X-ray (EDX) and Raman
spectroscopy analyses.

XRD is an analytical tool to identify structural phase transitions and new phase formation etc., which may help us
to understand the changes in the physical/optical properties
of heat treated muscovite single crystal sheets. Therefore,
we investigated our samples using Ultima III Rigaku X-ray
diffractometer. Figure 6a shows the XRD patterns of the
unheated and all the heat-treated samples. The unsystematic
changes in the relative intensities of the XRD peaks are to be
attributed to the fact that the single crystals sheets are used in
arbitrary orientations for collecting XRD data using a powder diffractometer. The XRD data of the unheated sample has
been indexed using JCPDS database (89-5402) of muscovite,
which crystallizes in a base-centred monoclinic crystal structure of space group, C2/c having the unit cell parameters,
a = 5.162 Å, b = 8.962 Å, c = 19.977 Å and β = 95.738◦ .
All the diffraction peaks are seen in the XRD data of all the
heat-treated samples. But, the 900 ◦ C heat-treated sample’s
peaks have shifted considerably towards the lower-angle side,
which agrees with a previous report from Feifei et al [19]. This
can be noticed better in the expanded views of 2θ range, 26.4–
27.4◦ for (0 0 6) and 64.5–66.5◦ for (0 0 14) shown in figure 6b
and c. Thus, no significant structural/phase changes noticed
in the samples heat-treated up to 800 ◦ C and is in agreement
with a previous report by Jiayan et al [20]. Characteristically,
heat treatment of muscovite at higher temperature leads to
dehydroxylation—a process in which the OH− ions in the lattice become H2 O that are lost without affecting the structural
integrity of the crystal [21,22]—which produces dehydrated
forms of muscovite. The dehydrated muscovite shows considerable lower-angle shifts in the XRD peak positions [22].
This is consistent with one of the results of our visual inspection that the thicknesses of the sample heat-treated at 800 and
900 ◦ C have increased.
4.2 Thermal analyses
Usually, thermo-gravimetric analysis (TGA) gives the information about any loss of mass, and differential thermal
analysis (DTA) and differential scanning calorimetry (DSC)
show signatures, which relate to any phase transitions occurring in the samples when subjected to heat treatments.
Therefore, TGA, DTA and DSC data of the unheated powdered muscovite single crystal sheet were collected using
a simultaneous thermal analyzer (STA 8000) from Perkin
Elmer having a controlled N2 -gas atmosphere. The experimental data of TGA and DSC are shown together in figure 7.
(DTA data is not shown, because it is similar to DSC and gives
the same information.) A small weight loss (∼2%) recorded
for up to 150 ◦ C can, as usual, be assigned for evaporation of
adsorbed water molecules. The weight loss continues for further heating, as a result of loss of OH group bonded with the
octahedral Al [23]. Typically, this dehydroxylation in mica
starts from about 400 ◦ C, completes at about 850– 900 ◦ C
[24,25] and specifically, in the case of muscovite, it even
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Figure 6. (a) XRD patterns of the unheated and all the heat-treated muscovite single crystal sheets.
An expanded view of (0 0 6) and (0 0 14) peaks with normalized intensity are shown in (b) and (c),
respectively.

From literature, we learned that at temperatures >950◦ C,
the dehydroxylation is followed by decomposition of muscovite, nucleation and growth of a set of new phases:
K-feldspar (Kfs), quartz (Qtz), mullite (Mul), sillimanate
(Sil), corundum (Crn), spinel (Spl), and/or leucite (Lct) and a
glass [27–29].
4.3 Element analysis

Figure 7. Thermal analyses data (TGA and DSC) of the unheated
powdered muscovite single crystal sheet showing signatures of dehydroxylation and associated distortion in the crystal structure of
muscovite (I), decomposition of muscovite, nucleation and growth
new phases (II).

extends up to 1000 ◦ C [26]. This can be represented by a
chemical equation (assuming a simplest formula for muscovite):


KAl2 (AlSi3 )O10 (OH)2 → KAl2 (AlSi3 )O11 + H2 O ↑

EDX spectroscopy analysis was carried out using a Bruker
XFlash 6|10 spectrometer attached with Tescan VEGA 3
LM scanning electron microscope. The EDX spectra of
the unheated and the heat-treated muscovite single crystal
sheet samples are shown in figure 8. Using the at% of various elements detected by EDX system, for the unheated
muscovite single crystal sheet, we have arrived to the following semi-empirical formula: (K0.85 Ba0.04 ) 0.89 (Al1.54 Fe0.26
Mg0.20 ) 2.00 1 (Al1.0 Si2.98 ) 3.98 O10 (OH)2 (H2 O)0.32 .
In
addition to the elements auto-detected by the EDX system and
quantified, Ti was included because it is hard to distinguish
the Ba-Lα from Ti-Kα (figure 8). We could see the presence
of the same set of the elements in all the heat-treated samples
as well. The corresponding experimental compositions (at%)
are given in supplementary material. Here, it is important to
consider the fact that the element, H cannot be detected, and
O cannot be quantified accurately, using EDX analysis. Further, due to the lack of knowledge about the amount of loss
of O and H upon heat treatments, no semi-empirical formulae
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Figure 8. EDX spectra of the unheated and all the heat-treated
muscovite natural single crystal sheets.

have been made for the heat-treated samples to compare with
that of the unheated sample. However, it is certain that the
heat-treated samples had under gone partial loss of, at least,
O and H by the dehydroxylation process.
4.4 Raman spectroscopy analysis
Since the dehydroxylation is a gradual and complete loss
of OH from the crystal, it can be investigated better using
Raman spectroscopy. Raman spectra for the unheated and
all the heat-treated muscovite single crystals sheets were
recorded using a LabRAM HR evolution Raman spectrometer (HORIBA Scientific) having a green (532 nm) laser as
excitation source. Figure 9 illustrates the Raman spectra of all
the samples collected at room temperature. The predominant
Raman modes of the unheated sample have been identified
and labelled by following a previous report [2]. The Raman
spectra of all the heat-treated samples have been compared
with that of the unheated sample; changes in peak position,
intensity and also broadening and disappearance of few peaks
were observed [1,30]. Specifically, the Raman modes found
at 185, 244, 395 cm−1 , which correspond to Al–OH, O–
Si–O and O–Al–O translations, respectively, get shifted as
well as broadened. The O–Al–O stretching mode (685 cm−1 ),
bending mode (742 cm−1 ) and Si–O–Si(Al) stretching modes

Figure 9. Raman spectra of the unheated and all the heat-treated
muscovite natural single crystal sheets.

(892 and 1100 cm−1 ) shift and also broaden slightly with
increasing TH . The OH stretching mode found about
3600 cm−1 diminishes gradually for up to 800 ◦ C and disappears for TH = 900◦ C. Further, it is seen that heat
treatment introduces a set of new Raman modes, octahedral Al translation and tetrahedral Si/Al translation, evolving
about 600 cm−1 , which get enhanced and also broadened with
increasing temperature. This and the peak modulation found
at 395, 685, 742 cm−1 could be considered as indication of the
conversion of Al-(O,OH)6 octahedral units into Al-O5 , which
make approximately trigonal bipyramids [22] and associated
distortions of the octahedral site [20].

5. Discussion
Our experimental studies revealed interesting change of optical properties of muscovite natural single crystal sheets
subjected to heat treatments at high temperatures up to 900 ◦ C.
The colour of appearance, optical transparency, optical band
gap energy and PL were seen changing with the temperature of
the heat treatment. The investigations made using XRD data,
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Figure 10. Schematic representation of the dehydroxylation/dehydration of muscovite upon heat
treatment and change of coordination of Al in octahedral site to Al-O5 with corresponding distortion
giving raise to the approximate trigonal bi-pyramidal structure

thermal analyses (TGA and DSC data) and Raman spectra to
understand how and why the optical properties change upon
heat treatment revealed that the muscovite undergoes a set of
sequential and also partly overlapping process: (i) dehydroxylation and (ii) decomposition of muscovite, nucleation and
growth of many new phases. As stated earlier, in the dehydroxylation process, one of the two OH groups bonded with the
octahedral Al (figure 1) gets detached as OH− , makes a bonding with a H+ of the other OH and a H2 O (H+ -OH− ) molecule
is formed. At elevated temperatures, the H2 O evaporates from
the crystal lattice [24]. This lets the Al-O coordination number to become 5, instead of 6. Correspondingly, the octahedral
site gets distorted and acquire an approximate of trigonal bipyramidal structure [22] as shown in figure 10. Since, other
than the dehydroxylation, we found no evidences for any
phase transitions or phase evaluation within the maximum TH
of 900 ◦ C, the change of the structural-element, Al-O4 (OH)2
and associated distortion to the octahedral layer, forming an
Al-O5 trigonal bipyramid and high temperature induced point
defects (such as O or OH vacancies) should have introduced
new defect levels, which modulated the electronic band structure of the natural muscovite. Thus, upon heat treatment, we
observe varying optical properties in muscovite natural single
crystal sheets.
From the semi-empirical formula, (K,Ba,Na)1 (Al,Fe,Mg,
Ti)2 (Al,Si)4 O10 (OH,F)2 of the muscovite single crystal sheet,
we anticipate that (i) Al3+ replacing the tetrahedral site of
Si4+ , (ii) Ti4+ replacing Mg2+ in the octahedral site, and
(iii) possibly site-disordered Fe3+ replacing the tetrahedral
site of Al3+ /Si4+ are the active luminescence centres (impurity metal centres). Additionally, other point defects such as
electron/hole centres in the form of SiOn−
m [17], which can
form upon heat treatments could contribute for the PL. One
puzzling surprise in the PL property of the muscovite natural single crystal sheets is that the PL profile of 900 ◦ C
heat-treated sample matches almost exactly with that of the
unheated sample, even quantitatively. Our repeated experiments on these two samples reproduced the same result.
With reference to the Raman spectra evidencing the absence
of OH− group in 900 ◦ C heat-treated sample, we can conclude that the OH− group has no direct influence over the PL

property. Ultimately, if the two samples have nearly same
electronic structure with same set of active luminescence
centres, we will get same PL profile. Thus, it may be considered that the 900 ◦ C heat-treated sample, though it had lost
all OH groups from the crystal lattice, has complete Al-O6
octahedral layer which would be possible by an oxidation
process using the oxygen of the ambient atmosphere.

6. Summary and conclusion
Short duration (30 min), high temperature heat treatments on
muscovite natural single crystal sheets have been carried out.
The single crystal sheets showed changes in its characteristic
colour of appearance, from colourless transparent to copperlike glittering and opaque. It also exhibited changes in optical
band gap energy; E g reduced to 2.7 eV for the sample heattreated at 900 ◦ C from ∼3.7 eV (for the unheated sample).
These crystal sheets also exhibited varying PL characteristics
depending on the heat treatment (temperature). The reasons
for how and why there are changes in the optical characteristics of muscovite natural single crystal sheets have been
determined using XRD, thermal analyses, element analysis
and Raman spectroscopy. The dehydroxylation and its effects
on the coordination number of Al in octahedral site, its associated distortions in crystal structure (including the expansion
of lattice constant for the case of heat treatments above 800 ◦ C
are found to be responsible for the changes in the optical characteristic properties of the natural muscovite single crystal
sheets.
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