
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=grad20

Radiation Effects and Defects in Solids
Incorporating Plasma Science and Plasma Technology

ISSN: 1042-0150 (Print) 1029-4953 (Online) Journal homepage: https://www.tandfonline.com/loi/grad20

Effects of swift heavy ion-irradiation on mica- and
coal-based rocks of Lower Himalayas in Sikkim,
India

Archana Tiwari, Saikiran Vadavalli, Ajay Tripathi & Anand P. Pathak

To cite this article: Archana Tiwari, Saikiran Vadavalli, Ajay Tripathi & Anand P. Pathak
(2013) Effects of swift heavy ion-irradiation on mica- and coal-based rocks of Lower
Himalayas in Sikkim, India, Radiation Effects and Defects in Solids, 168:11-12, 940-949, DOI:
10.1080/10420150.2013.804825

To link to this article:  https://doi.org/10.1080/10420150.2013.804825

Published online: 07 Jun 2013.

Submit your article to this journal 

Article views: 72

View related articles 

Citing articles: 1 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=grad20
https://www.tandfonline.com/loi/grad20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10420150.2013.804825
https://doi.org/10.1080/10420150.2013.804825
https://www.tandfonline.com/action/authorSubmission?journalCode=grad20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=grad20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10420150.2013.804825
https://www.tandfonline.com/doi/mlt/10.1080/10420150.2013.804825
https://www.tandfonline.com/doi/citedby/10.1080/10420150.2013.804825#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/10420150.2013.804825#tabModule


Radiation Effects & Defects in Solids, 2013
Vol. 168, Nos. 11–12, 940–949, http://dx.doi.org/10.1080/10420150.2013.804825

Effects of swift heavy ion-irradiation on mica- and coal-based
rocks of Lower Himalayas in Sikkim, India

Archana Tiwaria, Saikiran Vadavallib, Ajay Tripathia and Anand P. Pathaka,b*

aDepartment of Physical Sciences, Sikkim University, Gangtok 737102, India; bSchool of Physics,
University of Hyderabad, Hyderabad 500046, India

(Received 16 December 2012; final version received 9 May 2013)

Naturally occurring mica schist and coal sedimentary sequence in Sikkimese Himalaya were collected
and investigated by two micro-techniques: scanning electron microscopy/energy dispersive spectrometry
and Raman spectroscopy. They were applied to identify the constituents and the structure of the minerals
before and after swift heavy ion irradiation. Vibrational data and the constituents of abundantly found mica
schist and coal-based rock were acquired at room temperature and were compared with those reported for
their analogues in the previous reports.
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1. Introduction

Minerals, being limited in abundance and non-renewable, are often considered as a valuable
addition to earth crust. The availability of various minerals in their rich reserves turns out to be
very conducive for the growth and development of the country’s economy. Indian land is enriched
with resources of metallic and non-metallic minerals.

Sikkim, an Indian state in North-Eastern Himalaya, stretches its boundary up to Tibetan Plateaus
in the North, the Chumbi Valley of Tibet and Bhutan in the East, Nepal in the West, and Darjeeling
district of West Bengal in the South (Figure 1). Being one of the youngest range in the world, the
rocks and minerals of Himalaya possess many interesting characteristics; majority of these are yet
to be unearthed. East district of Sikkim, the study area for the article, is known to be dominated
by mica schist, chlorite schist, sericite schist, and quartz schist (1–5).

Swift heavy ion (SHI) irradiation is often used to modify the molecular structure in various
materials leading to changes in their chemical, electronic, and optical properties (6, 7). The ion
irradiation induces irreversible changes in the structure of the materials and their properties.
The irradiation provides several possibilities for creating extremely high-energy densities inside
various material targets and matrices. SHI irradiation experiments have helped in discovering
materials capable of inactivating radioactive wastes and prediction of nuclear tracks forming
inside actinide-bearing minerals such as apatite and zircon (8–13). In addition to this, SHIs have
been extensively used in lithographic techniques, especially in designing the nanostructures on the
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Figure 1. The geological map of Sikkim. The black curve shows the state boundary, whereas the internal black-dashed
curve shows the district boundaries within Sikkim (N-North, E-East, S-South, and W-West districts). The major running
rivers of the East district are also highlighted in the figure.

substrate materials (14–18). Mica-based materials offer both layered and nanoporous templates
for interesting fabrications (19–21). Being cheap and abundant, mica has been widely studied
under the influence of SHI irradiation (22–25). In this article, we have studied the effects of
SHI irradiation on mica schist and coal minerals obtained from the Sikkimese Himalaya. The
region is barely studied in order to evaluate the minerals’ composition, and therefore the possible
applications in the field of science and technology.

Scanning electron microscopy coupled with energy dispersive spectrometry (SEM/EDS) and
micro-Raman spectroscopy is an efficient technique for understanding the structural and chemical
modifications of materials upon the SHI irradiation. In this article, we intend to highlight the effects
of SHI on the schist which not only consist of mica, but also other mineral inclusions in it. We
have characterized three different rock samples before and after the irradiation. First two samples
were chosen based on their close analogy to mica schist and the remaining sample is chosen as
per being analogous to a coal-like mineral.

2. Materials and methods

Three samples were collected from Gangtok in East district of Sikkim. Of these three samples,
two samples, namely Sample 1 and Sample 2, were pale and lustrous schist, whereas Sample 3
was black in color (Figure 2).

SHI irradiation of samples was done at room temperature with 80 MeV Ni ions from 15UD
pelletron accelerator facilities available at Inter-University Accelerator Centre, New Delhi.
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(a) (b) (c)

Figure 2. Raw samples collected from East Sikkim: (a) Sample 1, (b) Sample 2, and (c) Sample 3.

All samples were irradiated with a fluence of 1013 ions cm−2 under high vacuum < 10−6 mbar.
To avoid heating the samples, a low beam current of 1 pnA was maintained during the irradiation
experiments.

Raman spectroscopy measurements were carried out at room temperature in backscattering
geometry with a 785 nm diode laser beam of 30 mW power. The laser beam was focused on
the sample surface using 50× objective. Raman spectra were observed using Renishaw in via
spectrometer, micro-Raman (RM 2000) model. For each measurement, between 5 and 10 spectral
accumulations at 10 s exposure time were recorded. The samples’ surface layers were analyzed
with no further preparation being undertaken. The spectral cutoff of the instrument was 100 cm−1.
A Lorentzian fitting in OriginPro 8 was done in order to evaluate the peak parameters.

Following the Raman analyses, the surface morphology and distribution of minerals in the
samples were imaged using field emission scanning electron microscopy (FESEM); FESEM—
Carl Zeiss Ultra-55 model. Qualitative elemental analyses were also carried out using an Oxford
Inca EDS coupled with FESEM.

3. Results and discussion

3.1. SEM/EDS analysis

Figure 3 shows an SEM/EDS image of the three samples with distinct peaks for Al, Si, Mg, Au,
O, K, Ti, Fe, and Ce. The gold (Au) peak is derived from the gold coating on the samples required
for SEM/EDS measurements. EDS data of Samples 1–3 yield the composition which is given in
Table 1.

It is observed that both Samples 1 and 2 have similar elemental contents than that of Sample 3.
Sample 1 in comparison to Sample 2 has higher contents of Mg and Al, whereas the latter has
higher contents of Si and K. In Sample 3, the presence of a few trace elements such as Ti, Ce, and
Fe was also observed.

3.2. Raman spectra analysis

Raman spectra of the three samples are plotted in Figures 4–6. Most of the Raman peaks are
observed in the range 100–1600 cm−1. The peaks and their relative intensities are reproducible
throughout the entire sample. Very few peaks are observed in the higher energy region. The peak
positions of the strongest, medium, and weak intensity peaks are given in Table 2. In this section,
the Raman spectra of Samples 1 and 2 are discussed first followed by that of Sample 3. Both
irradiated and unirradiated samples are discussed.
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(a)
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Figure 3. SEM images of three samples: (a) Sample 1, (b) Sample 2, and (c) Sample 3. SEM/EDS spectrum of three
samples: (d) Sample 1, (e) Sample 2, and (f) Sample 3.

Table 1. Chemical composition of the samples obtained by SEM/EDS analyses.

Sample 1 Sample 2 Sample 3

Element Weight (%) Weight (%) Weight (%)

O 84.10 83.36 55.78
Mg 2.64 1.62 1.72
Al 6.42 5.99 13.42
Si 6.15 7.91 18.87
K 0.30 0.45 4.51
Au 0.44 0.69 0.16
Ti 0.82
Fe 4.61
Ce 0.11
Total 100 100 100

Figure 4. Raman spectra of Sample 1 before and after the SHI irradiation in the range 100–2000 cm−1.
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Figure 5. Raman spectra of Sample 2 before and after the SHI irradiation in the range 100–2000 cm−1.

Figure 6. Raman spectra of Sample 3 before and after the SHI irradiation in the range 100–2000 cm−1.

Mica minerals are composed of an octahedral sheet with (Mg, Al, etc.) cations sandwiched
between two parallel tetrahedral sheets of (Si,Al)O4 tetrahedra. This structure is called 2:1 layered
phyllosilicate. Natural micas, e.g. lepidolite, muscovite, phlogopite, and margarite, are known to
exhibit different Raman peaks in the 50–1250 cm−1 regions (26–30).

Spectra between 100 and 300 cm−1: The peaks below 230 cm−1 are mainly assigned to the
internal vibrations of MO6 octahedron in both di- and tri-octahedral micas. Here, M is the octa-
hedral cation, for example Mg2+ in phlogopite and Al3+ in muscovite (26, 31). These peaks are
attributed to the symmetric bending modes of O−Si−O and O−Al−O groups (32, 33). Common
peaks for both Samples 1 and 2 are found at 141, 196–203, and 262 cm−1. The intense energy peak
at 141 cm−1 is attributed to the O−Al−O symmetric bend in both samples. The presence of this
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Table 2. Curve fitting data of the micro-Raman spectra of Samples 1– 3.

Sample 1 Sample 2 Sample 3

Unirradiated Irradiated Unirradiated Irradiated Unirradiated Irradiated

128 (m) 128 (w)
141 (s) 141 (w) 142 (m) 163 (w)
205 (m) 196 (w) 203 (m) 196 (w)

214 (w) 214 (w)
263 (m) 262 (s) 262 (s) 262 (s)
350 (m)
419 (m) 413 (m) 405 (m) 408 (m)

464 (s) 464 (s)
517 (w) 517 (w)

551 (s) 550 (w) 547 (w) 547 (w)
676 (s) 642 (w) 641 (w) 645 (w)

684 (m)
701 (m) 701 (s) 701 (m) 701 (m)
750 (w) 751 (w) 740 (m) 755 (w)

775 (m)
912 (w) 910 (w) 905 (w)

956 (w) 959 (w)
1067 (w) 1076 (w) 1079 (w) 1177 (w)

1213 (w)
1291(w)

1321 (w) 1327 (w) 1310 (s) 1310 (s)
1337 (w) 1350 (w)
1360 (w)
1388 (w)
1507 (w) 1500 (w)
1538 (m)
1590 (w) 1597 (m) 1590 (m)

1845 (w)
3126 (w) 3140 (w) 3112 (w) 3072 (w) 2570 (w) 2590(w)
3626 (w) 3612 (w) 3250 (w) 3605 (w) 2958 (w) 3021 (w)

Note: Strong (s), medium (m), and weak (w) Raman peaks are indicated with s, m, and w, respectively.

peak is attributed to the Kaolinite mineral in the schist samples. The evidence of 128 cm−1 peak
in Sample 2, attributed to O−Si−O symmetric bend, further affirms the presence of the Kaolinite
mineral in this sample. The narrow line-width of 141 cm−1 peak in Sample 2 as compared to
that of Sample 1 shows more ordered Kaolinite in Sample 2 than in Sample 1. Farmer and Ishii
et al. also reported the presence of 128 cm−1 peak to the vibrations of hexagonal Si2O5 layer.
The higher energy (141 cm−1) is attributed to O−Al−O symmetric bend of the AlO6 group of
Kaolinite and the lower energy peak (128 cm−1) is attributed to that of O−Si−O symmetric bend
(34–36). The large intensity of these peaks occurs as a result of a vibrational mode which induces
significant change in the polarizability. The change in the peak positions and in the widths are,
therefore, related to the stress on the Kaolinite crystal structure.

The 196 cm−1 peak is strong in dioctahedral micas. This wavenumber increases if the con-
centration of Al ion increases inside the mica schist. The 262 cm−1 peak intensity is strong in
all dioctahedral micas and trilithionite, whereas it is weak in compositions closer to phlogopite
(31). It is observed that in both Samples 1 and 2, the intensity of ∼260 cm−1 peak is medium to
strong. This peak occurs in those dioctahedral micas where the octahedral sites either have Al3+
impurities or have no identical cations (26, 31).

Interestingly, we have observed that the Raman peaks in this region change enormously
upon the SHI irradiation. In these samples, 128, 141, and 196–203 cm−1 peaks intensities and
FWHM changes upon the irradiation. More commonly, the intensity decreases, whereas the
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width gets broader. The 128 cm−1 peak becomes weaker and broader after the irradiation. The
peak width changes from 16 to 34 cm−1. Analogous to this, peak positioned at 141 cm−1 also
gets weaker and broader. It can be deduced from here that O−Al−O and O−Si−O symmet-
ric bends are distorted upon SHI leading to broad widths and poor intensities. On the contrary,
the peak intensity at 262 cm−1 in Sample 1 increases upon the irradiation, whereas the peak
width becomes narrower; the FWHM changes from 16 to 12 cm−1. The changes in 262 cm−1

peak in Sample 1 are attributed to the restricted stretching modes of O−Al−O and O−Si−O
upon the SHI irradiation. Also, few weak peaks are seen emerging and disappearing in the range
196–203 cm−1.

Spectra between 300 and 1600 cm−1: In previous reports, the peaks in the higher wavenumber
region are assigned to the vibrations of Si2O5 layers, internal vibrations of distorted SiO4 tetrahe-
dron, vibrations of Si−O−Si, Si−O−Al, Al−O−Al, Si−O, Al−O, and Al−O−H (37–39).The
characteristic quartz peaks at 355 and 464 cm−1, attributing to O−Si−O deformation and Si−O
stretching mode, respectively, are observed in the spectra of Samples 1 and 2. This reveals that
these samples have inclusions of quartz composition (30, 40–42).

Sample 1 also exhibits a strong peak at 550 cm−1. This peak is attributed to Si−O−Si and
O−Si−O bending modes in SiO4 tetrahedron. A broad peak at 419 cm−1 in the sample is known
to occur in dioctahedral micas and trilithionite due to the convolution of O−H liberation and
Si−O vibrations (26, 31). Also, most of the Al-bearing silicates show a strong but wide peak at
420 cm−1 (e.g. muscovite and montmorillonite), whereas Mg-bearing silicates show a strong peak
at 350 cm−1 (e.g. serpentine, phlogopite, and chlorite). We report the presence of both peaks in
Samples 1 and 2 pertaining to the presence of Al and Mg in their composition.

Si−O−Si vibrations are also related to two more peaks at 679 and 702 cm−1 in phlogopite
and muscovites. Both peaks are due to symmetric stretching of the bridging oxygen. Amongst the
reported spectra, both Samples 1 and 2 show peaks at ∼672 and ∼701 cm−1. Tilli et al. (31, 43, 44)
reported that if 700 cm−1 peak, attributed to Al−O−Al and Si−O−Si bending vibrations, lies
at slightly higher wavenumbers, this could be due to the presence of dioctahedral K–micas in
the sample.

The peaks in the 950–1150 cm−1 are attributed to the stretching Si−O−Si or Si−O−Al modes,
whereas the peaks in the 740–900 cm−1 arise due to the octahedralAl−O andAl−O−Al stretching
modes (45). The most intense peaks in 500–750 cm−1 spectral region are attributed to the Si−O−Si
stretching vibrations, whereas the bands originating from the translational Mg(Al)−O modes give
rise to the strong peaks in the lower wavenumber region. The Raman peaks at 550 and 750 cm−1

are together attributed to Si−O−Si vibrations in the schist. While looking for these peaks in the
observed spectra, we found that in Sample 1, the peaks are observed at 551 and 750 cm−1, whereas
for Sample 2 peaks are found at 547 and 740 cm−1. The spectra also show the presence of weak
and broad peaks in the range 1000–2000 cm−1 which are attributed to antisymmetric stretching
modes of bridging oxygen, Si−O−Si. The interpretation is that 1075 cm−1 peak arises due to
symmetric stretch from an Si2O2−

5 unit in both samples (44–48).
Upon the irradiation, the peaks at 550 and 676 cm−1 in Sample 1 and 740 cm−1 in Sample

2 become weaker and broader. The FWHM for these peaks increases approximately three times
upon the irradiation. The broadening of these peaks affirms the distortion in the Si(Al)−O−Al(Si)
vibrations upon SHI (45). This can also be attributed to large tetrahedral Si/Al disorder in the
silicate structures arising from the tetrahedral O−Si(Al)−O bending vibrations (49). On the
contrary, the peak intensity at 701 cm−1 in Sample 1 increases upon the irradiation and the peak
width changes from 23 to 19 cm−1. This phenomenon reveals an ordering in the bridging oxygen;
Si−O−Si vibration after the SHI irradiation (40).

Raman spectroscopy has been extensively used to distinguish graphite, graphene, and other
carbon allotropes such as coal and char. In coal-based minerals, both G and D bands are evidently
found (50, 51). When compared with our Sample 3, all Raman features resembled to those reported
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for the coal and disorder graphite. Three reproducible peaks are found in Sample 3. The G band
(graphitic band) is found centered at ∼1590 cm−1. It mainly represents the aromatic ring quadrant
breathing (52, 53). The D band (disordered band) which is observed at ∼1310 cm−1 arises due
to aromatic structures with more than six rings. The S band, centered at ∼1180 cm−1, which
occurs as a shoulder of D band, tentatively represents sp2–sp3 bonds or C−C and C=C stretching
vibrations of polyene-like structures (54).

In Sample 3, the relative peak intensities remain unchanged for G and D bands after the
irradiation. However, they get broader from 120 to 185 cm−1 for G band, and 53 to 69 cm−1 for D
band upon the irradiation. In addition to these peaks, a new peak is observed after the irradiation
in the lower wavenumber region. In the spectrum of the SHI-irradiated sample, a narrow peak
at ∼150 cm−1 with a width of 15 cm−1 is observed. In the literature, the peaks in the lower
wavenumber region are attributed to radial breathing modes (RBM) of carbon nanotubes (CNTs)
that reflect both tube diameters and is indicative of single versus multi-walled structures in carbon
polymorph (55, 56). The peaks with smaller RBM frequencies correspond to larger diameter
tubes. In this work, we were only be able to locate 150 cm−1 peak after the irradiation. However,
this peak is not found uniformly reproducible over the surface of the sample. Similar works have
been done in this direction, where graphite and coal have been used to synthesize empty fullerene
and onion-like fullerene molecules (57–60).

4. Conclusions

We have studied the effects of the irradiation by Ni SHIs with energy 80 MeV, on the naturally
occurring rock samples, namely mica schist and coal originated from the Sikkimese Himalaya.
The pristine and irradiated samples were investigated using Raman spectroscopy and SEM/EDS.
Our study reveals the presence of di-octahedral mica in both schist samples. They also consist of
Kaolinite clay mineral and quartz inclusions.

This study reveals that all samples undergo structural modifications. While the positions of
most of the Raman peaks remain constant, they show distinct broadening of the full width at
half maxima. This demonstrates poor short-range order of the crystal structure upon the irra-
diation and could also be an indicator for amorphization. For instance, in Samples 1 and 2,
the changes in Raman peaks in the lower frequency region are attributed to the distortion of
O−Al−O and O−Si−O symmetric bends upon SHI which leads to broad line-widths and poor
intensities. The change in 262 cm−1 peak illustrates restricted translations due to these distorted
bending modes. Also, in the higher frequency region, the broadening of the peaks affirms the
distortion in the Si−O−Si vibrational modes in the samples. This has been further attributed
to large tetrahedral Si/Al disorder in the silicate structures arising from O−Si(Al)−O bending
vibrations.

For coal mineral, the Raman results were studied primarily through the modification of D and
G peaks. The behavior of these peaks shows that at the ion fluence of 1013 ion cm−2, the peaks get
broader and a new peak emerges at ∼150 cm−1. This can be attributed to the formation of CNTs
on the surface of coal mineral upon the SHI irradiation. It is apparent that broadening of D and G
bands is an indication of amorphization in the system.

It is required to understand how the defects are being produced in the layered silicates with
multiple inclusions such as quartz and clay minerals. The findings can be utilized for the fabrica-
tions of variety of nanoterrace materials with multiple stacks having sharp edges and also to look
in to the potential applications of these readily available minerals. From the present study, we are
encouraged to further extend this work of the SHI irradiation on such coal and graphite samples
in order to synthesize various kinds of carbon nanomaterials.
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