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The modifications of calcium sulphate (CaSO4-2H,0) single crystals are investigated by means of Raman
and Fourier transform infrared spectroscopy (FT-IR) using 100 MeV Ag8* ions in the fluence range 1 x 10"
to 5 x 10'3 jons/cm?. It is observed that the intensities of the Raman modes decrease with increase in ion
fluence. We determined damage cross-section (o) for all the Raman active modes and found to be different
for different Raman modes. Further, FT-IR studies have been carried out to confirm surface amorphisation
for a fluence of 1 x 10" jons/cm?. It is observed that the absorption peaks at 1132-1156 cm~! corresponds
to v3(S042~) mode. The decrease in Raman peaks intensity with ion fluence is attributed to degradation
of 13(S04%~) modes present on the surface of the sample.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Swift heavy ion (SHI) irradiation is a very effective tool for the
modification of materials. The energy of the ion is transferred to the
solid almost instantaneously in the highly localized volume even in
nano meter dimension. Hence, single energetic swift heavy ions can
be used to generate non-equilibrium phases with structural and
physical properties [1-3]. Though SHI irradiation is complicated
and expensive, it is a unique tool to modify the materials by any
other process. The important advantage is the flexibility in process
parameters such as the energy and type of ion and fluence available
for achieving various properties of the resultant material [4].

A swift heavy ion while passing through matter loses its
energy either by elastic collisions with nucleus (nuclear stopping
power Sy {(dE/dx)n}) or by inelastic collisions with electrons (elec-
tronic stopping power Se{(dE/dx)e}). In the energy region around
1 MeV/amu the nuclear energy loss becomes negligible and elec-
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tronic energy loss dominates. It has already been proved that
amorphised latent tracks are produced above a threshold value of
Se i.e. Setn (Se > Sern) corresponding to a large electronic excitation.
It is well established that irradiation of solids with energetic parti-
cles leads to creation of a wide variety of defect states therein. At
medium ion energies (keV range), the damage mechanism is due
to the nuclear energy loss, whereas at higher energies (MeV-GeV
range) it is caused by the electronic energy loss [5-7]. Electronic
energy loss plays a dominant role on the whole ion path except in
the nuclear stopping region at the end of the ion range. Hence the
swift heavy ion effects in matter are essentially related to the strong
electronic excitation effects [8]. Therefore, various kinds of materi-
als using different ion irradiation with variable energies to modify
the materials are of immense interest in recent times.

Brunetto et al. [9] have studied the amorphisation of diamond by
Raman studies using H*, He*, Ar?*, Ar* with energies 200-400 keV
in the fluence range 0.17-4.2 x 106 ions/cm?2. In all the ions the first
order diamond Raman bands area decreases progressively to zero
as the ion fluence increases. Amorphous carbon (SP? hybridiza-
tion) is formed during He* and Ar%* ion irradiation, while it is not
formed with H* ions, because the displacement/cm?3 for the highest
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H* dose are below the amorphisation threshold. The peak position
1545 cm~! shifting towards 1515 cm~! at higher doses. This shift is
an indicative of an evolution towards a highly disordered material.
Suresh Kumar et al. [10] have studied GaN using 100 MeV Au’* ion
irradiation by varying the fluences 1 x 10'2 to 5 x 10'3 ions/cm? at
room temperature. The structural studies were investigated using
XRD and Raman scattering measurements. XRD results reveal that
the intensity of sharp peak of Wurtzite GaN (at 20 = 34.5°) decreases
gradually with increase of incident ion fluence. Further, the full
width at half maximum (FWHM) increases from 0.087° to 0.27°
due to structural damage. The Raman modes (v;) shift to lower
wavenumber side indicating a compressive strain. Further, increas-
ing the ion fluence, results in disappearance of the v, modes. The
Raman peaks were broadened and intensity reduced drastically.
This is due to amorphisation of GaN.

Veeramani et al. [11] have studied the CdTe single crystals by
SHI irradiation of Ag”* ions with 100MeV energy and fluence in the
range 10! to 10 jons/cm? and structural damage was investigated
by using AFM, XRD and PL. The XRD patternindicates the prominent
peak (11 1) show increase of FWHM and reduction in intensity as a
function of ion fluence. This indicates that SHIs penetrate the crystal
along the trajectory of the ion beam and lead to material modifica-
tion and distort their lattice. In this process it generates defects and
partial amorphisation resulting in a non-crystalline nature. Further
the intensity variation is attributed to creation of defects like sur-
face tracks. These surface tracks are created from ion-induced melt
due to mechanical stress arising from the thermal expansion. Fur-
ther PL intensity is reduced after irradiation, which confirms that
lattice disorder begins on the surface of the sample due to the high-
energy irradiation. This result suggests that the defects created by
Ag’* ions on CdTe samples can act either as traps or as non-radiative
recombination centers.

Calcium sulphate also known as gypsum is one of the important
mineral being used as single drug for specific diseases in Unani
system of medicine [12]. Calcium sulphate doped with rare earth
elements is an important candidate for personal thermolumines-
cence dosimeters due to its sensitivity and good thermal stability
[13]. The unit cell parameters were found tobe a=5.68 A, b=15.18 A,
c=6.51A and $=118.4° with Z=4. The space group is 12/a (C5,).
It has transition sequence of gypsum-bassanite—anhydrite. Previ-
ous workers from IR and Raman studies [ 14,15] have demonstrated
that sulphate internal modes were sensitive to the phase changes
from temperature and pressure and could effectively be used to
probe the structure transitions. However nobody has studied the
effect of swift heavy ion irradiation effects on calcium sulphate
single crystals. In the present work, an attempt has been made to
study 100 MeV Ag8* ion irradiation effects on SO42~ modes in the
CaS04-2H,0 single crystals with ion fluence.

2. Experimental

In this experiment, transparent CaSO4-2H,0 single crystals cleaved from big
block procured at Drug standardization research institute, Madras of thickness
~1mm x 1 mm x 2 mm was used. The samples were irradiated with 100 MeV Ag®*
ions by using a 15 UD Pelletron Accelerator at the Nuclear Science Centre, New Delhi,
India [16]. These studies were performed at room temperature in an experimen-
tal chamber under vacuum better than 10~7 Torr. The beam was scanned over a
1cm x 1cm area on the sample using a magnetic beam scanner. The dose of charge
accumulated in the sample was measured separately in terms of fluences and the fol-
lowing fluences in the range 1 x 10™ to 5 x 10'3 ions/cm? were used. The ion currents
used were lower than 2 pnA to avoid macroscopic heating of the sample.

Raman spectroscopic studies are performed on the pristine and ion irradi-
ated CaS04-2H, 0 single crystals using a Renishaw In-via Raman spectrometer with
785 nm He-Cd laser and a Leica DMLM optical microscope equipped with 50x objec-
tive lens is used to determine the analyzed part of the sample. The laser beam was
focused on to the sample using a 50x objective, thus providing a laser spot about
2 wm in diameter. In order to avoid sample degradation during the measurements
very low powers were employed (<0.5 mW) and the sample was slowly scanned
under the laser beam. Sample degradation due to laser damage could be identified
by the observation of a rise in the background in the Raman spectrum as data were

being collected. If this was seen to occur, the measurement was rejected and the run
was repeated. The system also includes a monochromator, a filter system and CCD.
The Raman spectra were taken on the irradiated CaSO4-2H, 0O crystals in the range
100-1300cm~". Three accumulations for each position with an accumulation time
of 10 sec are maintained for all the measurements. The spectra are calibrated using
520 cm~! line of silicon wafer. The data acquisition and analysis are carried out using
WIRE 2.0 software. Fourier transform infrared spectroscopy (FT-IR) measurements
were performed in transmission mode on the same set of samples (pristine and ion
irradiated CaSO4-2H,0 single crystals). The FT-IR measurements were performed
using Bruker instrument from 400 to 1300 cm™".

3. Results and discussion

Raman spectra of un-irradiated (pristine) and irradiated
CaS04-2H,0 single crystals with 100 MeV Ag8* ions in the fluence
range 1 x 10" to 5 x 1013 ions/cm? after appropriate calibration and
baseline fitting of the raw data are shown in Fig. 1. The Raman active
modes at 411, 484, 610, 1008 and 1137 cm~! are recorded in both
pristine and ion irradiated samples. These modes are assigned to
V2(411,484cm™1), v4(610cm~1), v1(1008 cm~1) and v3(1137 cm™1)
S042~ modes, respectively. These modes are in good agreement
with those reported in the literature [17]. Figs. 2 and 3 show the
variation of Raman (1008 cm~!) peak intensity and FWHM as a
function of ion fluence. It is observed that the Raman modes inten-
sity decreases, where as the FWHM increases exponentially with
ion fluence. The decrease in intensity is faster for 1008 cm~! mode
when compared to 411, 484, 610 and 1137 cm~! modes. The mode
assignment, peak intensity and FWHM for various Raman active
modes are given in Table 1. It is observed that the peak position of
intense Raman mode (1008 cm~!) shifted towards lower wavenum-
ber side. Further, it is observed that peak intensity and FWHM
decrease with increase of ion fluence. This might be attributed to
amorphisation of the sample.

The cross-section (o) for the destruction of the CaSO4-2H,0 can
be observed from the decrease in the Raman peak intensity as a
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Fig.1. Raman spectra of pristine and 100 MeV Ag®* ion irradiated CaSO4-2H, O single
crystals.
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Fig. 2. Variation of Raman peak intensity at 1008 cm~! as a function of Ag8* ion
fluence.
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Fig. 3. Variation of FWHM of 1008 cm~! peak as a function of Agd* ion fluence.

function of ion dose as shown in Fig. 4. Following the analysis sug-
gested in [18] we assume that the areal density N of the CaSO4-2H,0
molecule remaining after irradiation with an ion dose D is given by

N = Ny exp(—oD)

where o is the cross-section. For the Raman measurements, N is pro-
portional to the integrated Raman intensity. Hence, for the Raman
measurements a plot of logg[I(D)/Ip] versus dose where I(D) is the
intensity of a particular Raman peak after a dose D and I is the
intensity of the corresponding peak in the unirradiated sample,

Table 1

1008cm™” & = 1.05x10™%m’

1137em” o = 2.66x10"°cm
484cm” o = 4.30x10%cm?
610cm” o = 5.48x10"%cm?

1 1 1
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2

Log  normalized peak intensity
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Agx‘ ion fluence (xiO”i(ms/cm2)

Fig. 4. The diminution of the intensity of the Raman active mode (1008 cm~') as a
function of 100 MeV Ag®* ion fluence displayed as logio[I(®)/Io] versus fluence.

should yield a straight line whose slope is the cross-section, o for
the destruction of CaS04-2H, 0 by the ion beam. In Fig. 4, the inten-
sity of the different Raman bands after a given dose I(D), normalized
to the intensity of this peak for unirradiated sample Io is plotted as
log1o[I(D)/Ip] versus ion fluence. The Raman data when plotted in
this way do indeed follow a straight-line dependence. The linear fits
to Raman data in Fig. 4 yield a damage cross-section (o) of different
Raman modes. The errors have been estimated on the basis of lines
of worst fit taking in to account the uncertainties in each of the data
points. It is noticed that all the fundamental Raman active modes
having different damage cross-sections/different sensitiveness for
ion irradiation. The 1008 cm~! mode has highest cross-section i.e.
the most sensitive to get damaged by ion beam. On the other hand
the 610cm~! mode had lowest damage cross-section, is the least
affected vibrational mode.

FT-IR studies have been carried out to confirm the surface
amorphisation. Fig. 5 shows the FT-IR spectra of pristine and
100 MeV Ag?* ion irradiated CaSO4-2H,0 for a fluence of 1 x 103
ions/cm?. The spectrum reveals the characteristic absorption bands
of SO42~ before ion irradiation of the sample. Anbalagan et al. [19]
have studied the Indian origin gypsum by FT-IR and Raman spec-
troscopy. They recorded a strong doublet at 600 and 669 cm™!
due to v4(S042~) bending vibrations and weak shouldered band
at 1000cm~! is due to v1(S042~). The intense bands at 1115 and
1143 cm™! are due to v3(S042-), the bands at 420-450cm~! are
attributed to v,(S042~) bending vibration. In Raman studies, all
the observed vibrational bands of gypsum in the present work
were compared with those reported in the literature [20-22].
Prasad et al. [23] have studied the dehydration of natural gyp-
sum single crystals in the temperature range 300-430K by FT-IR
spectroscopy. The fundamental modes of gypsum at 602-669 cm™~!
are due to v4(S0427), the mode at 1005 cm~"! is due to v1(S0427),
the modes at 1117-1167 cm~! are due to v3(SO42~). The modes at
3405-3495cm™! due to v;(H,0) and 3547 cm~! is due to v3(H,0).

Raman bands assignment and peak intensity, FWHM of 1008 cm~! mode in Ag®* ion bombarded calcium sulphate single crystals.

S. no. Observed Raman bands (cm™1) Band assignments of (S042~)
1 1008 vy

2 411,484 vy

3 1137 V3

4 610 Vg

5

6

Ion fluence (ions/cm?) Peak intensity (a.u.) at 1008 cm ™! FWHM
1x 10" 27557 22
5x 0" 24745 24
1x 102 18183 26
5x 1012 4747 30
1x 101 1351 38
Pristine 80990 21
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Fig. 5. FT-IR spectra of pristine and 100 MeV Ag®* ion irradiated CaSO4-2H, 0 single
crystals.

Kloprogge et al. [24] have studied the thermal decomposition of
syngenite (K, Ca (SO4);-H;0) by TGA-DTA, XRD and FT-IR spec-
troscopy. In IR spectra, The bands at 981 and 1000cm~"! are due
to v1(S0427), the band at 439cm™! is due to v,(S042), the bands
at 1110, 1125, 1136, 1148 and 1193 cm™! are due to v3(S042-), the
bands at 604, 617, 644 and 657 cm~! are due to v4(S042-). In
addition to these, -OH liberation mode at 704cm~!, -OH bend-
ing mode at 1631 cm~!, —~OH stretching mode at 3248 (symmetric)
and 3377 cm~! (anti-symmetric).

It is observed from the figure that in irradiated sample the
13(S042~ ) modes at 1132-1156 cm~! completely destructed and the
destruction of these modes with irradiation may further enhance
the amorphous in nature of the sample. From transport of ions in
matter (TRIM) [25] calculations, when the energy of the incident
ions is of few keV then nuclear energy loss (Sp) are significant as
compared to electronic energy loss (Se). In the present studies, we
have used 100 MeV energy for irradiation and the electronic excita-
tion effect is dominant over the nuclear energy transfer interactions
in the near surface region.

Mohanty et al. [26] have studied swift heavy ion irradiated o-
Al,03 single crystals irradiated with 190 MeV Ag ions with fluences
in the range 10! to 10'3 ions/cm?2. The pristine and ion irradiated
samples were characterized by XRD, PL, FT-IR. The XRD results
showed that the intensity of the peaks decreases with increase
of ion fluence. This might be due to occurrence of amorphisation.
Amorphisation of crystalline surface leads to surface tracks. Sur-
face tracks can be related to the generated beneath the surface.
The surface tracks are created from the ion-induced melt due to
the mechanical stress arising from the thermal expansion. Further
they have studied FT-IR measurements to confirm whether surface
amorphisation or bulk amorphisation. The peak at 1400cm~! cor-
responds to —OH stretch bond. There is no change in peak positions
of Al-OH with fluence. At higher fluence, amorphisation occur with-
out disturbing any -OH bonds. Thus, SHI irradiation leads to surface
amorphisation.

As strong electronic excitation dominates the damage pro-
cess of irradiation, the SO42~ modes may highly excited due to
electron-electron and electron-phonon interaction as a result the
local temperature of the lattice is raising abruptly and the ther-
mal motion of the atoms is increased. The disordered atoms will
contribute to the internal stress and thus the Raman and IR peaks
are broader in ion-irradiated samples [27]. The decrease in Raman
intensity might be attributed to the destruction of the surface

chemical species [v3(S042)] because of the energy deposited
through S. during SHI irradiation and formation of non-radiative
recombination centers at higher fluences. The irradiation effects
may lead to the restructuring of the chemical species because of
the energy deposited through electronic energy loss during the pro-
cess of SHI irradiation and formation of ion induced defects leading
to non-radiative recombination centers. These two processes are
simultaneous consequences of irradiation and they compete with
each other [28]. The degradation/enhancement in Raman peaks
intensity might be due to balance between these two effects. The
FWHM and broadening and sharp reduction in intensity of the
Raman modes indicates that SHI penetrates the crystal along the
trajectory of the ion beam and lead to material modification. In
this process the point defects are generated in the lattice due to
atomic displacements caused by ions, neutrons and fast electrons.
However, the irradiation fluence must be very high to form com-
plex defects from random association of point defects. Since SHI
irradiation is a high-density excitation they generate a very high
defect density along the ion track [29]. The intensity variation can
be attributed to the creation of defects like surface tracks. The sur-
face tracks are created from the ion-induced melt due to mechanical
stress [30,31]. Atomic force microscopy (AFM) and glancing angle
X-ray diffraction (GXRD) is an effective tool for examining surface
modifications/partial/complete amorphisation of the sample.

4. Conclusion

The Raman and Infrared studies of 100 MeV Ag8* ion irradiated
CaS04-2H,0 single crystals have been studied in the fluence range
1 x 101 to 5 x 1013 ions/cm?2. The Raman peaks intensity decreases
with increase of Ag®* ion fluence. This decrease in peaks inten-
sity is attributed to destruction/amorphisation of v3(S042~) mode
present on the surface of the sample. The sensitivity of damage for
all Raman active modes is different under ion irradiation.
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