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Abstract: In this work, we present a Big Rip scenario within the framework of the generalized
Brans-Dicke (GBD) theory. In the GBD theory, we consider an evolving BD parameter along with
a self-interacting potential. An anisotropic background is considered to have a more general view
of the cosmic expansion. The GBD theory with a cosmological constant is presented as an effective
cosmic fluid within general relativity which favours a phantom field dominated phase. The model
parameters are constrained so that the model provides reasonable estimates of the Hubble parameter
and other recent observational aspects at the present epoch. The dynamical aspects of the BD
parameter and the BD scalar field have been analysed. It is found that the present model witnesses
a finite time doomsday at a time of tgg =~ 16.14 Gyr, and for this scenario, the model requires a large
negative value of the Brans-Dicke parameter.

Keywords: cosmological constant; generalised Brans-Dicke theory; Big Rip

1. Introduction

Late-time cosmic acceleration is one of the most bizarre and unsolved problems in modern
cosmology. In scalar field cosmological models, the late-time cosmic acceleration issue is
predominantly attributed to an exotic dark energy (DE) form that corresponds to a cosmic
fluid having low energy density, as well as negative pressure. This is usually understood
through a quantity dubbed as the equation of state (EoS) parameter wp = %, where p
represents the DE pressure and p symbolises the dark energy density. The dark energy with
a negative pressure corresponds to a negative EoS parameter. Despite several attempts
made by astronomers and cosmologists, the experimental determination of wp remains
challenging. Its precise estimation at the present epoch along with the knowledge of
its development over a long period may unravel the mystery of the dark energy whose
nature and origin remains speculative so far. In the ACDM model, the cosmological
constant A with wp = 1 plays the role of dark energy. However, in canonical scalar
tield models, quintessence fields or phantom fields shoulder the burden for the late-time
cosmic speed-up, while the EoS parameter for the quintessence field lies in the range
—% <wp < —% [1-3], which for the phantom fields, becomes wp < —1 [4]. However, the
EoS parameter as constrained from recent observational data favours a phantom phase
in the Universe with wp < —1 [5], while constraints from the CMB data in the nine-year
WMAP survey suggest that wp = —1.0731“8:838 [6], a combination of the CMB data with
Supernova data, predicts wp = —1.084 & 0.063 [7]. Other constraints on the EoS parameter
include wp = —1.0357)9% from Supernova cosmology project [8], wp = —1.03 + 0.03
from recent Planck 2018 results [9] and from Pantheon data wp —1.006 £ 0.04 [10].
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ARTICLE INFO ABSTRACT

Keywords: We report tunable ferromagnetic properties of thin films of fullerene upon 1 MeV proton microbeam ion irra-
Ion irradiation diation, by varying the ion fluence. Focused microbeam scanning of 1 MeV proton ions have been performed on
Microbeam ) the fullerene thin films. Consequently, a stable and significant ferromagnetic ordering at room temperature has
FDzrf:::;agnensm been observed in the fullerene thin films. The proton microbeam irradiation induces a maximum magnetic

ordering in fullerene with optimum dosage and subsequently higher fluence irradiations yield, diminishing effect
upon the observed ferromagnetic ordering due to the higher degree of damages. The X-ray diffraction and Raman
analysis confirm the damage due to proton microbeam irradiation. The reduction in the saturation magnetic
moment induced, is very sharp as a result of exposure to the larger ion fluence. The approximate distance be-
tween defects has been simulated computationally, and its relation with observed ferromagnetism has been
established. The irradiation has been performed at moderate ion flux (low microbeam current) to avoid the

possible annealing effects of the ion irradiation.

1. Introduction

Ion irradiation over materials instigates significant and variable
impact upon the properties of the materials viz; conductivity, phase
transformation, surface energy, magnetization etc., depending upon the
charge state, energy, ion flux, ion fluence & the angle of the impinging
ion and the type of target sample [1,2]. The findings of weak ferro-
magnetism in transition metal free carbon related materials, have been
of immense interest in the recent past [3-7]. One of the initial reports of
weak ferromagnetism in a fullerene-based derivative of the
charge-transfer salt, Tetrakis Dimethyl Amino Ethylene with Curie
temperature around 16 K, was reported by Allemand et al. [8]. The
ferromagnetism was observed at very low temperature and was
explained on the basis of the correlated presence of unpaired r electrons
in the sample. The carbon rich extraterrestrial meteorite, (found in
Diablo Canyan), has also been reported to have weak ferromagnetism,
where part of its weak ferromagnetic ordering is attributed to the
proximity effects, related to the magnetic impurities in the sample [9].
The onset of room temperature ferromagnetism due to the optimized ion
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irradiation in the metal free carbon related materials, has invited
extensive interest of the scientific community in the last two decades
[10-15]. Esquinazi et al. provided the first solid evidence of tunable
ferromagnetic ordering in Highly Oriented Pyrolytic Graphite (HOPG),
using 2.25 MeV proton beam irradiation [10]. The magnetism in carbon
related materials viz; HOPG and carbon nanotubes etc., has largely been
pinned on the magnetic correlations of the type of defects (vacan-
cy/interstitial), presence of dangling bonds/adatom due to chemisorp-
tion, physisorption or hydrogenation and unique edge states etc. [6,7,
16-19].

It has been reported, that the lighter ions (e.g., H & He™) are
effective in creating defects in controlled manner and thus they induce
almost similar magnetic response in graphite samples [20,44. The pro-
ton and carbon ions are more versatile choice amongst lighter ions, as
they can help in the realignment of under-coordinated bonds and these
ions also have the additional advantage in ensconcing chemisorption
and hydrogenation. Thus, the chemical nature of irradiating ions plays a
very significant role in defect-based ferromagnetism. Further, it has
been reported that the irradiation of the HOPG samples with the
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transition metal elements viz; Fe' ions, has failed to yield the desired
result of inducing ferromagnetic ordering, as compared to that by the
lighter ions [21]. The reason of this failure could be attributed to the
fact, that the iron is much heavier than the proton or carbon atoms and
creates 2-3 orders of extra damages in the materials with similar energy
range even with very mild ion fluence.

The Buckminster fullerene material (another carbon allotrope, apart
from HOPG and diamond) has also proved to be a fascinating material of
interest since its discovery, due to its conspicuous properties, biocom-
patible nature and applications in possible electronic devices, in drug
delivery, in cosmetics and as a gas sensor etc. [22-26]. The carbon
allotrope in the form of fullerene (Cgo) has a mixture of sp?-sp> hy-
bridization, with various Raman active modes and with each carbon
atom covalently bonded with each neighboring carbon atom (multiple
hexagon and pentagons formation), forming a closed football like
structure. Fullerene samples can be readily functionalized, which
further tailors its properties for various possible applications. One of the
earliest reports of stable room temperature ferro- /ferri- magnetism in
photo-polymerized fullerene (Ceo), was reported as a consequence of
exposure to photons of appropriate energy in oxygen atmosphere [27].
Wood et al. figured out, that the fullerene displays ferromagnetic
properties under special sample environments (optimum high temper-
ature and pressure) [28]. Although fullerene cage structure may not
remain viable to above mentioned environments, and this may lead to
the graphitization and functionalization of the fullerene [28]. Makarova
et al. further reported, that the induced ferromagnetism can be
controlled by laser exposure and electron beam irradiation and that the
oxygen plays a contrasting role to the onset of ferromagnetic ordering in
photo-polymerized and pressure polymerized fullerene derivatives [,
[29,30]].

As the energetic stream of lighter ions, have proved to be useful in
curating ferromagnetic ordering in carbon related materials, it is
worthwhile to explore its effect on the fullerene thin films [10]. The ion
beam irradiation upon fullerene, results in changing a variety of its
properties. The observation of 7 MeV 2C%*ion irradiation upon
fullerene thin film reveals that the conductivity of the sample increases
as a function of ion fluence [31]. This experiment also establishes the
role played by the variable ion fluences, in tuning the conductivity of the
fullerene samples. Bajwa et al. have also explored the effect on the
conductivity of fullerene thin film using swift heavy ion irradiation of
110 MeV Ni ions and they have revealed, that the samples irradiated
with lower ion fluences, exhibit lower conductivity as compared to that
in the case of samples irradiated with higher ion fluences [32].

The observation of ferromagnetism in fullerene samples by ion
irradiation, have been reported by various research groups [,][33,34].
Kumar et al. have performed a comparative magnetization study of swift
heavy ion irradiation (92 MeV Sit) and low energy (250 keV Ar™) ion
irradiation upon fullerene thin films [33]. In the above work, the
co-authors have reported weak ferromagnetic ordering in both the cases
and they have highlighted the decisive role of the electronic energy loss
and the nuclear energy loss related damages, in the observed magnetic
ordering in the fullerene samples [33]. Matthew et al. observed signif-
icant ferromagnetic ordering in fullerene films by 2 MeV proton irra-
diation at 5 K only [34]. Lee et al. irradiated pelletized fullerene samples
with broad proton beam [energy 0.5-2 MeV] of optimized ion fluence
and demonstrated a room temperature ferromagnetic ordering of 0.173
A-m?/kg. Further, they have revealed, a magnetic field induced abrupt
first order phase transition from ferromagnetism to diamagnetism [35].
These previous studies of the onset of ferromagnetic response in
fullerene by ion irradiation, have revealed that the observed ferromag-
netism has either been very feeble at room temperature or the corre-
sponding Curie temperature has been significantly lower as compared to
the room temperature or the observed magnetization undergoes phase
transition with respect to higher magnetic field. Even the defects pro-
duced by neutrons in HOPG flakes, have been found to induce very low
ferromagnetic behavior and strong paramagnetic behavior at low
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temperature (1.8 K) [36]. The onset of ion beam induced room tem-
perature ferromagnetism in carbon allotropes is in itself intriguing, apart
from various possible futuristic applications. In the present work, we
have found that 1 MeV proton microbeam enhances, the ferromagnetic
ordering in the fullerene thin films significantly, even at room temper-
ature. The observed ferromagnetism vanishes, if the samples are further
irradiated to larger ion-fluences. The details of the observed room
temperature ordering will be discussed in the subsequent sections.

2. Experimental

The fullerene thin films have been grown on SiOy/Si substrate,
through vacuum thermal evaporation utilizing a state-of-the-art depo-
sition system equipped with multiple effusion cells. The deposition
chamber has base pressure of 1.2 x 10~ Pa, which rises up to 4.0 x
10> Pa during the evaporation. The doubly sublimed, purified fullerene
(Cgp) procured from Lumtec, has been utilized for the thin film deposi-
tion. The material is evaporated from one of the effusion cells at
460-470 °C to maintain the targeted deposition rate of 1 A/s, with the
help of an in-situ crystal thickness monitor. During deposition, the sub-
strate temperature has been maintained at room temperature i.e. 25 °C.
The film thickness to be grown is targeted at 1 pm. The typical size of the
substrates has been kept about ~ 3 mm x 6 mm, compatible with both
the Vibration Sample Magnetometer (VSM) samples holders and the
microbeam irradiation chamber. The samples were irradiated with 1
MeV proton microbeam utilizing patterned microbeam scanning in the
desired areas. The micro-beam line (Oxford Microbeam) attached to the
90" beam line of the 1.7 MeV Tandetron particle Accelerator (High
Voltage Engineering, Europa, BV), was utilized at IIT Kanpur. The sys-
tem provides focused microbeam (Z < 6) with spot size ranging from 1
— 20 pm. The focusing of the microbeam is achieved by electromagnetic
quadrupole triplet based charged particle optics, working in
Converging-Diverging-Converging (CDC combination). There are two
high quality slits (objective and collimating) to control the beam spot
and current at the sample. The micro-beam line also has the capability of
ion scanning in desired shapes and sizes with the help of National In-
strument (NI) 6259 PCI (Peripheral Component Interface) card and ION-
SCAN software. The modulated X- and Y- output signals from the NI
6259 PCI card, are then amplified by a scan amplifier to maneuver ions
(Z < 6). The signal from the scan amplifier is fed into an electromagnetic
scanner, which maneuvers the focused microbeam ions on the target, in
the desired shape and sizes. The samples were scanned with microbeam
in a predefined area of (3.8 mm x 1.6 mm), chosen as per limitations of
the sample size and scan amplifier constraints. The thickness of the
deposited samples, has been assessed utilizing a surface Profilometer
(DekTak 3, Brucker), to be about 1 pm.

The samples have been mounted in the microbeam chamber for the
microbeam scanning, with chamber pressure maintained at about 2 x
10~* Pa. As the CDC combination of quadrupole electromagnetic lenses,
focuses the proton microbeam very sharply (very high beam current
density), the micro-beam target current has been maintained between
20 and 22 nA to avoid possible annealing effects. A variable exposure of
1 MeV proton microbeam has been performed in the fluence range from
5.88 pC/um? to 88.2 pC/um?. The Vibration Sample Magnetometer
(VSM; Model EV-X DMS VSM, ADE Magnetics) has been utilized for the
magnetic measurements at room temperature, at Advanced Center for
Material Sciences, IIT Kanpur. The maximum applied magnetic field
during the VSM measurement is + 1.7 Tesla. The samples have been
mounted on a non-magnetic quartz sample holder for VSM measure-
ments. The VSM measurement has been repeated several times on
sequentially irradiated samples to assess the effect of microbeam irra-
diation. The samples have been handled cautiously, utilizing Teflon
tweezers in order to avoid exposure to any foreign contaminants viz;
iron, cobalt etc. The samples have always been transported using
covered vacuum desiccators from the accelerator laboratory to the VSM
Laboratory for avoiding photopolymerization and moisture related
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damages to the samples, if any.

The room temperature Glancing Incidence (angle of incidence 0.8°)
X-ray diffraction (GIXRD), has been performed on some of the fullerene
samples before and after irradiation on the GIXRD system (D8 Discover,
Brucker), having rotating anode with 4.5 kW, Cu K, source at UGC DAE
CSR Kalpakkam node of Indore. A scintillation detector was used for
GIXRD measurements. The effect of ion irradiation upon thin fullerene
film has also been analyzed by Raman analysis (Renishaw InVIa Raman
Microscope excited by Argon Ion laser of wavelength 514 nm).

3. Results and discussion

3.1. Magnetization studies of un-irradiated and microbeam irradiated
fullerene samples

The effect of 1 MeV proton microbeam scanning of appropriate flu-
ence upon the thin films of fullerene, has been presented in Fig. 1. It
shows the magnetization response to the applied field of both un-
irradiated and irradiated fullerene samples. The un-irradiated sample
shows, a very strong diamagnetic nature with negative slope, as ex-
pected. The sample shows, very promising response to the ion beam
scanning with a fluence of 29.4 pC/um?, resulting in an appreciable
ferromagnetic kink. This ferromagnetic kink is a manifestation of
microbeam irradiation, in otherwise a strong diamagnetic fullerene
sample. It is noteworthy, that the whole region of the sample has not
been irradiated and only about 34% of the sample area, is exposed to the
1 MeV proton microbeam. There is a bulk SiO5/Si substrate, underneath
the thin fullerene film samples, and the overall sample has a strong
diamagnetic nature. Further, this diamagnetic portion is subtracted
using the slope of diamagnetic curves to explore the effect of ion beam
irradiation. Five sets of similar sized samples have been utilized for ion
beam irradiation by varying the irradiation fluence from 5.88 pC/um? to
88.2 pC/um?, in the quest of exploring the optimized fluence for
inducing maximum magnetic ordering in the sample. The VSM mea-
surements performed on these samples, have been presented in Fig. 2,
after the removal of the diamagnetic background.

It can be clearly seen in this figure, that at the lower fluence of 5.88
pC/ umz, the observed saturation magnetic momentis 1.16 x 1077 A-m?,
which is significantly higher than that for the un-irradiated sample. The
maximum magnetization has been achieved at the fluence of 29.4 pC/
pm?. The observed coercivity in this sample is about 20 mT (militesla).
The observed magnetization further decreases significantly, after
increasing the ion fluence from 29.4 pC// pmz to 39.1 pC/ prnz. This larger
fluence brought almost no change in the magnetization, as compared to

8.0x107

—=a— Unirradiated

'.".- —eo— Fluence 29.4 pC/um’

%)

4.0x107

0.0

-4.0x107

Magnetic moment (A/m

-8.0x107

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Applied field (T)

Fig. 1. Magnetic moment vs field measurement for unirradiated (Ceo) and 1
MeV proton microbeam irradiated fullerene sample with fluence of about 29.4
pC/um?, showing a significant magnetization response of proton microbeam
irradiation.
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Fig. 2. Magnetic moment of un-irradiated (Ceo) specimen and irradiated
specimens with ion fluence irradiation range of 5.88-88.2 pC/um?, after sub-
tracting the diamagnetic contribution (inset showing the hysteresis in the
sample irradiated with ion fluence of 29.4 pC/um?).

the un-irradiated sample data. The saturation magnetization further
decreases monotonically, for the fluences of 58.8 pC/um? and 88.2 pC/
um?. This shows that the observed maximum ferromagnetic ordering in
the fullerene thin film, favors an optimum ion fluence window.

The saturation magnetic moment data vs the total charge irradiated
in the microbeam scanning, has been shown in Fig. 3. The saturation
magnetic moment has been derived from the data reported in Fig. 2. We
can observe that the saturation magnetization is maximum for the total
charge irradiation of 183.5 uC, corresponding to the ion fluence of 29.4
pC/ pmz. Fig. 3 also enunciates, that there is a threshold window of total
charge irradiation, during which, the observed saturation magnetization
is maximum. Fig. 3 also unravels the information, that below and above
the threshold ion fluence window, the observed magnetization is much
lower and that at the higher total charge irradiation, diminishes grad-
ually. However more data points would be required to reveal the peak of
the optimum fluence.

3.2. Structural analysis of unirradiated and irradiated fullerene sample

The GIXRD data for the unirradiated and the irradiated samples
(where the induced magnetization was maximum), are shown in Fig. 4
(a). This figure describes, that the unirradiated sample has all the
characteristic peaks of fullerene, with the highest intensity peaks (0 0 2)
and (1 1 2). The observed peaks matches well with JCPDS (card no.
00-047-0787) data for fullerene. The GIXRD data for the unirradiated
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Fig. 3. Dependence of the saturation magnetic moment (in A-m? and Bohr
magneton (ug) unit) vs the total irradiated charge (uC), depicting a threshold
fluence window for maximum magnetization.
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Fig. 4. (a) GIXRD data and (b) Raman data exhibiting significant damage in the
irradiated sample with fluence 29.4 pC/pm® as compared to the unirradi-
ated sample.

sample (fluence 29.4 pC/pmz) shows remarkable decrease in the in-
tensity of characteristic fullerene peaks, which is indicative of excessive
ion beam induced damage. The data analysis of the observed peaks,
indicate that the crystallite size for unirradiated sample is about 7 nm
and that for irradiated sample (29.4 pC/pm?) is about 31 nm. The
irradiated samples clearly show the signatures of significant damage to
the fullerene structure even with mild fluences, with significant decrease
in the intensity of the noteworthy peaks and only one peak (0 0 2) barely
survives the ion fluence of 29.4 pC/um?. Thus there is a significant
damage due to ion beam irradiation in the fullerene thin film, which is
also reflected in the Raman data of the same samples as shown in Fig. 4
(b). Fig. 4(b) shows the characteristic Raman modes of the unirradiated
thin film fullerene and the 1 MeV proton microbeam irradiated samples
(29.4 pC/pm?). The unirradiated sample reveals the presence of Hg (7)
mode at 1423 cm"l, Ag (2) mode at 1466 cem ™! and Hg (8) mode at 1573
em™. The Raman modes disappear completely post 1 MeV proton
microbeam irradiation, indicating significant damage to the cage
structure.

3.3. Simulation of the ion beam induced damages in fullerene sample and
discussion

In collision between an energetic proton and atoms in a solid, energy
from the projectile is dissipated to the atoms (to the nucleus or electrons
depending the energy of the projectile). Once the recoiling atoms of the
target material acquire enough energy to leave their position within the
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atomic network, various defects at the atomic scale may appear. While
many defects such as vacancy-interstitial pair may disappear within
seconds of the ion beam impact, some may remain in the system and
form a more complicated defect structure. The onset of ferromagnetic
ordering, as a consequence of ion irradiation upon various samples
under various circumstances (change of ion, energy etc.) has been
attributed to the creation of vacancies, unpaired electrons of dangling
bonds and chemisorbed atoms etc. [7,11]. Therefore, the understanding
of the ion beam induced damage assessment, in the present case be-
comes very crucial in order to gain an insight into the observed ferro-
magnetic ordering. We have performed the Stopping Range of Ions in
Matter (SRIM) simulation for 1 MeV proton in fullerene [37-39]. We
have calculated the range of the 1 MeV proton in carbon Cg target using
SRIM, which was found to be about 16.87 um and our specimen film is 1
um thick. Therefore, the protons transmitted through the film, settle into
the bulk silicon substrate [37]. The total energy loss of the proton
microbeam in Cgg film, has been calculated to be about 52 keV as per
SRIM data analysis [37]. Esquinazi et al. [10] and Lehtinen et al. [11]
have shown, that the proton beam created vacancies plays a major role
in ion induced magnetic ordering in HOPG samples and the claims are
supported by density functional theory as well.

1 MeV proton ions create roughly 14 vacancies per ion in the
fullerene thin films as per SRIM analysis. The distance between defects
estimated from the vacancy density as a function of the total charge
irradiated, has been shown in Fig. 5, which exhibits that the distance
between defects (considering uniform distribution) decreases as the
total irradiated charge increases. This indicates that the sample
sequentially leads towards amorphization. The distance between de-
fects, is around 3.4 nm, corresponding to the ion fluence of 29.4 pC/um?
(Fluence of maximum/significant ferromagnetic ordering). Correlating
the data from Figs. 3 and 5, it can be observed, that the measured
ferromagnetism in fullerene samples vary as per distance between de-
fects. It can be noted that the induced magnetic response is similar in the
lower and the higher side of the fluence. In the former case, the distance
between defects, is very large and these random sparse defects do not
contribute significantly to the onset of magnetic ordering. On the other
hand, in the latter case i.e. in highest fluence irradiated samples, defects
come so close that they completely amorphize the sample, which again
negates any possible correlation between defects leading to the poor
magnetization. The higher ion-fluence irradiation would create more
defects in the fullerene structure e.g., collapse of cages, fragmentation,
presence of dangling bonds and point defects. As ion-fluence is increased

60 | —O- Average distance between defects

45k
40 |

35|

30F O\O
25 F \O

20 1 1 1 1 1 1
0 100 200 300 400 500 600

Total charge(nC)

Average distance (Angstrom)

Fig. 5. Average distance between defects as a function of total charge irradi-
ated, showing sharp decrease in the distance between defects as the total
irradiated charge increases.
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further, the structure of the fullerene maybe destroyed completely. If the
level of damage increases beyond a certain limit as shown in Fig. 5,
magnetic ordering of the sample decreases due to the complete
amorphization/un-correlation of defects in the sample. The maximum
saturation of magnetic moment corresponds to 183.55 puC of total charge
irradiation with the fluence of 29.4 pC/um?. The maximum magnetic
moment induced by 1 MeV proton microbeam is of order of- 1077 A-m?,
at room temperature as shown in the Fig. 3.

The proton irradiation leads to the hydrogenation/chemisorptions in
carbon allotropes as well as vacancy creation. The hydrogen chemi-
sorptions and the carbon vacancy are equivalent in terms of one orbital
model and induce similar magnetic moment. The density of state cal-
culations for chemisorbed impurity (resulting in localized = electron
near zero-point energy) in hexagonal graphene reveals a strong localized
density of state near zero point energy. The density of state for such
quasi-localized state due hydrogen chemisorptions is stronger than that
for vacancy defect in graphene layers [7]. The localization length of
quasi-localized n electrons as a consequence of defects in graphene is
around 3-10 nm [40]. Assuming this to be applicable to the hexagonal
rings of fullerene, the n electron interaction can extend to nearest
neighbor fullerenes, which may result in exchange interaction leading to
the observation of net room temperature ferromagnetic ordering. Thus,
the observed ferromagnetism in the sample can be related as a correlated
exchange response between defects placed at moderate and optimum
distances (3.4 nm) as observed from Fig. 5 for the optimum fluence/
maximum magnetization.

Kumar et al. have reported the onset of magnetic ordering in
fullerene samples, by 92 MeV Si*ions and the same by 250 keV Artions
irradiation with variable fluences [33]. The observed magnetic moment
(~10% A-m?) was one order lower than that found in the present
experiment (~1077 A-mz). The reason of not getting appreciable ferro-
magnetic ordering by Kumar et al. at lower energy of 250 keV Ar™ ions,
could lie in the fact that at low ion energy, the lateral straggling effects
are significant as compared to that by higher energy ions. The higher
atomic number ions create more vacancy per incident ions as compared
to lower atomic number (Z) ions. It has been calculated from SRIM
simulations that, 1 MeV protons will create 14 vacancies/ion, while 92
MeV Si'ion creates 2632 vacancies/ion in fullerene samples [37-39].
This difference could be the reason for better controlled defect gener-
ating capability of proton ions and other lower atomic number (Z) ions,
in fullerene, as compared to that by heavier ions in MeV range. S.
Mathew et al. have also reported the magnetization in fullerene at low
temperature (5 K) using 2 MeV proton beam [34] and their broad beam
irradiation could not lead to room temperature magnetic ordering the
thin fullerene film. Lee et al. have observed a remarkable field induced
transition from ferromagnetic ordering to diamagnetic ordering in broad
proton beam irradiated pelletized fullerene samples in the energy range
0.5 MeV—2 MeV with variable ion fluence [35]. The sample which
showed a significant response to ion beam irradiation was with broad
proton beam energy of 0.5 MeV and ion fluence of 1 x 10' H"/em? It
was further demonstrated that the observed ferromagnetism in fullerene
pellets retains its induced ferromagnetic order in low magnetic fields
only, and as the magnetic field is increased, there is an abrupt first order
phase change from ferromagnetism to diamagnetism. Lee et al. have
attributed the observed magnetization of 0.173 A-m?/kg, to the spin S =
1 contribution from defects related to the carbon vacancies and the
hydrogen chemisorptions [35]. Though the observed magnetic ordering
is smaller, but the nature of magnetic field-based phase switching is very
interesting phenomenon. The microbeam utilized in the present exper-
imentation, has an advantage of focused beam and desired pattern
irradiation, thereby it produces a tunable, induced ferromagnetic
ordering in the desired region. The observed ferromagnetic contribution
from the irradiated thin fullerene volume (for 29.4 pC/pm2 ion fluence)
in our experiments comes out to be about 32.2 A-m?/kg under optimal
irradiation, which is very higher than that reported by Lee et al., for
fullerene pellets (0.173 A-m2/kg). The main feature of the present result,

Thin Solid Films 755 (2022) 139350

lies in the fact that the observed magnetic ordering is significant even at
room temperature in fullerene thin film and shows no signs of
field-based phase switching.

The effect of energy variation upon inducing magnetic ordering in
samples, has not been explored in details, but possible inferences could
be drawn from the work of others. A noteworthy example, is the com-
parison of work of Xia et al. [13] and Shukla et al. [15]. Xia et al. have
reported an order of magnitude lesser magnetic ordering (~10~8 A-m?)
using 70 keV carbon ion irradiation on HOPG as compared to 1 MeV
carbon microbeam irradiation on HOPG reported by Shukla et al.
(~1077 A-m?). Here the reason for this difference could be pinned on the
fact that the keV- ranged carbon ions create, a significant amount of
damage near the surface as compared to 1 MeV 2C*carbon ions in
HOPG, due to the significant nuclear energy loss near the surface for
keV- ranged ions, and electronic energy loss for MeV- ranged ions. One
of the first reports of ion beam induced magnetic ordering in HOPG by
2.25 MeV proton ion irradiation, yielded the magnetic moments of the
order ~10~? A-m? [10]. Very high energy ions have another disadvan-
tage of self-annealing of defects along the ion track due to heating effects
of the ion beam. This is very crucial aspect and cannot be ignored while
performing experiments at higher ion fluxes. Thus, by these compari-
soms, it is clear in the case of HOPG that the intermediate energy values
of ions, turns out to be more useful in creating ferromagnetic ordering.
The average magnetic moment induced in the sample, has been esti-
mated in terms of the equivalent Bohr magneton (ug) per incident ion.
The maximum magnetic moment induced is 31.6 pg/ion. Similar ex-
periments by 70 keV and 1 MeV carbon ion irradiation upon HOPG
produced the magnetic moment of about 41 pg/ion and 60 pg/ion,
respectively [13,15].

The samples have been irradiated at normal incidence to increase the
chances of channeling in the crystalline Si substrate, precisely to rule out
relatively larger damage in Si and avoiding any possible effect of dam-
age to the Si substrate in the observed ferromagnetic ordering. Usually
to avoid channeling effects (to maximize the damage), the Si/SiC sub-
strates are kept at off normal (by 7°) orientations [41,42,]. The Silicon
atom (Z = 14) is heavier than carbon atom in Fullerene (Z = 6) and as
per SRIM calculations, 1 MeV proton ions would create lesser damage in
Si than in Fullerene (The displacement energy for Si being larger than
that for Carbon in fullerene). The damage in the silicon substrate is also
limited due to higher order of channeling in normal irradiations. Thus,
taking these precautions, it is inferred that the effect is primarily due to
thin fullerene films only.

One more crucial aspect to consider while tailoring the defect den-
sity, is the heating effects of the ions beam upon the sample, as
mentioned earlier. Since the in-situ annealing of the defects along the ion
beam path might have detrimental effect on the magnetic correlations of
the defects, the microbeam irradiation was performed, maintaining
lower ion beam current in the range 20-22 nA throughout the experi-
ment. An estimation of the temperature rise, due to ion beam irradiation
solving the heat conduction equations, considering the possible dissi-
pation through radiation and conduction in the sample, can be easily
made. The calculations reveal, that the parameters of the microbeam (1
MeV, 20 nA) in the present experiment, would create an equilibrium
temperature of about 326 K near the end of the ion range, which is
insignificant for the annealing of defects. This temperature is much
smaller than the possible annealing temperature in Stoner-Waals type of
defects in Fullerene [43]. Therefore, the self-annealing of defects and
their transformation into other forms in the present work, does not arise,
as the ion fluences were administered with lower beam currents
resulting in mild temperature rise.

4. Conclusions
In conclusion, 1 MeV proton microbeam ion irradiation is capable of

inducing a stable and significant room temperature ferromagnetism in
fullerene with optimum dose of 29.4 pC/um?. The results also reveal that
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the observed ferromagnetic ordering, is maximum within a threshold
window of fluence and the total charges irradiated. The observed
magnetic ordering is negligible below and beyond the threshold window
of fluence and total charge. We have found the induced magnetic mo-
ments to be of the order of 31.6 ug/ion for 1 MeV proton microbeam
irradiation in Fullerene thin film. The advantage of utilizing the inter-
mediate energy (1 MeV) of proton microbeam resulted in room tem-
perature ferromagnetic ordering in the fullerene thin film. The optimum
energy for creating best possible magnetization in fullerene, can be
sought in future analysis, as this is also a suitable and important
parameter in the quest for maximum magnetization in Fullerene. The
advantage of microbeam resulted in the controlled irradiation of the
sample area. The observed magnetization at optimized ion-fluence,
grants us a unique recipe for creating ferromagnetic ordering in
desired zones only. Thus, the present experiment could lead the way in
creating a desired magnetic pattern on the thin films of fullerene, which
can find applications in the preparation of light weight magnet, memory
devices and many other future applications etc. at the room
temperature.
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