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Abstract

In this work, we report on the study on organic-metal hybrid systems, in particular Co—Cg
fullerene thin films. This study mainly focused on the investigation of the morphological and
structural evolution of the film surface after various external stimuli designed to provide energy to
the system. For film growth, we adopted an innovative approach, combining ion beam sputtering
of a pure metal target with thermal evaporation of Cg in a co deposition setup. The films under-
went a series of treatments to induce modifications. Laser and ion irradiations were performed
using a pulsed laser, a continuous Ar beam, and a pulsed C beam. In addition, thermal annealing
in vacuum was performed to examine the long-term effects of temperature. The composition of
deposited film was investigated using ion beam analysis, the morphology and the structure, and
the effects of treatments on the films were studied using scanning electron microscope and trans-
mission electron microscopies and Raman spectroscopy. Changes in electrical resistance were also
measured to explore potential applications of these films after treatment.

1. Introduction

Recent advances in nanoscience, particularly in nanoarchitectures, highlight metal-organic hybrid nano-
structures as an increasingly relevant research topic, yielding intriguing results in electronics and pro-
posing advanced applications, such as catalysis and electrochemistry, energy storage and conversion,

gas sensing and spintronics [1-16]. The study of Cg fullerene in such hybrid systems is often taken
into consideration due to the unique properties of Cgy molecules, such as the exciting atomic structure,
the intriguing coupling with metals, the tiny hyperfine interactions, the greater structural stability and
the relative low cost. These features collectively increase the interest in such materials [17-22]. Among
various Cgo-based hybrid systems, self-assembled nanostructured materials are particularly notable for
their tunability, offering precise control over the nanostructure during growth or post-production to
tailor their electrical properties. The discovery of higher conductivity and superconductivity in alkali
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metal fullerides has also been a strong motivation for the implementation of transition metal (TM)-
fullerene related research [20, 23-25]. Attempts to combine TMs and Cg via co-deposition to access
TM-fullerides have usually revealed pronounced metal clustering (due to the high cohesive energy of
metals) with separation from Cg, phase, which hinders homogeneous mixing but also enables addi-
tional functional behavior of such nanostructures [25, 26]. An example is given by structures based on
the coexistence of Co and Cg, in both homogeneous compounds and heterogeneous films, which have a
great impact in spintronics due to the catalytic and magnetic properties of Co [17, 27-31]. Furthermore,
such hybrid systems have gained interest for potential applications in lithium-ion batteries [32], where
structural stability, conductivity, and controlled phase evolution are critical for improving performance
and longevity. Besides their interesting properties, however, integrated hybrid systems are considered
thermodynamically and structurally unstable (mainly due to the high internal stress resulting from

the mixing of mostly immiscible phases and the vulnerability of Cgp molecular cages due to their easy
photo-oxidation, polymerization or fragmentation in an environment exhibiting strong catalytic prop-
erties) [33—35]. This makes their possible applications more challenging. The use of various disruptive
agents (such as thermal annealing, ion irradiation, laser illumination, chemical reagents, etc) can signific-
antly influence thermodynamically unstable systems, inducing their structural changes at the nanoscopic
and macroscopic scales as the system moves toward a state of minimum energy. This approach not only
enables control over material properties for specific applications, but also serves as a model for study-
ing the long-term evolution of these hybrid systems under extreme conditions, which is highly relev-

ant for their potential integration into devices designed for harsh environments (e.g. space applications,
high-radiation areas, and extreme temperature conditions). While numerous studies have investigated
the growth, structure, and intrinsic properties of metal-Cg hybrid systems, most reported works focus
on as-deposited films or on single modification routes, often produced under different deposition con-
ditions or with varying compositions [25, 27, 36]. As a result, a direct and systematic comparison of
how different external stimuli influence the same Co—Cgo system remains limited [20]. The ability to
intentionally modify the system provides the advantage of preventing unwanted changes due to system
aging or adverse environmental conditions during the lifetime of a possible device based on such sys-
tems. Our previous systematic works [37-39] have focused on study the physical properties of systems
realized using different ratios of constituents within thin films. In contrast to these previous studies, the
present work does not aim to explore new compositions or mixing ratios, but rather to isolate the effects
of different post-deposition energy inputs applied to films fabricated under strictly identical growth con-
ditions. This post-treatment-centered approach allows us to disentangle how distinct excitation pathways
drive structural reorganization and functional property changes in the same hybrid system. The prepared
samples have been exposed to vacuum annealing, pulsed laser irradiation, and ion irradiation (continu-
ous beam and pulsed beam). The analyses performed show that the hybrid systems evolved in different
ways, exhibiting diversification in their nanostructures and macrostructures depending on the external
perturbation applied.

2. Materials and methods

We have produced a set of Co—Cgp mixture films by co-deposition of Co and Csy on Si(110) substrates
in high vacuum (base vacuum, 2E-6 mbar). The growth of the Co film was performed by the ion beam
sputtering technique realized by using a low energy ion facility (LEIF) [32, 40], operating with a beam
of Ar™ ions accelerated at 20 keV and focused on a Co target (2inch x 0.125inch, 99.99% purity, Kurt
J. Lesker) mounted on a suitable target holder and inclined at 45° with respect to the beam. The tar-
get faces the substrates mounted at a distance of 100 mm, under an angle of 30°. Just below the sub-
strate holder, at the distance of 10 mm, a lab made evaporator that acts as a source of Cqy (99.9% pur-
ity, Nanografi) is present, in order to perform simultaneous deposition of Co and Cg (see sketch if
figure 1). The evaporator, equipped with digital temperature control and a thermocouple inserted dir-
ectly into the crucible, was maintained at a temperature of 450 °C for the entire duration of the depos-
ition. During the beam calibration and heat up procedure of the crucible, a shutter is present to avoid
unwanted depositions on the substrates. For transmission electron microscopy (TEM) analytical purpose,
samples were deposited on 300 mesh Cu TEM grids with holey carbon films (TedPella, Inc.).

All films were deposited together in order to guarantee the same experimental parameters and the
same film on all substrates. ion beam analysis experiments were performed at the Tandetron MC 4130
tandem accelerator located at Nuclear Physics Institute (NPI). Rutherford backscattering spectrometry
(RBS) and elastic recoil detection analysis (ERDA) were used for the analysis. To identify heavier
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Figure 1. Deposition scheme with IBS setup and thermal evaporator.

elements, Het ions with an energy of 2MeV were used, while for the carbon detection HT ions at
1.735MeV were chosen, hitting the films with an incident angle of 7°). The backscattered ions were
detected using an ORTEC ULTRA-series detector, which features a 50 mm? active area and a 300 um
thick depletion layer. The detector was positioned at a backscattering angle of 170° out of the plane,

in accordance with Cornell geometry. In the ERDA measurement, He™ ions with an energy of 2.5 MeV
were utilized to identify H, and the detector was placed at a backscattering angle of 30° in the plane, fol-
lowing the IBM geometry. The recoiled particles were detected by a Canberra PIPS detector preceded by
a 12 pm thick Mylar foil. Data obtained by ion beam analysis were processed using the SIMNRA code
[41]. The irradiation of the samples by means of a continuous beam of Ar" was carried out using the
LEIF (NPI) system, positioning the samples orthogonal to the beam in place of the sputtering target. For
irradiation, an energy of 20 keV and a current of 500 uA were used up to a total fluence of 1 x 1071
Arcm™2, Another sample set was irradiated at the same fluence and energy using a pulsed C* beam. A
laser ion source (Nagaoka University) was used to produce a pulsed C beam. The used laser source was
a Quantel Brilliant operating at 10 Hz repetition rate, 6 ns pulse duration, 532 nm wavelength and laser
energy of 130m] . The laser pulse was focused (in vacuum) on the surface of a C target held at a voltage
of 20kV and facing the grounded samples. To reach the same fluence used for the Ar beam, a total of
12000 pulses were needed for each sample. An additional set of samples was exposed directly to the laser
source, to induce changes on the surface. The laser irradiations occurred in air, without laser focusing
and at an energy of 5m] per pulse. Each sample was irradiated with 1000 pulses. The annealing was per-
formed using a special vacuum chamber with a heating system inside. The annealing was performed in

a vacuum level of 1 x 107> mbar and for a duration of 5h (without considering the cooling time) at
temperature of 300 °C. The samples, pristine and modified, were investigated for morphological evolu-
tion by scanning electron microscopy (SEM) Hitachi-SU8230. Additional morphological study with ele-
mental mapping of the materials was carried out using the Thermo Scientific Helios™ 5 UC dual beam
SEM-field emission gun (FEG)-ultra high resolution (UHR) equipped with different detector Everhart—
Thornley detector, through-the-Lens and scanning TEM. The elemental analysis and mapping were car-
ried out by using the energy dispersive analysis system (EDX). Measurements were carried out with

an operating voltage between 10 and 30 kV, without pretreatment of the samples. The TEM analysis of
microstructure was performed by use of Jeol 2200 FS (Jeol, Tokio, Japan) FEG equipped with an Oxford
Instruments EDS analyzer, instrument operating at a 200kV accelerating voltage with a point resolution
of 2.4 A. The micrographs have been carried out using a TVIPS camera and EM-Menu software.

Raman spectroscopy measurements were also performed, using a LabRam HR-EVO Horiba oper-
ating at 532 nm, 50X LWD with power 0.8 mW per yum? and CCD Syncerity Horiba and NRS 7200
microRaman spectrometer with 532 nm wavelength and applied power 6.5 mW. In particular, the micro-
Raman spectrometer was used for the evaluation of the as-deposited and modified films, on the other
hand the Raman spectrometer was used for the fullerene characterization. Changes in electrical resistivity
of the pristine and modified samples, were investigated using 2182A Nanovoltmeter and 6221 DC
current source Keithley on the surface of sample, in a galvanostatic setup. The measurements were
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performed using the standard two-point method in air and room temperature. While the two-point
method includes contact and lead resistances, all measurements were performed under identical condi-
tions, allowing reliable comparison of relative resistance changes induced by different treatments.

3. Results

The chemical composition of the produced films was investigated after deposition using RBS and ERDA
techniques. These scattering techniques are used for compositional thin film analysis, based on stopping
power and inelastic energy loss during ion-solid interactions and the kinematically recoil. In our case,
RBS is particularly suitable for the detection of heavy Co atoms (because light C atoms are hidden by
Silicon signal), meanwhile the ERDA is used for H detection. Experimental results relative to 2 MeV He™
are shown in figure 2 with simulated fit. Note that the spectra were normalized to the substrate. Carbon
measurements were performed using 1.735 MeV H™ ions and different incident ions angle (0 degrees
were used for measurement with He™ analysis and 7° for the H). The relative spectra are illustrated
in figure S1 of the supplementary information (SI). Table 1 includes all the elemental concentrations’
values of the data acquired by performing RBS and ERDA analyses on Co and Co—Cs films. RBS meas-
urements confirm that CoCgo hybrid films have been successfully fabricated.

Oxygen and carbon contaminations as well as hydrogen content are detected in the produced films.
The sample with Cqp show almost a ratio 3:2 between Co and C atoms. It should be noted that the pure
Co film was prepared and analyzed exclusively as a compositional and structural reference for ion beam
analysis. The electrical, morphological, and post-treatment comparisons discussed in this work are per-
formed only among Co—Cg hybrid films, which share the same deposition conditions and comparable
thickness. Therefore, the difference in areal density between pure Co and Co—Cg films does not intro-
duce bias in the comparative interpretation of the hybrid film properties.

Presence of oxygen in the deposited films can be explained as oxidation of the Co NPs (possibly
formed in the film nanostructure) during the air exposure of the samples.

The quantity of oxygen is independent of the presence of Cg or the ratio between Co and Cg. This
may suggest that the detected oxygen is bounded chemically to the cobalt, forming more realistic com-
position Co,0O,Cg. By coming into contact with the Co clusters, the O, molecules react with the Co
surface causing O, dissociation and formation of the Co,O, [42]. By considering that the presence of C
atoms in pure Co film (due to vacuum contamination by partial sputter of holder and shutter probably)
and Co—Cg film are 14% and 33%, respectively, we can confirm that the Cg is almost the 20% of the
film, so the majority of the film consists of Co atoms. As illustrated in figure S2 of SI, the RBS analysis
allows us to also establish that the distributions of Co and C, as well as the other elements, within the
thickness of the samples are constant. Furthermore, thanks to the ERDA results, the presence of about
10% of H atoms was measured and confirmed as shown later by Raman analysis.

Figure 3 reports the SEM images for the as prepared samples and figure 4 shows elemental mapping
of selected particles obtained using EDX analysis. In the SEM micrograph of pristine sample, smooth
surface and uniform particles distribution are recognized, indicating homogeneous mixture with few
visible micron sized particles. EDX analyses reported in figure 4 were performed on a selected particle
to understand its composition. It was found a deficiency of Co inside the particle with a Co-enriched
ring around it, and uniform distribution anywhere else. In order to observe the formed nanostructures
in the hybrid CoCg films, we performed detailed TEM analyses on the as deposited film. So, following
the procedure reported in the ‘materials and methods’ section, we deposited the sample on Cu holey
carbon grid to analyze it for structural information. Figure 5 shows the TEM image obtained from the
CoOCg film. The sample has composite nanostructure consisting of small Co nanoparticles distrib-
uted uniformly. Samples subject to modification were analyzed from morphological point of view as the
pristine one. The SEM images from the modified samples are reported in figure 6 taken at a magnifica-
tion of 2.5kx. For each of these samples was performed as well elemental mapping with EDX analysis on
selected particles.

All treatments applied to the films to alter their properties and morphologies resulted in the devel-
opment of numerous structures on the surface. One of the possible reasons behind these phenomena is
the stress accumulated on the surface (and immediately under the surface) during the deposition, due
to the immiscibility of the materials. This stress is released almost instantaneously with the treatments,
creating separation of the phases. The energy in excess, provided by the treatment is used for the growth
of structures around the nucleation point. Depending on the available energy, more or less organized
structures can form.

From the large area SEM, the sample that was subjected to annealing (figure 6(a)) presents struc-
tures tending to the circular shape, with a strong nucleation of Cqy above the Co (or viceversa). Some

4
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Figure 2. RBS results on pure Co and Co—Cgg samples obtained with 2 MeV Het. Black dots are experimental data and the red
line represents the fit obtained from SIMNRA simulation.

Table 1. Elemental composition of samples calculated by RBS-ERDA analysis using both 2 MeV Het beam and 1.735 MeV HT.

Co C (e} H Thickness
Sample (at. %) (at. %) (at. %) (at. %) (10" atem™2)
Co film 70 14 5 11 480
Co—Cg film 50 33 3 14 245

SU8230 1.0kV 3.4mm M-x50.0k SE(U) 2024/08/29 1.00pm

Figure 3. SEM pictures taken at 50kX magnification of as deposited sample.

structures show a main nucleation surrounded by a huge number of smaller nucleations (see figureS3 of
SI for additional pictures). The sample exposed to Ar™ beam irradiation (figure 6(b)) displays a great
number of very small separation spots, non-organized and spread randomly on the surface (see figure
S4 of SI for additional pictures). The C* irradiation (figure 6(c)) did not produce a particular separa-
tion on this films surface at least visible, but possible compositional changes in the C phase (see figure
S5 of SI for additional pictures). The laser irradiation showed in figure 6(d) produced large spots with
C nucleation, but also microstructures with resemblance of long crystal structures (see figure S6 of SI
for additional pictures). The EDX mapping shows that the agglomerations of particles are formed by
both constituents, with little more content of C in the center. Compared with the pristine sample there
is the elemental distributions are more homogeneous, due to the release of existing stress. Additional
EDX mapping are shown in SI figure S7-10.

A detailed Raman analysis of the pristine films of pure and hybrid materials was performed. Figure 7
shows the Raman spectra of the Cgy film deposited on the silicon substrate, compared to the vibra-
tional fingerprint of pure Cqy powder used as a precursor in film preparation, obtained by excitement
with a 532 nm laser wavelength. The Raman spectrum of the Cgy powder (black line) displays several
Raman contributions between 1000 and 2000 cm ™!, closely matching values found in the literature [43,
44]. Notably the Raman-active modes of H, symmetry are found at ~1100 cm™! (Hg(5)), ~1250 cm™!
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Figure 4. Elemental mapping of particle on the as deposited sample.

—

Figure 5. TEM micrograph of as prepared sample.

(Hg(6)), ~1424 cm™'(H,(7)), and 1581 cm™'(H,(8)). In this Raman shift region, the peak at 1462 cm™!
is assigned to the A,(2) mode, known as ‘pentagonal pinch’ since caused by the contraction of the
pentagonal rings and the expansion of the hexagonal rings of carbon atoms. These peaks overlay the
broader bands observed in the spectral ranges of 1330-1360 cm ™! and 1560-1600 cm ™!, corresponding
to the D and G bands, respectively, which are characteristic of all carbon-based materials under visible-
range excitation [45]. Notably, laser heating during Raman measurements can facilitate the formation of
additional carbon phases.

The complete spectrum of Cgy powder, which includes the remaining four low-frequency H, sym-
metry modes and the purely radial Ag(1) mode at 496 cm™', is shown in figure S11 of the SI. The
Raman spectrum of Cgg film (red line in figure 7) shows a distinctive peak at 1450 cm™! (highlighted by
asterisk), which attests a photo-transformed state of Cgy and the presence of polymer chains that, in the
case of film, easily form during laser irradiation in Raman measurements [43]. Furthermore, the A,(2)
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Figure 6. SEM pictures taken at 2.5kX magnification modified samples.
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Figure 7. Raman spectrum of Cg powder (black line) and Cg film deposited onto silicon substrate (red line). Peaks exclusive
to the Ceo film spectrum are marked with asterisks, while the dotted lines (black and red) highlight peaks common to both Cso
powder and film.

peak at 1462 cm™!, characteristic of the C4 powder, almost disappears in the fullerene film as it is over-
shadowed by the tail of the prominent peak at 1450 cm™!. It is worthy to note the presence of the wide
D band mainly peaked at 1332 cm™!, typical of diamond-like carbon materials. The peak at 1270 cm™!
(highlighted by asterisk) is ascribed to a combination of antisymmetric C—C interring stretching mode
and antisymmetric bending mode of C-H groups that form on fullerene surface [46]. The promin-

ent and sharp peak tail that diminishes at 1065cm™! corresponds to the second-order Raman peak of
the Si substrate. Figure 8 displays the Raman spectra of hybrid Co—Cs films, both pristine and post-
treatment, within the 800—1800 cm™! spectral range. Notably, the characteristic A,(2) peak at 1462 cm™!
is significantly broadened and overlaps with the D and G bands (at 1360 and 1562 cm™!, respectively),

7
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Figure 8. Raman spectra of hybrid Co—Cg films, as deposited (black line) onto silicon substrate and post-treatments: Co—Cgo
film annealed (red line), Co—Cqp film Ar irradiated (green line), Co—Cq film laser irradiated (blue line), and Co—Ceo film C irra-
diated (magenta line). The spectra are stacked in intensity for a better visualization.
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Figure 9. Results of galvanostatic measurement (a) and calculated electrical resistance (b), measured using 2-points method.

which are typical features of carbon materials. When the Co—C is irradiated by carbon beam, a pro-
nounced broad band appears beneath this peak, which is attributed to the formation of amorphous car-
bon. Furthermore, all spectra exhibit a broad band in the spectral range between 1030 and 1100 cm™!
(gray rectangle in figure 8), attributed to the second-order two-phonon Raman scattering of the CoO
phase [47]. This spectral feature indicates cobalt oxidation induced in defective sites of cobalt during the
co-deposition of hybrid films. Under laser heating during Raman measurements, the CoO phase readily
transforms into the Co;O4 phase [48].

The results concerning the electrical resistance measurements performed on the films are shown in
figure 9. Figure 9(a) shows the galvanostatic measurements performed on the samples surface, using the
setup described in ‘material and methods’ section. The voltage measured with a nanovoltmeter between
the electrodes that applied stabilized current to the films were recorded for several applied current values
that ranged from 1 A to 10 A. Figure 9(b) illustrates the resistance calculated by linear regression of the
data in figure 9(a). If we consider the pristine Co—Cg film, it shows a resistance of 0.308 2. It is a valid
assumption considering this value as the reference for all the deposited films when the samples were all
produced together during the same deposition. In this way, the measured variations in the resistance
values are due only to the treatments to which they were exposed. Irradiation with a laser beam as well
as bombardment with charged particles increased the resistance of the samples. In particular, laser irra-
diation leads to the highest resistance observed. An interesting result is instead the one referring to the

8
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Figure 10. TEM micrograph of annealed sample, magnification of fullerene NPs and SAED of area in picture.

500nm S00nm'

Figure 11. Elemental mapping of area shown in figure 10.

sample subjected to annealing, for which the resistance value is 0.155 €2, almost half of the thin film

in the pristine state. Probably, the annealing process produces large enucleations of Ce, separating the
metal from the fullerene more clearly and the reduction in resistance observed after annealing is attrib-
uted to phase segregation and morphological reorganization, which likely promotes the formation of
percolative Co-rich conduction pathways, even in the presence of partial cobalt oxidation.

In order to investigate the origin of these particular electrical properties of the annealed samples,
additional structural analyses were performed with TEM and the selected area electron diffraction
(SAED) method on the grid sample. Figure 10(a) shows the morphology of selected area of modi-
fied film. It is possible to see agglomerations of self-assembled Csy nanoparticles of the size of 17.9 nm
(figure 10(b)). Instead, the SAED analysis allows us to measure the lattice parameters, crystal structure,
and extent of crystallinity of nanoparticles from the diffraction technique, in which the sample is tar-
geted with a parallel beam of high energy electrons. In particular, figure 10(c) illustrates that the film
is in an amorphous state as expected. Finally, this area of the annealed grid sample was selected to per-
form elemental mapping also with the aim of understanding the elemental distribution of the elements
(figure 11). As shown by the oxygen mapping, cobalt effectively becomes oxidized, so the reduced elec-
trical resistance has to be ascribable to a self-agglomeration of Cg fullerene. Unfortunately, the carbon
distribution is affected by the holey C film on which it is deposited.

4. Discussion

The systematic study performed in this work is focused on the preparation of Co—Cg hybrid films under
identical growth conditions and on their controlled modification through multiple external stimuli,
enabling a direct comparison of distinct post-treatment pathways and their effects on nanostructure

and functional properties. Well established ion beam analytical techniques, such as RBS and ERDA,

have been used in the study to evaluate the film’s original composition and thickness. ‘As deposited’

and modified samples revealed several important morphological and structure evolutions based on the
applied external stimuli.
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During the self-assembly of fullerene nanoparticles in a nonequilibrium solid-solution, Cgy molecules
form a nanoparticle, finding the most advantageous combination of interactions between molecules with
minimal free energy. Considering the efforts usually required to prepare the nanoparticle by pulveriza-
tion, the possibility to obtain nanosized Cgy by dry physical method (in our case thermal evaporation)
is truly an innovative result, considering that self-aggregation process of Cg particles is purely physical,
and is not associated with visible changing in phase crystal structure. Interesting physical and structural
properties were observed in the metal-Cqy phase without and with separation induced by external per-
turbations. SEM analyses performed on treated samples showed strong separations of the immiscible
phases. The magnitude of such separations was different for each applied perturbation, as well as for
the final shapes of formed structures. The nucleation produced by some treatments (e.g. the annealing
process) produced a quasi-perfect circular germination of the material surrounded by smaller separation
areas. These strong separations sometimes occur with neither the growth of carbon structures above the
film nor with the formation of cobalt structures above the film. The study conducted using Raman spec-
troscopy allowed for the identification of the characteristic Cgp peak in the deposited film without Co,
confirming the presence of the hollow structure of the fullerene. When combined with Co, there was a
broadening of the characteristic A,(2) peak, with an overlapping of D and G bands. In particular, it was
observed that after carbon irradiation, a pronounced broad band appears beneath this peak due to the
strong amorphization of carbon. The band attributed to the oxides of cobalt are also detected reveal-
ing a transformation of CoO in Co3;O, phase, as confirmed by Rivas-Murias and Salgueirifio in their
previous work [48]. Despite the presence of cobalt oxides, electrical resistance measurements revealed a
non-monotonic response to the applied treatments. Ion and laser irradiation resulted in an increase in
resistance, consistent with enhanced disorder, amorphization, and oxidation effects. In contrast, thermal
annealing led to a pronounced reduction in the measured resistance in comparison to the pristine film.
This behavior cannot be attributed to simple increase of Co amount, as oxidation of cobalt is clearly
evidenced by Raman spectroscopy and elemental mapping. Instead, the reduced resistance observed
after annealing is to be attributed to morphology-driven reorganization and phase segregation within
the hybrid film. TEM analysis of the annealed samples reveals the formation of self-assembled Cqy nan-
oparticles, indicating substantial molecular rearrangement and separation of the fullerene- and cobalt-
rich regions. In such heterogeneous systems, cobalt is likely present in a mixed state comprising oxidized
surface or interfacial regions surrounding Co-rich cores. In this case, electrical transport is governed by
formation conduction pathways, where the macroscopic resistance is dominated by the connectivity of
the most conductive regions rather than by the average phase composition.

Therefore, even in the presence of partial cobalt oxidation and intrinsically low fullerene conductiv-
ity, phase segregation induced by annealing can promote the formation of effective Co-rich conduction
paths, resulting in a lower measured resistance. Overall, this study provides a comparative framework
for understanding how different energy-delivery mechanisms affect Co—Cgy hybrid systems. The post-
treatment-focused approach presented here offers a valuable strategy for tailoring the functional proper-
ties of metal-organic hybrid films and can be extended to other immiscible composite systems relevant
to electronics, spintronics, and energy-related applications.
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