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Thin granulated films of C60–Cu nanocomposite with the Cu con-
tents of 80, 34, and 8 at.% were fabricated with the use of the
vacuum codeposition method. The films were annealed at a tem-
perature of 473 K for 10, 20, and 30 h in vacuum. Films with lower
Cu contents demonstrated a drastic relative intensity decrease and
a broadening of the Ag(2) dipole-active vibrational band in the
Raman spectrum, which is sensitive to the charge transfer from
metal atoms to C60 molecules. Further annealing was accompa-
nied not only by a decrease of this band intensity, but also by an
intensity increase and a broadening of the Hg(8) vibrational mode
band. Moreover, annealing gave rise to the growth of the triplet
radiation emission intensity. Similar processes, but with some de-
lay, also occurred in a granular film with a higher copper content.
The transformation of Raman and photoluminescence spectra ev-
idenced the polymerization and the destruction of C60 molecules
owing to the diffusion of copper atoms into C60 crystallites, fol-
lowed by the chemical interaction between those two components
due to the charge transfer from metal atoms to fullerenes.

1. Introduction

Fullerene molecules, including the most widespread ones,
C60, preserve their unique geometry- and structure-
driven properties in the condensed state. These proper-
ties, rather unusual for other substances, allow fullerenes
to be widely used in various high-technology branches
of engineering, energy saving, nanoelectronics, and
medicine. The functional properties of fullerites can be
considerably extended owing to phase transformations
induced by temperature variation, doping, and external
influence.

An example of structural changes in fullerites is their
polymerization. It takes place, because, instead of the
weak van der Waals interaction between fullerenes (it
is characteristic of fullerites synthesized under ordinary
conditions), there emerges a covalent one. The polymer-
ized state of fullerites can be obtained rather simply by
squeezing them at temperatures much higher than room
temperature. Depending on the squeezing magnitude
and the temperature, various structures emerge in ful-
lerites in the phase equilibrium state. Those structures
result from a distortion of the initial solid phase, which
is characterized by an fcc lattice at room temperature. A
chemical bond of the type [2+2]-cycloaddition can arise
along one direction – most likely, along the (001) one, –
whereas such an interaction is absent in other planes. A
selective character of intermolecular [2+2]-cycloaddition
also results in a distortion of the initial phase; there
emerges a tetragonal structure, in which the distance
between the nearest four neighbor molecules decreases.
At higher squeezing and temperatures, there emerges a
rhombohedral phase. It is characterized by a distortion
of the fcc structure owing to the appearance of a strong
chemical interaction between six nearest C60 molecules
in the (111) plane. In addition to the indicated phases,
dimers and a squeezed fcc structure may also emerge.
The obtained polymerized phases demonstrate a sub-
stantial variation of their electric, optical, mechanical,
thermodynamic, and other properties [1–8]. At the same
time, it should be noticed that the indicated method can
be used to produce polymerized phases in bulk C60 spec-
imens as well.
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Bulk C60 fullerites can also be polymerized by dop-
ing them with alkaline metals [9–17]. Doping becomes
possible owing to a low cohesion energy of metal atoms,
which promotes their insertion from the gas phase into
the interstitial positions of the fcc structure. Depending
on the number of alkaline metal atoms per every C60

molecule (they can be located in octahedral and tetra-
hedral pores), intermediate structures and AxC60 com-
pounds (A = K, Rb, Cs, and x is the number of A atoms
per one C60 molecule) can be obtained. Every compound
is described by a certain crystal structure and character-
ized by its own set of properties. In particular, the AC60

and A3C60 compounds have the metallic conductivity,
whereas the A4C60 and A6C60 compounds are insulators.
Molecules interact chemically, because the Coulomb in-
teraction is primarily established between the fullerene
molecules and alkaline metal atoms as a result of the
electron transfer from the latter to the C60 molecule.
This charge transfer occurs, because alkaline metals are
characterized by a low ionization potential, whereas C60

molecules, on the contrary, by a high electron affinity.
Films polymerization can also be induced by apply-

ing ultra-violet irradiation or bombardment with ioniz-
ing particles (γ-photons, electrons, ions, neutrons). It
is important that, as the type of the selected irradia-
tion, the energy of bombarding particles, and the expo-
sure dose vary, not only the polymerization mechanisms
change from [2+2]-cycloaddition [18–24] to the structure
of the “peanut” type [25–29], but also the destruction
of C60 molecules with the formation of amorphous car-
bon (α-C) becomes possible. Depending on the ratio be-
tween the polymerized phase and amorphous carbon in
irradiated specimens, the properties of obtained materi-
als vary substantially, which can be reached by affecting
the ratio between the nuclear and electron losses of the
energy of ionizing particles, when the particles interact
with fullerenes [30–35].

The doping of C60 films with non-alkaline metal atoms
plays a special role in the modification of film properties.
Those metals are characterized by a high cohesion energy
and a low electron work function. That is why specimens
either with granulated C60 and metal nanoparticles or
with metal atoms located at the interstitial positions of
the C60 solid phase can be obtained, depending on the
doping technique. In every case, we have a charge trans-
fer from metal atoms to C60 molecules: across the phase
interface in the former case, and from interstitial posi-
tions in the latter one. The magnitude of transferred
charge is governed, first of all, by the metal type and
by the conditions of film fabrication. The hybridiza-
tion of electron states in molecules and atoms and the

occupation of the lowest unoccupied molecular orbital
(LUMO) in C60 fullerites give rise to a considerable in-
teraction between atoms and molecules and also affects
transport, magnetic, electronic, optical, mechanical, and
other properties of composites obtained [36–39].

In this work, optical properties of thin granulated
nanocomposite C60 films with copper atoms are stud-
ied, as well as their dependences on the copper content
and the C60–Cu film annealing conditions. The optical
properties are researched using photoluminescence and
Raman scattering techniques.

2. Experimental Technique

Single-layer copper–fullerene (Cu–C60) films were de-
posited using the simultaneous evaporation of copper
atoms in vacuum and the sublimation of fullerene C60

molecules obtained from two sources. Films were de-
posited onto preliminarily oxidized silicon wafers with
the (100) surface orientation. Various concentrations of
components were driven by varying the rate of copper
atom evaporation. Specimens with Cu contents of 80,
34, and 8 at.% were selected for researches. The film
morphology was studied with the help of scanning elec-
tron microscopy. Vibrational and electron spectra were
studied in the framework of the Raman scattering and
photoluminescence methods with the use of an Ar laser
with an excitation wavelength of 514.5 nm, the power of
which did not exceed 2 W/cm2 to avoid photopolymer-
ization effects.

3. Experimental Results and Their Discussion

The results of X-ray photoemission spectroscopy and
high-resolution electron energy loss spectroscopy re-
searches [42] of C60 films deposited on metal substrates
testify that substrate atoms, similarly to alkaline metal
atoms, give their electrons to C60 molecules. These
electrons occupy the LUMO and change the configura-
tions of HOMO and HOMO-1 energy states [43]. For
instance, in the case of precious metals, it was shown
that, for Cu, the charge transfer amounts to 1.8 elec-
trons per one C60 molecule [44, 45]. The modification of
the C60 charge state stimulates a redistribution of the
charge density in the LUMO and HOMO bands, and, in
turn, at single and double bonds between carbon atoms
in those molecules. As the scanning tunnel microscopy
measurements demonstrate [46], the electron state in the
LUMO band is mainly localized at the single bonds of
C60 pentagons, whereas the HOMO-charge distribution
is mainly concentrated at the double bonds of hexagons.

ISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 8 829



O.P. DMYTRENKO, O.L. PAVLENKO, M.P. KULISH et al.

Fig. 1. Raman scattering spectra for granulated C60–Cu films with
Cu contents of 8 (1 ), 34 (2 ), and 80 at.% (3 ). The film thickness
d = 100 nm, the excitation wavelength λ = 514.5 nm, substrate
Si(100)

The increase of charge density at double and single bonds
leads to a modification of their lengths, which manifests
itself in the shifts of vibrational mode frequencies, which
are sensitive to the variations of bond lengths. Tangen-
tial vibrational modes react to the charge transfer espe-
cially strongly; for instance, these are the modes Ag(2)
and Hg(8), which are dipole-active at Raman scatter-
ing and located at higher frequencies. It is important
that, as the charge density increases, the double bond
length becomes elongated from 1.39 to 1.43 Å, whereas
the single bond length, on the contrary, becomes short-
ened from 1.45 to 1.43 Å, which results in that the fre-
quencies of vibrational modes that correspond to differ-
ent bond types shift in different directions. In the case
where the mode is determined by two bond types, it re-
sponds to the charge transfer insignificantly, because the
contributions made by different bond types compensate
each other.

Hence, at the C60–metal interface, similarly to what
takes place, when alkaline metal atoms are located in the
C60 bulk, there is a charge transfer from metal atoms to
fullerenes, which results in a shift of dipole-active vibra-
tional modes. For instance, when solid C60 is doped with
alkaline metal atoms, the totally symmetric pentagonal
pinch mode Ag(2) is softened by 3 cm−1, provided that
a single electron is transferred to the molecule. In the
case of A3C60 and A6C60 compounds, when three and
six, respectively, electrons are transferred to a fullerene,
the corresponding shifts enlarge proportionally [23, 24].

An analogous situation is observed for the fullerene–
metal interface in granulated films, in which the magni-

tude of charge transferred and the hybridization between
the electron states of C60 molecules and metal atoms de-
pend considerably on the metal content and the condi-
tions of component deposition. Note that, owing to sub-
stantial values of cohesion energy for nonalkaline met-
als, the mutual deposition of C60 molecules and metal
atoms is accompanied by the formation of granulated
films, in which the dimensions of C60 and metal gran-
ules fall, as a rule, in the limits from 10 to 50 nm. The
both indicated factors substantially affect the granular
dimensions, the latter governing the diffusion of metal
atoms into C60 granules and the electron distribution
over the energy levels [49]. In its turn, this circumstance
affects the charge densities in both fullerene and metal
nanogranules.

In Fig. 1, the spectra of Raman scattering for gran-
ulated C60–Cu films with Cu contents of 80, 34, and
8 at.% are exhibited. It is evident that, for C60:Cu films,
the spectrum mainly coincides with the corresponding
spectrum for pure C60, which is characterized by two
totally symmetric vibrational modes of type Ag (Ag(1–
2)) at the frequencies of 497 and 1469 cm−1, and eight
modes of type Hg (Hg(1–8)) at the frequencies of 270,
433, 709, 773, 1103, 1253, 1424, and 1576 cm−1 [1]. An
increase of the Cu atom number per one C60 molecule
results in a considerable reduction of the intensities of vi-
brational modes Ag(1) and Ag(2) (see curve 2 in Fig. 1).
At the same time, a subsequent increase of the copper
atom content to 80 at.% brings about a spectrum that
is typical of pure C60 [1]. Moreover, the bands of all
vibrational modes become amplified, and there appear
additional scattering bands at about 360, 430, 968, 1318,
and 1695 cm−1 (curve 3 in Fig. 1).

It is evident that, if the concentration of copper atoms
is low, the number of metal granules is small, so the
metal atoms affect the behavior of fullerene vibrational
modes insignificantly. Their influence extends only upon
the first layer of molecules, which form the metal–C60

interface [50]. Despite that this monolayer can even be-
come metallic as a result of charge transfer and LUMO
filling, a small number of C60 molecules hybridized with
the metallic surface apparently do not play an appre-
ciable role, in comparison with the total number of
fullerenes that do not interact with metals.

At the same time, an increase of the Cu content leads
to a larger number of granules with small dimensions,
which is accompanied by the appearance of a consider-
able number of interfaces, the charge transfer through
which results in the emergence of a significant amount
of molecules bonded with metals owing to the ionic or
donor–acceptor interaction. In Fig. 2, a decomposi-
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Fig. 2. Decomposition of the Raman spectrum for a C60–Cu film with a Cu content of 34 at.% after deposition into the bands of
vibrational modes Hg(7), Ag(2), and Hg(8)

tion of the Raman spectrum into possible components is
shown in the frequency interval, where the bands of vi-
brational modes Hg(7), Hg(8), and Ag(2), which are the
most sensitive to the charge transfer, are located. Not
only a reduction of the relative intensity of line Ag(2)
is observed, but also the appearance of its components,
which can be a consequence of the shift of this vibra-
tional mode as a result of the charge transfer, as well
as of the C60 structure polymerization. This polymer-
ization (it is characterized by the emergence of dimers
and, probably, more complicated phases) is a manifes-
tation of the partial diffusion of Cu atoms into the re-
gion of C60 granules at the deposition stage. One may
not exclude that the polymerization is more inherent
to the layers located closer to the phase interface, be-
ing a consequence of the hybridization of molecules and
atoms near this surface. [2+2]-cycloaddition remains to
be the mechanism of intermolecular interaction, as it
was for other cases of polymerization. It is invoked by
the hybridization between fullerene sp-states and metal
d-states, which results in the chemical interaction be-
tween metal atoms and C60 molecules. Such strong in-
teraction is evidenced by a considerable reduction of the
Ag(2) mode intensity, which becomes possible in the case
of molecular destruction; the latter is observed, for ex-
ample, under high-energy irradiation at large exposure
doses [30]. The destruction is accompanied by a growth
of the intensity in the interval of vibrational mode Hg(8),
i.e. in the range of tangential vibrational mode Eg of
amorphous carbon (α-C).

An absolutely different form is inherent to the Raman
scattering spectrum for the granulated composite with
a copper content of 80 at.%. It is a result of the sur-
face amplification of Raman scattering by C60 molecules.
Such an amplification may occur owing to the forma-
tion of granulated metal nanoparticles in the C60 ma-
trix, the dimensions of which are enough for the high-

strength local fields to be created owing to the surface
plasmon resonance. The interaction of those fields with
scattered waves provides an appreciable growth of the
band intensities for all vibrational modes. The charge-
transfer-induced distortion of C60 molecules is insignif-
icant, which may be associated with the low diffusion
of copper atoms from metal granules into the C60 ma-
trix bulk. At the same time, the appearance of new
dipole-forbidden peaks and the shifts of Raman bands
testify to the emergence of hybridization between C60

molecules and metal atoms at the phase interface, which
is connected with charge transfer.

The granulated particles are characterized by a devel-
oped surface, and, like metal islands deposited onto the
C60 surface [49], they promote the diffusion of copper
atoms into the C60 bulk. In both the amorphous C60

matrix and the crystalline C60 phase, the diffused cop-
per atoms occupy positions the most beneficial energet-
ically (in crystals, these are octahedral and tetrahedral
voids), from which the charge transfer to C60 molecules
takes place. Due to this charge transfer, as in the case
of alkaline metals, there emerges a chemical interaction
between ligands and C60 molecules, which, in turn, fa-
vors the emergence of an intermolecular interaction giv-
ing rise to the polymerization and, probably, to the de-
struction of C60 molecules.

An enhancement of the atomic diffusion can evidently
be obtained by the annealing of doped films even at
slightly elevated temperatures, because the activation
energy of the metal atom diffusion is low, if the inter-
molecular space dimensions are considerable. Figure 3
exhibits the variation of Raman spectra for a nanocom-
posite with a copper content of 34 at.% after the an-
nealing at a temperature of 473 K for 10, 20, and 30 h.
Note that appreciable changes in the spectrum take place
already after the 10-h annealing. These changes are
observed in the whole spectral range of dipole-allowed
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Fig. 3. Raman scattering spectra for C60–Cu films with a Cu
content of 34 at.% annealed at a temperature of 473 K for 10 (1 ),
20 (2 ), and 30 h (3 )

vibrational modes and especially in the range of vi-
brational modes Hg(7), Ag(2), and Hg(8), which are
the most sensitive to the charge transfer and structural
changes, including the destruction of C60 molecules as a
result of the strong interaction with metals. Attention is
attracted by an increase of the Raman scattering back-
ground in the range of tangential modes as the annealing
time grows. In addition, mode Ag(2) strongly broadens
out and almost totally overlaps with mode Hg(7); its in-
tensity drastically diminishes to the values, at which the
intensity of band Ag(2) not only becomes equal to, but
even less than that of peak Hg(8). The indicated recon-
struction of the spectrum testifies to a strong distortion
of C60 molecules, which is a consequence of substantial
modifications of the charge density at double and single
bonds in fullerenes arising owing to the charge transfer
from Cu atoms to C60. It is these modifications of the
charge density in the HOMO and LUMO states that af-
fect the elongation of double bonds and the shortening of
single ones, which govern the molecular symmetry and,
accordingly, the behavior of the vibrational spectrum.

It is worth noting that the diffusion of metal atoms
into the matrix with C60 brings about not only the de-
struction of C60 molecules and the formation of the α-C
phase, which manifests itself in a fading of mode Ag(2)
and a growth of the intensity of mode Eg of amorphous
carbon, but also more complicated structural transfor-
mations in C60 fullerites. The presence of such transfor-
mations can be seen from the decomposition of Hg(7),
Ag(2), and Hg(8) vibrational mode bands into their com-
ponents at various annealing times (see Fig. 4). At the
same time, the shifted bands, which correspond to the

dimerization and more complicated orthorhombic and
other structures, have low intensities. Most probably, it
is a manifestation of the fact that the majority of C60

molecules in the synthesized granules in films, where the
polymerization is only partially confined to the dimer
formation, are in a disordered state.

Similar modifications are also observed for the speci-
men with a high Cu content of 80 at.%; however, they
are slowed down there. In particular, even after the
20-h annealing at a temperature of 473 K, the picture
of the enhanced Raman scattering survives, and a con-
siderable relative decrease of peak intensities with re-
spect to that of band Hg(8) is observed only after the
30-h annealing (see Fig. 5). We may suppose that, in
such specimens with large Cu granules, a high cohesion
energy constrains metal atoms from the diffusion into
C60 granules and, consequently, the interaction between
molecules and atoms is restricted only near the phase in-
terface. In the C60 bulk, owing to a small number of dif-
fusing atoms, the influence on fullerenes is insignificant,
but it does take place and increases, if the annealing time
grows.

It is evident that the symmetry variation of C60

molecules owing to the charge transfer from metal atoms
is accompanied by a transformation of the photolumines-
cence spectrum. In the case of low temperatures (lower
than 15 K), the spectrum of the bulk luminescence of C60

crystals is a combination of two bands centered at 734
and 684 nm [51]. The band at 734 nm corresponds to the
broadband luminescence associated with non-uniformly
broadened transitions from a deep X-trap. This trap
corresponds to an excited Frenkel exciton with lowered
symmetry that is delocalized in the space between two
adjacent molecules located either near a vacancy in the
crystal or near another defect, which inserts a structure
disordering.

The band at 734 nm is also characteristic of crystals
at room temperature. It is a high-energy luminescence
band with a maximum at 1.69 eV, which is related to
the bulk radiation emission of fullerene. In the range
of lower energies, this band overlaps with the radiation
caused by the presence of X-traps in solid C60. Those
traps may be defects of physical or chemical origin, which
are located at the site next to the given molecule and
violate the translational symmetry in the lattice. At the
polymerization, the radiation band shifts toward the red-
wave range and broadens in comparison with that for a
non-polymerized specimen.

For C60 fullerene films, in which the majority of
molecules are in the amorphous state, with separate in-
clusions of crystalline nanoparticles about 40 nm in di-
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Fig. 4. Decomposition of the Raman spectrum for a C60–Cu film with a Cu content of 34 at.% annealed at a temperature of 473 K for
10 (a), 20 (b), and 30 h (c) into the bands of vibrational modes Hg(7), Ag(2), and Hg(8)

mensions, the luminescence spectrum at room temper-
ature includes two wide unstructured emission bands
[52–55]. One of them is high-energy; it is located at
about 1.69 eV and corresponds to fluorescence. The
other is low-energy; it is observed at about 1.4 eV and
belongs to phosphorescence [53, 56]. At the polymeriza-
tion, the intensity ratio between those bands changes.
The ratio depends on the temperature, at which the
film luminescence spectra were obtained. In particu-
lar, at low temperatures, the intensity of the low-energy
band grows with increase of the polymerization degree,
which evidences the growth in the number of deep traps
or the increase of the quantum yield of triplet emission
[54, 55]. When dimers, trimers, and chains are formed
at the polymerization and the covalent bonds between
molecules emerge, the distance between the molecules
and their symmetry decrease in comparison with those
for the non-polymerized state. Therefore, the energy

Fig. 5. Raman scattering spectra for C60–Cu films with a Cu
content of 80 at.% annealed at a temperature of 473 K for 20 (1 )
and 30 h (2 )
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Fig. 6. Photoluminescence spectra for nanocomposite C60–Cu
films with a Cu content of 34 at.% after deposition (1 ) and af-
ter annealing at a temperature of 473 K for 10 (2 ), 20 (3 ), and
30 h (4 ). λ = 514.5 nm, the measurement temperature T = 77 K

levels of molecules also decrease. In this connection, a
broadening of the energy levels of fullerenes and, accord-
ingly, of local (defect) states, which are responsible for
the emission by fullerenes, are observed at the polymer-
ization.

In Fig. 6, the luminescence spectra for a C60–Cu film
with a Cu content of 34 at.% obtained after the film de-
position and annealing at a temperature of 473 K for
10, 20, and 30 h are depicted. One can see that the lu-
minescence spectrum consists of two wide unstructured
bands. By analogy with the results of researches of other
similar films, we may assert that the high-energy band
at about 1.69 eV is related to the fluorescence of sin-
glet Frenkel excitons captured at a deep X-trap. In this
case, the role of the latter is played by a deformed C60

molecule in the presence of a vacancy or a Cu atom dif-
fused into the C60 matrix either from nano-sized metal
granules or in the course of the film deposition. The sec-
ond wide band appears as a result of the transition from
the triplet state of molecules. The high quantum yield
of triplet luminescence testifies that a significant number
of molecules are in the triplet state after the intercom-
bination transition. The transition of molecules into the
triplet state is known to favor the formation of complexes
and their mutual binding by covalent bonds. In addition,
unlike pure C60 films, both bands are very broadened,
which testifies to the polymerization, because the latter
enhances the spread of fullerene energy levels. In this
case, the polymerization mechanism may be less associ-
ated with the emergence of [2+2]-cycloaddition between
molecules, but it can be related sooner to the emergence

Fig. 7. Photoluminescence spectra for nanocomposite C60–Cu
films with a Cu content of 80 at.% after deposition (1 ) and af-
ter annealing at a temperature of 473 K for 10 (2 ), 20 (3 ), and
30 h (4 ). λ = 514.5 nm, T = 77 K

of a chemical interaction of Cu atoms with two neighbor
fullerenes. This bond generates, first of all, dimers, in
which copper atoms are located between molecules, but
the appearance of chain structures is also not excluded.

The annealing of the specimen for 10 and 20 h (Fig. 6,
curves 2 and 3 ) leads to a relative growth of the emission
associated with the triplet state. Phosphorescence be-
comes even larger for the film annealed for 30 h, and the
integral intensity becomes almost identical to the rele-
vant value for the fluorescence band. Such an increase of
the triplet emission evidences the polymerization growth
in disordered films, which is a consequence of the charge
transfer from copper atoms that diffuse into C60 granules
or to neighbor molecules, followed by the establishment
of a chemical interaction between them.

The behavior of the luminescence spectrum for films
with a high content of copper atoms (80 at.%) is differ-
ent. For as-deposited films, this spectrum only slightly
differs from that for films of pure C60, which is charac-
terized by the rather narrow fluorescence and phospho-
rescence emission bands at 1.69 and 1.5 eV, respectively
(see Fig. 7). We may suppose that, in the course of depo-
sition, when the number of copper atoms is substantial,
there occurs the phase segregation with the formation
of large enough nanoparticles of both components and
the low diffusion of atoms in the C60 environment. The
atomic diffusion remains insignificant at the annealing
for 10 h as well; therefore, the photoluminescence spec-
trum undergoes little changes in comparison with the
initial one. As was in the case of vibrational spectra,
the photoluminescence spectrum starts to change only
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at the annealing time of 20 h. One can see that the
triplet emission intensity considerably grows after this
period and continues to increase at the 30-h annealing.
It is evident that this growth is a consequence of the
formation of complexes with metal atoms owing to the
charge transfer from diffused atoms to molecules [57–59].
Therefore, the growth of the metal atom concentration
at the deposition does not change the polymerization
mechanism, and it remains the same as was at deposit-
ing the smaller number of copper atoms, but the poly-
merization process becomes slower.

4. Conclusions

While doping C60 crystals or thin films with alkaline
metal atoms characterized by a low cohesion energy,
the atomic distribution over the interstitial sites in the
lattice is uniform. On the contrary, the codeposition
of fullerenes and non-alkaline metals with a high cohe-
sion energy gives rise to the formation of heterogeneous
nanocomposites. The latter, depending on the code-
position conditions, consist of separated C60 granules
and metal atoms with various dimensions and ordering.
Such complicated morphology of the films diversely af-
fects their properties, which can change depending on
the structure of obtained nanomaterials. A characteris-
tic manifestation of this structure is the charge transfer
from metal atoms to C60 molecules, which are character-
ized by a considerable affinity to electrons. The charge
transfer occurs both through the phase interface at the
granular edge and from metal atoms diffused into the
C60 matrix. Since the transferred charges are localized
at single and double bonds of pentagons and hexagons of
molecules and change the LUMO and HOMO states of
fullerenes at that, they affect the reduction and the elon-
gation of those bonds. As a consequence, they modify
the vibrational spectrum of molecules. First of all, they
affect the tangential modes, which become sensitive to
the charge transfer and associated structural effects. In
addition, the insertion of metal atoms into the C60 envi-
ronment and the establishment of an interaction between
them promote the creation of X-traps for Frenkel singlet
excitons and influence the quantum yield of the triplet
emission. The indicated factors considerably manifest
themselves in a transformation of vibrational and pho-
toluminescence spectra, which change depending on the
probability of atomic diffusion. The latter is governed
by the number of the deposited metal atoms per one C60

molecule, annealing of a specimen at elevated tempera-
tures, and polymerization of fullerenes occurring owing

to the chemical interaction between metal atoms and the
adjacent C60 molecules.

For instance, in codeposited thin granulated films
C60–Cu with a copper content of 34 at.%, a substantial
reduction of the relative integrated intensity of the Ag(2)
vibrational mode band and its overlapping with the ad-
jacent band of vibrational mode Hg(7) are observed even
at the deposition stage. The annealing at a temperature
of 473 K for 10, 20, and 30 h results in a further decrease
of the intensity of this band. At the same time, the in-
tensity of the Hg(8) mode band, on the contrary, grows,
so that its integrated intensity exceeds that of Ag(2)
band already at the 20-h annealing. The increase of
the annealing time is also accompanied by the growth of
the triplet scattering, which may probably testify to the
interaction of C60 molecules and fullerenes with metal
atoms. Since the diffusion of atoms grows with the an-
nealing time, one may suppose that the emergence of
a chemical interaction between molecules and atoms is
a consequence of the charge transfer from diffused met-
als to fullerenes. On the one hand, this interaction can
promote the polymerization of C60 molecules owing to
their aggregation with metal atoms and the formation
of dimers and chain structures even in the amorphous
state of solid C60. On the other hand, it can lead to
the destruction of molecules, which is evidenced by the
growth of the intensity of α–C band within the existence
range of vibrational mode Hg(8).

For films with a copper content of 80 at.%, the
distribution morphology and the dimensions of copper
nanoparticles lead to the enhancement of the Raman
scattering by strong local fields created by surface plas-
mon resonances, which arise in these metal nanoparti-
cles. As the annealing time increases, the modifications
in the Raman scattering and photoluminescence spec-
tra are similar to those for spectra obtained for films
with lower copper contents, but they are realized more
slowly. The reason for such a delay in the processes of
polymerization and destruction of C60 molecules (keep-
ing the mechanism of those effects untouched) is a reduc-
tion of the probability of atomic diffusion. This proba-
bility is governed by a high cohesion energy typical of
large nanoparticles, which are formed in the films under
consideration.
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ГIБРИДИЗАЦIЯ КОМПОНЕНТ У ТОНКИХ
ГРАНУЛЬОВАНИХ ПЛIВКАХ
НАНОКОМПОЗИТА С60–Cu

О.П. Дмитренко, О.Л. Павленко, М.П. Кулiш,
М.А. Заболотний, М.Є. Корнiєнко,
В.А. Брусенцов, В.М. Рибiй,
Е.М. Шпiлевський

Р е з ю м е

Методом вакуумного спiвосадження атомiв мiдi i молекул С60

одержано тонкi гранульованi плiвки нанокомпозита С60–Cu iз
вмiстом Cu 80 ат.%, 34 ат.% та 8 ат.%. Цi плiвки вiдпалювали
при температурi 473 К протягом 10, 20, 30 годин у вакуумi.
Для плiвок з меншим вмiстом атомiв мiдi вже пiсля осадже-
ння спостерiгається рiзке зменшення вiдносної iнтенсивностi
та розширення дипольно активної у раманiвському розсiяннi
коливної моди Ag(2), чутливої до перенесення зарядiв вiд ато-
мiв металу до С60. З вiдпалом зменшення її iнтенсивностi су-
проводжується зростанням iнтенсивностi i розширенням смуги
коливної моди Нg(8). Крiм того, з вiдпалом зростає iнтенсив-
нiсть триплетного випромiнювання. Аналогiчнi процеси, але iз
запiзненням, вiдбуваються у гранульованiй плiвцi з бiльшим
вмiстом атомiв мiдi. Трансформацiя спектрiв коливань i фото-
люмiнесценцiї вказує на полiмеризацiю та руйнування молекул
С60, яке вiдбувається за рахунок дифузiї атомiв мiдi з гранул у
середовище С60 з подальшим встановленням мiж ними хiмiчної
взаємодiї за рахунок перенесення зарядiв вiд атомiв металу до
фулеренiв.
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