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A comparison of the intensities of the vibrational bands (VB) in Raman and IR spectra for
nanofilms of C60 150–250 nm in thickness and for microfilms 1–2 𝜇m in thickness has been
done. In the Raman spectra of nanofilms, the enhancement of the active bands Hg(1÷ 8) by
2÷7 times in comparison with a slight weakening of the Ag(1,2) band for microfilms has been
observed. It is shown that the Raman and IR vibrations Gg,u, Hu, F1,2g, and F2u, which are
inactive for icosahedral symmetry 𝐼ℎ, and the lateral spectral components of the bands Hg(1÷ 8)
increase by 5–50 times and more. The observed phenomena is associated with the significant
changes in the electro-physical properties of nanostructured media due to a weakening of the
symmetry and an increase in the anharmonicity and the nonlinear interaction of vibrational
modes. During the polymerization of a nanofilm by diamine (N2H4), the observed enhancement
of VB decreases due to a decrease in the vibrational nonlinearity. The differences between the
experimental intensities of VB and the results of quantum-chemical calculations are discussed.
K e yw o r d s: nanofilm, fullerene, enhancement of vibrational bands, vibrational-electronic
interaction, induction of electronic bands, nonlinear interaction of vibrational modes.

1. Introduction

The manifestations of a vibrational anharmonicity in
large molecules such as biological macromolecules, a
C60 fullerene molecule, and nanoparticles differ signif-
icantly from those in simple molecules. This is due to
a large number of vibrational modes and an easy im-
plementation of different vibrational resonances [1, 2].
The latter leads to a strengthening of the vibration-
electron coupling [3], resulting in a completely new
manifestation of the anharmonicity due to changes
in the electronic states. Furthermore, these phe-
nomena in the nanostructures are complicated due
to the formation of phonon dispersion branches [4].
Naturally, together with the anharmonicity, the non-
linear susceptibility of nanostructured media in the
vibrational field undergoes changes. At the nonlin-
ear resonant interaction of thermally excited low-
frequency vibrational modes, the higher vibrational
states (overtones and sum tones) are generated, and
these states approach the electronic states (ES) and
effectively interact with them [3]. In this case,
the change of ES consistent with vibrational excita-
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tions promotes an anomalous increase in the vibra-
tional nonlinearity, which leads to the phenomenon
of strong vibration-electron interaction (VEI) [1–3].
It should be noted that the efficiency of nonlinear
wave processes significantly increases in the presence
of many vibrational resonances, as well as signifi-
cant spatial accumulation wave processes, which dis-
tinguishes them from local non-linearities. In par-
ticular, in fullerene C60, a number of serial vibra-
tional resonances of the Hg(1) + Hg(2) = Hg(3),
Hg(1) + Ag(1) = Hg(4), 2Hg(3) = Hg(7), Hg(3) +
+ Hg(4) ≈ Ag(2), 2Hg(4) ≈ Hg(8), etc. [1, 2] has
been realized, which improves the efficiency of a non-
equilibrium excitation of vibrational states and the
higher influence of VEI. However, the role of the non-
linear interaction between vibrational modes (NIVM)
in nanostructures, particularly, in the typical carbon
materials (fullerenes, nanotubes, graphene, etc.) still
remains poorly understood. We point out that the
general patterns of the spatial dynamics of nonlinear
resonant wave interactions were previously studied in
many works [5–8] in detail. This will allow us to es-
tablish the effect of the elevated vibrational anhar-
monicity of atoms in nanostructures and a possible
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change of the electronic states as a result of the am-
plification of the nonlinear interaction of vibrational
modes and the vibrational-electronic interaction.

2. Experimental Procedure
and Numerical Processing of Spectral Data

C60 films were deposited on substrates of crystalline
silicon by hot or cold deposition. The Raman spectra
were studied using automated spectrometers DFS-24
with a cooled photomultiplier and a photon count-
ing system. Raman spectra were excited by an Ar+
laser with the wavelengths 𝜆𝐿 = 514.5 and 488 nm.
To reduce the influence of the photopolymerization
of C60, the cylindrical focusing of the laser radiation
(spot size of 0.3 × 2.5 mm2) was used; laser inten-
sity was 2 W/cm2. At the sharp focusing of laser
excitation 𝜆 ∼ 1 mW up to a diameter of 2 microns,
the exciting radiation intensity exceeds 10 kW/cm2,
which allows us to study the impact of light radia-
tion on the Raman spectra and the VEI. IR spectra
of C60 have been studied by a Fourier spectrometer
Nicolet NEXUS-470. In Raman and IR spectra of
the nanostructures, there is a broadband background,
as a rule. It is seen in Fig. 1 a, b, which gives the
overview of the Raman spectra of C60 nanofilms. Pre-
viously, we have established the electronic nature of
the broadband background in RS [1–3]. For RS of
C60 nanofilms, the intensity of the broadband back-
ground decreases with an increase of the frequency,
as shown in Fig. 1, a. It is characteristic that, under
the hot method of NF deposition, the background in
a high frequency region is almost two orders lower
by magnitude (see spectrum in Fig. 1, a than at the
cold deposition method (upper spectrum 2). For the
studied microfilm with a thickness about 2 microns,
the wide electronic band is well approximated by a
Gaussian 𝐼𝐹 = 𝐼0 + 𝐴exp[−(𝜈 − 𝜈0)

2
/2(𝛿𝜈)2] with a

maximum in the region of the most intense Raman
Ag(2) and Hg(7,8). The half-width of the considered
electronic band (EB) 𝛿𝜈 = 1650 cm−1 is comparable
with the frequency 𝜈0 = 1870 cm−1, which character-
izes the observed broadband EB, being much wider
than the vibrational bands. Note that, after the poly-
merization of C60 nanofilms by hydrazine N2H4, the
intensity of the broad EB increases with the frequency
ОЅ, as in the case of microfilms.

For C60 nanofilms, the line 𝜈Si = 520 cm−1 of the
crystalline silicon substrate is observed together with
the line of radial breathing mode Ag(1) at 497 cm−1.
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Fig. 1. Extraction of the wide electronic bands (EB) in the
Raman spectra of C60 nanofilms with thicknesses of about 200
nm under hot (1) and cold (2) deposition processes (a) and mi-
crofilms with a thickness of 2 microns (b). The inset shows the
Raman bands of breathing vibration Ag(1) and Si of crystalline
silicon substrates for a C60 nanofilm

This is shown in the inset in Fig. 1, a in detail. The
line 𝜈Si can be used to classify the C60 nanofilms by
thickness (𝑑). As 𝑑 decreases, the intensity of 𝜈Si de-
creases as well. For a microfilm of C60 about 1.2–2 mi-
crons in thickness, this line disappears (Fig. 1, b). In
order to increase the signal/noise ratio, the numeri-
cal analysis of the spectra was carried out with opti-
mal numerical smoothing. In the numerical decom-
position of vibrational and electronic bands on the
individual spectral components, the method of least
squares with variations of the frequency positions of
the components, their intensities, shapes, and half-
widths has been used.

3. Results and Discussion
3.1. Enhancement of active vibrational
bands in the Raman spectra of C60 nanofilms

For the correct comparison of the intensities of var-
ious vibrational bands of C60 films, the normaliza-
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Fig. 2. Comparison of the vibrational bands normalized on
line Ag(2) in the Raman spectra of nanofilms of fullerene C60

fabricated by the hot method of deposition (1), microfilms of
fullerene C60 2 microns in thickness (3), and nanofilms poly-
merized by diamine (1p) in the region of the bands Hg(1),
Ag(2) and Hg(7,8) and bands Hg(2,3,4) and Ag(1) (b)
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Fig. 3. Enhancement of active vibrations Hg(1–8) in the Ra-
man spectra of the nanofilms of fullerene C60 in comparison
with microfilms about 2 microns in thickness in the cases of
the hot (1/3) and cold (2/3) deposition methods, as well as
nanofilms polymerized by diamine (1/3 and 2p/3)

tion of indicated lines 𝐼𝑁 = 𝐼/𝐼max on the intensi-
ties of the strongest Raman and IR lines of Ag(2)
(1469 cm−1) and F1u(1) (527 cm−1) has been con-
ducted. The comparizion of some Raman and IR
bands for nano- and microfilms of C60 are shown in
Fig. 2, a, b. It is obvious that, in C60 nanofilms, the
low-frequency bands Hg(1,2) and middle-frequency
Hg(3,4) and high-frequency Hg(7,8) bands are much
more intense than those in microfilms. It is worth
noting a weakening of the Hg(3) band intensity, an
increase of the Hg(4) band intensity under the poly-
merization of nanofilms 1 and 2 by diamine N2H4 (see
Fig. 2, b), and the observation of a series of RS in-
active vibrations, for example Gu(2), Gg(1,3). More-
over, the inactive vibrations have appreciable inten-
sities, which became significantly weaker at the poly-
merization of nanofilms and are virtually absent in
microfilms.

The main part of the obtained results on the
vibrational band enhancement in Raman spectra
of nanofilms of fullerene C60 is summarized in
Fig. 3. There are the ratios of maxima of active
Hg(1–8) vibrations in different nanofilms and a mi-
crofilm with 𝑑 = 2 𝜇m under study. According to
the numbering of the spectra adopted in Figs. 1
and 2, the relation 1/3 in Fig. 3 belongs to a hot-
deposited nanofilm, 2/3 belongs to cold-deposited
films, and the relations 1p/3 and 2p/3 belong
to polymerized nanofilms. It is evident that a sig-
nificant enhancement of the vibrational bands is
achieved for the vibrations Hg(1,2), Hg(3,4), and
Hg(7,8). According to Fig. 3 the intensities of the
Raman-active Hg(𝑗), where 𝑗 = 1÷ 8, in nanofilms
of fullerene C60 are enhanced by 2–7 times as com-
pared with the microfilm, with a small increase of
the intensity of the whole symmetric vibration Ag(1)
(see also Fig. 2, b). For the nanofilms polymerized
by diamine N2H4, the enhancement of the bands
stay weaker due to a weakening of the vibrational
nonlinearity.

3.2. Abnormal enhancement
of the bands of “silent” vibrations in IR
and Raman spectra of the nanofilms
of fullerene C60

The abnormally strong increase of many vibrations
Gg,u, Hu, F1,2g, F2u, etc. inactive for icosahedral
symmetry 𝐼ℎ has been also observed in Raman and
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Fig. 4. The fragments of enhanced normalized IR absorp-
tion spectra (а) and Raman spectra (b, с) of the nanofilms of
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and active vibrations in the vibrational spectra of nanofilms
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IR spectra, as illustrated in Fig. 4 a, b. All IR spectra
have been normalized to the absorbance of the most
intense line F1u(1) with a frequency of 527 cm−1.
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in the case of the hot (a) and cold (b) methods of deposition
and polymerization by diamine in the field of vibrational bands
Hg(3,4) (a) Ag(2), Hg(7,8) (b)

The gain enhancement of some inactive vibrations
such as in IR spectrum of the nanofilm of fullerene
C60 (spectrum 1) with the comparison of a micro-
film 1.2 microns in thickness (spectrum 3a) is shown
in Fig. 4. It is evident that some previously “silent”
vibrations (e.g., Gu(2), Gg(3), Hu(4), F1g(1)) be-
came equal to and even exceed the absorption for
the strongest IR line F1u(1). In the IR spectrum
of C60 nanofilms, the weaker bands of inactive Hu(2)
and F2g(1) vibrations also appeared, but the active
infrared band F1u(2) is even suppressed. The major-
ity of bands in the IR spectra of nanofilms increase
by 5–20 times, as shown in the inset in Fig. 4, a.
The examples of manifestations of inactive vibra-
tions in the high-frequency and low-frequency RS
ranges are shown in Fig. 4, b, c, respectively. Some
of the identified spectral components of these vibra-
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tions with their degeneracy are shown in the same
figures, where their frequencies are also indicated.
Figure 4, b demonstrates the spectral dependences
of the enhancement of inactive vibrations of C60 in
the spectra of nanofilms, as well as the enhancement
of the side spectral components of active vibrations
such as Hg(1,2) Hg(8) in the comparison with a mi-
crofilm with 𝑑 = 2 𝜇m (curves with dark symbols).
For comparison, in Fig. 4, b, we also show the in-
crease of the vibrational bands in a microfilm 2 𝜇m
in thickness in the case of the strong focusing of
the exciting radiation onto a spot 2 mm in diam-
eter (curves 3L/3 with open symbols). In a vicin-
ity of Hg(8), the highest-frequency inactive vibra-
tions Gg(6) and Hu(7) appear, which is in a good
agreement with data from [9, 10]. First of all, it
should be noted that the side spectral components
increase more than central components. This holds
for both active and inactive vibrational bands. For
example, for the active band Hg(8) in nanofilm 1
for strong focusing of the excitation radiation, the
central part is enhanced by 3 times, and the side
one by 10–17 times. This regularity is also mani-
fested for the inactive band Gg(6). In nanofilm 1,
the central component of this band at 1519 cm−1 in-
creases by a factor of 2.1, and the side components
increase by 8.8 times. Under the strong laser influ-
ence on the microfilm of fullerene C60, the center
of the band Gg(6) enhances by 18.2 times, and the
side components by 112 times. In the low-frequency
region between the Hg(1) and Hg(2), the bands of
inactive vibrations F2u(1), Gu(1), and Hu(1) have
been detected (see Fig. 4, c). The positions of these
silent vibrations are in a good agreement with the re-
sults of quantum-chemical calculations (QCC) with
regard for various degenerations of these vibrations.
We point out that, in some works [9, 10], the classi-
fication of these vibrations is not in agreement with
QCC. Both for the vibration Hg(8) and low-frequency
bands Hg(1) Hg(2), the regularity of the bigger en-
hancement of side components takes place. For ex-
ample, for band Hg(2) in the spectrum of nanofilm
1, the central component enhances by 2.2 times,
whereas the side ones by 10–15 times. In the case
of strong laser irradiation, the center of band Hg(2)
increases by 6 times, and the side components by
45–48 times.

Inset in Fig. 4, c shows a part of the Raman spec-
trum in a vicinity of the lowest-frequency band Hg(1)

and the enhancement of some spectral components in
nanofilms, including the case of the strong focusing
of laser radiation. In the latter case, the center of
Hg(1) band increases by 2.8 times, and the side com-
ponents by 12–26 times. As for the high-band satel-
lites of Hg(1) in the region 294–303 cm−1 [1, 2], they
increase by 53 times. For the inactive vibrations, the
observed spectral components in nanofilms enhance
by 5–25 times, and, under a strong laser irradiation,
the enhancement reaches 50–300 times even for mi-
crofilms.

3.3. Local induced electronic bands

According to Fig. 1, a, b, the less broad “islets” EBs
appear in a vicinity of numerous vibrations apart
from the very broad EB with half-widths more than
𝛿𝜈 = 103 cm−1. Moreover, these additional EBs may
be more intense than the main bands. For example,
in a vicinity of the vibrational bands Hg(3,4) with Ra-
man shifts 709 and 773 cm−1, local EBs are stronger
than those in a vicinity of the strongest Hg(1) band
near 270 cm−1 (see Fig. 1, a, b). The subtraction
of the local EB in the region of Hg(3,4), Ag(2), and
Hg(7,8) vibrations for a microfilm of C60 polymerized
by diamine is illustrated by Fig. 5, a, b.

One can see that the half-widths 𝛿𝜈 of local EBs
are about 100–200 cm−1, which is substantially less
than the half width of EB shown in Fig. 1, a, b,
but considerably bigger than the half-widths of vi-
brational bands. The localization of the “islet” EB
in a vicinity of the vibrations can be seen by the
coincidence of a local VB 1424 cm−1 with a vibra-
tion Hg(7) in Fig. 5, b, confirming their relationship
with vibrations and the VEI. Probably, an important
role is played by the coincidence of the band Hg(7)
with the IR active vibration F1u(4) at 1429 cm−1.
The peak intensities of the considered local VB ap-
proach the maxima of narrow vibrational bands of
C60, and the integrated intensities of EB are consid-
erably greater.

3.4. Discussion

It is very significant that the “islets” electronic bands
are localized exactly in a vicinity of Hg(3) and
Hg(7) associated with the main vibrational reso-
nances Hg(1)+Hg(2) = Hg(3), 2Hg(3) = Hg(7). Due
to these resonances, the thermal excitations of low-
frequency modes Hg(1) and Hg(2) as a result of
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nonlinear interactions are converted initially into
the medium-frequency vibration Hg(3) and then
to the high-frequency vibration Hg(7). Due to the
nonlinear processes under study and their associ-
ated vibrational-electronic interactions, the changes
of electronic states take place. They manifest them-
selves in changes of the derivatives of the electronic
polarizabilities with respect to the vibrational coordi-
nates 𝑑𝛼/𝑑𝑞, which determine the intensity enhance-
ment of the vibrational bands in the Raman spec-
tra, and in the appearance of new electronic states in
the vibrational field. The localization of broad elec-
tronic bands in the region of the most intense RS
bands Ag(2) and Hg(7,8) (Fig. 1, b), as well as the
displacements induced by EB under the influence
of intense laser radiation in the region of overtones
2Ag(2), 2Hg(7, 8) also indicate a connection between
the vibrational and electronic subsystems. The last
point characterizes the increased interaction of the
atomic and electronic subsystems (violation of the
adiabatic approximation). The role of a strong VEI
is confirmed also by the linear weakening of the in-
tensities of Ag(2) bands in nanofilms together with
the increase in the broad band intensity 𝐼0 near band
Ag(2), which is shown in the inset in Fig. 6. The
obtained results are very important for the under-
standing of the essential differences between detected
Raman intensities for a microfilm of fullerite C60 2
microns in thickness and the results of QCC. These
differences are summarized in Fig. 6. All experimen-
tal and theoretical intensities of bands Hg(i) and
Ag(1,2) have been normalized on the corresponding
values for band Ag(2), and the values for IR bands
F1u(k), where 𝑘 = 1–4, have been normalized on the
most intense IR band F1u(1). For the totally sym-
metric vibrations of fullerene C60, Ag(1,2), the QCC
results are in good agreement with experiment. For
IR active vibrations F1u(2,3), there is a small in-
crease in the absorbance as compared with the results
of calculations. Abnormal differences between exper-
imental and calculated results have been established
for bands of the Hg(𝑗) type. In particular, the ob-
served intensities of Hg(3) and Hg(7) bands are 8–
10 times greater than the calculated ones, and the
bands Hg(5,6) are weaker by more than 10 times
(see Fig. 6). It is of importance that we detect ex-
perimentally the enhancement of exactly Hg(3) and
Hg(7) bands associated with the vibrational reso-
nances Hg(1)+Hg(2) = Hg(3), 2Hg(3) = Hg(7). This
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is a powerful argument in favor of developing a non-
linear vibration-electronic concept.

It is essential that the maximum ratio of the ob-
served and calculated intensities of the vibrational
bands 𝐼exp/𝐼th for the vibrations Hg(3) and Hg(7)
in Fig. 6 are consistent with an increase in the in-
tensities of these bands in nanofilms C60 in Fig. 3.
Since the increases of the intensities of the vibra-
tional bands in nanofilms are associated with NIVM
and VEI, the detected differences of QCC with the
experiment can be caused just by these phenom-
ena. This shows a possible way of improving the
QCC. This important conclusion is confirmed by a
detailed analysis of changes in the intensities of
Hg(3,4) bands. In accordance with the Raman spec-
tra in Fig. 1, a, b, the bands Hg(3) and Hg(4) have
close intensities, but QCC gives the intensity of Hg(4)
vibration about 6 times higher than Hg(3) one. Ac-
cording to Fig. 2, b, the intensity of the band Hg(3)
in nanofilm 1 higher than that for Hg(4), i.e., in
good agreement with Fig. 3 (factor of 2/3). However,
in Fig. 2, b, in nanofilms after the polymerization,
when the total nonlinearity in nanofilms decreases,
the band Hg(3) is weakened, and Hg(4) is enhanced
(spectrum 1p). This is close to the results of QCC.
This fact proves that the discussed differences are
related to the nonlinear interaction of vibrational
modes and strong VEI, which was not taken into ac-
count in QCC.
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4. Conclusions

The observed abnormal enhancement of the vibra-
tional bands in nanofilms of fullerene C60 is as-
sociated with a significant change in the electro-
physical parameters of nanostructured objects as a
result of weakening the symmetry and enhancing
the anharmonicity and NEVM. This leads to in-
creasing the VEI, which plays a significant role in
nanostructures, but practically has not been studied
till now. The significant role of vibrational-electronic
interactions (VEI) is indicated by a number of
factors:

1. Maximum of the broadband background in the
Raman spectra of microfilms of fullerene C60 is achie-
ved in the region of strong high frequency vibrations
Ag(2) and Hg(7,8), closest to the electronic states.
In the same area, the maximum of the broadband
background of nanofilms of C60 is shifted after their
polymerization by diamine N2H4.

2. The detection of the local background bands
in the region of Hg(3) and Hg(7) vibrations associ-
ated with the vibrational resonances Hg(1)+ Hg(2) =
= Hg(3), 2Hg(3) = Hg(7), is the strong evidence of
the discussed nonlinear vibration-electronic concept
and the electronic origin of broad bands in the Ra-
man spectra.

3. Abnormal enhancement of the intensities of ac-
tive and inactive vibrations in Raman and IR spec-
tra also associated with essential changes of elec-
tronic states due to a strong vibrational-electronic
interaction.

4. Characteristically, not only the maximum differ-
ence between the calculated and observed intensities
of the Hg(1÷ 8) bands is achieved for the vibrations
Hg(3) and Hg(7), but the band splitting for Hg(1÷8)
resulted from the isotopic lifting of a degeneracy is
also achieved for the vibrations Hg(3) and Hg(7) [11]
associated with nonlinear resonances.

On the whole, the obtained results clearly demon-
strate the essential role of nonlinear wave interac-
tions of the vibrational modes and VEI just for
nanofilms of fullerenes C60. However, it can be as-
sumed that these regularities are characteristic of
other nanostructured materials, as evidenced by
our close results [12–14]. In conclusion, the dis-
cussed nonlinear vibrational-electronic concept can
contribute, in our opinion, to the development of a
new method of spectroscopy, which will provide in-

formation about the nonlinear vibration-electron dy-
namics and nonlinear changes in the quantum prop-
erties of the material media in addition to the vibra-
tional dynamics.
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ПIДСИЛЕННЯ КОЛИВАЛЬНИХ СМУГ
ДЛЯ АКТИВНИХ ТА “МОВЧАЗНИХ” КОЛИВАНЬ
В СПЕКТРАХ КОМБIНАЦIЙНОГО РОЗСIЯННЯ
ТА IЧ ПОГЛИНАННЯ НАНОПЛIВОК ФУЛЕРЕНIВ С60

Р е з ю м е

Проведено порiвняння iнтенсивностей коливальних смуг
(КС) в спектрах комбiнацiйного розсiяння (КР) та IЧ по-
глинання наноплiвок фулеренiв С60 товщиною 150–250 нм
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та мiкроплiвок товщиною 1–2 мкм. У спектрах КР наноплi-
вок виявлено пiдсилення максимумiв активних КС Hg(1–
8) у 2–7 разiв порiвнянно з мiкроплiвкою при невеликому
ослабленнi смуг Ag(1,2). Показано, що в КР та IЧ спектрах
наноплiвок смуги неактивних для iкосаедричної симетрiї
𝐼ℎ коливань типу Gg,u, Hu, F1,2g, F2u, а також бiчнi спе-
ктральнi компоненти смуг Hg(1–8) зростають у 5–50 разiв
i бiльше. Спостережуванi явища пов’язанi зi значною змi-

ною електрофiзичних параметрiв наноструктурних середо-
вищ у результатi ослаблення симетрiї i посиленням ангар-
монiзму та нелiнiйної взаємодiї коливальних мод. При по-
лiмеризацiї наноплiвок дiамiном (N2H4) зареєстроване по-
силення КС послаблюється, що пов’язано зi зменшенням
коливальної нелiнiйностi. Обговорюються вiдмiнностi спо-
стережуваних в спектрах iнтенсивностей КС з результата-
ми квантово-хiмiчних розрахункiв.
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