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A new frontier in tuning the electromagnetic response of carbon-based materials, particularly carbon nan-
otubes, consists in adding metallic clusters or nanoparticles at their external surface. This allows to change
optical, dielectric and magnetic properties with potential applications in electronics and telecommunications
for aeronautics. By resorting to first principles dynamical simulations, we provide a microscopic picture of the
interaction at finite temperature between a carbon nanotube and Co aggregates mimicking the experimental
coverage. The electronic structure evolution provides the absorption spectrum and the dielectric function for

comparison with experiments and guidelines for tuning these composite systems.

1. Introduction

A forefront activity in the field of materials for electronic and
telecommunication applications oriented to aeronautics is the search
for suitable composite systems to be used for electromagnetic shielding
or absorbers to protect electronic devices and to reduce the human ex-
posure against unwanted radiations. These materials are also foreseen
to design new miniaturized antennas systems [1-3]. In this context,
the main target for absorbers is the identification of the microscopic
mechanisms, often occurring at an atomic-scale level, responsible for
the electromagnetic absorption at the macroscopic scale by the per-
mittivity and permeability spectra. From the spectral standpoint, such
materials have to operate over an ever-increasing frequency range
including the microwave domain (GHz range) and more recently the
terahertz domain (0.3-10 THz) [4]. The wide range of possible systems
that could potentially answer to these requirements is being narrowed
down to accessible chemical elements, affordable realization costs and
sustainability [5-8]. For these reasons, we focus here on single-walled
carbon nanotubes (SW-CNT) coated with a Co nanoclusters as a proto-
type system currently explored for the specific applications mentioned
above [9,10]. Since their discovery more than twenty years ago [11],
CNTs in direct interaction with metallic atoms and nanoparticles have
attracted a growing interest in a continuously growing range of applica-
tions for next-generation devices and systems [12]. Their acknowledged
efficiency in terms of electronic and thermal transport, the relatively
low production cost, and their controllable environmental impact at
least to some extents are counterbalanced by the intrinsic difficulty

* Corresponding author.
E-mail address: boero@unistra.fr (M. Boero).

https://doi.org/10.1016/j.cartre.2024.100410

in growing a specific nanotube in situ and in controlling their chiral-
ity [13]. The physical properties of a CNT can be tuned by adding
heteroatoms or clusters at the surface [14,15], by substitution of C
sites directly on the CNT network [16,17] or by encapsulating het-
eroatoms, molecules or clusters inside the CNT [18,19]. This can lead
to new optical, electronic or magnetic properties according to the
chemical nature of these heteroatoms [20-22]. In the microwave do-
main, Sui and coworkers [10] have shown that Co atoms deposited
on CNTs allow to modulate the frequency response of composite poly-
mer/CNT systems resulting in a shift of the absorption peak. Another
example concerns the hydrogen functionalization of CNTs that in-
duces changes in the THz power absorption spectrum measured by
time-domain spectroscopy [23].

Yet, despite the intensive experimental activity of the last ten years,
a detailed atomic-level knowledge of the mechanisms regulating the
interaction of heteroatoms and clusters with CNTs is still lacking.
Nonetheless, this fundamental knowledge is instrumental to design
and tune the resulting macroscopic properties, and in particular the
dielectric response of these composite materials. Starting from this rich
background, in this work we resort to well benchmarked simulations
tools and methods to investigate the behavior at finite temperature of
SW-CNT decorated with a variable number of Co clusters mimicking
the actual experimental coverage, which, ultimately, determines the
sought macroscopic properties of these composite systems. The choice
of coated CNTs [9,10], as opposed to CNTs encapsulating metallic
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atoms or clusters [19], is due to the fact that the production of these
composite systems is less demanding than a growth of CNT around
Co clusters or nanoparticles and the amount of metallic atoms coating
the CNT can be better controlled, with clear advantages in term of
feasibility and production costs.

By resorting to first principles molecular dynamics (FPMD) simula-
tions, we aim at unraveling the underlying structural and the dynami-
cally evolving electronic properties (global and local dipole, dielectric
response, etc.) in the temperature range where these systems are ex-
pected to be operational. Furthermore, our objective is to compute the
resulting complex dielectric function, directly obtained as a Fourier
transform of the dipole autocorrelation function, over a broad fre-
quency range covering the THz and infrared domains (10-3000 cm~1).
Quantitative comparison with available experimental results provide a
solid background to assess the outcome of our simulations.

2. Methods

As a reference system, we considered a carbon nanotube of chirality
(10,10) as a prototype of armchair system possessing conductivity
properties, being stable over a rather wide range of temperature and
currently used for chemisorption experiments [24-26]. This specific
chirality is the one targeted also by our experimental counterpart
within our academic-industrial collaboration. This does not exclude
the possibility to study other chiralities and semimetallic CNTs, but,
on one hand, this is beyond our scope and, on the other hand, would
represent an additional huge computational workload. The simulated
segment of this (10,10) CNT, shown in Fig. S1 (a) of the Supplementary
Data, contains 240 C atoms, has a diameter of 13.50 Aand a length
of 14.77 A. This system is simulated inside an orthorhombic cell a x
b X ¢ = 34.40 X 34.40 x 14.77 A3 for an isolated CNT and a X b X ¢ =
42.33 x 3233 x 14.77 A3 for CNTs decorated with Co clusters on which
periodic boundary conditions are applied. With this choice, the CNT is
periodically repeated along the ¢ axis whereas along the other two axes
the large empty space ensures a good separation from repeated images
and a space sufficient to accommodate the Co clusters detailed in the
ongoing discussion. Before any dynamical simulation, the CNT, either
pristine or decorated with Co nanoparticles, was fully relaxed to ensure
a stable local minimum for the initial structure.

Concerning the Co nanoclusters, due to the poor literature available
on structural data of these nanoobjects, we constructed a minimal
nanoparticle composed of 12 Co atoms compatible with published
data [27]. This cluster was first optimized at the DFT level described
below and then equilibrated for about 15 ps in a microcanonical NVE
ensemble, followed by a canonical NVT dynamics at 300 K lasting for
45 ps. In this NVT ensemble, only the last 35 ps were used for accumu-
lating the dipole trajectory and making all the post-processing analysis,
being the first 5 ps a mere equilibration stage from NVE to NVT. The
equilibrated structure, shown in Fig. S1 (b) of the Supplementary Data,
assumes a conformation compatible with the hexagonal closed-packed
bulk Co [28] with bond lengths (2.25-2.29 [o\) and angles (~ 60°) of the
triangular facets typical of this type of symmetry. As mentioned above,
a spin-unrestricted description was adopted to check for possible spin-
related issues (magnetic moment) of the Co nanocluster, evidencing an
overall symmetric distribution of spin-up and spin-down distributions
conferring a zero total spin to this type of Co nanocluster.

According to experimental indications about the coverage of typical
CNTs both from the literature quoted above and data from our exper-
imental partners, and considering the size of our Co nanoclusters, we
can decorate our CNT with either three or four of them. This will be
the guideline followed in the ongoing analysis.

All the simulations conducted here have been done within the FPMD
approach according to the Car-Parrinello method [29] within the DFT
framework [30]. In all the dynamical simulations, for the numerical
integration of the equations of motion, a fictitious electron mass of
380 a. u. and a time step of 4 a. u. (0.097 fs) ensured good numerical
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control of the constants of motion. The specific DFT choice we made
consists of the Becke [31] exchange and Lee-Yang—Parr [32] correla-
tion functionals (BLYP), a choice that has already been benchmarked
and used for simulating stand-alone CNTs and CNTs interacting with
atoms and molecules [33]. The BLYP functional was complemented by
the inclusion of van der Waals interactions according to the maximally
localized Wannier functions [34] implementation [35,36]. The core-
valence interaction was described by a norm-conserving numerical
pseudopotential of the Troullier-Martins type [37] for C and a semi-
core one of the Goedecker-Teter—Hutter type [38] for Co. Electronic
wavefunctions are expanded on a plane wave basis set with a cut-
off of 100 Ry (1360.57 eV) and the sampling of the Brillouin zone of
the reciprocal space of the simulation cell was limited to the I" point.
The relatively large value of the cut-off has been selected to ensure an
accurate description of the semi-core states included in the construction
of the Co pseudopotential [38]. All calculations have been done in
a spin-unrestricted approach. In all the canonical NVT simulations
presented in the ongoing discussion, the temperature was controlled by
a Nosé-Hoover thermostat chain [39]. Additional details will be given
in the following paragraphs whenever needed to support the discus-
sion. Simulations were performed with the CPMD package [40]. For
convenience, we speak about IR-spectrum even if the lower-frequency
part (10-300 cm™!, representing about 10% of the whole spectrum)
corresponds to the THz range.

3. Results and discussion

As a benchmark and reference for the case of Co-decorated CNT,
we performed an NVT simulation at 300 K of the isolated (10,10) CNT.
This simulation, after an initial equilibration of about 5 ps, lasted for
40 ps and during this time the total dipole moment M(r) was computed
on-the-fly and accumulated to extract the infrared (IR) absorption
spectrum as done and benchmarked in former works [41-43], namely
as a Fourier transform of the dipole-dipole autocorrelation function
(M( +")M(")),

4rw - tanh(fhw/2) [

3heV - n(@) T M(r + )M d1 o

a(w) =
where = 1/kgT, being T the temperature at which the simulation has
been conducted and ky the Boltzmann’s constant, V' the volume of the
simulation cell, 7 the Planck’s constant, ¢ the speed of light and n(w) the
real part of the (complex) refractive index. Indeed, this formula gives
the product a(w)-n(w), directly comparable to the IR spectrum measured
experimentally. The result of this analysis for the pristine (10,10) CNT
is shown in panel (a) of Fig. 1. We notice that this spectrum agrees
fairly well with the experimental results reported for CNTs [44,45].
More precisely, the peak at about 1590 cm™1, attributed to the graphite-
like G band and due to diametral oscillations of the CNT originating
from the sp?-hybridized C atoms orbitals [45], and the one around
880-900 cm™~! [44] more related to longitudinal oscillations along the
nanotube axis are well reproduced by our simulations, although they
have been shown to be dependent on the chirality of the CNT. Contrary
to experiments, we do not have a CNT supported onto a solid substrate
or embedded in a surrounding environment, thus the intrinsic flexibility
of the isolated CNT at finite temperature confers some additional noise
to the clean spectra detected experimentally. Yet, within the accuracy
of our simulations, the quality of the IR spectrum ensures reliability to
our approach.

Although we do not have neither sufficient statistics nor resolution
to argue quantitatively about the very low frequency range, as shown
in Fig. S3 of the Supplementary Data, a peak in the range 20-50 cm™!
(THz range) seems to be a systematic feature in the three spectra of
increasing amplitude depending on the number of Co nanoclusters. This
feature will be reflected in the dielectric response discussed later.

An analogous dynamical NVT simulation within the same spin-
unrestricted approach was done for an isolated Co nanocluster. As
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Fig. 1. Simulated IR absorption spectra for (a) the (10,10) carbon nanotube, (b) the
same nanotube decorated with three Co nanoclusters, and (c) decorated with four Co
nanoclusters. The inset figures are a graphic reminder of the system to which each
spectrum refers and the color code is gray for C and blue for Co. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

mentioned in the methodological section, the total spin of twelve-atom
cluster is equal to zero, indicating a non-magnetic state of our Co
nanocluster. The IR absorption spectrum of this isolated Co nanocluster,
shown in Fig. S2 of the Supplementary Data, was computed in the same
way using the dipole accumulated along the last 35 ps of the 45 ps NVT
dynamics mentioned in the former paragraph. Although the comparison
with experiments is difficult because of the fact that we have here a
single isolated Co nanocluster, whereas in experiments nanoparticles of
different sizes on a solid support are realized, the spectrum we obtain
is still compatible with the experimental outcome [46] although very
noisy due to the free motion of the twelve-atom Co cluster. Moreover,
as it can be seen from Fig. S2, the intensity is roughly two orders of
magnitude smaller than the spectrum of the bare CNT, consistent with
the general idea of a weak dielectric response.

Two systems were then prepared to simulate the (10,10) CNT
interacting with three and four Co nanoclusters and corresponding to a
coverage of ~ 15 % and ~ 20 %, respectively. After an initial relaxation
and microcanonical NVE simulation, to check for the stability of the
initial structure according to the protocol described in the method-
ological section, the two systems were brought to 300 K via canonical
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NVT simulations. These simulations lasted for 50 ps and the last 30
ps, where the system is well equilibrated and has already lost memory
of the initial conditions, were used to accumulate statistics and extract
the IR absorption spectra. The result is summarized in Fig. 1(b) and
(c), respectively. A macroscopic effect induced by the presence of three
Co nanoclusters is the fact that the overall amplitude of the spectrum
increases of about a factor of two and becomes more noisy. The main
peak of the G band around 1590 cm~! spreads and split on a number
of roughly equivalent peaks covering the range between 1300 and
2000 cm~!. Analogously, the sharp peak at 880-900 cm~! broadens
and becomes a sequence of nearly equivalent peaks ranging from ~ 700
to 900 cm™!. It is worth noting the enhancement of the amplitude of
the spectrum in the lower frequency range (THz range), indicating that
the system starts having an electromagnetic activity also at @ < 300
cm™L. This effects is further enhanced when four Co nanoclusters are
introduced, as seen in panel (c) of Fig. 1, resulting in a very noisy
IR spectrum. By looking at the atomistic mechanisms occurring during
the canonical NVT dynamics, we noticed two main features to which
the signal amplification and increase of the noise can be ascribed. The
first one is that the Co clusters form chemical bonds with C atoms at
the surface of the CNT, hence being chemisorbed, with bond lengths
of 2.00-2.15 A. This has then the effect of slowing down locally all
the vibrational modes of the C atoms directly bound to these metallic
nanocusters. A second effect is that at finite temperature (300 K in
our case) these Co clusters are mobile and diffuse along the CNT by
breaking and reforming these chemical bonds rather quickly with an
average speed of 0.82+0.09 A/ps corresponding to a diffusion coefficient
of 5.8 +0.2x 10~* cm?/s as illustrated in the panel (a) of Fig. 2.

This displacement is accompanied by fluctuations of the shape of
the Co nanoclusters which do not undergo any Co-Co bond cleavage,
thus keeping their size. By looking at the cross section of the CNT
shown in Fig. 2(b), we remark that the heavy Co clusters induce large
deformations on a relatively long time scale (about 4-5 ps) of the
nanotube, thus contributing to a shift toward lower frequencies also
of the G band with the effects observed in the IR spectrum of Fig. 1.

The increase of the noise on the spectrum and, at the same time,
of the overall amplitude of the IR signal shown in Fig. 2(c) is the
result of the addition of a fourth Co nanocluster to the (10,10) CNT. In
the range 1300-2000 cm~! we can barely recognize a set of dispersed
peaks reminiscent of the G band of the pristine CNT, whereas the
peak at 880-900 cm™! is completely washed out by the dynamically
interacting Co nanoclusters. This is accompanied by a more pronounced
response in the region below 300 cm~! (THz range). Yet, the diffusion
of the Co nanoclusters, in this case of increased coverage, gives rise to
another phenomenon, namely a coalescence of the Co clusters diffusing

Fig. 2. Evolution of the (10,10) CNT decorated with three Co nanoclusters. (a) displacement of the Co nanoclusters during the NVT dynamics. The C atoms highlighted in green
show the initial position of one of the three clusters (left) where a C-Co chemical bond exists and (right) displaced position assumed by this same Co nanocluster after 8.7 ps
along the direction indicated by the arrow, where a new C-Co chemical bond has been created with the C site shown in green. Panel (b) shows a representative snapshot of the
radial distortions occurring to the CNT as a consequence of the presence of Co nanoclusters bound to the external surface and diffusing on it. Apart from the C atoms evidenced
in green, the same color code of former figures is used. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Panels from let to right show the dynamical evolution of the four Co nanoclusters on the (10,10) CNT during our canonical NVT simulation resulting in the formation of
larger Co cluster which remains stable on the time scale of our FPMD. The color code is the same used in former figures. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

Fig. 4. Spin density distribution for the CNT system carrying four Co nanoclusters after
the clusterization process discussed in the text and shown in the former figure. The total
spin of the whole system is equal to zero as well as the partial spin of each single Co
nanocluster decorating the CNT. The isosurfaces are shown at a value of +1.00 x 103
]/1‘-’\3 with the spin-up in red and the spin-down in blue. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

on the external surface of the CNT to form larger nanoclusters or
nanoparticles, as illustrated in Fig. 3.

In about 20 ps, during our NVT dynamics, this clusterization process
occurred for two of the four Co nanoclusters which meet each other
during the random diffusion process discussed above. A practical conse-
quence of the newly formed Co nanoparticle having a size double with
respect to the original twelve-atom nanocluster is a slower diffusion
of this larger object on the surface of the CNT. Yet, this alone is
insufficient to hinder completely the process and to prevent further
diffusion. We monitored also the evolution of the spin density of
the system during this clusterization process. The final distribution is
reported in Fig. 4 and shows clearly that the spin neutrality is kept
all along the process, thus not involving the arising of undesired (or
uncontrolled) magnetic moment.

The enhancement and remarkable change in the IR spectrum upon
addition of Co clusters can be rationalized in terms of local modifi-
cations of the structure and related dipole moment on the CNT. As

shown in Fig. S4 and S5 of the Supplementary data, the C atoms of
the CNT forming chemical bonds with Co atoms undergo a significant
elongation inducing a deformation up to the fourth neighbor. This
translates also in an enhancement of the local dipole moment |p|
whose distribution (Fig. S6), although broad due to the dynamical
deformations, is centered at 0 D for both the longitudinal and radial
values of the local |p|, whereas pronounced peaks between 3.5 and 12.3
D arise in the longitudinal distribution, extending up to 15.7 D in the
radial component. At the same time, the massive Co clusters reduce
the deformations of the CNT conferring a reduced broadening to the
distribution.

For a more direct comparison with macroscopic quantities of prac-
tical interest for the realization of these composite materials, we com-
puted the complex dielectric function e(w) = ¢,(w) + ie(w). The imagi-
nary part can be obtained from Eq. (1),

(@) = M 2

which holds for a non-magnetic medium. This is indeed the case here,
since we can neglect any dynamical permeability induced by the Co
clusters, due to their low amount. Moreover, even if present, such a
dynamically induced permeability is generally very low and restricted
to a frequency domain below 10 GHz in the absence of applied mag-
netic fields and totally absent in the THz and IR range. The real part
£,(w) is given by the Kramers-Kronig dispersion formula

0 / !
el(w)=l+gP/ @ @) ®3)
7 Jo @?—?
with obvious notations and following a well assessed protocol [43]. The
results of these calculations for the three systems studied in this work
are reported in Fig. 5, along with the comparative plot of the dielectric
loss tangent defined as tg(4) = &,(w)/e,(®).

The modifications over the whole frequency range, along with
the amplification toward the low frequency interval below 300 cm™!,
reflect the discussion given above for the IR spectrum. The peak located
between 20 and 50 cm™! previously evidenced is further enhanced by
the factor 1/w in Eq. (2), as shown in Fig. S7 of the Supplementary Data.
We reiterate that we are at the limit of what we can appreciate within
the simulation time scale of our study. Nonetheless, this qualitative
trend is worthy of mention, being a systematic feature rather than a
simple random numerical fluctuation. In particular, the dielectric loss
tangent is helpful in evidencing the fact that the response is amplified,
along with the low frequency window in which this enhancement is
present, as a consequence of the inclusion of Co nanoparticles in the
system. This, however, has to be taken with some care because of the
diffusivity of Co clusters and nanoparticles occurring already at 300
K and which is likely to be enhanced at higher temperatures. Another
point worthy of note is the fact that beside the physical and chemical
nature of the atoms decorating the CNT, which have their own ab-
sorption and dielectric properties, the fact that these relatively massive
objects form chemical bonds with the C atoms of the CNT results in a
slowing down of the collective modes of all the C atoms bound to the Co
nanoparticle or nanocluster. These collective modes are indeed the ones
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Fig. 5. Real (blue lines) and imaginary (red) part of the complex dielectric function for the bare (10,10) CNT (a) the same CNT decorated with three (b) and four (c) Co
nanoclusters. Panel (d) shows the three dielectric loss tangent curves for these three systems with the same labeling and the inset figures are a reminder of the system to which
they refer. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

responsible for the low frequency part of the IR spectrum and dielectric
function, thus indicating that the nature of the electrostatic interaction
between CNTs and decorating heteroatoms and the size of the clusters
are two major ingredients in the tuning of the response of the composite
material in the targeted frequency regime. The mobility observed at
finite temperature for the Co nanoclusters decorating the CNT, although
not affecting the overall dielectric response of the composite system,
can represent a problem in real device applications. To mitigate this
effect, a possible solution, still under experimental investigation, is to
blend CNTs in a polymer matrix [47] prone to stabilize the system.
Indeed, this is the subject of our ongoing study and will be the target
of a forthcoming publication.

4. Conclusions

The present computational analysis aims at unraveling the processes
occurring at finite temperature of a system composed of CNTs deco-
rated with small amounts of Co organized in clusters (or nanoparticles).
This type of composite materials is being pioneered as possible di-
electrics in a wealth of applications including aeronautics and related
electronics. To date, experiments are still difficult to interpret and accu-
rate atomistic simulations still lacking. By resorting to FPMD modeling,
we could provide a direct insight into the atomic structure and its
evolution at finite temperature. The explicit inclusion of the electronic
structure ant its evolution along rather long-lasting dynamical simu-
lations allowed us to extract the dielectric response of this type of
systems, evidencing the dependence of this measurable quantities on
both the chemical nature of the system and the amount of Co added
to trigger the absorption over a broad frequency range. We are aware

that the microwave range is hard to reach due to the intrinsic difficulty
of quantum-based simulations which are by their own nature bound to
the ps time scale (e. g. a 300 ps simulation corresponds to a low-limit
frequency of ~ 3 GHz= 0.1 cm™1). Nonetheless, this is a first attempt
at pushing this type of modeling toward the limits of present high-
performance computing architectures and massively parallel codes. A
promising way to overcome the time scale limitations of this type of
FPMD dynamical approaches, still at its pioneering stage, can be a
deep-learning perturbation DFT [48] approach, although no guarantee
can be presently given on its applicability to this type of complicated
composite systems. The results obtained show that thermal stability
problems can affect the microscopic organization of the system which
however does not undergo disruption or chemical dissociation separat-
ing in an irreversible way the Co and the carbon-based components.
Furthermore, our study can provide a guideline for a rational design
of compounds suitable to these applications and a hint to stimulate
molecular modeling in this rapidly evolving field.
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