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Two types of nanocomposites based on multiwalled carbon nanotubes (MWCNTs) decorated with metallic nickel
nanoparticles (NiNPs) possessing very different size distributions (13 vs. 130 nm) were produced using novel syn-
thetic techniques. The obtained nanocomposites were dispersed in a polycarbonate (PC) matrix to produce thin
(~500 pm) composite films. For the first time, we show that such films possess clear ferromagnetic resonances in
the ultra-high frequency (UHF) and L microwave regions. Furthermore, we prove that their natural ferromagnetic

(FMR) frequency is lowered when using nanocomposites with smaller NiNPs. These results could be exploited to
design selective dual-band filters for telecommunications applications.

1. Introduction

Wireless data communication via electromagnetic (EM) transmis-
sion in the microwave range is ubiquitous. Mobile and cordless phones,
phone mast antennas, Wi-Fi, WLAN and Bluetooth are some examples
of telecommunication modes that have carried wave frequencies within
the GHz-band. The extensive use of these media in everyday life has
led to growing concern about EM interference (EMI). The interference
issue can occur between different devices, amongst subcomponents of
sensitive devices themselves or within the power microchips [1]. Fur-
thermore, the current communication apparatus must support multiple
radio frequency bands; the mobile phone is so far the most common ex-
ample with a tri-band, quad-band or penta-band embedded system [2].
This multiplication of narrow frequency bands is extremely complex be-
cause of massive and entangled signal transmission and reception. Be-
sides, in the last decade, the so-called electromagnetic hypersensitivity
(EHS) disorder has attracted global attention given its potential conse-
quences on public health. Unfortunately, no precise scientific basis has
yet been given to this phenomenon [3] and the debate about the health
risks posed by EMs continues to rage.

The classical EMI shielding solution is based on EM reflectors such
as metal foils or coatings [4]. However, these methods are consid-
ered more and more unsatisfactory given that they simply deflect the
unwanted EM signal, shifting the problem elsewhere. Broadband ab-
sorption becomes the unique convincing solution in various circum-
stances (e.g. dysfunction of microchips, disturbed signal transmission,
EM pollution or EHS disorder) as it completely re-
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moves the disruptive EM waves. However, new sophisticated devices
require smart management of absorption in specific bands. Indeed,
multi-band telecommunications are already essential for many usual de-
vices. Where the bands are widely separated in frequency, parallel trans-
mit and receive signal path circuits must be provided, which increase
the cost, complexity and power demand of such multi-band devices [5].

The electromagnetic bandgap (EBG) concept is a simple solution for
such a control or filtering system. It consists of creating a low transmis-
sion (ideally null) in one or more frequency bands. However, common
GHz-EBG solutions are intrinsically complex and expensive [6]. The EBG
manufacturing methods are thus limited to very specific applications
[7]. The solution proposed in this work uses intrinsic EM properties of
materials to absorb a specific frequency band. The composite that we
now report offers frequency-selective absorption depending on the size
of the synthesized nanoparticles, which is of prime interest for dual band
operating communication systems.

We have already reported on microwave absorbers based solely
on conductive nanocarbon supports (NcS) dispersed in a polycarbon-
ate (PC) matrix [8-10]. We are now developing a new generation of
highly efficient, thin microwave absorbers built from three main blocks
[11]. The first one is a highly conductive NcS such as multi-walled
carbon nanotubes (MWCNTSs) or graphene nanoplatelets (GNPs). The
second consists of different types of ferro- or ferri-magnetic nanopar-
ticles (MNPs). Indeed, MNPs show a ferromagnetic resonance (FMR)
in the microwave range, an intense absorption event that can be ex-
ploited to enhance signal absorption [12,13]. These first two build-
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ing blocks are brought together by decorating the NcS with such MNPs.
In a consecutive step, they are dispersed in the third element of our sys-
tem, a host polymeric matrix. The final composite will therefore possess
all the properties of polymer materials, i.e. flexibility, conformability,
moldability, mechanical strength etc., allowing shaping of the absorber
by classical polymer processing techniques.

Different strategies have been used to create composite materials
based on the dispersion of a ferromagnetic component in a polymer
matrix. The most common examples address the dispersion of either
magnetic nanowires [14] or nanocomposites consisting of magnetic
nanoparticles (MNP) grafted on carbonaceous nanostructures [15] or
trapped inside CNTs [16,17], as well as hybrid structures mixing MNPs
and CNTs [18,19]. Magnetic nanowires impart high ferromagnetic be-
havior to the end composite material. However, the large-scale produc-
tion of nanowires is unrealistic. Grafted or trapped MNPs on/in CNTs
seems more adapted for medium-scale production and they lead to the
highest magnetization/mass ratio.

In the present study, the microwave absorption properties of novel
micrometric films composed of MWCNTs solvothermally decorated with
nickel nanoparticles (NiNPs) and dispersed in PC are shown for the first
time. Here, we demonstrate that such films possess a clear ferromag-
netic resonance (FMR) response in the ultra-high frequency (UHF) band
(0.30-1 GHz) and the L-band (1-2 GHz) and that their natural FMR fre-
quency depends on the size of the deposited NiNPs. These results could
be implemented in telecommunication applications to design a passive
micrometric EBG filter showing selective dual band absorption.

2. Materials and methods
2.1. Materials

NC3100 MWCNTs (95%C purity) were obtained from Nanocyl (Bel-
gium). All other reagents were supplied by Bayer Material Science, Alfa
Aesar or VWR and used as received. More details on each reagent are
provided in the Supplementary Material (SM).

2.2. Solvothermal synthesis and thermal annealing of the Ni@MWCNTs
nanocomposites

Two solvothermal methods were developed to produce Ni@MWC-
NTs nanocomposites with different NiNPs size distributions. The first
was carried out at ambient pressure (abbreviated AP) while the other
was performed in an autoclave (abbreviated AC). After synthesis, both
products were thermally annealed in order to promote further particle
growth by sintering. Detailed information on the synthetic procedures
can be found in the Supplementary Material, section 2.

2.3. Ni@MWCNTs nanocomposites dispersion in a polycarbonate (PC)
matrix (NI@MWCNTs_PC)

The thermally-annealed AP and AC Ni@MWCNTs nanocomposites
produced with a 0.8 mM PVP concentration were dispersed in polycar-
bonate (PC) using the melt-mixing methodology described in Ref. [13].
PC was dried under vacuum at 70 °C for 24 h before melt compounding.
The quantities of each Ni@MWCNTs product and PC were calculated to
produce a composite containing 2% (w/w) of MWCNTSs. Given that each
synthetic technique produced different NiNPs loading rates (abbreviated
to Ni/C %LRs), the Ni@MWCNTs and PC quantities are slightly different
in each case (see Table 1).

Table 1
Ni@MWCNTs and polycarbonate (PC) quantities engaged for production of the Ni@MW-
CNTs_PC composites considering the different NiNPs loading rates (Ni/C % LR).

Ni@MWCNTSs nanocomposite Ni/C % LR (%) Ni@MWCNTs (mg) PC (g)
AP 21 300 11.7
AC 28 375 11.6
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Ni@MWCNTs_PC samples were produced by introducing Ni@MW-
CNTs and dried PC powders in a co-rotating twin-screw DSM-15 mi-
cro-extruder preheated at 250 °C. The mixture was melt-mixed at that
temperature for 10 min and 250 rpm. It was then extruded through a
0.5 mm-diameter die, resulting in an output filament of the same aver-
age diameter. The filament was left to cool down to ambient tempera-
ture. It was then immediately cut into pellets less than 1 cm in length
for production of Ni@MWCNTs_PC films.

2.4. Film formation by compression molding

Ni@MWCNTs_PC films were produced by compression molding. In
a typical procedure, 2.5 g of the NI@MWCNTs_PC filament pellets were
evenly distributed at the center of a mold placed on top of a Tisoflon®
(from Isoflon) PTFE sheet. The mold was a square frame cut in a
0.5 mm-thick steel plate. A second Tisoflon® sheet was then placed on
top, so that the material was squeezed between two antiadhesive layers.
Two steel plates where then placed beneath and above the sandwiched
structure.

The whole set-up was transferred into a Fontijne hot press (Fonti-
jne Grotnes Group, Netherlands), preheated at 250 °C. Starting at t, (see
Fig. 1), the sample was left to melt during 30 s (up to t;). After t;, the
pressure was increased to 2.5 T and immediately released. This action
was repeated for 15 s (t; to tp), increasing the applied pressure in each
cycle to remove trapped air bubbles. The pressure was then raised and
kept at 10 T for 1 min and 45 s (t, to t3), summing up to a total com-
pression molding time of about 2 min.

The samples were next transferred to a cold Fontijne press and com-
pressed at 7.5 T for 2 additional minutes (t4 to ts). The sandwiched
structure was then removed, carefully peeling the Teflon sheets to re-
cover the Ni@MWCNTSs_PC film.

2.5. Characterization

Powder X-ray diffraction (XRD). Ni@MWCNT powder samples
were introduced into 0.5 mm thin-walled glass capillaries (Hilgenberg
GmbH, Germany), mounted on a goniometer head and kept at 200 mm
distance from the detector. Diffractograms were then collected at room
temperature using a MAR345 diffractometer (MarResearch GmbH), a
Mo-Ka (0.71073 ;\) anode and a XENOCS focusing mirror. The obtained
2D diffractograms were azimuthally integrated using the Fit2D software,
calibrated with a LaBg standard (NIST 660b Standard).

Scattering matrix (S-parameters) measurements. Electromagnetic
(EM) characterization of the NI@MWCNT PC films was performed us-
ing the microstrip method as described in Ref. [20]. Measurements were
performed with an Agilent N5245A PNA-X 70 GHz vector network an-
alyzer (VNA). A DC magnetic field was applied perpendicularly using a
NTM 10400M-260 electromagnet. Data acquisition was performed using
Labview and the obtained measurements were treated to remove spuri-
ous losses induced by connectors and substrate as well as losses induced
by the conductive CNTs. As a result, the magnetic response of the film is
isolated and presented in the paper. More details on sample preparation,
the experimental setup and data treatment is given in the Supplemen-
tary Material, Sections 1 and 5.

Superconducting Quantum Interference Device (SQUID) mag-
netometer. Magnetization measurements of the NN@MWCNT powders
were performed using a Quantum Design MPMS-XL5 SQUID magne-
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Fig. 1. Schematic representation of the compression molding procedure.
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out any further sample preparation. Magnetization curves as a func-
tion of an applied magnetic field, M(H), were measured at 300 K af-
ter applying a subsequent degaussing procedure. The magnetization was
then measured at constant temperature by sweeping the magnetic field
from +7 T to —7 T, and then from —7 T to +7 T. Temperature depen-
dent magnetization M(T) curves were recorded as follows: the sample
was introduced in the SQUID at room temperature and cooled down
to 4 K with no applied field (zero-field-cooled (ZFC) curve) after apply-
ing a careful degaussing procedure. A magnetic field of 40 mT was ap-
plied, and the M(T) curve was recorded upon heating from 4 to 295 K.
The sample was then cooled down to 5 K under the same applied field
(field-cooled curve).

Transmission electron microscopy (TEM). Samples were dispersed
in hexane by sonication. Three drops of the supernatant were then de-
posited onto a holey carbon film supported on a copper grid (C-flat,
Protochips, USA), and left to dry, overnight, at room temperature un-
der vacuum. TEM images were obtained on a LEO 922 OMEGA Energy
Filter Transmission Electron Microscope operating at 120 kV. Measure-
ments of particle size were executed with the AnalySIS Auto 5.0 soft-
ware (Olympus Soft Imaging Solutions GmbH, Germany) on at least 100
particles per sample as recorded on the TEM images.

Thermogravimetric analysis (TGA). Ni@MWCNTSs powder samples
(5-10 mg) were placed in alumina crucibles and introduced in a Mettler
Toledo TGA/SDTA 851e instrument. Thermograms were recorded up to
900 °C using a 10 °C/min heating rate under air flux. The samples were
recovered after heating and analyzed by XRD as described above, iden-
tifying in all cases a NiO phase. TGA data treatment required for the cal-
culation of the Ni/C loading rates was based on the formula weight of
this nickel oxide phase. Corrections for residual non-carbonaceous im-
purities present in MWCNTs were also included in these calculations.

Vibrating sample magnetometer (VSM). The magnetization mea-
surements of the Ni@MWCNTs_PC films were performed with a VSM ap-
paratus (Oxford Instruments) at room temperature using typical sweep
rates between 0.06 and 0.12 T/min. The magnetic field was applied to
the sample in a perpendicular direction at all times. The obtained results
were normalized with respect to the amount of NiNPs contained in each
film. To do so, the corresponding Ni/C %LR values determined by TGA
analysis were used.

X-Ray photoelectron spectroscopy (XPS). A few milligrams of
each sample were deposited on a double-sided adhesive tape attached
to a brass cup, and then introduced onto a Macor® carousel. The analy-
ses were performed on a SSX 100/206 photoelectron spectrometer from
Surface Science Instruments (USA) equipped with a monochromatized
micro focused Al X-ray source (powered at 20 mA and 10 kV). The pres-
sure in the analysis chamber was around 107° Pa. A flood gun set at
8 eV and a Ni grid placed 3 mm above the sample surface were used for
charge stabilization. The C-(C,H) component of the carbon C1s peak was
fixed to 284.8 eV to set the binding energy scale. Data treatment was
performed with the CasaXPS program (Casa Software Ltd, UK). Spectra
were decomposed with the least squares fitting routine provided by the
software with a Gaussian/Lorentzian (85/15) product function and after
subtraction of a Shirley-type baseline [21]. Molar fractions were calcu-
lated using peak areas normalized on the basis of acquisition parameters
and sensitivity factors provided by the manufacturer.

3. Results and discussion

The aim of the present study is to characterize the microwave ab-
sorption properties of thin films composed of Ni@MWCNTs nanocom-
posites dispersed in a polycarbonate (PC) matrix. We also explored
the impact of NiNPs sizes on the microwave absorption properties of
these materials, particularly on their natural FMR frequency (ferromag-
netic resonance at zero external magnetic field). Accordingly, we first
developed two novel solvothermal methods to prepare Ni@MWCNT
nanocomposites with different NiNP size distributions. Afterwards, the
nanocomposite powders were dispersed in PC. The obtained Ni@MW-
CNTs_PC composite materials were hot-pressed to create thin films
(~500 pm). VSM and VNA-based scattering matrix measurements were
performed on these films to determine their magnetic as well as their
microwave absorption properties. The obtained results were also com-
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3.1. Characterization of the synthesized NN@MWCNT nanocomposites

The two synthesized NN@MWCNT nanocomposites were thoroughly
characterized to determine the NiNP purity, loading rate, morphology,
size and spatial distribution over the MWCNT surface.

TEM investigation of both nanocomposites after thermal annealing
revealed that the deposited NPs possessed strikingly different size dis-
tributions. As shown in Fig. 2, the NPs found in the AP product were
ten-fold smaller than those found in the AC product (13 vs. 130 nm on
average).

Both the AP and AC NPs were found to be composed of a pure
face-centered cubic (Ni-fce) crystalline phase by XRD. Nonetheless, as
shown in Fig. 3, additional diffraction peaks of weaker intensity were
observed around 19°, 21.5° and 27.8° 26 angles in the AP diffractogram.
Recently, these reflections have been attributed to a nickel carbide phase
by Su et al. [22]. They have shown that such metallic carbide phases
can form if a NiNP surrounded by a carbon-rich layer is exposed to high
temperatures, as an intermediate product of the pyrolysis process. Thus,
this minority phase was possibly formed as the employed PVP-10,000
capping agent chains, surrounding the NiNPs, decomposed during ther-
mal annealing. Finally, the reflection observed around 20 = 12° in both
products has been attributed to the ordered arrangement of the concen-
tric cylinders of graphitic carbon in the MWCNTs [23].

XPS analysis of the two nanocomposites after thermal annealing also
confirmed the presence of metallic nickel (Ni®) (see Fig. 4). However,
oxidized nickel species (Niox + Niox_sat) were also detected. Their rel-
atively high concentration might be explained by the fact that XPS is
a surface analysis technique [24]. Thus, if the oxide is to be found on
the surface of the NP, as a passivation layer, the relative amount of the
Niox + Niox_sat components will be enhanced relative to that of Ni® pre-
sent in the core. Furthermore, the calculated relative concentrations of
each species suggest that the oxide passivation layer is thicker in the
AC nanocomposite. In any case, the fact that no oxidized nickel was
detected by XRD suggests it is either poorly crystalline or amorphous

Fig. 2. TEM images showing the thermally annealed AP (left) and AC (right) Ni@MWC-
NTs nanocomposites synthesized using a 0.8 mM PVP-10,000 concentration.
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Fig. 4. XPS spectra of the Ni 2p peak for the thermally annealed AP (left) and AC (right) NI@MWCNT nanocomposites synthesized using a 0.8 mM PVP-10,000 concentration. The Ni 2p3/
2 peak has been fitted with three components corresponding to metallic (Ni°) and oxidized (Niox + Niox-sat) nickel.

in both products. Further characterization information for both
nanopowders can be found in the Supplementary Material, Section 3.

3.2. Magnetic properties of the NN@MWCNTSs nanocomposites and their
polycarbonate films

The magnetic properties of the thermally annealed Ni@MWCNTs AC
and AP nanocomposite powders synthesized with a 0.8 mM PVP con-
centration were studied by SQUID magnetometry. Their magnetization
curves recorded against magnetic field are shown in Fig. 5. As can
be observed, significant differences were found in their mass saturation
magnetization (M), intrinsic coercivity (H) and remanent magnetiza-
tion (M;) values. While the AC nanocomposite attained an M value sim-
ilar to that of bulk Ni (~55 emu/g), the AP nanocomposite reached only
40 emu/g. Also, the inset of Fig. 2 shows that the AC product possesses
H,; and M, values of ~100 Oe and ~5 emu/g, respectively, while in the
AP nanocomposite they are practically zero. These results suggest that
the NiNPs in the AC product are ferromagnetic while those in the AP
nanocomposite are superparamagnetic, with a blocking temperature (Tg

Mass magnetization (emu/g)

—— AC_powder
----- AC_film

Mass magnetization (emu/g)

——— AP_powder
----- AP_film

-60-
Magnetic field (kOe)

Fig. 5. Magnetization curves recorded against magnetic field at 295 K for the thermally
annealed AP and AC Ni@MWCNTs nanocomposite powders synthesized using a 0.8 mM
PVP concentration (solid lines) and their corresponding PC films (dotted lines). A detail of
the curves (inset, top left) highlights the difference in H,; values of these materials.

) close to 275 K (see Field and zero-field magnetization against temper-
ature [M(T)] curves, Fig. S12 in the Supplementary Material).

These remarkable differences are certainly due to the different sizes
of the NiNPs found in each nanocomposite. Superparamagnetic NPs
have low M; and H,; values at room temperature because thermal exci-
tations are sufficient to produce rapid magnetic spin reversals [25,26].
However, in the case of the NiNPs found in the AC nanocomposite, all
spins within a single domain are expected to be collinear and rotate in
unison due to short-range exchange interactions that minimize the NPs
magnetic energy [26]. This stronger magnetic ordering increases the M;
value. Also, higher external field strengths are needed to reverse the di-
rection of the collinear spins found within a single domain, producing a
higher H;. Furthermore, the hysteresis curve of the AC powder denotes
the presence of an exchange bias (EB), resulting from the pinning of in-
terfacial spins in the AFM nickel oxide shell to the ones of the FM metal-
lic nickel core. EB coupling results in extra magnetic anisotropy energy,
which can also increase the H,; [27].

The magnetic properties of the AP and AC Ni@MWCNT _PC films
were characterized using a VSM (see Fig. 5, dotted lines). The most
striking feature is that, compared to the nanocomposite powders, the M;
values for both films halved, suggesting that the NiNPs undergo thermal
oxidation in the polycarbonate matrix during melt mixing and compres-
sion molding. The oxidation of the metallic nickel core reduces the NPs
magnetic content, hence reducing their magnetization. As for the H;; and
M, values, the hysteresis curves show that the former magnetic property
slightly increases in both films while the latter remains practically un-
changed, as compared to their nanopowder counterparts.

3.3. Microwave absorption properties of the NN@MWCNT _PC films

We characterized the electromagnetic (EM) behavior of both
Ni@MWCNT _PC films in the microwave range by measuring their scat-
tering matrix and analyzing the different scattering parameter values.

Fig. 6 shows the results for the S21 transmission parameter of the
composite films. As can be observed, a series of absorption processes
were recorded, occurring even in the absence of an external applied
magnetic field. Also, their frequency shifted towards higher values as the
external magnetic field was increased.

These experimental observations indicate that a ferromagnetic res-
onance (FMR) is occurring in the range of the microwave frequen-
cies under study (40 MHz-20 GHz). FMR is a well-known absorption
phenomenon that analogues the paramagnetic and nuclear resonance
absorption processes. For
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Fig. 6. Typical FMR behavior observed in S21 transmission for the Ni@MWCNTs_PC AP
composite film. Red crosses indicate absorption frequency minima. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

other nanocomposite materials, we have already shown that it can be
exploited for the absorption of electromagnetic waves in the microwave
range [28].

According to Kittel [29], the resonance frequency of a ferromagnetic
material is dependent on the strength of an applied static magnetic field,
H,. Furthermore, if the deposited NPs are large enough to ensure a mag-
netic moment stability-lifetime, 7, superior to 10~ s [30], an effective
anisotropy field (H,) involving the saturation magnetization is induced
in the sample. Under these conditions, a so-called natural resonance can
be observed at zero static field (H, = 0). Thus, in perfect agreement
with our experimental observations, the Kittel FMR theory predicts the
existence of a natural resonance, at zero magnetic field, that tends to
shift toward higher frequencies as H, is increased.

As also shown in Fig. 6, the absorption frequency, f, at each value
of applied magnetic field, H,, was measured by identifying the absorp-
tion minima in the S21 curves. Fig. 7 shows the extracted f values
for both nanocomposite films plotted as a function of H, and the lin-
ear regressions derived therefrom. The linear dependence of FMR on
applied magnetic field was introduced by Kittel [29] and has been ob-
served ever since for a wide range of ferromagnetic and ferrite struc-
tures [31-33]. As detailed in the Supplementary Material, the linear
regression can be expressed as fpyr = y(H; + M), where y is the gy-
romagnetic ratio, determined by the composition of the ferromagnetic
NPs. Thus, in agreement with the FMR theory, the AC film, possess-
ing a higher M;, exhibits a higher natural FMR frequency (1.12 GHz)
than the AP film (0.68 GHz). This relatively small difference in nat-
ural resonance frequency is significant considering the high precision
of our EM characterization setup (see Supplementary Material, Sec-
tions 1 and 5). They cannot be attributed to
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the MWCNTs, since they have no global magnetic response [34,35].
They can neither be attributed to the amount of loaded NiNPs given that
the Ni/C %LR is very similar for both nanocomposites (see Table 1).
Also, as shown in Fig. 7, the gyromagnetic ratios of the films are close
(within 2.2% difference), thus indicating similarity in the composition
of the dispersed AP and AC NiNPs. As shown in the Supplementary Ma-
terial, Section 5, the difference originates from the different saturation
magnetization values of the AP and AC samples, resulting from differ-
ent NiNPs size distributions, which produce different M; values. In other
words, these results illustrate how variations in the NPs size induce a
shift in the composite films natural FMR frequencies. To the best of our
knowledge, this is the first time that such an effect is shown for this type
of materials.

As these results show, the AP and AC films absorb in the UHF-band
and L-band respectively which is nowadays exploited for all satellite
navigation or cellular phone telecommunication systems. Consequently,
the significant difference observed in the natural resonance of both ma-
terials could be exploited to design selective dual-band filters for this
frequency region.

4. Conclusions

We developed two novel solvothermal methods to decorate multi-
walled carbon nanotubes with metallic nickel nanoparticles. The syn-
thetic procedures, followed by thermal annealing, allowed the produc-
tion of NiNPs with very different size distributions. In the case of the
ambient pressure (AP) synthesis, the slow addition of the nickel precur-
sor allowed the deposition of small (13.6 + 4.4 nm) superparamagnetic
NiNPs. In the autoclave (AC) synthesis, much larger (130 = 47 nm)
weakly ferromagnetic NiNPs were obtained. In the latter case, we also
proved that we could control their growth by employing different con-
centrations of polyvinylpyrrolidone (PVP, M.W.10,000) as a capping
agent, obtaining slightly smaller NiNPs at higher PVP concentrations.

In both methodologies, NiNPs were found to be composed of a crys-
talline metallic core surrounded by an amorphous oxidized nickel layer.
However, in the AP products, it was also found that PVP thermal decom-
position induced the formation of a crystalline nickel carbide phase and
a surrounding, possibly graphitic, shell layer.

The obtained nanocomposites were dispersed in a polycarbonate
(PC) matrix to produce ultrathin composite films. For the first time, we
showed that such films possess a clear ferromagnetic resonance response
in the UHF- or L-band. Moreover, our results suggest that their natural
FMR frequency can be lowered if the dispersed nanocomposite NiNPs
are smaller. The fact that we can tune the absorption frequency of the
films by employing nanocomposites with different NiNPs size distribu-
tions could be exploited to design selective dual-band filters for telecom-
munications applications.
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