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Abstract—The interaction of electromagnetic radiation with a magnetically functionalized nanocomposite 
based on carbon nanotubes (CNTs) is considered using the model of random distribution of ferromagnetic 
nanoparticles in the carbon matrix characterized by the presence of resistive-inductive-capacitive coupling 
(contours). The model is based on the representation of the nanocomposite as a system consisting of the CNT 
matrix, ferromagnetic nanoparticles, and the interfaces between CNTs and nanoparticles. The wide range of 
possible resonant phenomena caused both by the presence of contours and the properties of the CNT nano
composite is shown.
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INTRODUCTION
Nowadays, magnetic nanocomposites consisting of 

ferromagnetic nanoparticles distributed in the matrix 
of another material are the subject of intensive 
research. The properties of such materials can be con
trolled by magnetic field, spin-polarized current, or 
electromagnetic radiation (EMR). A new class of 
magnetic nanocomposites based on carbon nanotubes 
(CNTs) [1] is very promising for microwave applica
tions, such as transfer lines, mixers and detectors, 
polarizers, aerials, and absorbing materials [2-7]. The 
absorbing properties of a CNT nanocomposite are 
mainly determined by dielectric losses. However, the 
introduction of ferromagnetic nanoparticles into the 
CNT matrix (magnetically functionalized CNTs— 
MFCNTs) results in increasing absorption of micro
wave radiation owing to magnetic losses [3, 8, 9].

To predict the absorbing properties of an M FCNT 
nanocomposite, it is necessary to carry out a wide 
range of experimental research and develop theoretical 
methods that take into account various parameters of 
the material. One of the key problems is to separate the 
mechanisms of EM R absorption by components of a 
complex nanocomposite consisting of a carbon 
matrix, ferromagnetic nanoparticles, and the inter
faces between them [3]. In similar complex systems, it

is necessary to take into account the properties of each 
of the three components and the effect of the inter
faces between nanoparticles, while the carbon matrix 
can be taken into account only by numerical simula
tion of their parameters. In this case, it is important to 
use real physical values in the studied frequency range.

In this study, we investigated the interaction of 
EM R with an M FCNT nanocomposite in the fre
quency range of 20-200 GHz using an earlier devel
oped to describe the microwave properties of M FCNT 
nanocomposites [3]. The nanocomposite is repre
sented as a distributed system consisting of resistive 
(R i), inductive (L i), and capacitive (Ci) coupling 
between its individual components. Similar samples 
can easily be prepared by chemical vapor-phase depo
sition using 3d ferromagnetic metals (Fe, Co, Ni) as 
catalysts [10].

M ODEL

The description of E M R -M F C N T  nanocompos
ite interaction is based on the approach proposed in 
[3], which was developed to determine the reflection 
coefficient R  and the transmission coefficient T  of 
EM R for the magnetic nanocomposite at frequencies 
higher than 1 GHz. In this case, both the magnetic
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Proceeding from the model described in [3], the 
following expression is obtained for the magnetic sus
ceptibility of a nanostructure composite:

М(ю) = — }L
\j BM + 8^IQU

4Q,

where the functions

(3 -  5N ) -  ^QQU(6 -  7 N )
Bm =

Q m =

(3 -  2N )

1 zm-flMc.

(1)

(2)

(3)

Fig. 1. Schematic representation of MFCNT nanocom
posite consisting of CNT matrix (basic background), fer
romagnetic particles (black color), shells between 
nanoparticles and CNT matrix (gray color), and the 
defects in CNT matrix (daggers). Nanoparticles and 
defects are randomly distributed in CNT matrix.

properties of nanoparticles and the structural, dielec
tric, and magnetic properties of the CNT matrix, as 
well as the transition regions between them, were 
taken into account. The calculated values of coeffi
cients R  and T  adequately describe the experimental 
data for the ranges of X  (8-12 GHz) and Ka 
(26-38 GHz).

In  this study, the approach from [3] is developed 
and the expressions for the magnetic susceptibility and 
permittivity of the nanocomposite are modified taking 
into account the possible resistive, capacitive, and 
inductive coupling between the components of the 
sample. Indeed, in the frequency range of tens and 
hundreds of GHz, the microwave properties of the 
nanocomposite should also considerably depend on 
the contribution to EM R absorption from the resis
tive—inductive—capacitive couplings (or contours) 
arising in such a complex system as an M FCN T nano
composite, instead of depending only directly on the 
magnetic and dielectric properties of the material of 
the CNT matrix and magnetic inclusions. These cou
plings, caused by the presence of vortex currents in the 
nanocomposite, are described by the R /L /C/ contours.

The M FCN T nanocomposite can be represented 
as a CNT matrix in which the nanoparticles of a ferro
magnetic material are randomly distributed. Each 
nanoparticle is coated with a protective layer (inter
face). In addition, the CNT matrix itself is defective. A 
similar structure of the sample is shown schematically 
in Fig. 1. The R L C t contours are formed mainly due 
to the resistance of the CNT matrix, the inductance of 
nanoparticles, and the capacitance of the interface. 
Under such an assumption, the R/L /C/ contours are 
resonant; i.e., they have a resonance eigenfrequency.

M 2  2Z,(<a)
M1 and m2 are the relative magnetic permeabilities of 
the CNT matrix and the ferromagnetic nanoparticles, 
respectively; a is the diameter of nanoparticles; ю is 
the EM R cyclic frequency; ц0 is the magnetic con
stant; N  is the bulk concentration of nanoparticles; 
and Z  is the impedance of the R L C i  contour.

For the permittivity, the following expression is 
obtained:

s(<a) = B  + 'I B  + /(с/ю),
4Qe

where the functions

B  = (3 -  5N ) - s Q ( 6  -  7N ) ,

Qs =

(3 -  2N ) 

Z t& ■ a s0

(4)

(5)

(6)
Z ta  ■ a s0s 2 + 2/

s 1 and s2 are the relative permittivities of the carbon 
matrix and nanoparticles, respectively; s0 is the per
mittivity of a vacuum; and с  is the specific conductiv
ity of the M FCN T nanocomposite.

The reflection coefficient is determined as

R(ra) = 20 log Z (ю) -  Z 0
Z  (ю) + Z 0

(7)

here Z (ю) = 0M ^ )/s^(ю ) represents the wave
resistance of the nanocomposite and Z0 =  377 Q is the 
characteristic impedance of the plane wave in vacuum.

The transmission coefficient determines the 
screening efficiency and depends on the absorption, 
reflection, and processes of multiple reflection inside 
the nanocomposite; it is expressed as

T  (ю) = 8,68Re(y) + 20log (Zp + Z  )2
4Z 0 Z

20log 1 + exp [-d  Re(y)] (Z 0 -  Z )2
(Z 0 + Z  )2

(8)

where d  is the nanocomposite thickness and
у(ю) = /юл/m0M.(o)s^(ю) is the propagation coeffi
cient.
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The contour impedance Z  depends on the contri
bution of the resonant circuits containing the active 
resistance R,  inductance L ,  and capacitance C. Its
resonant cyclic frequency is ю0 _ 4 L C . In the stud
ied M FC N T nanocomposite, in which an arbitrary 
distribution of resistive, inductive, and capacitive cou
plings is observed, various types of connections 
between R ., L ,  and C. result in various expressions for 
the impedance of the contours under consideration.

For a consecutive circuit, the impedance is

Z. _ R.. + i\® L f - 1 (9)

For a partially parallel R L  C chain (it is assumed 
that resistance R  is connected in series to inductance L  , 
and these two elements are connected in parallel to 
capacitance C ), the impedance is written as

Z _ R. + ia  L.

R. + i \ ю L. - 1
ю C.

(10)

For a series-parallel connection of elements (L  and 
C are connected in parallel, and R  is connected in 
series to them), the impedance is

.a  C i 1
(11)

m  Lt _
For a completely parallel chain (L  , C , and R  are 

connected in parallel to each other), we have

a L .
(12)

Equations (1), (4), (7), and (8) together with 
Eqs. (2), (3), (5), (6), and (9)—(12) were used to cal
culate frequency dependences в(ю), ц(ю), R (a), and 
T (a). For all results presented in this study, the con
ductivity с  =  120 (Q m )-1 and the bulk concentration 
of nanoparticles N  =  0.1 [3]. As the frequency depen
dences were calculated, the real frequency f  =  ю/2тс 
was used instead of a cyclic frequency. In addition, the 
frequency dependence for the permittivity takes place 
only for complex component s" in simple form 
(s" (a ) ~  с/ю ); therefore, we present no results from 
analyzing the dependences s (a ) .

RESULTS AND DISCUSSION
Series R.L.C. Contour

In this case, the impedance is described by expres
sion (9) and the strong nonlinearity of dependence 
ц(/); hence, R f)  and T f)  are obtained near the reso
nance frequency of the contour. The result is shown in 
Fig. 2 (curves 1 and 2). In addition, the results of cal
culations show that a deep gap (Fig. 2a, curves 3 and 4) 
is formed on dependence ц(/) at a certain value of the

contour parameters, which results in an appreciable 
decrease in EM R absorption. In this case, the reflec
tion and transmission coefficients substantially 
increase (Fig. 2, curves 3 and 4). Hence, the param e
ters of the R.L.C. contour determine the character of 
the frequency dependence of coefficients R  and T  
from a smooth broad resonance to their sharp increase 
at certain frequencies. In the latter case, the resonance 
is characterized by appreciable steps on dependences 
R f)  and T f). So, the values of the reflection coeffi
cient increase from —2 to almost 0 dB, and the trans
mission coefficient increases from —22 to —10 dB. The 
step width, as the calculations show, can reach 
10-15 GHz.

It is established that a decrease in the inductance 
and interface capacitance results in a shift of the reso
nance towards higher frequencies. An increase in L  
and C. (or R.) results in a shift of the resonance fre
quency towards a lower frequency region, a narrowing 
of resonance width, and a transition to a broad implicit 
resonance (see Fig. 2b, curves 1 and 2).

ParHally Parallel R.L.C. Contour

It is established that the steps arise at certain 
parameters of the chain on the frequency dependences 
of ц, R, and T  (Fig. 3). In this case, the real part of the 
magnetic permeability decreases almost to zero, and 
its imaginary part becomes negative, which means a 
weakening of absorbing properties. The reflection 
coefficient sharply increases almost to 0 dB, and the 
transmission coefficient increases from -2 2  to -1 0  dB. 
A sharp change in the parameter values is observed in 
the frequency range of 47.89-47.90 GHz (see Fig. 3, 
curves 1 and 2). After this sharp change, all frequency 
dependences of parameters are weak up to the reso
nance frequency of the contour. The calculations show 
that an increase in resistance R  shifts the frequency of 
occurrence of a step towards higher values and narrows 
its width. An increase in inductance or capacitance 
only weakly affects the frequency at which the step 
occurs, but causes its narrowing. An increase in R. to 
values of 0.05 Q  or in L. to 0.08 tcH results in sm ooth
ing of the frequency dependences of all parameters in 
the studied frequency range (see Fig. 3, curves 3 and 4).

From the analysis of the results in Fig. 3, it follows 
that near 50 GHz, a specific resonance, which is not 
directly associated with the resonance frequency of the 
R.L.C. contour, is observed and induced by the features 
of the M FCN T nanocomposite. In this case, the func
tion Q^(a )2 shows a local minimum. It means that, for 
a partially parallel R.L.C. contour, the resonance of the 
nanocomposite properties is caused both by the reso
nance of the contour and by the internal resonance of 
the complex structure of the M FCN T nanocomposite 
(mainly, its magnetic component).
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f, x 1010 Hz f, x 1010 Hz

Fig. 2. (a) Frequency dependences of real (curves 1 and 3) and imaginary (curves 2 and 4) parts of magnetic permeability and 
(b) reflection R (curves 1 and 3) and transmission Т  (curves 2 and 4) coefficients of MFCNT nanocomposite for serial RiL iCi 
contour: 1, 2—Ri = 0.012 Q, L i = 0.4 tcH, Ci = 20 tcF (the resonant frequencyf = 56.3 GHz); 3, 4—Ri = 0.01 Q, Li = 0.25 tcH, 
Ci = 18 tcF (f0 = 75 GHz). Resonance frequencies are specified with vertical lines.

m
T3

f, x 1010 Hz f, x 1010 Hz

Fig. 3. (a) Frequency dependences of real (curves 1 and 3) and imaginary (curves 2 and 4) parts of magnetic permeability and 
(b) reflection R (curves 1 and 3) and transmission Т (curves 2 and 4) coefficients of MFCNT nanocomposite for partially parallel 
R L C i contour: 1, 2—Ri = 0.01 Q, Lt = 0.02 tcH, Q = 1 tcF (f0 = 1.123 THz); 3, 4— R  = 0.01 Q, L t = 0.08 tcH, Q = 1 tcF (f0 = 
562 GHz).

Series-Parallel R L C  Contour

It is established that a broad resonance on depen
dences ц(У), R(f), and T(f) (Fig. 4, curves 3 and 4) is 
observed at frequencies more than 30 GHz farther 
from resonance frequency f 0. At certain values of R ,  
L ,  and C, there is a gap of about 40 GHz in width on 
these dependences, which is distant even farther from 
the value of f 0 (Fig. 4, curves 1 and 2 ). Thus, for the 
series-parallel contour, two types of resonance are 
simultaneously observed: a very broad, implicitly 
expressed resonance and a sharp stepwise resonance 
with a band to 80 GHz. In this case, the first type of 
resonance strengthens the absorbing properties of the 
M FCN T nanocomposite. The second type causes the

occurrence of steps on dependences R f)  and T f): 
R  increases by 2 dB, while T  increases by approxi
mately 8 dB, which results in appreciable weakening of 
EM R absorption. An increase in the nominal value of 
all three components of the R-LCi contours results in 
a decreasing step width and even to its disappearance 
(see Fig. 4, curves 3 and 4). This effect arises for the 
following set of parameters: Ri =  0.009 Q, L ,• =
0.08 tcH, and Ci =  15 tcF. The observable additional 
resonance is not directly associated with the reso
nance in a chain and is caused by the complex internal 
structure of the nanocomposite. In the region of this 
resonance, the function ОДю)2 has a local peak.
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f, Hz f, Hz

Fig. 4. (a) Frequency dependences of real (curves 1 and 3) and imaginary (curves 2 and 4) parts of the magnetic permeability and 
(b) reflection R (curves 1 and 3) and transmission Т  (curves 2 and 4) coefficients of the MFCNT nanocomposite for the 
series-parallel R.L.C. contour:1, 2—R. = 0.005 Q, L. = 0.08 tcH, C. = 15 tcF (f0 = 145.3 GHz); 3, 4—R. = 0.005 Q, L. = 0.09 tcH,
C. = 15 tcF (f0 = 137 GHz). Resonance frequencies are specified in figure by vertical lines.

f , Hz f , Hz

Fig. 5. (a) Frequency dependences of real (curves 1 and 3) and imaginary (curves 2 and 4) parts of magnetic permeability and 
(b) reflection R (curves 1 and 3) and transmission Т (curves 2 and 4) coefficients of MFCNT nanocomposite for completely par
allel R.L.C. contour: 1, 2—R. = 0.002 Q, L. = 0.08 tcH, C. = 10 tcF (f0 = 172.6 GHz); 3, 4—R. = 0.009 Q, L. = 0.05 tcH, C. = 10 tcF
(f0 = 225.1 GHz).

Completely Parallel R.L.C. Contour
In this case, just like for the partially parallel con

tour, steps are observed on the dependences д(/), R(f), 
and T f), (Fig. 5). However, these steps are located 
inversely with respect to the result shown in Fig. 3; 
more precisely, there is a strengthening in EM R 
absorption with increasing frequency. In this case, the 
real part of the magnetic permeability increases appre
ciably with frequency (from 0 to 3). The reflection and 
transmission coefficients sharply decrease. This effect 
is of interest because it testifies to the possibility of 
increasing the screening ability of the M FCN T nano
composite in a wide frequency range.

CONCLUSIONS

The results testify to the prospect of applying 
M FCN T nanocomposites in the EM R subterahertz 
range. We will continue to study the absorbing proper
ties of M FCN T nanocomposites in the frequency 
range to 200 GHz.

ACKNOW LEDGM ENTS

The study was supported by the Belarussian Foun
dation for Basic Research, project no. F13F-002.

SEM IC O N D U C TO R S Vol. 50 No. 13 2016

Би
бл
ио
те
ка

 БГ
УИ
Р



INTERACTION OF ELECTROMAGNETIC RADIATION 1711

REFERENCES

1. R. Saito, G. Dresselhaus, and M. S. Dresselhaus, Phys
ical Properties of Carbon Nanotubes (Imperial College 
Press, London, UK, 1998).

2. J. Federici and L. Moeller, J. Appl. Phys. 107, 111101 
(2010).

3. V. A. Labunov, A. L. Danilyuk, A. L. Prudnikava, et al., 
J. Appl. Phys. 112, 024302 (2012).

4. J. Lehman, A. Sers, and L. Hanssen, et al., Nano Lett. 
10, 3261 (2010).

5. S. Rosenblatt, H. Lin, V. Sazonova, et al., Appl. Phys. 
Lett. 87, 153111 (2005).

6. I. S. Nefedov, Phys. Rev. B 82, 155423 (2010).
7. M. S. Dresselhaus, Nature 432 (7020), 959 (2004).
8. A. M. Nemilentsau, G. Ya. Slepyan, and S. A. Maksi

menko, Phys. Rev. Lett. 99, 147403 (2007).
9. P. C. P. Watts, D. R. Ponnampalam, W. K. Hsu, et al., 

Chem. Phys. Lett. 378, 609 (2003).
10. A. L. Danilyuk, A. L. Prudnikava, I. V. Komissarov, 

et al., Carbon 68, 337 (2014).

Translated by V. Bukhanov

SPELL: OK

SEM IC O N D U C TO R S Vol. 50 No. 13 2016

Би
бл
ио
те
ка

 БГ
УИ
Р




