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Role of finite-size effects in the microwave and subterahertz electromagnetic response of a multiwall
carbon-nanotube-based composite: Theory and interpretation of experiments
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Electromagnetic scattering theory has been applied to calculate polarizabilities of finite-length multiwall
carbon nanotubes (MWCNTs) in microwave and subterahertz ranges. The influence of the length and diameter of
a MWCNT and electron relaxation time on the regime of the MWCNT interaction with an electromagnetic field
has been analyzed. Significant screening effect, due to the strong depolarizing field, determines electromagnetic
response of the MWCNTs field in a wide gigahertz frequency range. The main features of the gigahertz spectra
of effective permittivity and electromagnetic interference shielding efficiencies of a MWCNT-based composite
observed previously in experiments have been systematized and theoretically described.
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I. INTRODUCTION

Intensive investigation of the electromagnetic (EM) prop-
erties of carbon nanotubes (CNTs) is stimulated by the
combination of unique electronic properties and the high
aspect ratio (∼1000) of these nanoparticles.1 Nowadays
CNTs are considered as prospective candidates for different
electromagnetic devices such as interconnects,2–5 transmission
lines,6 and nanoantennas.7–11

A multiwall carbon nanotube (MWCNT) based composite
material attracts great attention from researchers due to their
remarkable properties of strong interaction with EM radiation
at a small volume fraction of the inclusions.12 The main efforts
in the development of composite production technology are
directed to increase EM interaction by means of homogenous
nanotube dispersion in the dielectric matrix or by the increase
of MWCNT volume fractions. However, much less attention
has been paid to the possibility of EM response enhancement
of MWCNT-based composite by an appropriate choice of
nanotube geometrical parameters—length L and diameter
D.13,14,16

In spite of the big progress in experimental investigations
of MWCNT-based materials in the microwave regime,13–50

the systematical theoretical analysis of the influence of EM
finite size effect in MWCNTs on the effective parameters of
composite material has not been comprehensively conducted.
As was shown previously, the finite-length effect is very strong
in the radio-frequency range,51 whereas it can be neglected for
relatively long tubes (L > 1 μm) in the far-infrared regime.52

In the microwave and subterahertz range the finite-length effect
can be either strong or weak depending on the MWCNT
parameters.53

Recently the scattering theory of the infinite-length
MWCNT was applied to describe its response in microwave,54

infrared,52 and visible ranges.52,55,56 In the present paper we
apply the electromagnetic theory of scattering by the finite-
length MWCNT52 to describe systematically the parameters of
individual MWCNT and MWCNT-based composite material
at different regimes of nanotube interaction with microwave

and subterahertz radiation. The main features in previously
observed spectra of composite permittivity and shielding
efficiency are well described by the proposed theory. We will
demonstrate that the geometry of the MWCNTs determines
the constitutive parameters of the composite materials and
allows us to tune these parameters by variation of the length
and diameter in particular frequency ranges. We will also
show that the correct choice of the length and diameter of the
MWCNTs allows us to increase significantly the interaction of
the composite material with the microwave radiation without
the increase of the volume fraction of the inclusions. This is
extremely important for producing effective electromagnetic
materials on the basis of a polymer or ceramic matrix, because
only in the case of a low fraction of functional filler can
one provide no degradation of their mechanical and thermal
properties along with high dc conductivity and significant
electromagnetic interference shielding ability.

II. THEORY

Following the theoretical electrodynamical model of a
MWCNT as a finite-length multishell structure comprising of
coaxial, infinitesimally thin conductive cylinders (see details
in the Supplemental Material57 and also in Ref. 52), let
us consider the scattering of an electromagnetic wave by a
MWCNT of length L. Let the MWCNT consist of N shells.
The pth shell, p ∈ [1,N ], is of cross-sectional radius Rp,
RN > RN−1 > · · · > R1.

Let the cylindrical axis of the chosen MWCNT be aligned
parallel to the z axis and the centroid of the MWCNT be located
at the origin of the chosen cylindrical coordinate system (ρ,
ϕ, z). As the cross-sectional radius RN of the outermost shell
is assumed to be much smaller than the free-space wavelength
λ, the transverse current density in every shell is neglected.
We assume that adjacent shells are incommensurate52 and we
neglect electron tunneling between shells. The axial surface
conductivity of the pth shell, denoted by σp, is considered to
be the same as the conductivity of a single-wall CNT with the
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same geometrical parameters according to the formula6,58

σp = − ie2

π2h̄Rp(ω + iν)

m∑
s=1

∫
1st BZ

∂Fc

∂pz

∂Ec

∂pz

dpz, (1)

where h̄ is the normalized Planck constant, e is the electron
charge, and pz is the axial projection of quasimomentum. The
integer s = 1,2,3, . . . ,m labels the π -electron energy bands;
here m is an index appearing in the dual index (m,n) used to
classify the CNTs. τ is the time of the electronic mean-free
path.

The abbreviation 1st BZ restricts the variable pz to the
first Brillouin zone, and Fc = {1 + exp[(E − μch)/kBT ]}−1 is
the equilibrium Fermi distribution function. Here T is the
temperature, kB is the Boltzmann constant, and μch is the
chemical potential; in graphite and undoped CNTs, μch = 0.
The electron energies for zigzag and armchair shells are given
respectively by
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where a = 3b/2h̄, b = 0.142 nm is the interatomic distance
in graphene, and γ0 ≈ 2.7 eV is the overlap integral. As we
consider a frequency range below optical interband transitions
the conductivity in Eq. (1) is caused only by intraband electron
transitions.

Our previous investigation53 demonstrates that MWCNTs
with identical diameters and number of metallic shells have
almost the same electromagnetic response in the subterahertz
range. Therefore for definiteness, all calculations in the present
paper shall be performed for one type of MWCNT configu-
ration, where two consecutive semiconducting shells are fol-
lowed by a metallic shell. Namely the pth shell in a MWCNT
is in the (9p + 2 − mod[p,3],0) configuration, where the
mod[p,3] function returns the remainder of p divided by 3.

For a chosen configuration the real part of the shell
conductivity at room temperature versus shell diameter at
different values of electron relaxation time τ is demonstrated
in Fig. 1(a). One can see that small-diameter metallic shells
(2Rp < 20 nm) have a much larger conductivity than semi-
conducting shells of the same diameter. As for thick shells
(2Rp > 20 nm), the conductivity of both semiconducting
and metallic shells are close to each other.2 The shell
conductivity increases with increasing diameter due to the
contribution from the intraband transition in bands with a
small gap energy Eg < kBT . An analogical situation occurs in
small-gap quasimetallic single-wall carbon nanotubes: Their
conductivity at room temperature is close to the conductivity
of metallic nanotubes.59

As can be seen from Fig. 1(a) the real part of the
shell conductivity increases proportionally to the relaxation
time. Thus relaxation time is a very important parameter
that determines the mechanism of MWCNT interaction with
subterahertz radiation. As MWCNTs produced in practice have
an imperfect structure with a lot of defects in the crystal lattice,

FIG. 1. (Color online) (a) The real part of the pth-shell con-
ductance versus the shell number (or shell diameter) at frequency
f = 10 GHz and temperature 300 K. (b) The frequency dependence
of the real and imaginary part of the conductivity of shell with chiral
indexes (673,0) and diameter 52.7 nm, τ = 5 fs.

we shall take for our calculation the value of relaxation time
varied from 5 to 20 fs.

Figure 1(b) shows the subterahertz spectra of the real and
imaginary parts of the conductivity of the big-radius semicon-
ducting shell. In the subterahertz range, due to the small value
of electron relaxation time τ � 1/ω, the relations Re[σ ] �
Im[σ ] and Re[σ (ω)] � const are true for the surface conduc-
tivity σ of both metallic and semiconducting shells. Such
relations indicate the strong attenuation of the eigenwaves
in a hypothetic infinite-length MWCNT52 and consequently
their small real part of the polarizability and large absorption
per unit length. However, in realistic composite materials
the finite-length effect in MWCNTs can influence strongly
the electromagnetic parameters of the composite media
(see Sec. III).

Figure 2 shows the frequency dependence of MWCNT
polarizability α at different diameters D and lengths L. The
imaginary part of α has a peak in the subterahertz range at
a frequency which we define as fp. The value fp increases
with increasing MWCNT diameter D [Fig. 2(d)] or decreasing
MWCNT length L [Fig. 2(c)], and divides the spectra into
two different regimes of MWCNT interaction with incident
radiation: quasistatic regime and dynamical regime.

A. Quasistatic regime

In the range f � fp Re[α]|f �fp
≈ Re[α]|f →0, that cor-

responds to the quasistatic regime, the real part of the
MWCNT polarizability is the same as in the electrostatic
case at f → 0. The polarizability is influenced strongly by
the finite-length effects leading to strong screening effects.51

The surface current density on the outermost shells induces an
axial depolarizing field, which is approximately equal to and
oppositely directed to the axial component of the incident field.
Therefore, the axial component of the total field on the surface
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FIG. 2. (Color online) The frequency dependence of the real and
imaginary part of the MWCNT polarizability at different tube lengths
L [(a) and (b)] and diameters D [(c) and (d)]. D = 25 nm [(a) and (b)],
L = 10 μm [(c) and (d)], and τ = 5 fs.

of any internal shell is smaller than the axial component of
the incident field. In other words, the outermost shells of a
finite-length MWCNT screen the internal shells.

Figure 3 demonstrates the total field distribution on the
surface of pth shells for a MWCNT of length 20 μm at
different frequencies of incident field. At a frequency of 1
MHz the screening effect is very strong—the total field in
the outmost shell is much larger than in the internal shells
but much smaller than the incident field [Fig. 3(a)]. At higher
frequencies the screening effect is weaker—at 100 MHz the
total field is significant on the surface of the several outmost
external shells [Fig. 3(b)].

Let q ∈ [0,N − 1] be the largest number for which
EN/EN−q � e is true, where e = 2.71825 . . . ,EN and EN−q

are the amplitude of the total axial field on the surface of the
outmost shell and the N − qth shell, respectively. Then the
number Next = 1 + q is analogous to the penetration depth:
The larger the value of Next, the more the penetration.

Figure 4 shows the dependence of Next on the values of f ,
L, and τ for a 30-shell MWCNT exposed to a plane wave with
an electric field parallel to the tube axis. Clearly the screening
effect is stronger for smaller frequencies [Figs. 4(a) and 4(b)],
shorter MWNTs [Figs. 4(a) and 4(d)], and larger electron
relaxation time [Figs. 4(c) and 4(e)]. For thin MWCNTs
(D < 20 nm) the value of Next practically does not depend
on the diameter D, however for thick MWCNTs (D > 20 nm)
the value of Next decreases with increasing nanotube diameter
[see Fig. 4(b)]. That is explained by the increase of shell
conductivity with increasing shell diameter [Fig. 1(a)].

FIG. 3. (Color online) The axial total field distribution on the
surface of the pth shell at frequency (a) 1 MHz, (b) 100 MHz,
(c) 1 GHz, and (d) 1 THz for a MWCNT of diameter 20 nm and
length 10 μm, τ = 5 fs. The incident electric field E0 is aligned
parallel to the z axis.

As was noted in Ref. 53 in the quasistatic regime, the
finite-length MWCNT can be considered as interconnect,
where the outer Next shells can be exploited for shielding the
remaining inner shells from external spurious radiation, while
the inner metallic shells can be used to propagate signals.
Due to the stronger screening effect for thicker tubes, they
have a smaller imaginary part of polarizability (smaller energy
dissipation) in the quasielectrostatic regime than the thinner
MWCNTs [see Fig. 2(d) at f < 6 GHz]. However, the real part
of the polarizability is larger for thick MWCNTs than for thin
MWCNTs of the same length [see Fig. 2(a) at f < 6 GHz].

The polarizability of the long MWCNT is larger than for
the short MWCNT in the quasistatic regime [see Figs. 2(a)
and 2(b)] due to the following reasons.

(i) In the case of the short MWCNT exposed by an
external field, the separated surface charges of opposite sign
on the nanotube edges are close to each other and create a
strong depolarizing field. This field suppresses current on the
nanotube surface resulting in a small nanotube polarizability.
The increase of the nanotube length is accompanied by
the increase of the distance between separated charges and
consequently by the decrease of the depolarizing field.

(ii) The polarizability of the MWCNT is calculated as
an integral over the current along the tube, so that the
polarizability should increase with increasing nanotube length
even in the case of a negligibly small depolarizing field. This
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FIG. 4. (Color online) Frequency dependence of Next for MWC-
NTs of (a) different lengths L, (b) diameters D (L = 3 μm), and (c)
electron relaxation times τ (L = 5 μm). The value of Next versus the
(d) MWCNT length at f = 1 GHz and (e) electron relaxation time
at f = 3 GHz (L = 5 μm). The MWCNT has a diameter of 20 nm
(30 shells) and τ = 5 fs. The incident electric field is aligned parallel
to the tube axis.

explains the strong dependence of the nanotube polarizability
on the nanotube length.

B. Dynamical regime

In the frequency range of f � fp—dynamical regime—the
values Re[α] and Im[α] decrease with increasing frequency
(Fig. 2). In the dynamical regime the screening effect in
the MWCNT becomes less significant,54 i.e., electromagnetic
fields penetrate deeper inside the MWCNT [compare Figs. 3(b)
and 3(c)], resulting in an increase of the electromagnetic
absorption cross section of these particles.

At frequencies f � fp the total axial field on the MWCNT
shells is practically equal to the incident field [Fig. 3(d)], so
that the surface current density J (z) on the surface of the pth
shell of the MWCNT exposed to the external electric field E0

obeys with high accuracy the Ohms law

Jp(z) = σpE0(z), (4)

which is indeed the first Born approximation of scattering
theory. Note that the surface current (4) does not satisfy the
edge conditions Jp(L/2) = 0 for the finite-length MWCNT.
However, the error is strongly localized in the vicinity of the
edges [see Fig. 3(d)] and therefore does not influence the field
formation in the far-field region. In such an approximation the
polarizability of the MWCNT is proportional to its length.

FIG. 5. (Color online) Frequency dependence of a MWCNT of
length L = 10 μm and diameter D = 10 nm, and τ = 5 fs calculated
on the basis of different models: The self-consistent model of
finite-length coaxial cylinder52 (solid line); the non-self-consistent
model of coaxial cylinder based on Eq. (4) (dash-dotted line) omitting
finite-length and screening effects; the model of single-wall tube with
diameter 10 nm and effective conductance equaled to the conductance
of outmost metallic shell of the MWCNT (dashed line); or a sum of
conductance of all the shells in the MWCNT (dotted line).

In order to illustrate the influence of finite length and
screening effects on the electromagnetic response of the
MWCNT, in Fig. 5 we calculated the imaginary part of the
polarizability of the MWCNT using different approximations.
The solid line in Fig. 5 gives the polarizability of the calculated
MWCNT taking into account both finite-length and screening
effects. The dash-dotted line in Fig. 5 presents calculation
of Im[α], which omits screening and finite-length effects,
supposing the effective field in the shells to be equal to the
incident field [Eq. (4)]. To point out the contribution from the
outmost metallic shell in the quasistatic regime we calculate
the value of Im[α] for the MWCNT when the conductivity
of all shells except the outmost metallic shell is equal to
zero (dashed line in Fig. 5). And finally, the dotted line in
Fig. 5 demonstrates the polarizability of a single-wall tube
with the diameter equal to that of the MWCNTs and the
effective conductance equal to the sum of the conductances
of all the shells in the MWCNTs; this calculation does not
take into account electromagnetic coupling of the shells in the
MWCNTs.

As shown in Fig. 5 the quasistatic regime for the MWCNT
of length 10 μm and diameter 10 nm is realized at frequencies
f < 10 MHz and can be well described by the model of a
single-wall cylinder. In the dynamical regime f > 10 GHz
the finite-length effect and screening effect disappear and
the frequency dependence of the MWCNT polarizability has
Druder behavior. The electromagnetic coupling between the
shells can be neglected in the range of f > 1 GHz. The
intermediate regime (10 MHz < f < 1 GHz) is characterized
by the partial penetration of the axial field inside the MWCNT
and cannot be calculated on the basis of simple models.

III. EFFECTIVE PERMITTIVITY OF
A MWCNT-BASED COMPOSITE

Let us consider a dilute composite material comprising of
randomly dispersed, randomly oriented, MWCNTs. In order to

045436-4



ROLE OF FINITE-SIZE EFFECTS IN THE MICROWAVE . . . PHYSICAL REVIEW B 88, 045436 (2013)

illustrate the influence of length and diameter of the MWCNTs
on the effective parameter of composite material we apply the
Waterman-Truell formula60,61 adopted to estimate the relative
permittivity of a MWCNT-based composite material:

εeff = εh + 1

3ε0

∑
j

∫ ∫ ∞

0
αj (L,D)Nj (L,D)dLdD, (5)

where εh is relative permittivity of the host media; ε0 = 8.85 ×
10−12 F/m; the factor 1/3 in Eq. (5) is due to the random
orientations of the MWCNTs; and the distribution function
Nj (L,D) describes the number density of the MWCNTs of
type j with length L and diameter D. αj (L,D) is the axial
polarizability of the MWCNT inclusion of type j , which
enumerate MWCNTs with different configurations of metallic
and semiconducting shells inside the MWCNTs. To illustrate
the influence of the finite size effect on the value εeff in our
calculation we shall take only one configuration, where two
consecutive semiconducting shells are followed by a metallic
shell (see previous section). Furthermore, in our calculations
we shall take the following parameters: εh = 2.2; n (MWCNT
volume fraction occupied by the MWCNTs, each conceived
as a cylinder of volume πD2L/4) shall be taken to be equal
0.02; and the electron relaxation time τ = 5 fs has been used
under calculations of the axial shell conductivity of MWCNTs.
Formula (5) does not take into account local field effects that
occur at high volume fraction of the inclusions.

Figure 6 demonstrates the frequency dependence of the ef-
fective relative permittivity of a MWCNT-based composite at
different nanotube lengths and the same CNT volume fraction.
These spectra demonstrate a strong dependence of the effective
permittivity on MWCNT length. In the low frequency range
(f < 10 GHz) the real and imaginary parts of the effective
permittivity are larger for a composite comprising of longer
tubes. However at higher frequencies the value of Re[εeff]
can be larger for a composite comprising of short-length
tubes [compare the lines for L = 40 μm and L = 10 μm at
f > 8 GHz in Fig. 6(a)]. The value of Im[εeff] has a maximum
at frequency fp, which depends on the nanotube length. The
permittivity spectra in Fig. 6 can be divided into three different
regimes corresponding to different interactions of incident
radiation with MWCNTs.

FIG. 6. (Color online) The spectra of (a) real and (b) imaginary
parts of effective relative permittivity of the composite comprising of
MWCNTs of different lengths L. The MWCNT diameter is 25 nm.

(1) Quasistatic regime (f � fp). The value Im[εeff] in-
creases and value Re[εeff] decreases as frequency increases,
and the loss tangent δ ≡ Im[εeff]/Re[εeff] � 1. In this regime
the strong screening effect prevents the effective interaction
of the MWCNTs with electromagnetic radiation, as only the
outmost shell contributes into the MWCNT response. The
composite parameters in the quasistatic regime have been
measured in Refs. 17,19,23, and 32.

(2) Dynamical regime (f > fp). Both values Im[εeff] and
Re[εeff] simultaneously decrease with increasing frequency
and δ > 1; such a regime was observed for composites in
Refs. 21,30,31,34,45,49, and 50.

It does not matter in the dynamical regime if either the
MWCNTs form or do not form a conductive network. As
the screening effect is absent, the field penetrates fully inside
the MWCNT and the absorption of the composite is maximal.
In order to achieve the dynamical regime for all MWCNTs in
the composite and consequently to achieve maximal possible
absorption of the MWCNT-based composite, the length of the
MWCNTs should be more than the minimal length, presented
in Table I for different nanotube diameters D and frequency
ranges. As is shown in Table I the thicker tubes should be
longer to provide the penetration of the electromagnetic field
up to the innermost shell and provide the maximal absorption
of electromagnetic energy by every shell.

Partially dynamical regimes can occur for short MWCNTs
if they form a conductive network in the dielectric matrix. The
electrical contact between adjacent MWCNTs in the network
leads to electron tunneling between the tubes and to partial
suppression of finite-length and screening effects. As a result
the effective length of the touched tubes can exceed the realistic
length and the dynamical regime partially realized for a short-
length MWCNT composite.

(3) Intermediate regime (f ≈ fp). The value Re[εeff]
decreases with increasing frequency and is comparable with
Im[εeff], i.e., δ ≈ 1.29,34,39,48

It is often obtained for MWCNT-based composites at low
volume fraction in the gigahertz frequency range that δ < 1
and both values Re[εeff] and Im[εeff] decrease with increasing
frequency.18,20,22,24–29,31,34 Such a regime is absent in Fig. 6.

In order to explain such composite parameters one should
take into account the nanotube length distribution in the
composite. For simplicity we calculated the effective permit-
tivity of the composite comprising of long-length MWCNTs
[Fig. 7(a)] short-length MWCNTs [Fig. 7(b)], and a mixture
of short- and long-length MWCNTs [Fig. 7(c)]. As Fig. 7(c)
shows at a frequency range from 3 to 20 GHz δ < 1, both

TABLE I. Minimal MWCNT length (in micrometers) that cor-
responds to the dynamical regime when the finite-length and conse-
quently the screening effects can be neglected. D is the MWCNT
diameter.

Frequency
range D = 5 nm D = 10 nm D = 25 nm D = 50 nm

f > 1 GHz 25 40 80 150
f > 10 GHz 7.5 11 23 43
f > 100 GHz 2.2 3 6.5 12
f > 1 THz 0.6 0.9 1.8 3.4
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FIG. 7. (Color online) The spectra of effective relative permittiv-
ity of composite material comprising of (a) short MWCNTs of length
L1 = 5 μm at volume fraction n1 = 7.5%; (b) long MWCNTs of
length L2 = 30 μm at volume fraction n2 = 0.5%; and (c) a mixture
of short and long MWCNTs with volume fraction n1 = 7.5% and
n2 = 0.5%, respectively. The MWCNT diameter is 25 nm.

values Re[εeff] and Im[εeff] decrease as frequency increases;
in such a range the short-length tubes are in the quasistatic
regime and contribute predominantly to the value of Re[εeff],
whereas long-length tubes are in the dynamical regime and
contribute to the value of Im[εeff]. So the dielectric parameters
of the composite comprising of a mixture of different length
tubes can be different from the parameters of a composite
comprising of identical nanotubes [compare Figs. 7(a) and
7(b) with Fig. 7(c)]. Thus, the dielectric permittivity of the
MWCNT composite can be tuned by means of variation of the
MWCNT length distribution function.

Figure 8 demonstrates the frequency dependence of the
effective permittivity of the MWCNT composite for different
nanotube diameters at the same nanotube length and volume
fraction. As shown in Fig. 8 both values Im[εeff] and Re[εeff]
are larger for thinner MWCNTs at frequencies f < 30 GHz.
Though the real part of the polarizability of thinner MWCNTs
is smaller [see Fig. 2(c)], their number density is larger than

FIG. 8. (Color online) Spectra of the (a) real and (b) imaginary
parts of effective relative permittivity of a composite comprising of
MWCNTs of different diameters D and identical length 10 μm.

the number density of thicker MWCNTs at the same volume
fraction. This explains the larger value of Re[εeff] for a com-
posite comprising of thinner tubes. The peak frequency fp in
the spectra of Im[εeff(ω)] is smaller for thinner MWCNTs. As
a result the value of Re[εeff] can be larger for thicker nanotubes
(see Fig. 8 at f > 30 GHz). Thus, both MWCNT length
and diameter are very important parameters that determine
effective parameters of a MWCNT-based composite.

IV. SHIELDING EFFICIENCY OF
A MWCNT-BASED COMPOSITE

Using the Fresnel formulas we have calculated the trans-
mittance T , reflectance, and absorbance of the composite
plate. Figure 9 demonstrates the spectra of electromagnetic
interference shielding effectiveness (SE = −10log10 T) of the
composite comprising of MWCNTs of different lengths and
diameters at the same volume fraction. As shown in Fig. 9 the
SE is larger for longer and thinner MWCNTs; this was exper-
imentally demonstrated for a MWCNT composite of different
nanotube diameters14,38 and lengths.13 Let us also note that
according to Fig. 8 SE increases as frequency increases, that
has been observed in Refs. 21,31,32,40–43, and 45–47.

However, as was reported in Refs. 13, 19, 25, 31, and 33–38
the value SE can remain practically constant or decrease
as frequency increases in narrow frequency ranges that are
realized at small SE (<15 dB), when interference phenomena
in composite slab occur. As was noted in Ref. 33 at a
low volume fraction the reflection losses dominate over the
dissipation losses in the composite and determine SE decreases
with increasing frequency. Figure 10 demonstrates the electro-
magnetic interference shielding efficiency SE(T) and the con-
tribution from reflection SE(R) and dissipation SE(A) losses
for the MWCNT composite at a different volume fraction. The
oscillations in the spectra of SE(T), SE(R), and SE(A) are due
to the interference effect in the composite layer. As shown in
Fig. 10 at low (high) frequency the reflection (dissipation)
losses prevail. There is a narrow frequency range where
reflection losses prevail and SE(T) decreases with increasing

FIG. 9. (Color online) The spectra of electromagnetic interfer-
ence shielding effectiveness SE of a MWCNT-based composite plate
with a thickness of 1 mm at different nanotube (a) diameters D

and (b) lengths L. Nanotube volume fraction n = 0.02. A composite
comprises of identical MWCNTs with (a) lengths 10 μm and (b)
diameters 25 nm.
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FIG. 10. (Color online) Frequency dependence of total shielding
efficiency SE(T) of a MWCNT-based composite with a thickness
of 2 mm at different nanotube volume fractions: (a) n = 0.05%,
(b) n = 0.5%, and (c) n = 5%. The contribution into SE(T) from
reflection SE(R) and absorption SE(A) are also presented by dotted
and dashed lines, respectively. A composite comprises of identical
MWCNTs with length 5 μm and diameter 25 nm.

frequency, this range shifts to low frequency with increasing
nanotube volume fraction [compare Figs. 10(a)–10(c)].

V. CONCLUSION

The scattering theory was applied to calculate the polariz-
ability of an individual MWCNT as an electrically small finite-
length coaxial cylinder. The influence of the nanotube length
and diameter on the spectra of the MWCNT polarizability
has been illustrated. The interaction of the MWCNT with
EM radiation in the quasistatical and dynamical regimes
has been analyzed in microwave and subterahertz ranges.
In the quasistatic regime the strong depolarizing field in

the finite-length MWCNT leads to the screening effect—
weak penetration of the axial field component inside the
MWCNTs. The comprehensive study of the screening effect
in thick finite-length MWCNTs in the quasistatic regime is
presented. The dependence of the field penetration depth on
the nanotube length, diameter, electron relaxation time, and
radiation frequency has been demonstrated.

The relation between macroscopic parameters of the
MWCNT-based composite and microscopic parameters of the
inclusions (length, diameter) has been established. The main
features of the gigahertz spectra of the effective parameters of
the MWCNTs composite, previously observed in experiments,
have been systematized and theoretically described. We have
shown that big variety of the experimental data on the
electromagnetic parameters of the MWCNT-based composites
can be divided into four groups corresponding to the different
regimes of the MWCNT interaction with radiation.

We have demonstrated that one of the possible ways to
increase interaction of the composite with electromagnetic ra-
diation is the appropriate choice of the geometrical parameters
of the MWCNTs. Presented analysis gives a theoretical upper
limit of effective permittivity and shielding efficiency of a
MWCNT-based composite that can be achieved in practice
at a given nanotube length and diameter. As a rule, effective
permittivity and shielding efficiency obtained in experiments
are about 5–10 times less than predicted by theory. There are
several obstacles such as nanotube agglomeration and cutting
during the preparation process that hinder the production of
composite material with a highly effective electromagnetic
response and low volume fraction of MWCNTs as inclusions.
We hope that the conducted theoretical analysis stimulates
the technological progress in realization of MWCNT-based
composite material with improved electromagnetic parameters
in microwave and subterahertz ranges.
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