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Abstract
Rapid progress in the synthesis of various nanostructures and their amazing
physical and chemical properties different from the properties of macroscopic bulk
samples, led to a significant and potentially long-term growth of the investments of
human and financial resources to this area around the world. Not any other area in
materials science unites to such an extent the progress in basic research with rapid
offer of realization for new equipment and products that have both a great social
value and significant commercial potential. Such a potential of nano-sized elements
and nanostructured materials for management and control of electromagnetic fields
caused the recent introduction of a new research discipline - nanoelectromagnetics that is, conceptually, a synthesis of classical electrodynamics and modern methods
and approaches of condensed matter physics. To be kept in line with the main
directions
of
development
of
nanoscience
and
nanotechnology,
nanoelectromagnetics as any new interdisciplinary research direction, needs an
intensive exchange of knowledge between different scientific communities: basic
and applied electromagnetics, chemistry and technology of nanostructures and
nanostructured materials, physics of nanostructured systems etc.
The purpose of the prognosis is to discuss the following issues:

electromagnetic effects in nanostructures: simulation and experiment,

carbon nanotubes, graphene and other forms of nanocarbon in
electromagnetics,

nano-resonators, -antennas, -transmission lines,

optical nonlinearity at the nanoscale,

nanostructured composite materials and thin films: synthesis and physicochemical properties,

nanostructured composite materials for electromagnetic protection and
protection against ionizing radiation,

ordered nanostructures and metamaterials to control electromagnetic fields,

biomedical applications of metal nanoparticles and nanocarbon,

operation of quantum light and single-photon devices.
Nanoelectromagnetics as a research discipline and a concept was introduced
quite recently, 6-7 years ago. And, thus, its subject is just beginning to attract the
attention of the research community. Especially such interest becomes apparent so
far as the publications on nanoelectromagnetics pass from the physics journals such
as Physical Review and Journal of Applied physics, to the engineering IEEE
magazines. Plenty of applied articles in electromagnetic applications of
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nanostructures and composites were published, but often the features specified by
prefix nano are ignored. It was organized a number of international events to
overcome this problem such as the special sessions on nanoelectromagnetics at the
annual major events of IEEE antenna and propagation society in 2008 and 2010, etc.
In May 2011, a special session on nanoelektromagnetizms was organized at the
International Conference on Physics, Chemistry and Applications of Nanostructures
(Nanomeeting 2011), that attracted much attention from the international nanocommunity. The success of the session was one of the main motivations for
organizing within the framework of By-NanoERA project the international
conference Fundamental and Applied Nanoelectromagnetics FANEM'12.
This paper presents an analytical review and defines the development trends
of nanoelectromagnetics - a new field of science that represents a synthesis of
classical radio physics and electrodynamics with quantum theory of solids, statistical
physics, physical kinetics, quantum chemistry, computational mathematics. In the
paper there are presented the main types of nanostructures (carbon nanotubes,
quantum walls, quantum wires, quantum dots, plasmonic nanowires, etc.), the
theoretical methods of nanoelectromagnetics, connections to other fields of science
(materials science, nanotechnology, biophysics and medicine). The main
applications of nanoelectromagnetics in nanoelectronics and nanophotonics are
described (circuits, nanoresonators and nanoantennas, amplifiers and generators
microwaves of terahertz and optical frequency), materials science (synthesis of
composite metamaterials for radar absorbing coatings). The probable ways of
development of nanoelectromagnetics and its future applications in various fields of
science, technology and medicine are analyzed.
Chapter 1. Nanoelectronics: Analytical review
1.1. Introduction
Before we start to review the specific elements and nanoelectronics devices,
we should make one general observation. For several years, the development of
radio physics followed the way of increasing of the operating frequency: from
microwaves - to mm-and submm-waves. Due to the technological limitations, the
realization of passive components, the dimensions of which are comparable to the
wavelength, becomes problematic. This has led to the refusal to use electrical
circuits with lumped constants and transmission lines with TEM - waves. The
realization of hollow single-mode waveguides and resonators was problematic:
surface treatment with the required purity class was impossible, that was leading to
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unacceptably high level of heat loss during the scattering of working modes on the
randomly irregular surfaces.
Objectively the dimensions of the main elements were significantly higher
than the wavelength, which led to a multimode nature of the electromagnetic field. It
caused difficulties in frequency tuning, limited range of operating frequencies, high
sensitivity of the elements to errors of their setting. Therefore Radiophysics of mmand submm-range borrowed the principles of the field formation in optics of visible
light. Wave beams of Gauss-Hermite and Gauss-Laguerre types appeared as
working fields. Accordingly, lens and aperture lines were used as the transmission
lines, and Fabry-Perot interferometers with flat or focusing mirrors were used as
resonators.
The appearance of nanotechnologies and the elements based on them has
fundamentally changed the trend: in mm-, submm-, terahertz and even optical fields
appeared the elements which dimensions were much smaller than the wavelength, or
comparable to it. It has changed the trend to the opposite: the principles of the field
formation typical for low-frequency radiotechnics started to move to the higherfrequency ranges. In particular, single-mode components (photonic crystals, long
lines, microcavities) and elements with the lumped constants (electrical capacitors,
inductors, resistors) became possible for terahertz and even optical ranges.
Below, we will consider a number of distributed nanoelements, the structure
of field in which has a single-mode nature. When using them, it occurs a potential
problem of transforming their operational fields (so-called near-fields) to a freely
propagating electromagnetic radiation that is not associated with the effect of any
guiding surfaces (radiated field). Such a transformation is performed by antennas. At
the moment the development of nanotechnologies has led to the implementation of
different types of nanoscopic antennas in the terahertz and optical ranges. Below, we
will also consider their main varieties.
1.2. Types and characteristics of microresonators.
All types of microcavities are based on the ability of different surfaces to
reflect electromagnetic waves with high efficiency [1]. The elementary are twomirror resonators with focusing mirrors (Figure 1.1). Let the angle of arrival of a
plane wave on a single mirror is Θ, then the tangential component of the wave
vector is k⊥ = k cos θ . Given that there are two parallel mirrors the resonance
condition is as follows: k⊥ L = mπ , where m is integer, L is the distance between the
mirrors. As a result, the spectrum of eigenmodes is determined by the frequencies
ω=

mπ c / L

n 2 − sin 2 θ
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,

(1.1)

n is the refractive index of the mirrors material.

Figure 1.1 Two-mirror resonator with focusing mirrors.

The essential peculiarity of the modes under consideration is their discrete
spectrum and full allocation in the space between the mirrors. The situation is
conditional on a significant idealization of the task (infinite length of the mirrors and
an absolute reflection at them). Objectively to excite a microresonator one of the
mirrors is supplied with the aperture and the excitation of the resonator is performed
by a focused wave beam falling from outside on the aperture. The existence of the
aperture changes significantly the structure of the spectrum: the modes that are
essentially localized in the vicinity of the aperture appear (Airy modes [1]).
Another possibility for the excitation of a planar microresonator is to use
metal mirrors [1]. The most important physical characteristics of microresonators
are the quality factor of a given mode and the frequency difference between two
adjacent modes. The quality factor (Q-factor) is defined as
Q=

ω0
,
δω0

(1.2)

where ω0 is the resonant frequency, δω0 is the width of the resonance line. The
density of the frequency spectrum of the resonator is conveniently characterized by
the dimensionless parameter
F=

∆ω0

δω0

,

(1.3)

where Δω0 is the difference between adjacent frequencies of the spectrum. It should
be noted that the microresonators are characterized by the following condition
Δω0~δω0, that is why Q~F. The situation is different for the bulk microwave
resonators of big size where Δω0<<δω0 and, correspondingly, Q>>F. For planar
microresonators with metallic mirrors the typical values in the optical range are
Q~500 (for comparison, the superconducting microwave resonators can have a
quality factor of Q~ 108 - 109).
Another possibility of implementing high-performance mirrors is the use of
dielectric Bragg reflectors [1]. A single mirror is a planar structure of N dielectric or
semiconductor layers with alternating thicknesses value and refractive index. It
7

appears an effect of Bragg diffraction in the system (partial waves reflected from
different layers are added in phase). As a result, the frequency intervals in which
there exists a very strong reflection are formed. The use of two of these reflectors
(Figure 1.2) generates a spectrum of eigenmodes. Such structures are characterized
by the values of Q~106.

Figure 1.2 Microresonator with Bragg reflectors.

A wide class of microresonators is characterized by non-planar geometry, the
spherical reflectors (Figure 1.3).

Figure 1.3 (a,b) The gold spherical mirrors generating process, (c) SEM- and optical
images of mirrors with the diameter of 5 mm.

Physical implementation: dielectric spheres, micron air bubbles in the cool
glass, etc. [1]. Attention to such structures is defined by the presence of specific
mechanisms of reflection of light from the curved surfaces. In particular, for gold
spherical mirrors with a radius of ~ 100 microns with an appropriate quality of the
surface treatment the reflection coefficient R~ 0.9999984 [1], which corresponds to
Q~ 108, is achievable. For radii of ~ 1 micron, − Q~ 108.
The theory of spherical microresonators is based on the Mie electromagnetic
wave diffraction theory on the dielectric body. The diffraction problem is solved by
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the method of separation of variables in the spherical coordinate system [2]. The
desired solution is presented in the form of expansion in associated Legendre
polynomials. In the limit of no external field the diffraction problem may also have
non-trivial solutions that meet the eigenmodes of the spherical resonator. Their
spectrum is discrete, and the natural frequencies are complex even in the absence of
losses in the medium. Physically, this corresponds to the radiation losses.
It results from Mie theory that the effect of total internal reflection is also
possible for curved surfaces (the geometry schematically is shown in Figure 1.4).
The reflection coefficient is then determined by the expression
ln(1 − R ) =
−

(

)

4πρ 
1 
h ln h + h 2 − 1 − 1 − 2  ,
λ 
h 

(1.4)

where h=ncosα, where α is an angle of arrival on a curved surface, ρ is the radius of
curvature. It results from (1.4) that the reflection at the curved surface at grazing
incidence (α ≥ π/2) for the sphere may be more effective than for the planar
structure. The grazing incidence corresponds to the existence of a set of specific
modes (so-called "whispering gallery" mode). These modes are characterized by the
location of the field close to the surface and by an extremely high quality factor. We
should point that the whispering gallery modes also exist in two-dimensional
structures such as microresonators in the form of discs. Thus, for the disc with a
diameter of 2 micron of AlOx, located in GaAs, the values Q>104 are obtained.

Figure 1.4 (a) The tunneling at full internal reflection, (b) a conformal mapping, and
(c) the optical potential

From the other types of microresonators we should point out the resonators on
the surface plasmons. Such plasmons exist in metal nanofibers made of precious
metals and are distributed along the plane boundary of the metal with dielectric or
semiconductor. Given the strong reflections at inhomogeneities the plasmons
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generate resonance modes. The field of resonant modes is localized close to the
surface, but the nature of the localization is different from the whispering gallery
waves. The localization for plasmons is not connected to the influence of the
curvature, but is conditional on the strong slowdown inside the metal.
In conclusion, it should be noted that the well-known types of
microresonators are characterized by a wide range of physical principles and
technical characteristics. One of the fundamental differences from the macrosystem
is the possibility of geometric resonances even when the cavity size is small
comparing to the wavelength in the surrounding medium (or vacuum). The reason is
the high specific polarizability of many types of nanostructures that is not typical to
other materials and media.
1.3. Nanostructured transmission lines. The theory of long lines in
nanoelectronics.
In this section we will discuss the nanostructured transmission lines. They are
characterized by a wide variety of technical solutions: metal wires with surface
plasmons [3], semiconductor nanowires with exciton-polaritons [4], single-walled
and multi-walled carbon nanotubes [5, 6] etc. Theoretical apparatus for the analysis
of transmission lines in the classical radiotechnics is a theory of long lines and
telegraph equations. It is essential that it was extended to the nanostructured lines, so
different in their physical principles. In this section, we will illustrate it on the
example of single-walled carbon nanotubes, and will point the most fundamental
features.
It must be emphasized that an attempt to mechanically extend the experience
of classical radiotechnics to nano-objects is not successful. The reason is that the
macroscopic conductors and conductive nano-elements interact with the
electromagnetic radiation by different laws. Indeed, the macroscopic metal samples
in the super frequency electromagnetic field behave like perfect conductors. This
means that the electromagnetic radiation is reflected almost completely at the metal
edge. The radiation that has come inside the metal is concentrated in a thin surface
layer, and therefore is characterized by a very low absorption level (such interaction
of electromagnetic radiation with the matter is called the skin effect [7]). Therefore,
during the transmission of electromagnetic radiation through a wire or through two
wires (two-wire line) the movement of the main part of the electromagnetic energy
takes place in the free space, though is headed by the wires. The speed of movement
of the wave is close to c , and the matched impedance of such transmission lines is
close to Z 0 = 120π Ом, that makes their alignment with free space relatively simple.
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The position for nano-objects is different. The skin effect is impossible in
principle (the radius of a nanowire is significantly less than the thickness of the skin
layer for almost any material). As a result the wave propagation is accompanied by a
strong slowdown and significant absorption. It can be said that such a wave is not
purely electromagnetic - the particles of condensed matter are significantly involved
in its formation (the conduction electrons in metals, electron-hole pairs in
semiconductors). In fact, in a condensed medium it is formed bound states of
charged particles and photons. These states are of a quantum nature; in particular,
they are characterized by discrete energy values (these states are often referred to as
quasi-particles [8]).
The possibility of existence of different types of quasiparticles is a feature of
nano-objects. Plasmons in nanowires of noble metals [8] and exciton-polaritons in
semiconductor nanowires [8] can be named as examples. Such quasiparticles exist in
carbon nanotubes. They represent bound states of photons and π-electrons of carbon
atoms.
Let's consider a conducting carbon nanotube of diameter d , located above the
ground half-plane parallel to the latter at a distance a from it (Figure 1.5a). Let the
nanotube is located under the alternating electric potential. As a result, an alternating
electric current flows in the nanotube. If the frequency of the applied voltage is high
enough (at about ~ 100 ÷ 10000 Hz), the electromagnetic field when propagating
along the nanotube axis is experiencing a significant delay. That means that between
the current (and voltage) at different points along the axis of the nanotube exists a
phase shift, which depends on the frequency.

Figure 1.5 Carbon nanotube above the ground plane (a) and equivalent circuit for a
single nanotube above the ground plane (b).
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The dependence of the induced current on the applied voltage determines the
characteristics of the nanotube as an electrical conductor. From different
perspectives this problem was reviewed in works [9-18]. First, we should note that
the conductivity of the nanotube is determined not by classical but by quantum laws
of π-electrons motion. The process of charge transfer under the influence of the
applied voltage is carried out on a number of independent channels that have
different quantum nature. First, the conduction electrons can have the oppositely
directed spins (spin degeneracy). Next, for each spin orientation the nanotube band
structure at the Fermi level is doubly degenerate. Thus, in the conductive nanotube
there are four parallel channels, each of which makes an identical contribution to the
total current, and this should be taken into account during the construction of an
equivalent circuit diagram of the nanotube (Figure 1 b). According to [11-18], a
nanotube can be considered as an electrical circuit of the infinite length, the unit
interval of which is characterized by three electrical parameters Lk, CQ , C EC , that are
called, correspondingly, the kinetic inductance, quantum capacitance and
electrostatic capacitance. They are of a different physical nature and below they will
be examined independently.
The energy of the charge carrier in the nanotube with the length Lnt is
quantized. Quantum of energy δE = hυ F / Lnt , where υ F is the speed of electrons in
the Fermi-point of the nanotube. The current value I = 2eδE / h [16] corresponds to
the quantum of energy δE . In classical magnetostatics the reserve energy of the
magnetic field W is associated with the current flowing through a conductor equal to
W = LI 2 / 2 [7]. The coefficient of proportionality L is called the inductance and is
defined by the geometry of the conductor and the magnetic properties of the
material. Inductance describes the ability of the system to store magnetic energy.
Quantum of energy δE , the current value and the kinetic inductance Lk are
connected by the equality δE = Lk I 2 / 2 . The value Lk plays in respect to the nanotube
a role of inductance L for ordinary macroscopic conductor. It is easy to see that the
kinetic inductance is proportional to the length of the nanotube, so it is convenient to
characterize the ability of nanotubes to store energy through specific kinetic
inductance per unit length:
=
L
k

Lk
h
=
.
Lnt 2e 2υ F

(1.5)

Kinetic inductance is defined by the electronic structure of the material
through the Fermi velocity, but does not depend explicitly on the nanotube radius.
Formula (1.5) refers to the single channel conductance. However, as mentioned
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above, there are four parallel channels. Full inductance herewith differs from (1.5)
by the factor 1/4, shown in Figure 1.5b.
Voltage applied to the nanotube brings to it the surface charges accumulating
electrical energy. This energy is related to the amount of charge Q with the equation
W = Q 2 / 2C EQ , where C EQ is the coefficient of proportionality called the electrostatic
capacity [7]. For an infinitely long nanotube it is convenient to introduce the energy
and the charge per unit length. Then C EQ will characterize the ability of a single
nanotube area to store the electrical energy. The value C EQ is expressed by the
equation [16]:
С EQ ≅

2π
Ed,
ln(a / d )

(1.6)

where Ed is the dielectric capacitivity of the environment. The equation (1.6)
provides the accuracy of ~ 1% at a > 2d .
The concept of electrostatic capacity refers to the classical conductor the
charge of which (and, respectively, the energy) can be changed by an infinitesimal
amount. A nanotube is a quantum conductor, the energy of which is measured by
quanta of entity δE . A single electron with a charge e corresponds to the energy δE .
Therefore, the true electric capacitance of the nanotube represents a series
connection of the electrostatic capacitance C EQ and quantum capacitance СQ .
Quantum capacitance is defined by the equality e 2 / 2CQ = δE [16]. For the quantum
capacitance per unit length, we obtain:
СQ =

8e 2
.
hυ F

(1.7)

Value (1.7) refers to the single channel conductance. The record of four
paralleled channels leads to a fourfold increase in the total quantum capacitance, as
shown in Figure 1.5b.
So, the carbon nanotube in microwave and terahertz range can be considered
as a transmission line, equivalent circuit of which is shown in Figure 1.5b. The line
parameters of the transmission line are determined by formulas (1.5) - (1.7). These
statements make it possible to introduce the linear charge Q(z) and linear current
I(z), which are connected by the differential equations
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1 ∂Q

−
( jω Lt + Rt ) I =
Ct ∂z
,

I
∂
 jωQ = −

∂z

(1.8)

where Lt=Lk+Lm, Rt=νLk, C-1t=C-1E+C-1Q, ν is a phenomenological parameter that
determines the dissipative loss in the line and is called the relaxation frequency [19].
It is easy to see that (1.8) have the form of the ordinary telegraph equations.
However, the nature of linear parameters is significantly different from the ordinary
electrical parameters, which leads to a number of fundamental differences.
First, along the tube can be extended the electromagnetic wave with the phase
velocity
υ ≈ 1 / (Lk С Q )1/2 ≅ υ F ,

and the value υ F is by two exponents smaller than the light speed c in the free
space. This makes the nanotube fundamentally different from ordinary macroscopic
cables used in radioelectronics (single-wire, two-wire, coaxial, microstrip lines,
hollow waveguides, etc. [2]). In the transmission lines of radio-frequency range the
phase velocity is close to с , and in the hollow waveguides exceeds it. Slowdown of
an electromagnetic wave by the nanotube was predicted in the works [11-15, 18-21].
It should be emphasized that the slowdown of the wave comparing to the free space
is necessarily accompanied by a concentration of the electromagnetic field inside the
nanotube and on its surface [11, 12]. This means that the nanotubes could form the
basis of the nanoscale circuits with very high levels of integration: closely spaced
wires will experience no significant parasitic interactions and require special
protective measures.
The characteristic impedance of the electromagnetic wave in a carbon
nanotube is defined by the equation Z 0 ≅ 4 (Lk/CQ)1/2 ≅ h / 2e 2 = 12.5 kohm. This value
of the characteristic impedance is much higher than that of the classical types of
radio waveguides.
The equations similar to (1.8), obtained in [22] for plasmonic nanowires. At
first glance, the applicability of the telegraph equations to nanowires may seem
unexpected. Indeed, in classical radiotechnics they are applied to the transmission
lines with TEM- and quasi-TEM waves (two-wire, coaxial, microstrip, etc.). It is
well known that the waves in the nanowires differ dramatically by the presence of
the significant longitudinal components. Here we must make a significant statement
of methodological nature. The applicability of the telegraph equations does not
require TEM-structure of the field, it requires low frequency dispersion.
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Electrodynamic analysis (see, e.g., [11]) shows that such modes do exist in the
nanowires in a wide frequency range. For comparison, in the operating range of
hollow waveguides (bands of single-mode operation), the dispersion is significant,
and this determines the ambiguity and the inability of correct introduction of linear
parameters.
1.4. Nanoantennas
Free electromagnetic radiation represents a transverse field, in which the
strength of electric and magnetic fields E and H , and the unit vector of the
direction of propagation m form an orthogonal triple of vectors. In this case, can be
applied the equality E = Z 0 [m, H] , where the value Z 0 defines the quantitative
relationship between the strength of electric and magnetic fields and it is called the
impedance of the medium [23]. For vacuum Z 0 = 120π ohms and represent a
fundamental physical constant. On the other hand, the electronic devices with
dimensions of at about the de Broglie wavelength of the electron have the constant
current resistance of at about the quantum resistance RQ ≅ h / e 2 = 25 kohms [24].
The ratio of these values α = Z 0 / RQ = e 2 / 2πhc = 1 / 137 (с is the speed of light)
represents a fundamental physical quantity called in quantum electrodynamics the
fine structure constant [25]. The smallness of this value is one of the cornerstones of
modern quantum electrodynamics. In fact, it means the smallness of the interaction
of the electron-positron and electromagnetic fields (more precisely, the possibility of
division of a single quantum field on electromagnetic and electron-positron fields).
The equality of ratio of two characteristic impedances to this value is certainly not a
coincidence. It means fundamentally different structure of free (i.e. far) and near
(i.e. connected to quantum particles) electromagnetic fields.
This indicates that the impedance of free space for electromagnetic radiation
and impedance of typical nanoelectronic circuits are mismatched. Therefore, the
radiation of the currents flowing in them is inefficient. On the other hand, the
reverse situation is also true: free electromagnetic radiation with the low efficiency
excites electric currents in nanocircuits. That is why in nanoelectronics it is
necessary to take special measures to harmonize external sources of electromotive
forces (emf) with nanocircuits and nanocircuits with free space. The problem of
such harmonization, in general, has been successfully solved in classical
radiotechnics. The elements that convert near (quasisteady) field of electrical
circuits to the far field of the electromagnetic radiation are called transmit antennas
[26]. Accordingly, the elements, making an inverse transformation are called the
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receiving antennas [26] (in some cases they are also called "rektennas"). The
elements that connect the various electrical circuits are called interconnects.
At the moment the physics and technology of nanoantennas has turned into a
wide research area with a variety of perspectives for practical applications. Based on
them there were published fundamental reviews representing a subject from
different angles (see, e.g. [16, 27, 28]). Nanoantennas cover a wide frequency range
- from the terahertz to the visible optical. They are characterized by a great variety
of technical solutions (their examples are shown in Figure 1.6), in the following we
shall discuss them in more detail.
From a conceptual point of view it is important to note that it was possible to
establish a correspondence between the theory of nanoantennas and macroscopic
radiofrequency antennas.

Figure 1.6 Examples of IR and optical antennas made by Boremann and his
employees: a) asymmetric spiral antenna [29], b) microstrip dipole antenna [30], c) a
square spiral antenna [31], d) phased-array antenna [32].

It is conveniently to describe the field in the far field of antenna in the
spherical coordinate system ( ρ , ϕ , θ ), connected with the center of the antenna. It is
characterized by the components
exp(ik ρ )
kF (θ , ϕ ),
4πρ
H ϕ = Eθ / Z 0
Eθ = iZ 0

(1.9)

where F (θ , ϕ ) is the fundamental characteristic of the antenna, called the directional
diagram. In case of dipole antennas can be applied the equality [26]:
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Lnt / 2

F (θ ) = sin θ

∫ I ( z ) exp(ikz cosθ )dz ,

(1.10)

− Lnt / 2

where I (z ) is the distribution of the surface current.
It results from (1.10) that the field in the far field of antenna is polarized, and
the structure of the field does not depend on the distance ρ between the antenna and
the observer. The directional diagram F (θ ) (as, indeed, all the other parameters of
the antenna) is completely determined by the distribution of the current density I (z ) .
Of the other parameters that characterize antennas, the effectiveness of the
antenna (antenna efficiency) should be indicated, it is defined as
η=

Pрад

(1.11)

,

Pрад + Pпогл

where Pрад, Pпогл are correspondingly the radiated power and the power absorbed by
the antenna. Another important parameter, called the directivity factor (DF), is
defined as
D(θ , ϕ ) =

4π
P (θ , ϕ ),
Pрад

(1.12)

where P(θ, φ) is the partial power radiated in the direction (θ, φ). The DF describes
the ability of the antenna to concentrate the radiation energy in a particular direction
(along with (1.12) is also used as the amplification constant, defined as ηD(θ, φ)).
For the characteristics of the antenna is significant the radiation resistance,
which is introduced based on the definition
R

∑

2 Pрад

=

I

2

,

(1.13)

where I is the peak value in a fixed point, usually at the peak of the distribution.
Along with (1.13), is also introduced the input resistance of the antenna, defined as
R=

2P
I

2

,

where P = Pрад + Pпогл is the full power of the antenna.
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(1.14)

In the classical theory of antennas the reciprocity theorem [2] is widely used.
This leads to the conclusion about the identity of all the parameters (1.11) - (1.14),
respectively, for receiving and transmitting antennas. Therefore, the theory is built
for the transmitting antennas, and the results obtained on the receiving antennas are
transferred automatically. It is essential that the reciprocity theorem under fairly
general assumptions is proved in nanooptics that allows to use similar
correspondence for nanoantennas. However, the use of the reciprocity theorem for
nanoantennas should be treated with caution. It, in its usual form, can be violated for
fields, having the quantum nature. In this case, the stated correspondence between
the transmitting and receiving antennas will not take place. A detailed analysis of
this issue is the subject of future research.
As a simple example of nanoantennas of optical spectrum, consider a
spherical particle of silver or gold, in which there exists a surface plasmon [33-37].
The experimental scheme is shown in Figure 1.7: metal particle is placed on the
edge of a glass needle and it is excited by a single molecule (the inset shows the
image of a sample obtained from a distance of 80 nm

Figure 1.7 The optical antenna in the form of gold or silver nanoparticles placed on
the edge of a glass needle.

from gold particles with the help of a scanning electron microscope). The
experiments have shown that the efficiency of the antenna depends significantly on
the distance between a molecule and a particle, as well as on the quantum yield of
the molecule η0. At large distances r the interaction between the molecule and the
antenna decreases rapidly (as r-3), at short distances all the energy is absorbed by the
antenna. At the optimal distances the increase of the intensity is 104÷106. The search
for the optimal distances represents a difficult task that requires a joint application of
theoretical and experimental methods. For DF the following dependence takes place:
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D(θ, φ) = (3/2)sin2θ [26]. This helps to conclude that the radiation properties of this
antenna are identical to the properties of the ideal electric dipole.
It is possible to manage the radiation characteristics by changing the geometry
of the antenna. Thus, for this type of antennas it was implemented antennas in the
form of elongated spheroids and wires, that make it possible to realize very complex
directional diagrams [26]. The hoop-type antennas generates radiation close to the
ideal magnetic emitter [26]. Another possibility to increase DF is to use multiunit
antennas Udo-Yagi (for example, three identical coaxial vibrators, only the central
one of them is excited, and the other two are passive and adjust the radiation [26]).
Antennas based on this principle are used in macroscopic electrical engineering.
They are called "wave channel" [26]: the number of vibrators may be 10÷12, and the
lengths may be non-identical.
Carbon nanotubes are promising in use as a terahertz antennas. To some
extent, the antenna properties of nanotubes are similar to those of macroscopic wire
radiofrequency antennas, although there are a number of important qualitative
differences. To discuss them graphically, let's consider a simple scheme proposed in
[15] and shown in Figure 1.8. The field radiated by any antenna system is
determined by the distribution of currents and voltages in it. A semi-infinite openloop line of two nanotubes is shown in Figure 1.8.A. If the tubes are identical, the
current in each tube is equal in magnitude and opposite in direction. The field in the
far field is a superposition of the fields produced by individual tubes. Because of the
opposite directions of the currents these fields almost completely compensate each
other, so the radiated power of this structure is close to zero.
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Figure 1.8. A semi-infinite open-loop line of two nanotubes (A); if the edges of
open-loop nanotubes are bent, the system will emit electromagnetic energy (B); dipole
antenna (C); generalized antenna scheme (D). Here λ is the length of the surface wave that
is different from the wavelength in free space.
p

As a next step we consider the structure shown in Figure 1.8.B, in which the
edges of open-loop nanotubes of the length Lnt / 2 are bent from each other at a
certain angle. The contributions of the bent segments to the far field are no longer
compensate each other. This will cause the radiation of electromagnetic energy by
the system. The radiation effect is mostly pronounced when the bending angle is
equal to 90o as it's shown in Figure 1.8C. The structure represents a simple scheme
of dipole antenna. Bent segments of wires are called the the dipole arms. If their
lengths are equal the vibrator is called symmetric. Two wire line supply
electromagnetic energy to the bent section, i.e. performs the role of the antenna
power supply. Electric field at the bent point creates an extraneous voltage. This
field is near in the sense that it is being formed and sent by the wires. This statement
explains the sense in which antenna transforms the near-field to the far field and
back. The currents in the dipole arms, causing the radiation, are created by the
tension in a narrow gap between the arms. In this case, the radiative properties of the
antenna does not depend on the way in which this tension is created. Two wire line
as a power cable is not the only method with the help of which the voltage can be
created by unspecified source of the applied electromotive force (emf). Thus, we
come to the generalized scheme of the antenna shown in Figure 1.8D. Its two wire
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line is removed and replaced by unspecified source emf of arbitrary physical nature,
located right in the gap.
All of the above mentioned can be equally applied both to the usual
macroscopic radiofrequency antennas and nanoantennas. Now let us stop on the
principal differences starting from the physical realization of the antenna circuit
power. For makroantenna the driving generator plays the role of emf source
(typically is implemented with transistors, semiconductor diodes, electronic tubes,
etc.). Some of these principles are transferred to nanoelectronics and can be used
together with nanoantennas. However, other principles of essentially quantum
nature, that have no analogues in the classical radiotechnics, are also possible. They
involve lasers, the sources of spontaneous radiation and resonance fluorescence on
the atoms, molecules, semiconductor quantum dots, etc. Both carbon nanotubes and
nanowires of other types, such as semiconductor nanowires with excitons, metal
plasmonic nanowires, can be used as the conducting cables.
The current density in the dipole arms is usually distributed according to the
oscillating law. Optimal from the point of view of the radiation efficiency is the
situation when the length of the arm is at about a quarter of the period. Indeed, if a
large number of periods is placed on the antenna arms, the currents in some areas of
the antennas are oppositely directed. However, their contributions to the far field
largely compensate each other. In the opposite case (when the arm length is much
smaller than the period), the total current is reduced because of the shortening of the
arm at a given current density, which reduces the radiated power. Speaking about
the macroscopic antenna dipoles, their period of change of the current density is
equal to the wavelength λ , i.e. the optimal length of the antenna is l = λ / 2 . The
period of change of the current density for antennas on the carbon nanotubes equals
~
~
to 2π / h , where h is the wave number of the surface wave. This means that the
optimal length of the antenna is l ∼ λ Re( β ) / 2 , where β is the deceleration rate.
Thus, we come to a significant qualitative difference between macroscopic dipoles
and nanoantennas: due to the large kinetic inductance of the latter their optimal
length is significantly (by two exponents!) smaller λ / 2 [15, 38, 39].
Figure 1.9 shows the results obtained in [38] the results of calculations of
F (θ ) for antennas on the carbon nanotubes. They show that the radiation of
nanoantennas obtains the directional property.
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Figure 1.9. The directional diagram for carbon nanotube (9,0) in the visible range of
frequencies at λ = 432,4 nm with different lengths of the nanotube and different angles of
arrival: а) Lnt=λ, θ0=90°б) Lnt=2λ, θ0=90°, (с)Lnt=λ, θ0=60°, d) is a low-frequency limit
(nanotube is significantly shorter than the wavelength) [38].

Until now, when considering antenna properties, we neglected the thermal
losses in the nanotubes. To account them it is sufficient to replace the kinetic
inductance Lk in the equivalent circuit in Figure 1.5 by the serial connection of this
inductance and additional ohmic resistance. In fact, this is equivalent to replacing
iω Lk → iω Lk + ℜ, where ℜ is the nanotube resistance per unit length. The value ℜ
is usually taken from the experimental data; according to [15] the value is ∼10
kohm/micron. To implement high-performance antennas it is necessary to fulfill the
condition of small losses, which in this case corresponds to the inequality
ω Lk >> 4ℜ. This corresponds to the f > 400 GHz frequency range, which determines
the most promising range for the use of antennas on carbon nanotubes.
The papers [15, 38, 40, 41] are devoted to the calculation of the efficiency of
the antenna η and, for example, in [38] are obtained the values η ∼ 10 −5 − 10 −6 . It is
important to note that this value is significantly smaller than the values η , that are
typical for wire makroantennas. This regularity again presents a fundamental
property of nanoantennas: strong current waves retardation, specified by the large
amount of kinetic inductance.
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As in the classical antenna technology, it is possibe to increase the antenna
efficiency and to manage the directional diagram in the transition to multi-element
antennas. By now there were described three types of multiunit antennas on carbon
nanotubes, and Figure 1.10 illustrates the arising opportunities. In particular, for the
antenna in the form of a bundle of nanotubes the antenna efficiency can reach values
of 0.1 η ∼0.1 [40]. Of course, the physics of processes in multiunit nanoantennas and
in their macroscopic analogs vary significantly. The reason for this is the
availability, along with the ordinary electromagnetic, of electronic interaction
between various elements of the nanoantenna. For example, in the antenna on a
multilayer carbon nanotube are possible tunneling electron transitions between
different layers [41]. In other words, for each π -electron of the nanotubes the
probability that they can be found in any layer is different from zero. In fact, you can
not declare that a single electron belongs to an individual layer - all the electron
states in a varying degree are collectivized. As a result, the current density in each
layer is not determined by the field, acting only in the layer, and depends on the
fields and in other layers. Along with the conductivity of its own separate layer in
the system appear mutual conductances, rapidly decreasing together with the
distance between the layers. Optical response of the nanotube obtains a kind of
radial non-locality, resulting in the emergence of new types of waves (one of the
examples is longitudinal electrostatic waves [41], which differ significantly from the
surface ones). Quantum mechanisms of this type must be considered when designing
the nanoantennas: they are unique in the classical makroantennas and substantially
change the radiative properties.

(а)
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(b)

(c)

Figure 1.10 The infinite plane latitude of carbon nanotubes of equal length (a), a
bundle of nanotubes (b) and a multilyer nanotube (c) as the examples of multiunit
nanoantennas.

In conclusion let us briefly stop on the practical applications of nanoantennas.
Here, first of all, we should note the new principles of spectroscopy and highresolution microscopy [42-48]. These applications are based largely on the ability of
nanoantennas to concentrate the near field in a bounded region of a space (e.g. in the
vicinity of highly curved parts of the surface).
Chapter 2. Nanophotonics: analytical review
2.1. The interaction of the light with semiconductor nanostructures
Semiconductor quantum dots (QDs) are the compound semiconductor crystals
(CdSe, PbS, GaAs, InGaAs, etc.), all the transverse dimensions of which are
comparable to the exciton Bohr radius of the given material. The movement of
charge carriers (electrons and holes) in CT is limited in all directions, that results in
a digitalization of their energy spectrum. Similarly, if two of the three dimensions of
the crystal are comparable to the exciton Bohr radius, one says about the quantum
wire. If one of the three sizes is comparable to the exciton Bohr radius, one says
about the quantum wall (quantum well). For the quantum wire and quantum wall the
digitalization of their energy spectrum also takes place, but in the space of lower
dimension.
The optical properties of nanostructures are currently the subject of intense
research. It is connected to the possibility of using of such structures in modern
micro-and opto-electronic devices for creation of the innovative displays and lasers,
solar cells, devices for the transmission and processing of quantum information, in
medicine - as markers and sensors for imaging of malignant tumors at an early stage.
Due to their unique optical properties, the nanocomposites based on them are used
as active laser media in double heterostructures that have extremely high differential
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gain. One of the priorities of modern physics of nanostructures is the study of
applicability of CT as logic elements for quantum computation. Great prospects has
the use of CT of the metamaterials in creation of the high-efficiency solar cells.
2.2. Nanoelectronic elements as structured photonic reservoirs
In classical electronics the activity of external sources comes to the action of
external currents and external electromotive forces (emf). In this case, the opposite
effect of the electric circuit at the light source is completely absent. Mathematically,
this is reflected in the fact that the sources appear as given right-hand sides of the
dynamics equations. In this situation, the properties of the electronic components are
completely characterized by the scattering matrices (S-Matrices), connecting the
complex amplitudes of the incident and reflected waves [49]. Due to the singlemode nature of the used fields, it is sufficient to confine oneself with the record of
the propagating waves, considering S-matrix is of the order of 2×2. Another
approach is based on the introduction of the transfer matrix (T-matrix), which
connects the fields and currents in two randomly selected sections (defined
respectively as the input and output). Essentially two approaches are equivalent; the
choice of one of them in particular cases is determined by the convenience
considerations.
Another situation occurs in nanoelectronics, as the impact of external sources
is of the quantum nature It is accompanied by the exchange of virtual particles
through quantum tanks and excitation of quantum fluctuations that can significantly
change the observed values of [50]. At the same time some other characteristics of
the elements become important. One of them is the density of photon states, which
we will discuss below.

The density of photon states at a given point of the space r at a frequency ω
is the number of photon modes in the interval of between ω and ω+Δω, classified as
the value of Δω [51]. It can be shown that this value is expressed by
ρ0 (r , ω ) =

�
2ω
Im{Tr[G (r , r ; ω )]},
2
πc



(2.1)

where G is the Green tensor of wave equation for the electric field, Tr is the trace of
tensor. Along with (2.1) one also introduce the partial density of photonic states (e.g.
the number of modes of a certain polarization etc.).
It is remarkable that in nano-elements a number of principle quantum effects
is possible, that are characterized by the value ρ0 (r , ω ) (below we will discuss them
in detail). In this case it is essential, that the nano-elements (microrsonators,
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photonic crystals, nanoantennas) are able to control the density of photonic states
and, in particular, to make it spatially inhomogeneous. This means that these
elements referes to a class of structured photonic reservoirs, the fundamental theory
of which is presented in the monograph [50].
Let us consider a randomly selected two-level quantum system (for brevity,
we shall call it an atom), which has two steady states: lower (ground) and higher
(upper); the energy difference between two states is denoted as ω0 . Suppose that at
the time t = 0 , for example, an atom is brought to excited state by optical pumping.
During the interaction of the atom with the photon vacuum, the excited state is not
stable. The probability of finding an atom in an excited state decreases with time
according to the law W (t ) = exp( − Γt ) , where Γ is constant. In other words, the atom
moves from an excited state to the ground state. Therein lies the effect of
spontaneous decay [4, 25].
By spontaneous decay the excess of energy ω0 is released in the form of a
photon of frequency ω0 , so the effect is also called the spontaneous emission of a
photon [4]. The value Γ characterizes the rate of spontaneous decay, and the time
τ = Γ −1 is interpreted as the lifetime of the atom in the excited state, so that the
lifetime of the excited state is defined by the probability of photon emission, which
depends on the density of photonic modes associated with the atom (the modes
connected with the atom in a dipole way are modes with nonzero component of the
electric field in the direction of the dipole moment of the quantum transition of an
atom). In this case can be applied the equality [51]:
(2πµ ) 2 ω0 ρ0 (ω0 )
,
Γ=
3�

(2.2)

where µ is the dipole moment of the quantum transition in an atom, which
characterizes the strength of the atom connection with the electromagnetic field. It
follows from (2.2) that the rate of spontaneous decay is proportional to the photon
state density ρ 0 (ω0 ) at the frequency of the resonant transition ω0 .
As we have already mentioned, the presence of condensed matter changes the
density of photonic states in comparison with the vacuum. Any microresonator
which is characterized by a discrete spectrum of modes and is different from the free
space can be given as a simple example. As a result, the density of photonic states of
the microresonator represents a set of narrow peaks located in the vicinity of the
resonance frequencies. Widths and amplitudes of the peaks are determined by
dissipative processes (in the absence of dissipation they move to the Dirac delta
function).
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Thus, we come to the fact that the rate of spontaneous decay Γ of the excited
state of the atom is changing comparing to the vacuum, if the atom is located close
or inside the nanoelectronic elements. The value Γ depends on the optical
characteristics of the body, and also on their configuration. For example, if the atom
is located in the antinode of the microresonator eigenmode, and the frequency of the
atomic transition ω0 is close to its natural frequency, the estimation takes place
Γ ≅ Γ0Q ,

where Q is a parameter called the quality factor of microresonator, that characterizes
the level of losses in the microresonator. Practically Q >> 1 (in real situations
Q ≅ 10 4 − 105 (see [1]). As a result, the lifetime of the excited state of the atom inside
the microresonator is significantly reduced comparing to the vacuum case. This is
the essence of the Purcell effect [51, 52], which is one of the fundamental research
subjects of nanophotonics.
Otherwise the Purcell effect is manifested in photonic crystals [4, 53]. Due to
diffraction effects for certain energy photons such an environment becomes opaque
in all directions of propagation. In other words, for photons of certain frequencies
the restricted areas arise, the density of photon states in which is equal to zero. Thus,
if the excited atom is located inside the photonic crystal, and the frequency of the
optical transition is located within the band gap, the excess energy ω0 can not be
emitted in the form of a photon. The excited state of the atom will last forever (of
course, endless energy time is the result of idealization: photonic crystal is assumed
to be infinite). Because of its finite size, the band structure is smeared, and the
density of photonic modes in the band gap becomes finite, although much smaller
than in free space. The lifetime also becomes finite, but it exceeds the corresponding
value for free space by several exponents.
Carbon nanotubes are also able to change the density of photon states (this
effect was predicted in [54, 55]). It should be noted that the question is about a
partial density of modes polarized along the nanotube axis. Moreover, the concept of
"density of photon states", given the presence of nanotubes, requires the
clarification. As mentioned above, the delayed waves, the electromagnetic field in
which is strongly associated with the conduction electrons, are being distributed in
the nanotubes. Strictly speaking, these waves can not be attributed to photons (they
are not strictly transverse, as is the case for real photons). Moreover, we should talk
about the density of electromagnetic modes, which contains the real photon
component and a component associated with the surface waves. We, however,
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following the established terminology, the term "density of photon states" will refer
to the total density of electromagnetic modes, referring to the above mentioned
features.
In the work [55] the spontaneous emission of an atom located within or in the
vicinity of the carbon nanotubes is examined. It is shown herewith that in the
nanotube a strong Purcell effect takes place. The lifetime of the excited state of the
atom, as in the microresonator, is decreased by several exponents under the
nanotube action. However, the excess energy can be emitted both in the form of a
true photon and a quantum of a surface wave. In the latter case, the [54] indicate a
radiationless decay (in contrast to the radiative decay associated with the emission of
real photons). The meaning of this terminology is that the surface waves are located
close to the nanotube and can not be registered in the far field, like radiation. The
value Γ can be expressed as Γ = Γrad + Γnonrad , where Γrad and Γnonrad are components
corresponding o the radiative and nonradiative decay. In this case Γnonrad >> Γrad , that
is under the spontaneous decay the probability of emission of a photon of the surface
wave is much higher than the probability of emission of a real photon.
Another fundamental effect on which we would like to stop is the thermal
radiation of nanoelements. Under the black thermal radiation we mean
electromagnetic radiation, that is at thermal equilibrium [56]. It can be considered as
an ideal gas, consisting of photons which do not interact with each other. The
mechanism ensuring the establishment of equilibrium consists of the absorption and
emission of photons by the matter at finite temperature. In this case the matter
uniformly fills the space, and its temperature does not depend on the coordinates.
The effect of nano-elements on the thermal radiation, in general, is
determined by two different mechanisms. First, it at the final temperature generates
its own heat radiation. Secondly, it scatters black radiation that exists in the
environment. If the environment is cold compared to the nano-elements, the second
factor is absent. (In this case nano-elements, of course, are not at thermal
equilibrium with the environment).

The spectrum of thermal radiation Wω (r , ω ) is determined by the so-called
fluctuation-dissipation theorems [56]. In our case it is convenient to write it in the
form
ω 
�
 ω
+ �ω / kT  ρ0 (r , ω ),
Wω (r=
,ω) 
− 1
 2 e

where ρ0 (r , ω ) is defined by the equality (2.1).
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For example, in the work [55] is built a theory of thermal emission of carbon
nanotubes in the terahertz frequency range. Let us briefly enumerate its main
provisions. First of all, because of the anisotropy of the high-frequency conductivity
the thermal radiation becomes partially polarized and directional. Figure 2.1 shows
the frequency spectrum of the conductive nanotube of finite length together with a
linear (Figure 2.1a) and logarithmic (Figure 2.1b) scales. For comparison, the
dashed line in Figure 2.1b also denotes Planck's blackbody spectrum.
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Figure 2.1. (A) The spectrum of thermal radiation of the metallic carbon nanotube
(15.0) in the cross section z0=0 at the distance of 100 Lnt from the axis (dotted lines, left
axis) and at the distance of 0,5 Lnt (solid line, right axis). The inset shows the frequency
spectrum of the polarizability of the nanotube. (B) Thermal radiation from the carbon
nanotube in the near field (solid line) in comparison with the radiation of a black body. Lnt
= 1 micron, T = 300 K. Electron relaxation time in the calculation of the conductivity of
the nanotube τ=3·10-12s.

You can also see that in the spectrum of thermal radiation of the nanotube
present narrow discrete lines by which it is radically different from the Planck scale.
The appearance of these lines is connected to the nature of the density of photon
states in the nanotube. Specifically, these lines correspond to the geometric
resonances, that have already been discussed above in detail. The intensity of the
line decreases with the increase of the number of resonance. Thus, the thermal
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radiation of the nanotube is partially coherent (concentrated in the narrow frequency
intervals).
Above mentioned ability of the nanotube to control the spectrum of the
thermal radiation is determined by its belonging to the class of structured photonic
reservoirs. Such behavior of thermal radiation was also predicted for photonic
crystals and systems with surface plasmons [57]. From a fundamental point of view
is important to note that the above mentioned quantum effects are determined by the
classic characteristic ρ0 (r , ω ) (expression (2.1) does not contain the Planck constant).
It shows that the correspondence between the classical and quantum physics is much
more profound than the passage to the limit ћ→0 in the equations of dynamics.
2.3. The strong coupling regime in the interaction of light with the
nanostructures
One of the fundamental phenomena in quantum optics is the Rabi oscillations
(RO), the periodic system transitions between its stationary states under the action of
an external field (see, e.g. [51, 58]). Theoretically predicted by I. I. Rabbi in 1937
[59], RO was firstly experimentally observed in 1949 by Torrey at the nuclear spins
in the radio frequency magnetic field [60]. Later this phenomenon was discovered in
many other systems, such as atoms in an electromagnetic field [61], semiconductor
quantum dots (QDs) [62, 63], Josephson qubits [64] etc.
Theoretically RO may be observed at any intensity of the external field, but
really for their observations, the oscillation frequency should be bigger than all the
characteristic speeds of the relaxation of the system. If this condition is satisfied,
then one talks about the strong connection regime with the field or the regime of
strong control field [51].
Since the oscillation frequency is proportional to the amplitude of the external
field, then when changing it, it is possible to exercise control over the processes of
transition between levels, i.e. to perform basic qubit operations [62, 63] (logical
NOT, AND, OR, etc.). So in addition to the fundamental interest in them, the RO
are important as a means of realizing of the binary logic and optical control in
quantum informatics and quantum computing.
The increasing complexity of physical systems that exhibit RO, results in the
appearance of new features that are absent in the classical carting [51] of the
phenomenon. The quality changes of the PR picture in the interaction with the field,
the frequency of which varies with time [65], phonon-induced dephasing [66] and
the effects of local fields [67-69] can be viewed as the samples. New effects appear
in the systems with the broken inversion symmetry [70] and in the systems of two
coupled oscillators Rabi [71-77].
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2.4. The role of local fields in the interaction of nanostructures with the
quantum light
The resonant interaction of nonclassical light with QDs is implemented
through two different mechanisms. The first of them is semiclassical and is
associated with the macroscopic polarization of the medium in an external
electromagnetic field. This mechanism provides the depolarization shift of the
resonance frequency, the blue is for QDs in the ground state and the red is for an
excited QDs. The shift of the exciton resonance is observed for the states of light
that generate macroscopic polarization of the medium, i.e., for the classical light,
and any other states with non-fixed number of photons. The magnitude of the shift
depends on the geometry of QDs and its electronic properties. The second
mechanism of the interaction of light with QDs is of QED origin and can not be
interpreted within limits of classical electrodynamics. This mechanism leaves the
resonant frequency unbiased and is implemented in the fields with a given number
of photons, such as the spontaneous emission and absorption of a single photon.
Thus, it arises a fine structure of the exciton line in QDs interacting with a quantum
light (see Figure 2.2). The component of intensity of the fine structure is determined
by the statistics of the quantum light.

Figure 2.2 The fine structure of the electromagnetic response of QDs in the quantum
light [78]. Top figure corresponds to the case of absorption, and the lower - to the emission
of light.

In semiconductor physics was established the concept of the exciton gas as a
system of freely moving quasi-particles in an infinite semiconductor environment excitons. In the quantum dot the exciton movement is limited by its size. In such
circumstances, it is useful to introduce the concept of the exciton composite [79] the medium of QDs. Unlike the ordinary composite materials, the exciton composite
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is formed by the resonance active inclusions, which determines the characteristics of
the electromagnetic response. In this case most of the standard procedures for spatial
averaging, adopted in the effective medium theory, remain applicable to the exciton
composites. Such approach allows us to develop the electrodynamics of layered
heterostructures with quantum dots based on the well known methods of the
description of the quantum wells [80, 81].
2.5. Optical nonlinearities of nanostructures
Linear and nonlinear optics corresponds to the optics of small and high light
intensity. Linear optics describes the propagation of low-intensity light in the
transparent media. The laws of linear optics are violated at high light intensities,
which are achieved with the help of laser radiation: (for example, a standard pulsed
laser with an intensity of at about 1010 W/cm2). We can point out two main reasons
for the difference of the results of interaction with the light matter of small and large
intensity. First, in addition to single-photon processes that determine the interaction
with the light matter of low intensity, a major role at high intensity play the
multiphoton processes, when in the elementary act of interaction of light with the
matter a few photons are absorbed. Second, at high intensity arise the self-action
effects consisting in the change of the original properties of the matter under the
influence of light propagating in it. For these reasons, the principle of superposition
[82] is violated: the field generated by independent sources acting simultaneously is
not equal to the sum of the fields produced by these sources separately.
However, in this case, the contribution of non-linearity can often be viewed as
a perturbation of the linear case, and the polarization P , induced in a nonlinear
medium by monochromatic field E(t ) = E0 exp(iωt ) of frequency ω, can be represented
as a decomposition [82]:
P = χ 1 E + χ 2 EE + χ 3EEE + .... ,

(2.3)

where χ i are the tensors of the (i + 1) rank, which are determined by structural
properties of the environment and are called optical susceptibilities; and the index i
is called the period of optical susceptibility. Optical susceptibilities decrease rapidly
with the order increase, and in most environments the nonlinearities of the exponent
i ≥ 4 are negligible.
Many types of nanostructures have pronounced nonlinear optical properties,
and nonlinear optics provides a highly efficient tool for the study of their structure
and identification. On the other hand, the use of nonlinear optical properties of
nanostructures opens new opportunities for controlling the properties of light to
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solve the problems of nanooptics and nanophotonics. Below we illustrate some of
the general trends by the example of carbon nanotubes.
The effects of generation of higher harmonics in the carbon nanotubes is
theoretically studied in [67, 83-86]. The uniqueness of the nonlinear optical
properties of the nanotubes is caused by the high mobility of π-electrons and onedimensional conduction type, and is characterised by the fact that, even at relatively
low intensities there is a strong interaction between the nonlinearities of different
orders. In fact, it means that the high-order harmonics play an important role in the
nanotubes, as in the equation (2.3) the higher-order nonlinearity cannot be omited.
In general, in the spectra of the nanotubes one can observe both odd and even
harmonics, but in the non-chiral nanotubes such as "zigzag" and "chair" types there
exists a center of inversion, and therefore the non-linearity of even orders is equal to
zero; while the lowest is the nonlinearity of the third order, which in itself helps to
distinguish chiral and Non-chiral nanotubes. (The appearance of even harmonics is
possible also in the tubes with an inversion center by the addition of a constant field
which lowers the symmetry of the system).
A number of recent theoretical and experimental studies [83-89] have
confirmed that the nanotubes are highly nonlinear optical media with the high
potential of applied use in nanoscale control devices and the control of optical
radiation. To illustrate this statement, let us consider the third-harmonic generation
process in the nanotubes, irradiated by an intense electromagnetic pulse, linearly
polarized along the nanotube axis and having a Gaussian shape. To determine the
density of the axial current, induced in the nanotube, the numerical solution of the
quantum kinetic equations [87] is obtained.

Figure 2.3. Approximation of the parameter p in the equation (2.4) [85].
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Third-harmonic generation in the non-resonant excitation in crystals or gases
can generally be described by the third-order polarizability even for the rather high
intensities, in which the destruction of the matter does not happen under the
influence of the irradiate field. For the low intensities, the current amplitude of the
N harmonic is proportional to the amplitude of the incident field of N degree. It is
natural to expect the similar behavior of the third harmonic in the nanotubes.
However, even for a pump pulse intensities of less than 1010 W/cm2, the expected
power law breaks down:
(2.4)
| j ( Nω ) |∼ E0p ,
and p ≠ N. This indicates that there is a saturation of the nanotubes interaction with
intense laser pulses, and therefore the power series expansion is no longer valid. For
a more detailed study of this effect and its comparison with the experimental data
[85] was calculated | j z | 2 as an intensity function of incident ultrashort pulse. It was
found out that in a narrow band of low intensity the parameter p in the equation (2.4)
can be approximated by a number lying in the range from 2.04 to 2.58, for different
types of nanotubes (see Figure 2.3). Experimental results for the third harmonic [85]
confirm this conclusion. At higher intensities of the irradiating field the numerical
simulation predicts a more significant deviation from the power law p = N. Figure
2.4 shows the saturation of the third harmonic of the induced current at the increase
of the amplitude of the pump pulse in a wide range of amplitude parameters.

Figure 2.4. The current amplitude of the third harmonic as a function of the intensity
2
of the incident field for different types of nanotubes [85]; j0 = eγ 0 / 2π Rc .

In the case of electromagnetic fields of sufficiently low intensity the nonlinear
response of the nanotubes can be described by the cubic susceptibility. To this end,
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quantum kinetic equations are solved analytically by successive approximations
method, which allows to determine the components of the cubic susceptibility tensor
( 3)
χ zzzz
(−3ω ; ω , ω , ω ) . The results of the calculations [87] are in good fit with the
experimental data [88, 90]. The comparison is shown in Table 2.1.
ħ(eV)

Im χ (3) , esu

[ ]

Im χ (3) , esu

[ ]

0.8
1.47

experiment [88,90]
-1.9 ×10-8
-10-9

theory
-3.7 ×10-8
-6.5 ×10-9

Table 2.1 The comparison of the experimentally measured values of the cubic
susceptibility [88, 90] with those calculated theoretically [87].

Chapter 3. Synthesis of nanoelectromagnetics with other sciences
3.1. General comments
The last two decades of the development of science and technology were
marked by the rapid progress in the synthesis of various types of artificial media and
materials, posessing the nanoscale patterning and properties that are substantially
different from those of natural environments. In essence, it happens a fundamental
change in the physics and chemistry of condensed matter, that expands greatly our
understanding of the nature of solids and our ability to control their properties, a it
was made decisive step towards the creation of materials, devices and systems with
the new unique features. The phrases prefixed with nano-: Nanoelectronics and
nanooptics, nanomechanics, nanosensoris, nanomaterials - define the entire areas of
modern physics, chemistry, materials science, instrument engineering.
The development of nanoelectronics - the electronics on the deep sub-micron
level, that is, with the linear dimensions of circuit elements of less than 0.1 microns creates the prerequisites for a new step in the solution of the problem of
miniaturization of the transmission, reception and of the information processing
devices. The term covers both traditional microelectronic devices and technologies
with a higher degree of miniaturization, and the latest advances in molecular
electronics, which is manipulating single atoms and molecules. The monomolecular
logical schemes are being developed. They can become the basis for a new
generation of computers, distinctive by its sub-miniature size at a unique
performance. The new nanotechnology materials such as fullerenes [5, 6] and
carbon nanotubes (CNTs) [5, 6] are quasione-dimensional carbon macromolecules,
organic polymers, the structures based on quantum wells, quantum wires and
quantum dots (QDs) - localized nanoscale inclusions into the semiconductor [91],
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providing the spatial quantization of the motion of charge carriers in one or more
directions, provide the basis for this. Thus, they represent a potential for application
of such structures as the active medium of semiconductor lasers. Wide review of the
research works on QDs lasers is presented in the monograph [91]. The recent studies
have demonstrated the emergence of hybrid carbon forms - peapods - based on the
introduction of various fullerenes in CNTs, such as C60, C70, C80, and C84, and metal
fullerenes such as Gd@C82 and Sc2@C84. Optical and electronic properties of QDs
attract attention by its promising possibilities for the storage, transmission and
processing of quantum information [92, 93]. In particular, it was achieved a
significant progress in the development of single-photon light sources [94].
The solid-state nanostructures represent nanoscale heterogeneity of different
natures and configurations inside of the semiconductor and dielectric media. Despite
the different physical nature of these objects, they are united by a very small size in
one or more directions, they are just by 1-2 orders of magnitude greater than the
typical interatomic distance. Under these conditions, the de Broglie wavelength of
an electron is comparable to the size of the system, and the quantum nature of the
charge carriers is shown in full extent. In particular, the spatial limitation of the
charges movement leads to a digitalization of the energy spectrum with the energy
levels determined by the size and shape of the nano-object.
The development of electrodynamics is always closely connected to the
practical problems that arise at the solution of the tasks of two-way transmission and
processing of signals by various systems in different environments. For example, the
problem of radiolocation has led to the development of methods for the solution of
the problems of electromagnetic waves scattering by the bodies of arbitrary shape
[49], and the necessity of realization of the long-range radio communications has led
to the creation of the theory of scattering by statistically heterogeneous surfaces
[95]. The formation of quantum electronics has required a creation of the theory of
open quasi-optical resonators [96]. The synthesis of high-quality optical fibers made
it real the optical fiber communication, that has led to the development of the theory
of open dielectric waveguides [97, 98]. The development of microelectronics has
stimulated the works on the electrodynamics of microstrip and other planar
structures [99]. The modern stage of development of the electrodynamics involves
the creation of highly efficient methods of description of diffraction by bodies with
an arbitrary spatial configuration and energy dissipation [49]. Given the advances in
technology of synthesis of new types of nanostructured objects and materials and the
necessity of their applications in the information and sensory systems, one can
confidently say that the modeling of the nanostructures and nanoscale circuit
elements and systems is one of the main directions of the development of modern
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electrodynamics. Therefore, there arise new formulations of problems and wellknown techniques and methods are filled with the new content. This process can be
viewed as the formation of a new interdisciplinary academic discipline, which we
call nanoelectromagnetics.
It can be said without exaggeration that nanoelectromagnetics is located at the
crossroad of many sciences. This is determined by many factors. One of them is the
fact that the objects of study are the structures that can be referred to
macromolecules (their form may vary considerably: Carbon nanotubes are the
macromolecules that are strongly elongated in one direction; semiconductor
quantum dots - macromolecules of a quasi-physical form, etc.). Due to the above
mentioned the electronic properties are determined by a complex synthesis of
quantum and quasiclassical effects.
In addition to the effect of the spatial limitation of the charge carriers
movement, the spatial heterogeneity inherent to the nanostructures creates in them
nanoscale heterogeneity of electromagnetic fields. In many cases, they generate a
considerable spatial dispersion, which as it is well known plays a fundamental role
in the classical crystal optics [100]. If the first factor lies in the focus of modern
physics research of nanostructures, the role of the second of them is often
underestimated. Therefore, we will dwell on it in detail in different sections of this
review.
It is essential also that the electronic properties of a nano-object depends on
its configuration (for example: the carbon nanotube depending on the folding of the
graphene sheet into a cylinder can be either metal or semiconductor). This makes it
impossible to transfer the standard macroscopic electrodynamics to the nanoscale
objects: constitutive equations and material parameters are meaningless. The
problem of quantum electrodynamics and kinetics should be solved concordantly:
the motion of the particles is determined by the fields established by them.
In most of the cases, these factors are not limited to small perturbations. It
raises a number of complex mathematical problems (boundary value problems for
integro-differential equations in the field of complex configurations, differential
equations with special nonlinearity laws, inverse problems of mathematical physics,
the theory of superoperators etc.)
If to talk about practical applications of nanostructures, one of the major
classification directions should include the use of them in the process of sending,
receiving and processing of the information. One of the main problems in this case
is a selection of signal on the background of random noise. This problem for many
years has been the subject of studies in classical radiotechnics. The experience
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gained is useful for nanoelectronics, but its automatic use is not possible: a
nontrivial adaptation to the quantum systems is necessary.
Even these brief remarks show how great and diverse are the possibilities of
synthesis of nanoelectromagnetics with other sciences. Below, we will discuss them
in more details. Here we should point out only that the synthesis is interrelated:
nanoelectromagnetics is not only based on the fundamental positions of the other
sciences, but also sets up new challenges that are needed to be addressed in the
future.
3.2. Nanoelectromagnetics and Theoretical Physics
3.2.1. The concept of quasi-particles
One of the foundations of nanoelectromagnetics is a quantum many-body
problem. It is clear that its direct solution for physical models of nano-objects is not
possible. The processes of the carriers transfer in nanostructures is accompanied by
their interaction, leading to cross-correlations. These interactions are not limited to
small perturbations - they significantly modify the energy spectrum. It means that to
describe the quantum transfer is fruitful the concept of quasi particles - bound states
of real particles [8]. The intercorrelations tend to weaken over the time, and
therefore the quasiparticles are characterized by a finite lifetime. This alone means
that the application of the Schrodinger equations to them is not correct - in the latter
there are no factors of relaxation ("real" particles exist forever).
It should be noted that the concept of quasi-particles was formed in theoretical
physics for a long time ago - before the appearance of the nanostructures. As an
example can be named the Cooper pairs in superconductors, photons and rotons in
the liquid helium [8], Frenkel excitons and Wannier excitons in crystals [8], etc. The
appearance of nanostructures required further development of physics of
quasiparticles: it appeared the new types of them (the examples are polaritons,
plasmons, and etc.) The existence of the interactions between the particles leads to
the entanglement of quantum states. Let there be two particles 1 and 2, each of them
is characterized by the quantum states a1,2 and b1,2 . The effect of entanglement
means that, considering the interaction, the quantum state of the quasiparticle is not
limited to the factorization of the states of individual particles; the wave function
exists only on the two-particle basis:
=
Ψ c1 a1a2 + c2 a1b2 + c3 b1a2 + c4 b1b2 ,

(3.1)

where c1,2,3,4 is just some coefficients satisfying the normalization condition.
The fundamental importance of entanglement states has been recognized in
theoretical physics (in particular, for quantum computers and quantum computations
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[92]). The emergence of entanglement states initially occasioned to bring into
question the quantum mechanics (Einstein-Podolsky-Rosen paradox [92]). The
existence of the nanostractures has turned the problem of synthesis of entanglement
states into applied physical problem - non-trivial, but not related to the category of
unique physical experiments.
An important special case of entanglement states are bound states of
condensed matter and phonons - the so-called atoms, wearing the radiation [58]. The
use of this type of quasi-particles is especially effective for description of the
interaction of light with the matter at the strong coupling regime - the problem that
is very significant for nanoelectromagnetics, that we pointed out in Chapter 2.
In general, the quasiparticles should be divided into two types. The first, when
the interaction tend to zero, split into individual particles (for example: Cooper pairs
move into free electrons). The second, when the interaction tend to zero, cease to
exist (for example: phonons in crystals). The most important characteristic of both
types of quasi-particles is their dispersion low ε(p) - dependence of the energy ε on
the pulse p. It is essential that the form of the law can vary significantly from the
square - typical for usual particles. The knowledge of it let in many cases to consider
the nanoobject as ideal (or close to ideal) gas of quasiparticles and to use the
standard methods of kinetic theory (Boltzmann equation [101]).
From the point of view of synthesis of nanoelectromagnetics and theoretical
physics, the remarkable is a fact that the latter often manipulates with the models of
quasiparticles (at first glance, quite abstract), which have a universal character and
lead to the manifestation of the same mechanism in different physical situations. We
confine ourselves here only to one example: we are talking about a degenerate
almost ideal Bose gas. His theory was developed by N.N. Bogolyubov in connection
with the problem of superfluidity of liquid He, and led to the prediction of the BoseEinstein condensation [56]. Quasiparticle dispersion law in this model is:
2

U 2  p 
p +
ε ( p) =
 ,
m
 2m 

(3.2)

where m is the mass of the electron, and U is the coupling parameter of two-particle
p
, which for large
m
returns to the normal square law for free particles. Namely a linear section ε (p)

interactions. For small p (3.2) gives a linear law ε ( p) = U

corresponds to Bose-Einstein condensation and, in principle, describes the
superfluidity.
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It should be pointed out that this model was not sufficient for description of
the superfluid liquid helium. However, this is a fundamental physical model, arising
in different physical situations. Her first successful application was made at the
polarized vapor of alkali metals, held in the "magnetic traps". At the moment it is
used in nanoelectromagnetics to describe the optical properties of semiconductor
quantum walls: the base is the introduction of a polariton Bose-liquid and
rpresentation of the superfluidity of the latter [1].
3.2.2. Physics of open quantum systems
The basis for the synthesis of this theory with the nanoelectromagnetics is the
ability of correct description of the attenuation in quantum processes. The general
idea is based on the assumption that the object being examined is associated with a
"large" system (referred to as the reservoir). The term "large" means that it contains
a lot of modes; all of these modes are associated with the object, and the connection
of each of the modes is weak. Due to the above mentioned, the reservoir is in a state
of thermodynamic equilibrium: the inverse effect of the object to the reservoir is
negligible. The reservoirs can be of different physical nature. Example: photonic
reservoir is the vacuum state of the electromagnetic field, in which the number of
photons equals to zero. The interaction of the excited object with a photon reservoir
can lead to a spontaneous decay of the excited state [4].
The formalism of the description of the object link to the reservoir is based on
the following considerations. The system of "object + reservoir" is characterized by
a full density matrix ρtot(t), provided in the form ρˆ tot (t ) = ρˆ (t ) ⊗ Rˆ 0 , where ρˆ (t ) , R̂0 are
the partial matrix of density of the object and the reservoir, respectively (and R̂0
does not depend on t). The starting point is the Liouville equation for ρ̂ tot , in which
it was made an average over the degrees of freedom of the reservoir (the connection
of the object to the reservoir is described in the Born approximation taking into
account the Markov approximation). The result is the equation for ρ̂ tot in the form

[

]

1
∂ρˆ
i
= − Hˆ , ρˆ − ∑ hnm Lˆ nm + h.c.,
∂t

 n ,m

(3.3)

where Ĥ is the Hamiltonian of the object, hnm are the constant coefficients, and L̂nm
are special operators (called the linblad forms - n.a. B. Linblad), having the form of
Lˆnm = ρˆLˆn Lˆm + Lˆn Lˆm ρˆ − 2 Lˆn ρˆLˆm , Lˆ n ,m - where a number of operators that characterize the
object. In the simplest cases Lˆ0 , Lˆ1 are the creation and annihilation operators of the
two states of the object, and the rest equal zero.
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The availability of linblad forms makes the equation (3.3) non-Hermitian,
which corresponds to the dissipation. It is remarkable that the type of linblad forms
does not depend on the nature of the object and the reservoir - the operators L̂nm and
numbers hnm can only be changed. This means that the physics of open quantum
systems provides a unified approach to the description of the decay processes in
nanoelectromagnetics. This approach eliminates the involvement of
phenomenological models, which often lead to a number of fundamental questions
bigger than the number of really obtained answers.
3.2.3. The principles of the secondary quantization and nanophotonics
In many cases at the interaction of nanostructures with the light the
quantization of the latter plays a crucial role. In this case, we are led to the necessity
of development of the quantum optics of nanostructures and nanostructured
composites. It should be emphasized that the application of general principles of the
quantization of electromagnetic field [1, 4, 25, 101] to the nanostructures is not
trivial. Here, there exist various ways, and they are not alwaysfundamentally
equivalent. Meanwhile, the problem is particularly important in quantum optics: the
violation of some general conditions for the constitutive equations immediately
leads to physical contradictions in the quantization of the field [76]. Example: the
automatic application of the secondary quantization in absorbing media leads to the
attenuation in time of the correlators of creation and annihilation photons. The above
mentioned means that the quantum fields over the time in interaction with the matter
should become classical, i.e. disappear. It is evident that there is nothing of the kind
in the experiment, which means that the incorrectness of the applied technique of
quantization.
The most credible and effective way here, in our opinion, is based on the
introduction of the refractive index of the amplitude of scattering of a single diffuser
at the zero angle. It should be emphasized that this approach is applicable not only
for photons, but also for quantum particles of another physical nature (atoms, atomic
nuclei, nucleons, etc.), which allowed to put it in the basis of the nuclear optics of
the polarized media [102].
3.2.4. Quantum Thermodynamics.
The processes of heat conduction in nanostructures have attracted much
attention due to their fundamental and applied importance. The absorption of
electromagnetic waves by the nanostructures generates the heating of them and the
heat distribution. At the first stage, there were a lot of attempts in the literature,
causing the confusion, to analyze them. They were based on the application of the
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Fourier law and the classical equation of thermal conductivity; the specifics of a
nanoobject reflects only the numerical values of its geometrical dimensions.
Of course, it is clear that such attempts are physically inadequate. The concept
of temperature is meaningless in relation to the single atom, or a system with a not
large enough number of particles. Nontrivial question: where is located the boundary
on which the classical thermodynamics laws come into force [103-106]. It is
reasonable to assume that this boundary is located exactly in the nanoregion where
micro- and makroconformities intertwine in a very complex way. The correct
thermodynamics should be built on quantum principles for "large" systems [106]; in
this case the usual thermodynamic concepts are subject to revision.
Due to the considerable complexity of quantum thermodynamics, the ordinary
phenomenological models, that have a clear physical meaning [103,105], are also
attractive. They number in a lot; and they are developing intensively. As an
example, let us mention [103]: in some cases, a nanoobject can be regarded as being
in a global thermodynamic equilibrium and being characterized by the spatial
average temperature. However, there is no local thermodynamic equilibrium, i.e. the
spatial fluctuations of the temperature are fundamental. The thermal conductivity
equations include both the temperature and the correlator describing such
fluctuations. In the result we obtain a generalized thermal conductivity equation,
which has the form of
∂ 2T ∂T
= α∇ 2 T ,
τ 2 +
∂t
∂t

(3.4)

where α is the diffusion coefficient, τ is a constant factor, which describes the local
fluctuations. In the limit of local thermodynamic equilibriumτ → 0, and (3.4)
becomes the classical equation of Fourier.
3.2.5. The instability theory.
This theory originates from plasma and electron beams physics [101]. Usually
it is applied to the homogeneous infinite media. The field being examined is
represented as a superposition of the stationary state and the small fluctuations. Due
to this smallness the equations for the fluctuations are being linearized, and their
particular solutions are in the form of a traveling wave exp( j (hz − ωt )) . In the result
we obtain the dispersion equation ∆(h, ω ) = 0 , which is the subject of analysis. If at
the real ω the field increases in space, one say about the convective instability; if at
every point of the space the field grows exponentially with time, one say about the
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absolute instability. The case of convective instability should be distinguished from
the non-transmission counter wave - there exist special criteria [101]for this.
The instability theory applied to the nanostructures is being filled with the
new content. Spatial heterogeneity of nano-objects leads to reflection and scattering
fluctuations. These processes can both inhibit and stimulate the development of
instabilities - depending on the specific properties of the scattering matrices. The
development of sufficiently rigorous universal criteria is the subject of the future
research.
Chapter 4. The forecast of development of nanoelectromagnetics.
The problems that are described in this section can be divided into basic and
applied. Of course, such a division is conventional, especially since the development
proceeds in strong interrelation. Below we will provide a brief description of both of
them, based on their analysis of the current state, described in chapter 1.2.
4.1. Nanocircuits and nanoantennas
4.1.1. Reciprocity theorem for nanoantennas
As it was described in Chapter 1, the identity of the characteristics of such
antenna in the "transfer" and "reception" regimes follow from the theorem of
reciprocity. The latter is a direct consequence of Maxwell's equations. In the case of
quantum fields, it can be easily proved for the field operators: Iˆ 1Eˆ 2 = Iˆ 2 Eˆ 1 , where Î 1,2 ,
Ê1,2 are the operators, respectively, both of the current and the field in two given
points of the space. However, the antenna characteristics are determined by the
observed values. If the question is about a pure state, then the fields and currents
averaging is performed independently and provides the reciprocity theorem for the
mean:
ˆ = Iˆ E
ˆ
Iˆ 1 E
2
2
1

(4.1)

where the angle brackets denote the averaging over the quantum state.
For the mixed states (4.1) it does not result directly from the corresponding
operator equality: the average of the products is not equal to the products of the
average. This means that the electron-photon quantum correlations can lead to a
violation of the reciprocity theorem, even in the absence of non-reciprocal optical

43

media. Therefore, in general, the bond of characteristics of receiving and
transmitting antennas is non-trivial and requires additional analysis.
4.1.2. The spectral characteristics of the signals.
In classical radiotechnics the problem is trivial: the spectrum is defined by the
transformation of the Fourier signal. In quantum systems, we are dealing with
fluctuating signals, and the spectrum is defined by the Fourier transformation of the
two-time correlation function of the first order K(t1,t2) (Wiener-Khinchin theorem
(ВХ) [51, 56]). However, this theorem is valid only for stationary processes, where
K(t1,t2) = K(τ), τ = t1 - t2. Attempts to automatically shift it to the general case lead
to physical inconsistencies and errors.
It is convenient to illustrate the situation by example of the spontaneous
emission of two-level atom. In this case K (t1 , t 2 ) ∝ e jω τ , where ω0 is the transition
frequency. The spectrum according to VK-theorem represents δ(x) is Dirac delta
function. However, the infinitely narrow spectral line is unphysical - it is the result
of a certain idealization. If we take into account the finite lifetime of the excited
state in the calculation of the correlation function, we will obtain
0

K (t1 , t 2 ) ∝ e jω0τ e −2 ΓT

(4.2)

where Γ is the frequency of the spontaneous transition and T = (t1 + t 2 ) / 2 . The
dependence of the correlator on T means the non-stationarity of the process, and
hence the inapplicability of VK-theorem. Probably, for small Γ one can introduce
the concept of "quasi-stationarity" and modify the concept of spectrum. In any case,
the concept of the spectrum must be properly entered, so the problem is mostly
principal than computing.
4.1.3. Synthesis of macroscopic and microscopic electrodynamics.
Macroscopic electrodynamics is based on averaging of the field over the
physically infinitesimal volume. It is clear that it is valid when the sizes of bodies
are much bigger than the sizes of atoms and interatomic distances. Otherwise, the
constitutive equations and material parameters have no sense, macroscopic Maxwell
equations become inapplicable.
It is easy to understand that the applicability conditions of macroscopic
averaging for a number of nano-objects are not fulfilled. The structures for a
stronger concentration of the fields used in high-precision spectroscopy and
microscopy, and having the configuration of sharpened needles, can be given as an
example. However, the cancelation of macroscopic averaging and the transfer to the
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microdescriptions will make the task extremely difficult. Therefore the synthesis of
both approaches, which is not quite a trivial problem, is topical.
In principle, this synthesis might look like in the following way. The field in
the vicinity of the needle is described microscopically without any spatial averaging.
At some distance from the edge of the needle the macroscopic average is introduced.
To pair the macroscopic Maxwell's equations and a microscopic description, it will
be necessary to approximate the description of the field in certain transition layers,
or to introduce specific boundary conditions. It should be noted that the problem can
not be considered as purely physical. It can be expected that it will lead to new types
of differential or integrodifferential equations. The study of their mathematical
properties will require the involvement of specialists in basic and applied
mathematics (functional analysis, operator theory, numerical methods).
4.1.4. Computer simulation of the electromagnetic field in the vicinity of
edges and sharp points.
Structures such as edges are always appearing in the microwave
microelectronics: typical example is the microstrip transmission line [99]. Normal
idealization is infinitely thin perfectly conducting surface. Such idealization creates
a fundamental problem: correct description of the field in the vicinity of edges. The
point is that on the edge the direction of the normal becomes uncertain, which is
why the usual boundary conditions become inapplicable . In fact, if you put on the
edge an arbitrary point source, Maxwell's equations, boundary conditions and
radiation conditions are not violated, although the solution of the problem has
changed radically.
This means that the introduction of edges violates the uniqueness theorem,
and requires the introduction of additional conditions that allow to discard nonphysical solutions. The principle of the additional condition is that the energy of the
field of any finite volume, containing the edge, must be finite. This condition
implies the laws of the behavior of various components of the field close to the edge
[49]. For example, the current density flowing along the edge is of the form j ~ x-1/2,
where x is the distance from the edge to the point of observation. A similar situation
occurs for structures such as the wedge, cone, etc. The behavior of the field at the
edge is changing dramatically with the introduction of dissipation [49].
The problem remains when passing to the nanostructures, namely, to the
graphene nanoribbons, edges of carbon nanotubes and nanowires with surface
plasmons, etc. The solution of it is absent, and without it the development of
mathematically correct computational algorithms for the field computation is
impossible. The situation is complicated by the fact that in the nanostructures due to
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the needs of microscopy a special interest represents a differential spatial structure
of the field, while in microelectronics the main interest represented its integral
characteristics (wave impedance, the scattering matrix elements, etc.).
The behavior of the field close to the edge in a macroscopic electrodynamics
was studied with the help of two approaches (that led to the same results). The first
is the analysis of exact general solutions of the model problems deduced by the
Wiener-Hopf-Fock method (e.g. half-plane). The other approach is the use of special
representations of the field close to the edge (rows Meixner) [49]. In principle, both
approaches can be applied, for example, a to the graphene half-plane. The
fundamental problem, however, is that in macroscopic electrodynamics the model of
a perfect conductor (i.e. of the averaged field) is extrapolated to the infinitesimal
neighborhood of the edge. At the same time, the description of the graphene
conductivity based on a surface Drude conductivity is hardly adequate in the vicinity
of the edge without any amendments, taking into account its atomic structure. Thus,
we again face the problem of synthesis of macroscopic and microscopic
electrodynamics (see 4.1.3).
4.1.5. Electrical and nanocircuits and nanoantennas on flat graphene layers.
It should be noted that the use of planar structures in electronics has several
advantages compared to the bulk ones. One of the main reasons is extremely high
fabricability of planar structures, the possibility of the integralization and
miniaturization. This trend is, in general, is quite common: classical microwave
radiotechnics has passed it (integrated circuits for microstrip transmission lines
[99]).
The possibilities of a graphene monolayer (ribbon) in this respect are largely
determined by its ability to direct electromagnetic waves of a particular spatial
structure in the terahertz frequency range. There are two types of such waves: the
first type is characterized by the structure of the field, distributed over the whole
area of the graphene sheet. The waves of the second type are characterized by the
field concentration in the vicinity of edges. Both types of waves are characterized by
a strong slowdown. The first type, to some extent, is a flat analogue of the surface
wave in the carbon nanotube, predicted in [11, 12]. The waves of the second type
reflect the specifics of the graphene sheet and have no analogues in the nanotubes.
In principle, the waves of both types are suitable for creation of a passive
element base (interconnectors, matching transformers, directional couplers, etc.) of
the terahertz range. We can expect that to a certain extent these elements are similar
to the corresponding microstrip devices of the centimeter range. This means that the
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accumulated experience of their design can be helpful and should be taken into
account.
4.2. Applied nanoelectromagnetics and nanophotonics
4.2.1. Electromagnetic compatibility in nanophotonics.
The urgency of the issue is conditional on a tendency to achieve a new level
of integration in the electronics that becomes possible in transition to the nanoscale
electronic components. In this case then the manifestation of new mechanisms of the
mutual influence of the elements for different purposes, of different frequency
ranges and power levels, becomes necessary. These mechanisms are of a quantum
nature and do not have analogues in the modern electronics of sub-micron scale.
These mechanisms will largely determine the interference immunity of the
radioelectronic equipment of new generation. Without the research the modification
of the rules of integration, set in the classical electronics and applied to the
electronics of the nanoscopic level, is impossible.
At the moment the principles of modeling of the electromagnetic interaction
of the lumped and distributed components of electronic circuits (including integrated
circuits for microwave in the microstrip lines and their modifications) are
elaborated. These principles are based on the computer solutions of boundary value
problems for Maxwell's equations in the domains with complex geometry by direct
numerical methods (finite element method, finite difference method, the method of
integral equations, etc.). At the moment because of the development of
nanoelectronics, is going an intensive development of the physics of quantum
interaction of nanoelements through tanks of different physical nature (phonon,
photon, exciton, etc.). The application of these developments to the problems of
electromagnetic compatibility of elements in the submicron and nanoscale integrated
circuits is absent.
The result of the application of nanophotonics to the problems of
electromagnetic compatibility in submicron and nanoscale integrated circuits should
be an establishment of a fundamental limit of integration conditional on the quantum
mechanical mechanisms of interaction of both active and passive electronic
components. Therefore it is necessary to revise the basic theory of EMC, which is
expected in the near future. Such a theory will be based on Maxwell's equations
together with many quantum equations of motion. In the result of such review a set
of recommendations for the optimum in terms of EMC nanotechnique synthesis will
appear.
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4.2.2. Quantum computing and quantum information science
This direction has great prospects for development and can be attributed to the
most promising. We are talking about the application of physics of open quantum
systems to encoding, storage, processing and the transmission of the information. It
is significant that this trend will not only be based on the electromagnetic processes,
but also on the stimulation of another nature (mechanical, spin, etc.). The basis here
is the elements with two stable states - qubits. It is important that the excitation of
different natures can exist in nanostructures simultaneously; and their influence on
each other is a controllable factor. A special role here is played by an entangled
quantum state, the synthesis of which is a fundamental problem. We will have to
identify the best principles of the qubits building - now the superconducting
(Josephson), spin, charge ones, etc. is being studied. The result of this trend will be
the creation of new types of computers, distinguished by the increased efficiency at
small sizes and high reliability.
4.2.3. Nanostructures in optoelectronics and solar energy.
The problem of energy resources, without exaggeration, is the most important
for the mankind. A big role has always been assigned to the solar energy; its
attraction in addition to the economic efficiency is supported by the ecological
cleanliness. The use of solar energy to the last time was quite narrow due to the low
efficiency of the solar cells based on the conventional p-n transitions in
semiconductors. The fundamental change in the situation should be expected due to
development of the physics of nanostructures, in particular, plasmonic wires and
carbon nanotubes. Due to a strong optical nonlinearity, the structures of a beam
arrays of vertical type of the parallel nanotubes grown orthogonally to a flat
substrate, can become the basis for the receiving photovoltaic antennas (rektennas),
that convert the sunlight into direct current with the efficiency of 30-50%. In this
case, the solar energy is going to be the main source of energy resources.
4.2.4. Heat nanoantennas.
Belonging of the nanostractures to the structured photonic tanks, as mentioned
above, provides an opportunity to control their heat radiation (spectrum, direction,
polarization). This effect was predicted for structures with surface plasmons and
carbon nanotubes (see Chapter 2). It opens the possibility of excitation of
nanoantennas by Joule heating - i.e. creating of a so-called thermal nanoantenna.
It is noteworthy, that at the moment the experiments with thermal
nanoantennas on carbon nanotubes have already started. The main result is a
significant transformation of the spectrum of thermal nanoantenna compared to the
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spectrum of a black body. The attempt of unique interpretation of measurements
based on the existing theory proved to be problematic - the specific details of the
experimental data differ from the theoretical predictions. But it should be taken into
account that the measurements refer to the arrays of nanotubes, but the theory - to
single nanotubes. It means that it is necessary to continue both theoretical and
experimental research in close contact with each other. Due to the exceptional
scientific and applied interest to this issue, there is no doubt that they will be
continued.
4.2.5. Rabi-waves.
The increasing complexity of physical systems in which PR is observed, lead
to new features, absent in the classical picture of the phenomenon. The quality
changes of the PR picture in the interaction with the field, the frequency of which
varies with time, phonon-induced dephasing and the effects of local fields can be
viewed as the samples. New effects appear in the systems with the broken inversion
symmetry and in the systems of two coupled oscillators Rabi.
In spatially extended 3D samples containing a large number of oscillators, the
mechanism causing the PR also leads to a number of transient coherent optical
phenomena such as free induction decay, photon echo, self-induced transparency,
etc. This is connected to the fact that in the samples, the sizes of which are much
longer than the wavelenth, the propagation effects are significant. In lowdimensional systems, the propagation effects also occur, but their character changes
qualitatively.
The subject of several works was the theoretical studies of the PR in QDs
metamaterials, especially in the one-dimensional excitonic composite based on QDs.
It was built the theoretical model PR in the system shown in Figure 1 and was
predicted the distribution of Rabi oscillations in space (Rabi-waves).

Figure 4.1. Schematic illustration of the QDs-chain, interacting with a single-mode
electromagnetic field (a) and the energy level scheme of p-th QDs (b).
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To spread the Rabi-wave the wave vector of the external field must have nonzero component along the chain; the Ruby-waves features strongly depend on the
ratio between the electron-phonon interaction, the frequencies of tunneling through
the potential barriers for both levels and the frequency detuning of the external field.
In case of plane Rabi-waves for each value of the photon number, there are two
eigenmodes. The mode frequency range is limited to a critical value, that is different
for each of the modes. The composite is transparent for the Rabi-waves with a
frequency of less than critical. Critical frequencies, as well as the dispersion curves
in general, depend on the number of photons in the mode.
Each of the modes represents an electron-photon complicated state, the
probability amplitude of which oscillates both in time and in space. They can be
interpreted as a state of "dressed" by radiation QDs chain. They represent a
generalization of the "dressed" states of a single atom in case of a spatially
distributed systems. The qualitative difference of this case is the space-time
modulation of the "dressing" parameter: it is distributed along the chain, according
to the law of a traveling wave exp[i(kx − ωt )] . The complexity and "dressing" are
conditional to the interaction of light with a QDs chain.
In fact it is a new type of wave motion - wave propagation of quantum
transitions. We can expect the further development in the direction of spatially
inhomogeneous structures. In this case the effects of reflection and scattering of
Rabi waves will occur. To describe them it is necessary to formulate the boundary
conditions for the corresponding wave equations. The creation of new types of
nanoantennas and microcavities of the fundamental quantum nature, can be expected
as the practical applications. The latter opens the possibility of electrical control of
their characteristics, that are absent at classical analogues.
4.2.6. Dispersion of photon states in exciton composites.
The dispersion of light is one of the most important effects of the interaction
of light with the matter. The classic example is the frequency dispersion: the
refractive index of the light depends on the frequency. During the distribution
process the frequency spectrum of the light is changing. The dielectric capacitivity
of the environment is an integral operator in time. Another example is the spatial
dispersion [100]: the refractive index of the environment depends on the direction of
the light propagation. During the distribution process the spatial structure of the
wave beam is being transformed. The dielectric capacitivity of the environment is an
integral operator in the space. Anisotropy can be considered as one of the types of
dispersion: the refractive index depends on the polarization of light. During the
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distribution process the polarization structure of the light is being transformed; the
dielectric constant represents a tensor.
In a number of works it was predicted a new type of optical dispersion, which
occurs in the nanostructured composite media (excitonic composites) for the
quantum light. The refractive index of such light depends on the quantum statistics
of the light. At the propagation of the light in such a medium, the quantum statistics
of light is being transformed. The dielectric capacitivity of the medium represents an
operator in the space of photon states.
The constitutive equation of the exciton composite for the operators of the
electromagnetic field is

(

)

ˆ = 1 εˆ E
ˆ +E
ˆ εˆ ,
D
2

(4.3)

where εˆ = nˆ 2 is the dielectric constant. The constitutive equation (4.3) is
fundamentally different from the usual cases of quantum optics of continuous
media: it does not match in show with the corresponding equation for the mean
values. The operator εˆ does not commute with the operator of tension and nonHermitian, even without dissipation (the above mentioned is not a physical
contradiction, since the dielectric constant is not the observed value). It is easy to see
that all of the selected properties of the operator dielectric constant are conditional to
the fine structure of the electrodynamic response of QDs: at ∆ω → 0 εˆ moves to the
C-number, which coincides with the dielectric constant of the medium from
independent two-level oscillators.
This effect provides a unique possibility to manage the quantum statistics of
the light. However, their use requires the fundamental research of the processes of
diffraction on the bodies of the exciton composite with the constitutive equation
(4.3). This creates new mathematical problems: boundary value problems for
operator equations in partial derivatives with operator coefficients. In this case both
general theorems on the solution existence and its uniqueness and the computerbased solution methods are necessary. One can assume that such studies will soon
become the subject of research in the theoretical and applied mathematics.
4.3. Composite materials and disordered structures
4.3.1. Metamaterials
At the moment there is a process of artificial synthesis of metamaterials - of
the composite media with special electrical and mechanical properties. It can be
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certainly predicted that in the future, this process will be intensively continued.
Several major trends can be pointed out. First of all, we should distinguish between
the ordered and unordered metamaterials. The ordered environments are
characterized by the high level of anisotropy of the optical properties and by the
natural optical activity (the dependence of the refractive index on the direction of the
rotation of the circular polarization vector). We can expect from them a high level of
transparency at the certain frequency ranges and at the certain directions of the
radiation propagation. The metal particles with the plasmon-polariton excitations are
used as an elementary diffuser for such materials (example - photonic crystals,
Veselago environments, etc.). One can expect the application of such media as highefficiency shielding materials of the microwave, terahertz and infrared ranges.
Unordered metamaterials are characterized by the scattering of the radiation in its
dissemination, its spatial localization of the Anderson type, etc. Such materials can
be widely used as the absorbing medium. It should be expected that such medium
will be notable by the low cost level, low weight, resistance to the weather
conditions, etc. As a basis, in particular, can be used carbon nanoparticles
(fullerenes, nanotubes, carbon anions, etc.) embedded into the radar-transparent
medium (e.g. rubber).
4.3.2. The synthesis of unordered composite materials based on the carbon.
The structures are based on carbon and play an important role in the
development of coatings that absorb and shield the electromagnetic fields [107-128],
due to their light weight and special electrical properties. The graphite particles,
various soots and the carbon fibers, produced from polymers, should be noted as the
widely used materials.
At the moment it is known several types of nanoscale carbon materials, which
differ significantly in their structure. They include:
-Nanodiamonds (ND) with a mean particle size of less than 5 nm;
-sp2/sp3 composites obtained by surface graphitization of ND and
representing the diamond particles of the varied size coated with the graphene
flakes;
-Onion-like carbon (OLC) [110], whose main elements are interleaved
continuous fullerene-like shells with a variable type of defect. OLC has a unique
structure (intensively defective shell with the pores) [111-113] and matches the
criteria of the hierarchical ensemble. It was found a pronounced frequency
dependence of the conductivity of the OLC [114] and the ability to absorb the
broadband EMP [115-118]. In this case, the change of the properties of the OLC can
be achieved by the varying of the size of the aggregates, the ND annealing
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temperature on the ratio sp2/sp3 of the carbon forms, as well as the type and number
of defects [119].
-Carbon nanotubes (CNTs), which represent the rolled up graphene sheets (it
is important to note the possibility of changing the number of layers, the tube
diameter and the length, accompanied by a significant change in their electronic
properties);
—Catalytic carbon-fibers (CCF), in which the changes of the properties can
be achieved by changing the orientation of the graphene layers with respect to the
fiber axis; the varying of the ratio of the diameter to their length and degree of the
defectiveness change.
For future applications it is necessary to change the properties of the CCF and
the CNTs over a wide range. We can expect that this is achievable by varying the
structure. For the fiber it is the change of the orientation of the graphene layers with
respect to the fiber axis, the diameter of the fibers, the changes of defectiveness
degree by varying the annealing temperature. For the nanotubes it is the change of
the number of layers, for the single-wall tubes - of a chirality factor, geometric
parameters (diameter, ratio of length to diameter).

Figure 4.2. НТЕМ image of the OLC, produced at different annealing temperatures
(from top to bottom: 1400, 1650 и 1800К) [126].
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The synthesis of new ultrafine nano-carbon materials, the design of
nanocomposites based on them, having unique physical and chemical properties, the
study of the structure and characteristics of the obtained nanosystems are nowadays
one of the promising directions of the world science and the subject of many
research centers. In the Republic of Belarus it is the Institute of Heat and mass
transfer of the NAS of Belarus, the Institute of Powder Metallurgy of NAS of
Belarus, the Institute of Physics of NAS of Belarus, BSUIR and BSU, and abroad:
Physical-Technical Institute n.a. Academician A.N. Ioffe RAS, St. Petersburg, the
Institute of Catalysis n.a. G.K.Boreskov and the Institute of Inorganic Chemistry n.a.
Nikolaev S.O. RAS, Novosibirsk; Federal Research and Production Association
"Altai" (Biysk, Russia), Production center "Almaz" (St. Petersburg, Russia), Swiss
Federal Institute of Technology, (Lausanne, Switzerland), Gothenburg University
and Chalmers University Of Technology (Gothenburg, Sweden), Advanced
Technologies Centre (Angler, Belgium), Laboratoire de Physique du Solide,
Facultes Universitaires Notre-Dame de la Paix, (Namur, Belgium), Pennsylvania
State University (University Park, the U.S.A), International Technology Center
(Raleigh, the USA), etc.
It can be expected that this trend for a long period of time stays a priority. It is
important that it requires the cooperation of the specialists of different fields
(physics, chemistry and technology).
4.3.3. The experimental study of the electromagnetic response of polymer
composites based on various forms of nanocarbon in X (8-12 GHz), Ka (26-37 GHz)
and W (78-118 GHz) frequency ranges.
In the work [124] it was made an experimental study of the electromagnetic
response of polymer composites based on carbon nanotubes and amorphous carbon
in X (8-12 GHz), Ka (26-37 GHz) and W (78-118 GHz) frequency ranges. It was
conducted a restoration of the composites dielectric constant on the scattering data.
Carbon nanotubes, used as a filter, were obtained with the help of CVD
method by Heji Company (http://www.nanotubeseu.com/nano/products/s4402/
main.html, http://www.nanotubeseu.com/nano/products/M4907/ main.html). The
presence and the concentration of impurities in the samples were monitored by
spectroscopic methods. The characteristics of the samples of carbon nanotubes
(single wall - SWCNTs and multi wall - MWNTs) are presented in Table 4.1. :
Absolute density
Bulk density

SWCNTs
0,3 g/cm3 at 25 0С
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MWNTs
2,1 g/cm3
0,05 g/cm3

Length
Outer diameter
Inner diameter
The composition

10-20 mkm
1-2 nm (HRTEM)
0.8-1.6 nm (KR spectrum)
SWCNTs> 90%

0.5-200 mkm
20-40 nm
5-15 nm
MWNTs > 95%

Table 4.1. Characteristics of the samples of nanotubes.

Amorphous
carbon
was
produced
by
Evonik
Degussa
(http://www.evonik.com/). The average particle size is 20-30 nm. The obtained
samples of carbon nanotubes and amorphous carbon were added to a solution of the
epoxy resin and hardener in acetone (EPIKOTETMResin 828). The control of the
uniformity of dispersion by the volume was performed with the help of a
transmission electron microscope Nova™ NanoSEM 630 (Scanning Electron
Microscope). The average thickness of the samples was as follows: 0.750 mm for
MWNTs/epoxy resin, 0.678 mm for SWCNTs/epoxy resin, 0.685 mm for
amorphous carbon / epoxy resin, 0.686 mm for epoxy resin.
The measurement of the electromagnetic properties of the samples in the Kafrequency range (26-37.5 GHz) was performed with the help of the panoramic
measurement device of the standing wave ratio (SWR) and the weakening P2-408 P,
which is designed to measure the modulus of the reflection and transmission (S11,
S21 respectively), SWR and attenuation of guided microwave devices in the
frequency range of 25.95-37.5 GHz in the section of the waveguide 7.2х3.4 mm.
The device provides the frequency stability with the accuracy of up to 0− 6, the level
of output power is 7.0 mW±10 mW.
The measurements in the X-range (8-12GGts) and W-range (78-118GGts)
were conducted in the laboratory of the measurement instrumentation of the
millimeter-wavelength in the Belarusian State University of Informatics and Radio
Electronics. The laboratory is accredited as a measurement and calibration
laboratories in the Belarusian system of accreditation. The accuracy was achieved by
repeated measurements at different orientations of the sample.
The results of measurements in the microwave range are shown in Figure 4.3.
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Figure 4.3. The frequency dependence S11, S21.

To enhance the screening capacity of the composite one can increase the
concentration of nanotubes in the composite from 0.5% to 1.5%. Such a change
should reduce the passage of an electromagnetic signal in half (see Figure 4.4.)
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Figure 4.4. Signal passing through the sample on the basis of SWCNTs with a
concentration of 0.5 and 1.5 %.
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It should be noted that the nanotubes obtained by CVD method are cheap, and
can be easily injected into the polymer and are a promising material for the solution
of problems of electromagnetic screening.
To improve the screening properties it can be offered to use carbon nanotubes
with metallic conductivity. In particular, it is possible to use the chemically modified
CNTs (doped with boron or nitrogen) [129].
4.4. Nanostructures in biophysics and medicine.
At the moment one can expect the widespread adoption of various types of
nanostructures in biophysics research and medical practice. This forecast is based on
a number of their unique physical and chemical properties. For example, carbon
nanotubes are easily filled with various substances that can form the basis for the
delivery of drugs inside the body. Another their quality is: the possibility of highly
efficient heating by infrared and terahertz radiation. This quality is promising in
clinical oncology for the thermal destruction of cancer-causing cells without any
damage to the healthy tissues (the introduction of the nanotubes in the infected cells,
followed by the electromagnetic heating). However, the widespread introduction of
carbon nanomaterials in medical practice requires caution because of their specific
toxicity.
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