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The possibility of using a conducting double DNA-like helix as the basis of an electromagnetic wave polarizer, which converts an incident linearly polarized wave into a reflected wave with circular polarization, has been shown. A high-frequency resonance is studied, at which the wavelength of the incident radiation is approximately equal to the length of a helical turn. The simulation of a double DNA-like helix has been carried out. The electric currents arising in the helical strands under waves with circular polarization at high-frequency resonance have been analyzed. Fundamentally different behavior of the double DNA-like helix concerning waves with right-hand or left-hand circular polarization has been established, which can be called the effect of polarization selectivity. This effect is manifested in the fact that a double DNA-like helix at high-frequency resonance can create a reflected wave having only one sign of circular polarization. The electric vector of the reflected wave produces a turn in space with the opposite winding direction compared to the double helix. These studies also highlight the electromagnetic forces of interaction between helical strands. The equilibrium of the double DNA-like helix has been studied, including as an element of metamaterials and as an object with a high potential for use in nanotechnology.
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1 INTRODUCTION
Since the time of the discovery by J. Watson and F. Crick of the DNA molecule structure (Watson and Crick, 1953), the mechanisms of storage and transmission of genetic information by this molecule have become a subject of unfailing interest of researchers (Watson et al., 2013). On the other hand, a DNA molecule is a natural nanoscale object, which creates the possibility of using it in a natural or modified state in nanotechnology. Using a DNA molecule as an element of nanodevices requires careful study and consideration of its physical properties, including electrical conductivity. The presence of conductive properties of the DNA molecule was predicted in (Eley and Spivey, 1962) within the framework of a theoretical approach. Then, the role of charge transfer in the cell’s biochemical processes, such as replication, transcription, and DNA repair, was analyzed in (Demple and Harrison, 1994). The discovery of fast charge transfer between the donor and acceptor in the DNA molecule was reported in (Hall et al., 1996). As a result, a new line of research has emerged, i.e., nanobioelectronics, which represents the development of molecular electronics and uses the DNA conducting properties in new microelectronic devices (Petty et al., 1995; Baker, 2008; Lakhno and Vinnikov, 2018). To analyze the charge transfer problem in biomolecules, including DNA, various models and mutually complementary methods of theoretical analysis are used. Some studies are based on the master equation (Petrov et al., 2002) and the density matrix equation in the Redfield (Segal et al., 2000) and Lindblad (Weiss et al., 2006; Alicki and Lendi, 2007) forms. There are also methods based on numerical solutions of quantum models, considering the effects of many-particle interaction of a charged carrier with molecular vibrations and, possibly, with other degrees of freedom of the environment (Lakhno, 2004; Fialko and Lakhno, 2018; Syurakshin et al., 2021).
DNA has become an advanced material for use in nanotechnology because of its promising properties of structural stability, sequence programmability, and well-defined self-assembly. Therefore, the components of natural biological systems, including DNA, are carefully studied to create innovative nanodevices based on DNA-like elements (Sekhon, 2005). Due to its unique properties, DNA is an excellent intellectual material for the design and manufacture of nanostructures (Seeman, 2010). Single- and double-stranded DNA is used to create one-dimensional, two-dimensional, and three-dimensional structures with complex geometries and high-precision combination of elements. Thus, macroscopic structures with nanoscale details are created (Kallenbach et al., 1983; Aldaye et al., 2008; Shih and Lin, 2010; Pinheiro et al., 2011). DNA nanotechnology is also used to create a variety of programmable devices and sensors. DNA nanotechnology is becoming increasingly important in connection with the required miniaturization of devices and an increase in information processing speed. Materials are created that can be elements of electronic devices, such as nanowires and transistors (Bachtold et al., 2001; DeHon, 2003; Patwardhan et al., 2004; Zahid et al., 2013). The advantage of such devices is related to the property that the DNA density can be significantly increased compared to a typical circuit in a conventional electrical system. In addition, DNA-based nanodevices demonstrate relatively high energy efficiency.
Studies continue in the following areas of nanotechnology as the nanoscale folding of DNA to create arbitrary two- and three-dimensional shapes at the nanoscale (DNA origami) (Wang et al., 2017); synthesizing and characterizing nucleic acid complexes and materials where the assembly has a static, equilibrium endpoint (structural DNA nanotechnology) (Zhang et al., 2014); forming nucleic acid systems with designed dynamic functionalities related to their overall structures, such as computation and mechanical motion (dynamic DNA nanotechnology) (DeLuca et al., 2020).
This research shows that a double DNA-like helix can play a nanoscale polarizer of electromagnetic waves, transforming an incident linearly polarized wave into a reflected wave with circular polarization. A universal theoretical approach, based on Maxwell’s equations and the electromagnetic field potentials, is used. This approach makes it possible to study DNA-like helices in any range of electromagnetic waves, provided that the helix sizes and the resonant wavelength are scaled in a mutually consistent manner. Numerical simulation is carried out for the DNA-like helix in the millimeter range for electromagnetic waves, however, the electrodynamic similarity method allows applying the results to nanoscale DNA-like helices.
The results of the research are universal and reliable in various ranges of electromagnetic waves. This makes it possible (using helical scaling) to obtain metamaterials and metasurfaces resonant for various frequencies, including microwaves, terahertz frequencies and the optical range using available technologies. The use of DNA molecules, during their metallization, would increase the resonant frequency of metamaterials and metasurfaces up to the extreme UV range. Metamaterials and metasurfaces based on DNA-like helices, due to the balance of their dielectric and magnetic properties, can serve as a good tool for controlling the intensity, phase, polarization and direction of wave propagation. A double DNA-like helix is assumed to have electrical conductivity, or this property can be achieved for a modified helix, for example, by metallization. A double DNA-like helix is considered, in which two strands are mutually displaced along a common axis. At this stage, DNA-like helices in a linear state are considered. The applicability of the results for the supercoiled or circular state of DNA molecules requires further study. A high-frequency resonance is investigated, at which the wavelength of the incident radiation is approximately equal to the length of a helical turn. A double DNA-like helix in the field of an incident electromagnetic wave with right or left circular polarization has been considered. Electric currents arising in helical strands under the waves with circular polarization at high-frequency resonance have been analyzed. Suppose the incident wave has a right-hand circular polarization, while the electric vector of the wave produces a right turn in space. In that case, the electric currents arising in two helical strands pass in opposite directions relative to the helix axis. As a result, such oppositely directed currents practically do not emit an electromagnetic field, and the double DNA-like helix does not create a reflected wave. This means that a double DNA-like helix, which, as is known, has a right-hand winding in space, can be regarded as an “orthogonal vibrator” concerning an electromagnetic wave with right-hand circular polarization. If the incident wave has left-hand circular polarization, while the electric vector of the wave produces a left turn in space, then the electric currents induced in two helical strands have the same direction relative to the helix axis. Consequently, such identically directed currents emit an electromagnetic field, and the double DNA-like helix creates a reflected wave with left-hand circular polarization, the same as that of the incident wave. This different behavior of the double DNA-like helix for waves with right-hand or left-hand circular polarization can be called the effect of polarization selectivity.
On the other hand, double DNA-like helices are used to create metamaterials and metasurfaces—artificial structures with pre-designed unique properties not found in natural objects (Lavigne et al., 2018). One of the advantages of such helices over other elements of metamaterials is their strong polarizability in both electric and magnetic fields, which suggests the presence of relatively strong currents in the helical strands. Consequently, the question arises about the interaction of strands in the double helix and its stability. In this regard, all three components of the electric force and magnetic force acting on an arbitrary element of one strand from the side of the whole other strand are calculated in this article. The dependence of all forces on the pitch angle of the double helix is studied. The obtained results can be used when considering the equilibrium of a double-stranded helix, including as an element of metamaterials (Semchenko et al., 2019).
An important advantage of DNA-like helices when creating metamaterials and metasurfaces is the balance or the optimality of such helices in terms of the electromagnetics. This property means that an electric dipole moment and a magnetic moment simultaneously arise under the action of an incident wave in each turn of a DNA-like helix at the resonance under consideration. These induced moments are equally significant, i.e., they make an equal, in absolute magnitude, contribution to the reflected wave. This property of balancing the dielectric and magnetic properties of a single DNA-like helix is promising and can lead, for example, to equality of the dielectric permittivity and magnetic permeability of a metamaterial or a metasurface as a whole.
As for producing metasurfaces based on DNA-like helices, they can be created by nanolithography and three-dimensional nanostructuring. Natural DNA molecules can also be used, which have the ability to self-assemble and arrange in two-dimensional and three-dimensional structures (Kallenbach et al., 1983; Aldaye et al., 2008; Seeman, 2010; Shih and Lin, 2010; Pinheiro et al., 2011).
2 METHOD FOR CALCULATING ELECTRIC AND MAGNETIC FIELDS AT HIGH-FREQUENCY RESONANCE, TAKING INTO ACCOUNT THE DELAY OF ELECTROMAGNETIC WAVES
This article considers a DNA-like helix at high-frequency resonance when the wavelength of the electromagnetic field is approximately equal to the period of the helix: [image: image]. Under this condition, the electric currents in two helical strands perform a complete oscillation in space within one turn. In other words, the phase of the electric current in each strand changes by [image: image] when the coordinate, measured along the helix line, changes by P. A similar change in space occurs for the electric charges induced in two helical strands. Electric currents and charges in two strands are schematically shown in Figure 1. At two points of one strand, the distance between which is equal to half a turn, electric currents have the opposite direction. For two similar points of one helical strand, electric charges have opposite signs.
[image: Figure 1]FIGURE 1 | Schematic of an asymmetric double-stranded helix (DNA-like type) in the field of an incident electromagnetic wave with left-hand circular polarization. The helix pieces with the maximum concentration of electric currents and charges are indicated for the type of excitation studied. It is assumed that the electric currents in two strands are in the same direction relative to the helix axis. A numerical simulation of a double DNA-like helix as an ideal conductor confirmed this assumption about the direction of the currents at high-frequency resonance, see Section 8.
In Figure 1, the DNA-like helix is schematically represented with its parameters: helix pitch h, helix radius r, axial shift between helices xs, as well as induced charges [image: image] , [image: image] and induced currents [image: image] and [image: image]. The direction of the currents in two helices depends on the way of exciting the double helix. In our case, the currents pass in same direction relative to the axis of the helix. The charges and the currents are periodically distributed along the helix as they are induced by harmonic standing high-frequency wave with the wavelength [image: image], where P is the period of the helix (the entire length of one turn of the helix). The forces act on a physically small piece of the helix (single-strand) having its maximum current (magnetic force) or maximum charge density (electric force).
Calculations must consider the electromagnetic field delay since electric currents and charges change rapidly within a DNA-like helix. For high-frequency fields, in contrast to the quasi-stationary case, the electric and magnetic vectors [image: image] and [image: image] can be calculated using the scalar and vector potentials of the electromagnetic field [image: image] and [image: image] (Landau and Lifshits, 1975):
[image: image]
The field potentials [image: image] and [image: image] have the following form
[image: image]
[image: image]
Here [image: image] are the observation point coordinates, [image: image] is the current time, [image: image] and [image: image] are the electric and magnetic constants, [image: image] is the volumetric electric charge density, [image: image] is the elementary linear current, which are considered as sources of an electromagnetic field, [image: image] are the coordinates of the point at which electric charges and currents exist, [image: image] is the previous moment in time, determined taking into account the delay of waves from the radiating currents and charges to the observation point, R is the distance from elementary charges and currents to the observation point, c is the speed of light in vacuum, [image: image] and [image: image] are the integration areas in which there are electric currents and charges, in our case it is the volume of the helical strand and its length, [image: image] is the helical strand length element, [image: image] is the helical strand volume element, [image: image] is the effective cross-sectional area of the strand.
3 THE DISTRIBUTION OF ELECTRIC CURRENTS AND CHARGES IN A DOUBLE HELIX AT HIGH FREQUENCY RESONANCE
The considered DNA-like helices have a finite length, like the actual DNA molecule. Therefore, a standing wave of electric current is established in each helical strand due to the reflection of waves from the edges of the strands. We assume that the incident wave is quasimonochromatic, and the excitation time is long enough to excite the resonant mode of the helix. When this condition is satisfied, the electric current strength in the first and second helices for the current time can be written as
[image: image]
where [image: image] and [image: image] are the coordinates calculated along the first and second helical line; [image: image] and [image: image] are the amplitudes of current standing waves; [image: image] is the wavenumber; [image: image] is the cyclic current frequency.
The distribution of electric charges in the double helix also produces a standing wave, and for the current time can be calculated as follows
[image: image]
The calculations show that the distribution of currents and charges described by formulae 4, 5 and shown in Figure 1 take place not only with the normal incidence of the wave on a DNA-like helix, but also with an incidence angle less than 45° relative to the axis of the double helix. If the angle between the wave vector and the helical axis exceeds 45°, another eigenmode of electromagnetic oscillations starts to prevail. For this alternative mode, the electric currents in two strands at points lying opposite each other have the opposite direction, and the electric charges at these points have different signs.
This article considers DNA-like helices similar to B-form DNA molecules. Therefore, all structural parameters are provided below for B form of the DNA molecule. It is the electrical conductivity along the helical strands that is essential here, so the effect of the DNA methylation is not considered. The DNA double helix has a significant feature: it is asymmetric, and the second strand is displaced relative to the first one by [image: image] along their common X-axis (Watson et al., 2013). Further, we will see that such a displacement of the helices leads to the emergence of forces of their interaction directed along the coordinate axes X and Y. These forces can lead to stretching or compression of the turns of the helical strands. The indicated displacement of the helices can cause rotational moments of forces directed along the common X-axis. Under certain conditions, these rotational moments can cause unwinding or winding of the helical strands. Since there is a mutual displacement of the helices by [image: image], the following relations hold:
[image: image]
where x and [image: image] are the coordinates of points on the second and first helix, [image: image] is the helix pitch angle with respect to the plane, perpendicular to the axis of helix X.
As shown later in this paper, the pitch angle is a universal characteristic of the helix electromagnetic properties, since it is its value that appears in the formulae for electromagnetic forces, and not the radius and pitch of the helix separately. This property of the pitch angle versatility of the helix simplifies the study of helices that exhibit resonance properties in various wavelength ranges, including the nanometer range. In this case, the helices having different radii and periods (pitches), but simultaneously characterized by the same pitch angle, will be similar not only in the geometric, but also in the electromagnetic sense. This makes the study and application of helices easier, including DNA-like ones, in devices operating in various frequency ranges of the electromagnetic field.
The pitch angle satisfies the relations
[image: image]
where [image: image] is the helical turn radius; [image: image] is the helix pitch; [image: image] is the helix specific winding, which is positive ([image: image]) for a right-handed helix and negative ([image: image]) for a left-handed helix; P is the helical turn length, the plus sign is used in the case of a right-handed helix, and the minus sign is true for a left-handed helix.
The pitch angle of the DNA helix, although not measured directly in the experiment, can be calculated on the basis of experimental data. As the experimental data show (Watson and Crick, 1953), an actual DNA helix has the following parameters:
[image: image]
According to the geometric properties of the helix, the rotation angle of the radius vector drawn to any point of the helix (polar angle) can be expressed in terms of the x-coordinate of this point: [image: image] According to a book by Watson et al. (Watson et al., 2013), the rotation angle of the second helix for the symmetrical position is [image: image]. Therefore, the following relations are valid, which will be used in further calculations:
[image: image]
The results given below are valid for both electrically conductive and dielectric helices. Conduction currents arise in the helices of the first type, and polarization currents are excited in the helices of the second type, which can lead to the occurrence of magnetic and electric forces of interaction between the strands of the double helix.
4 CALCULATION OF THE MAGNETIC FORCE OF INTERACTION BETWEEN TWO HELICAL STRANDS
The force acting on the electric current element [image: image] in the second helix has the following form
[image: image]
where the magnetic field induction [image: image] is determined by expressions (1) and (3) and must be calculated considering the delay of electromagnetic waves propagating from all elements of the first helix to the selected element of the second helix.
Hereinafter, we shall refer to this force as magnetic, as indicated by the corresponding index. This force takes on maximum values in the antinode regions of a standing wave of electric current (4).
Using the integration technique described in (Semchenko et al., 2020), let us calculate all the components of the magnetic force (10) acting on the current element in the second helix from the side of the entire first helix. In this case, integration is performed along the entire first helix to take into account the contribution of all its elements to the generated magnetic field. Infinite limits of integration are used, i.e., the helices are considered as very long, which is typical for an actual DNA molecule. Unlike (Semchenko et al., 2018; Semchenko et al., 2020), where the quasi-stationary case is considered and the Biot–Savart law, and Coulomb law are applied, the delay of electromagnetic waves from various elements of the first helix to the selected element of the second helix is taken into account. The following x-, y-, and z-components of the force are available in the result (10):
[image: image]
[image: image]
[image: image]
Here, the index t means time averaging; the integration variable [image: image], as above, is equal to the polar angle for the first helix; [image: image] is the wavelength of the electromagnetic field in vacuum; [image: image] is the general normalization constant for the force components; there is also notation to reduce the formulae to a more compact form:
[image: image]
To proceed to the quasistationary case [image: image], considered earlier in (Semchenko et al., 2020), it is necessary to perform the passage to the limit [image: image]. In this limiting case, formulae 11–formulae 13 take the form obtained in (Semchenko et al., 2020) for quasi-stationary magnetic forces.
5 CALCULATION OF THE ELECTRICAL FORCE OF INTERACTION BETWEEN TWO HELICAL STRANDS
In addition to the magnetic force, let us also consider the force acting on the electric charges in the second helix from the side of the entire first helix.
This force takes the maximum value for a physically small element of the helix on which the antinode of the electric charge is located, for example, when [image: image] in formula 5. The force acting on the element of electric charge [image: image] in the second helix has the following form
[image: image]
where [image: image] is the volume element of the second helix, [image: image] is the length element of the second helical strand, [image: image] is the electric field strength. The vector [image: image] is determined by expressions (1), (2) and (3) and must be calculated considering the delay of electromagnetic waves propagating from all elements of the first helix to the selected element of the second helix.
Using the integration technique described in (Semchenko et al., 2020), taking into account the delay of electromagnetic waves, let us calculate all the components of the electric force (15) acting on the charge element in the second helix from the side of the entire first helix. The calculations result in obtaining the x-, y-, and z-components of the force (15), averaged over time:
[image: image]
[image: image]
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The notation is introduced here
[image: image]
[image: image]
As in the case of magnetic forces, in order to proceed to the quasi-stationary case [image: image], considered earlier in (Semchenko et al., 2020), it is necessary to perform the passage to the limit [image: image] and neglect the values proportional to [image: image]. In this limiting case, formulae 16–formulae 18 take the form obtained in (Semchenko et al., 2020) for quasi-stationary electric forces.
6 GRAPHICAL REPRESENTATION OF THE INTERACTION FORCES BETWEEN HELICAL STRANDS AND A COMPARISON OF TWO TYPES OF RESONANCE
The magnetic and electrical forces of interaction of two helical strands (11–13) and (16–18) at high-frequency resonance, considered in this paper, are presented in the graphical form in Figure 2. Solid lines show the calculated values of the forces. For comparison, in the same figure the dashed lines show the values of the electric and magnetic forces at the main resonance, which can be realized at a lower frequency. This resonance requires an approximate equality of the total length of the helix and half the wavelength of the electromagnetic field. These values of forces, shown by dashed lines, were calculated earlier in (Semchenko et al., 2018; Semchenko et al., 2020).
[image: Figure 2]FIGURE 2 | X, Y, and Z-components of elementary forces vs. pitch angle calculated both for the low-frequency (dashed lines) and high-frequency (solid lines) cases. All the components of the forces are normalized to a factor [image: image].
All three components (X, Y and Z) of the elementary force induced by both electric and magnetic fields are of great interest in the context of their dependence on helix pitch angle (see Figure 2). The first conclusion that can be drawn when comparing the forces for two types of resonance is that low-frequency resonance forces are greater than high-frequency ones almost always (for any pitch angle of the helix).
If the pitch angle of the helix α approaches 90°, the helical strands take on a highly elongated shape and, in the limit, become straight conductors. For such straight parallel conductors, the magnetic and electric forces are well known. Therefore, these forces are convenient to compare with the interaction forces of two helices having an arbitrary pitch angle α.
The X-component of forces may lead to helix compression or stretching. At high-frequency resonance, the X-component of the magnetic interaction force of the strands is close to zero if the pitch angle of the double helix exceeds 48°. On the other hand, the X-component of the electric force is zero only when alpha is equal to 39°, and this force changes sign at this value of the pitch angle. If the pitch angle of the helix satisfies the inequality [image: image], the X-component of the high-frequency electric force exceeds the low-frequency resonance force. There is a maximum (in absolute value) of the X-component of the high-frequency resonant electric force at the pitch angle [image: image] If [image: image], i.e., for straight parallel conductors, the X-components of all resonant forces go to zero.
The Y-components may lead to the helix winding or unwinding. The Y-components of the electric and magnetic forces behave symmetrically with a change in the pitch angle of the double helix. In this case, the Y-components of the electric and magnetic forces are opposite to each other in sign and approximately equal in magnitude. This means that if the magnetic force unwinds the helix in the antinode of the electric current, then the electric force, on the contrary, winds the helix only in the antinode of the electric charge. At high-frequency resonance, these components are zero when [image: image] and they change their sign at this point. If [image: image], i.e., in the limiting case of straight parallel conductors, the Y-components of all resonant forces disappear.
The chosen direction of the coordinate axes is shown in Figure 1 while considering the forces acting on the element of the second helix located on the left. Therefore, the positive Z-component of electric or magnetic force means the radial attraction for the elementary piece of a strand. In contrast, the negative value of the Z-component means the repulsive radial force. If the condition [image: image] is satisfied, then the radial electric and magnetic forces become equal with the opposite sign. This equality is consistent with the well-known fact: in straight parallel conductors, currents of the same direction are attracted, and charges are repelled since they have the same sign. In this case, the electric and magnetic forces are equal in magnitude, ensuring the balance of straight parallel conductors. Here, for the double helix, the force of electrical interaction leads to the repulsion of the strands at any pitch angle of the helix. If the pitch angle of the helix satisfies the inequality [image: image], then the high-frequency radial electric repulsive force of the helical strands is feeble. The high-frequency radial magnetic force is almost equal to zero if the pitch angle of the helix is within a range of [image: image]. Consequently, double helices with such a pitch angle are in equilibrium due to the absence of both magnetic and electrical interactions between the strands. As shown by relations (8), an actual DNA molecule is characterized by the helix pitch angle [image: image], which indicates its equilibrium in terms of the electromagnetic interaction of the strands. This equilibrium is a powerful argument in favor of using DNA-like helices in artificial structures and metamaterials, including nanotechnology.
7 POLARIZATION SELECTIVITY OF THE EFFECT OF CIRCULAR ELECTROMAGNETIC WAVES ON DNA-LIKE HELICES AND THE POLARIZATION CONVERSION UPON REFLECTION OF WAVES
The DNA double helix is a chiral object, i.e., it differs from its mirror image. As is known in physics since the publication of the classical works of Pasteur, Arago, Biot, Fresnel (Arago, 1811; Biot, 1815; Fresnel, 1822; Pasteur, 1848; Pasteur, 1922), such objects interact differently with circularly polarized electromagnetic waves or show polarization selectivity of optical properties. The indicated polarization selectivity can manifest itself, first of all, in the difference between the refractive indices and absorption coefficients for light waves with right and left circular polarization. For natural objects, for example, quartz crystals, the relative difference between the refractive indices of the right and left circularly polarized waves in the optical range is [image: image]. Consequently, the chiral properties of natural objects in optics are relatively weak.
For artificial structures such as metamaterials based on conducting helices, the chiral properties can be significantly enhanced. Such a stronger manifestation of chiral properties is due to the particular, pre-designed shape of the helical elements. The enhancement of chiral properties can occur in the corresponding frequency range (not only optical but also microwave or terahertz), where the metamaterial interacts with electromagnetic waves in a resonant manner.
It is important to note that there are two different definitions of a circularly polarized wave sign. The first definition is accepted in radiophysics. According to this definition, the wave has right-hand circular polarization if the vector [image: image] rotates clockwise over time for an observer looking after the wave. Optics and physical chemistry often use the other definition: a wave has a right-hand circular polarization if the vector [image: image] forms a right helix in space. The advantage of the second definition is its independence from the position of the observer. In formula 21 and later in this article, we use the second definition of a circularly polarized wave sign.
It is shown in (Semchenko et al., 2006; Semchenko et al., 2007; Semchenko et al., 2009; Semchenko et al., 2010a; Semchenko et al., 2010b; Semchenko et al., 2010c; Semchenko et al., 2011) that double DNA-like helices have selective properties for the right and left circularly polarized electromagnetic wave if the condition of resonant interaction [image: image] is satisfied. In this case, the double DNA-like helix with the right winding direction strongly interacts with the left circularly polarized wave. It practically does not interact with the wave having the opposite (right) circular polarization. Thus, in relation to the wave with the right circular polarization, the helix can be considered transparent. Consequently, double DNA-like helices at the resonance under consideration can create a reflected wave only with left-hand circular polarization. In connection with this property, a double DNA-like helix can be called an “orthogonal vibrator” for a circularly polarized wave. This term can be introduced by analogy with a straight conductor orthogonal to the vector [image: image], if the wave is linearly polarized.
Once again, the key points for the polarization selectivity effect are: 1) double-stranded form of the helix, which leads to a higher symmetry of properties for rotations around the axis of the helix; 2) a certain pitch angle of the helix, close to [image: image], observed for an actual DNA molecule; 3) fulfillment of the condition of resonant interaction [image: image]. An important but not fundamental condition for observing the polarization selectivity effect is the electrical conductivity of the helices. Although the effect can occur both for the conduction current and for the polarization current, it is more pronounced in the conduction current. Therefore, DNA-like helices were scaled for microwave and terahertz ranges in (Semchenko et al., 2009; Semchenko et al., 2010c; Semchenko et al., 2011; Semchenko et al., 2012; Semchenko et al., 2017) to observe the effect. The helices were made of metal and periodically arranged in a metamaterial. The DNA-like helices for the microwave range were made by mechanically twisting the wire; then they were placed in a foam plate, which served as a radio-transparent substrate. If such helices were connected into three-dimensional structures, the necessary strength was achieved by using cardboard cylinders on which the helices were wound (Semchenko et al., 2009; Semchenko et al., 2010c; Semchenko et al., 2011; Semchenko et al., 2012). The DNA-like helices having resonant properties in the terahertz range were created within the framework of imprint nanolithography using a unique three-dimensional nanostructuring method developed under the guidance of Academician Viktor Y. Prinz and known as Prinz-technology (Semchenko et al., 2017).
As an example, papers (Gansel et al., 2009; Kaschke et al., 2015), which describe circular polarizers of electromagnetic waves based on metamaterials, should be mentioned as well. Metasurfaces have also generated great research interest due to easy production process, low cost, and powerful functionality for manipulating the electromagnetic waves, including polarization conversion (Li et al., 2020; Li et al., 2021a; Li et al., 2021b; Han et al., 2021).
Unlike (Semchenko et al., 2006; Semchenko et al., 2007; Semchenko et al., 2009; Semchenko et al., 2010a; Semchenko et al., 2010b; Semchenko et al., 2010c; Semchenko et al., 2011), this research deals with not only the reflection of circularly polarized waves by DNA-like helices and the effect of polarization selectivity. We also calculate the currents excited in the helical strands under circularly polarized waves and the interaction forces between these strands. This question is essential in studying the equilibrium in electromagnetic fields of an actual DNA molecule and DNA-like elements of metamaterials and nanodevices.
The electric field strength of the right (+) and left (−) circularly polarized wave propagating in vacuum along the OZ axis is
[image: image]
where [image: image] is the wave amplitude, [image: image], [image: image], are the unit vectors directed along the OX and OY axes, i is the imaginary unit, the factor [image: image] is introduced to normalize the circular polarization vector, [image: image] is the wavenumber; [image: image] is the cyclic frequency.
The electric vector of a wave incident on the double DNA-like helix with left-hand circular polarization [image: image] is presented schematically in Figure 1. This figure shows the direction of the vector [image: image] rotation over time for an observer looking after the wave.
8 SIMULATION OF A CONDUCTIVE DNA-LIKE DOUBLE HELIX IN THE MILLIMETER WAVELENGTH RANGE OF THE ELECTROMAGNETIC FIELD
Previously in this paper, we noted that the helix pitch angle is a universal characteristic of the electromagnetic properties of a DNA-like double helix. This makes it possible to scale the helix with a pitch angle [image: image] (8), which is characteristic of an actual DNA helix and to simulate its electromagnetic properties in the millimeter wavelength range of the electromagnetic field. In the presence of the helix electrical conductivity and high-frequency resonance, when the wavelength of the electromagnetic field is approximately equal to the period of the helix, the simulated helix will be similar to the DNA double helix not only in the geometric but also in the electromagnetic sense.
This section presents the results of modeling the double DNA-like helix consisting of two and a half turns and having parameters [image: image], [image: image], [image: image], [image: image] [image: image] The helical strands are mutually shifted along the helix axis by [image: image]. The helix under study is in the field of an incident electromagnetic wave, which alternately has right or left circular polarization. The wave vector of the incident wave is directed orthogonal to the double helix axis, i.e., the case of normal incidence is considered. The wavelength of the incident electromagnetic field satisfies the condition of high-frequency resonance [image: image]. Therefore, the frequency of the incident wave is close to value [image: image]. The helix, for which the results are shown in this article section, has 2.5 turns. However, the simulation results do not change significantly for different turns in the range of [image: image]. The simulation is carried out using the HFSS software package provided by our scientific partners from Aalto University, Helsinki.
The electric currents in two strands induced by the incident circularly polarized wave are calculated at the first stage. Values are obtained for both the real parts of the electric currents and their imaginary parts.
Figure 3 show that two types of resonance appear simultaneously in the helix under consideration. The first one, which is interesting for us, is associated with the periodicity of the double helix; it occurs near the resonance frequency
[image: image]
[image: Figure 3]FIGURE 3 | (A) Dependence of the real and imaginary parts of the electric currents in two strands of the DNA-like helix in the field of an incident wave with left-hand circular polarization on the wave frequency (the case of strong interaction between the wave and the helix). (B) A similar dependence for currents if the helix is in the wave field with right-hand circular polarization (the case of weak interaction between the wave and the helix).
The second type of resonance is due to the finiteness of the helix; it occurs if the length of the helix in the straightened state L is approximately equal to an integer number of half-waves. Here, the resonant frequencies are as follows
[image: image]
At the integer number n = 3, resonance appears at a frequency of [image: image], which is noticeable in the considered frequency range.
Figure 3A shows that when a left circularly polarized wave is incident on the helix, electric currents arise in the helical strands that pass in the same direction relative to the helix axis. The real parts of the currents in the two strands have identical signs, and the same is true for the imaginary parts of the currents.
Figure 3B shows that in the other case, if a wave with right-hand circular polarization is incident on the helix, the electric currents excited in the two strands pass in opposite directions relative to the helix axis. The real and the imaginary parts of the currents in the first and second strands have different signs. This rule for the directions of the two currents is violated only near the resonant frequency [image: image]. In addition, the values of the currents in the second case, for the right-hand circularly polarized incident wave, are approximately two to three times less than the currents in the first case. Consequently, a double DNA-like helix, considered as a whole, as a set of two helical strands, is strongly influenced by a wave with left circular polarization and practically does not interact with a right circularly polarized wave.
9 SIMULATION OF AN INTENSITY AND ELLIPTICITY OF WAVE REFLECTED BY CONDUCTIVE DOUBLE-STRANDED AND SINGLE-STRANDED DNA-LIKE HELICES
Significantly different excitation of currents in a double-stranded DNA-like helix under the action of incident waves with left-hand and right-hand circular polarization leads to radically different properties of the wave reflected by the helix. Figure 4 show the intensity and ellipticity of the reflected wave as a function of frequency if the double helix is in the field of incident waves with left-hand circular polarization. In this case, there is a strong interaction between the wave and the helix.
[image: Figure 4]FIGURE 4 | (A) Dependence of the intensity of the reflected wave by double-stranded DNA-like helix on the frequency for an incident wave with left-hand circular polarization (the case of strong excitation of currents). (B) Dependence of the ellipticity of the reflected wave under the same conditions.
Figure 4 show that near the resonant frequency [image: image] (22) the intensity of the reflected wave is high, and at the same time its ellipticity takes values close to unity. This indicates a strong reflected wave with left-hand circular polarization, the same as that of the incident wave.
Figure 5 show, in turn, the dependences of the intensity and ellipticity of the reflected wave on the frequency, if the double helix is in the field of incident waves with right-hand circular polarization. In this case, there is a weak interaction between the wave and the helix. As follows from Figure 5A, the reflected wave intensity is very low in the frequency range from 30 to 45 GHz. These intensity values are approximately 25–80 times less than the intensity in Figure 4A. As for the ellipticity of the reflected wave, its value can also be close to unity near the resonant frequency (22), which confirms the circular polarization of the reflected wave. However, this property is not important due to the very low intensity of the reflected wave.
[image: Figure 5]FIGURE 5 | (A) Dependence of the intensity of the reflected wave by double-stranded DNA-like helix on the frequency for an incident wave with right-hand circular polarization (the case of weak excitation of currents). (B) Dependence of the ellipticity of the reflected wave under the same conditions.
It is also of interest to compare the reflected waves for a double- and a single-stranded DNA-like helices. Figure 6 show the intensity and ellipticity of the reflected wave as a function of frequency if the single helix is in the field of incident waves with left-hand circular polarization.
[image: Figure 6]FIGURE 6 | (A) Dependence of the intensity of the reflected wave by single-stranded DNA-like helix on the frequency for an incident wave with left-hand circular polarization. (B) Dependence of the ellipticity of the reflected wave under the same conditions.
Figure 6A shows that the reflection of waves by a single helix does not have a resonance character near frequency (22) for an incident wave with left-hand circular polarization. Comparing with Figure 4A, we find that the intensity of the reflected wave for a single helix in the frequency range 30–45 GHz is approximately 3–5 times less than the intensity of the reflected wave for a double helix. As follows from Figure 6B, the reflected wave for a single helix has elliptical polarization.
Figure 7 show, in turn, the dependences of the intensity and ellipticity of the reflected wave on the frequency, if the single helix is in the field of incident waves with right-hand circular polarization. As follows from Figure 7A, the intensity of the reflected wave for a single helix in the field of a wave with right-hand circular polarization in the frequency range 30–45 GHz is approximately the same as for a double helix, that is, very low. According to Figure 7B, the reflected wave for a single helix has elliptical polarization in this frequency range. Near frequency [image: image] (23), the reflected wave can be circularly polarized, but its intensity remains very low for this frequency as well.
[image: Figure 7]FIGURE 7 | (A) Dependence of the intensity of the reflected wave by single-stranded DNA-like helix on the frequency for an incident wave with right-hand circular polarization. (B) Dependence of the ellipticity of the reflected wave under the same conditions.
Thus, the considered effect of polarization selectivity with respect to waves with right-hand and left-hand circular polarization can be fully manifested precisely for a double DNA-like helix. This effect is associated with the transparency of the double DNA-like helix in relation to a wave with circular polarization of a certain sign. Simultaneously, the helix strongly interacts with a wave having a circular polarization of a different sign. Consequently, a double DNA-like helix can be used as a polarization converter from a linear state to a circular one when reflecting a wave, including in the nanometer wavelength range.
10 CONCLUSION
A double DNA-like helix interacts fundamentally differently with the right and left circularly polarized waves at high-frequency resonance when the wavelength of the electromagnetic field is approximately equal to the period of the helix. This property of the double DNA-like helix can be called the polarization selectivity effect. The essence of this effect is that a double DNA-like helix at high-frequency resonance can create a reflected wave having only one direction of circular polarization. Alternatively, the reflected wave is absent if the helix is in the field of a circularly polarized wave, the electric vector of which produces a turn in space with the same winding direction as the helix itself. The helix is transparent for such an incident wave and may be regarded as an “orthogonal vibrator.” This effect can be achieved in different frequency ranges of the electromagnetic field by scaling the helix. In this case, the helix two-stranded shape, the helix pitch angle, characteristic of the DNA molecule, approximate equality of the wavelength to the length of the helical turn, as well as the electrical conductivity of the helix are required.
In view of the above, DNA-like helices are promising elements of metamaterials for the polarization conversion and absorption of electromagnetic waves, including nanoscale devices. The electrical conductivity of an actual DNA molecule is still currently under study. Modern research shows that the DNA molecule is close in its properties to a nonlinear semiconductor. At the same time, the electrical conductivity of DNA-like helices can be increased by metallization, which expands the possibilities of their use in nanotechnology.
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