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Abstract

:

The influence of the conductivity and radius of metal wires embedded into the dielectric fiber on the velocity and attenuation length of terahertz surface plasmon polaritons has been theoretically investigated. It was shown that the phase velocities and attenuation lengths increase with increasing conductivity and radius of the wire. With increasing frequency, the velocity of surface plasmon waves increases and the propagation length decreases. The effect of the dielectric coating on the propagation velocity of surface electromagnetic waves is analyzed. It is shown that the coating leads to a decrease in the phase velocity and an increase in the propagation length of surface plasmon waves.
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1. Introduction


The development of low-loss waveguides for transmitting terahertz radiation remains a challenging task. Waveguides with low losses and low dispersion are necessary for a new generation of terahertz systems. Conventional metal waveguides for microwave radiation and the dielectric fibers for visible light cannot be used in the THz range. Surface plasmon polaritons (SPPs) in the terahertz frequency range have very low losses and low dispersion. That is why much attention is paid to metal wire waveguides for use in sensing, imaging and spectroscopy [1,2,3,4]. In [2], the dispersive behavior of SPPs on cylindrical metal surfaces in the THz frequency range was investigated. It has been shown that the dispersive behavior of SPPs on a cylindrical metal surface at terahertz frequencies is quite different from the behavior of SPPs on a flat surface. In [3], the spatial and spectral distribution of the SPP’s field over the gold surface was measured. It was shown that the presence of a thin dielectric film on top of the metal affects the distribution of the SPP field, leading to strong confinement to the surface. In [4], measurements and calculations of the propagation of terahertz pulses along copper wires with and without a thin polyurethane coating are presented. In contrast to SPPs in the visible and infrared frequency range, the behavior of SPPs in the THz frequency range is happening in a different way [2]. Usually THz surface plasmon waves (SPWs) propagate at the interface between a metal and a dielectric. Recent studies have shown that THz SPWs can be observed in various systems. SPWs propagate along line-guided metallic structures, such as stripes, grooves, and gaps [5,6,7,8,9,10,11,12]. In [12], optimal parameters of gratings for sensing of polar and non-polar liquids were found at a wavelength of 130 µm. Reviews on terahertz technology and SPWs in the THz regime are presented in [13,14,15]. In the reviews [16,17], various terahertz optical fiber types including tube fibers, solid core fiber, anti-resonant fibers, porous-core fibers, metamaterial-based fibers, and their guiding mechanisms are examined.



In this paper, the propagation characteristics of SPPs in the THz frequency range in cylindrical metal wires with a dielectric coating are studied by solving Maxwell equations. The phase velocities and attenuation lengths of SPPs are determined as function of the conductivity and frequency for different wire radii.




2. Problem Formulation


In an optics regime, the electromagnetic beams can be effectively transmitted through the dielectric fibers [18,19,20]. The propagation of light beams in optical fibers is well described by the solutions of Maxwell equations [21,22,23,24,25]. SPWs propagating in optical fibers are also well known [26,27,28,29]. Although the dielectric fibers for visible light cannot be used for the transmission of terahertz electromagnetic waves, the methods used for the solution of Maxwell equations in an optical regime can also be applied for the consideration of THz radiation.



Consider a cylindrical plasmonic fiber (Figure 1), where a metal wire with radius    r 0    is embedded in a dielectric fiber with radius    R f  ≫  r 0   .



It is well known that the surface electromagnetic waves can propagate along the conducting wire. A detailed theoretical analysis of surface waves propagating along a metal wire was carried out some time ago by Sommerfeld [30].



For the cylindrical structure of a dielectric fiber with a metal wire core, the guided modes may be determined from the Helmholtz equations for the longitudinal field component Ez [31]:


       [   ∇ ⊥ 2  +  (   k 0 2   ε m  −  β 2   )   ]   E z  = 0   ,   0 < r <  r 0          [   ∇ ⊥ 2  +  (   k 0 2   ε d  −  β 2   )   ]   E z  = 0   ,   r >  r 0  ,     



(1)




where    ∇ ⊥ 2  =  1 r   ∂  ∂ r    (  r  ∂  ∂ r    )  +  1   r 2       ∂ 2    ∂  φ 2     ,    k 0  =  ω c    is the wavenumber in free space,  β  is the longitudinal component of the wavenumber,    r 0    is the metal wire radius,    ε m  =  ε ′  + i  σ  ω  ε 0      is the complex dielectric constant, where   σ =  1   R l  π  r 0 2      is the electric conductivity of the wire,    R l    is the resistance per unit length,    ε d    is the dielectric constant of dielectric cover and    ε 0    is the dielectric constant of free space.



Solutions of Equation (1) are the Bessel functions:


   E z  =  {       A 1   I 0   (  η r  )  , r ≤  r 0         A 2   K 0   (   η 0  r  )  , r ≥  r 0       ,   



(2)




where A1 and A2 are the amplitude coefficients,    I 0    and    K 0    are the modified Bessel functions of the first and second kind,    η 2  =  (     ω 2     c 2     )   ε p  −  β 2   ,    η 0 2  =  (     ω 2     c 2     )   ε d  −  β 2   .



The propagation of the waves of a given frequency   ω   is determined by the propagation constatnt  β :


   E z   ( z )  =  {       A 1   I 0   (  η r  )  , r ≤  r 0         A 2   K 0   (   η 0  r  )  , r ≥  r 0       }   e  i β z   ,  



(3)




i.e., the spatial distribution of the electric field in the transverse plane is preserved when propagating along the wire. However, noticeable changes occur during the propagation of pulses. The fact is that the dependence of the velocity and attenuation length on the frequency leads to the dispersive pulse propagation.



The wave fields (2) are localized near the metal-dielectric boundary (Figure 2), so the wave is a surface wave propagating along the metal wire boundary.



It is seen that the subwavelength confinement of the field at the wire-dielectric boundary takes place. Moreover, the localization of the field outside the wire is enhanced in the presence of a dielectric coating (Figure 2c). The thickness of skin layer  δ  is much less than the wavelength of the surface electromagnetic wave  λ . It follows from (2) that the distribution of the electric field inside the wire does not depend on the permittivity of the dielectric coating    ε d   , i.e., it does not depend on the properties of the coating.



The behavior of the electromagnetic field in the considered structure is described by the dispersion equation, which follows from the Maxwell equations. The dispersion equation for surface electromagnetic waves follows from the boundary condition of continuity for the tangential components of the field at   r =  r 0  = a  :


     ε p    η a      I 0 ′   (  η a  )     I 0   (  η a  )    =  1   η 0  a      K 0 ′   (   η 0  a  )     K 0   (   η 0  a  )     



(4)




where    I 0    and    K 0    are the modified Bessel functions of the first and second kind, accordingly,    I 0 ′    and    K 0 ′    are the derivatives of the Bessel functions,    η 2  =  k 0 2   ε p  −  β 2   ,    η 0 2  =  k 0 2   ε d  −  β 2   ,    k 0  =  ω c    is the wavenumber in free space.



Phase and group velocities of the surface wave can be determined from the dispersion Equation (4).



The real part   β ′   defines the phase velocity    V  p h   =  ω  β ′     of the wave, and the group velocity is determined by    V g  =   d ω   d  β ′     . The imaginary part   β ″   defines the attenuation length    z 0  =  1  β ″     of the surface wave propagating along the plasmonic fiber.




3. Velocity and Propagation Distance of Surface Wave as Function of Wire Conductivity


In Figure 3, the phase velocities and attenuation lengths of the surface wave depending on the conductivity of a wire with a radius of a = 100 µm for different frequencies of the THz surface plasmon wave are presented. Dielectric cladding is air with the refractive index n = 1. It follows from the simulation that the phase velocity increases with increasing conductivity and frequency. The propagation distance (attenuation length) of the surface wave also increases with increasing conductivity, but it decreases with increasing frequency (Figure 3b). Calculations show that the propagation length increases with the increase of the radius of a wire. The velocities of surface waves in metal wires with a dielectric coating decrease as    V p  = c /    ε d     , where c is the speed of light in free space,    ε d    is the dielectric permittivity of a cladding.



Note that the conductivity of metal wires depends on the plasmon frequency of free electrons. It follows from a Drude formula for copper [5,32], that    ε m  = − 6.3 ·   10  5  + i 2.77 ·   10  6    for the frequency of 0.5 THz. The conductivity of copper wire is σ =   1.23 ·   10  7     Ω  − 1    m  − 1    , and silver and gold wires have slightly higher conductivities.



The velocity of surface waves increases with frequency, as well as with the conductivity and radius of the wire. These waves are attenuated when propagating through the wire due to the skin effect. The dissipation increases with frequency due to a decrease in the thickness of the skin layer:   δ =    (    2  ε 0   c 2    ω σ    )     1 2     . The propagation distance of surface waves decreases with the increase of the frequency due to dissipation (Figure 3b). However, this distance increases with increasing conductivity and the radius of the wire.



As follows from the calculations, the group velocity is greater than the phase velocity due to the anomalous dispersion in the electron plasma. Note that in a medium without dispersion, the group velocity of propagating modes is less than the phase velocity [33].



Effect of a Dielectric Coating


Consider the effect of the dielectric coating on the velocity and attenuation length of SPPs. Different glass and polymer materials were studied for terahertz fibers [16,17]. It follows from recent terahertz studies that polymers have lower absorption coefficients. In [34], the dielectric properties of polymers were characterized by transmission terahertz time-domain spectroscopy in the frequency range extending from 0.2 to 3.0 THz. In the calculations below, we use a constant refractive index n = 1.6 + 0.03i in the frequency ranges under consideration, which is consistent with the value for polyurethane given in [35]. The influence of the imaginary part of the refractive index of a dielectric coating on the velocity and attenuation length is also considered.



In Figure 4, the propagation distances of SPWs as a function of conductivity are shown for bare metal wire and coated metal wire.



It can be seen that the propagation distance in the coated metal wire increases in comparison with the metal-air boundary. Note that the propagation length will decrease if the dielectric coating has losses. For SPPs, it was found that guided THz pulses become strongly chirped when propagated through coated metal wires [4]. It has been experimentally demonstrated that the dielectric coating increases the propagation length [36].



In Figure 5, the velocities and attenuation lengths are presented as a function of frequency. It is seen that the velocity increases and the propagation length decreases with the frequency due to the dissipation of surface waves.



The physical reason of the increase of dissipation with frequency is the skin effect. The thickness of the skin layer decreases with frequency, and the resistance of the wire increases with frequency, thereby causing an increase in losses.



Figure 6 shows the attenuation lengths of 10 THz SPP depending on the conductivity for bare and coated metal wires with a radius of    r 0  = 10    μ m   .



In Figure 7, the phase velocities and attenuation lengths as a function of conductivity are presented for different frequencies of SPW.



It is seen that the propagation velocity increases with the conductivity approaching the maximum value    v  m a x   = c / n  , where n = 1.6. The phase velocities for the frequencies 0.9 THz and 1.0 THz are almost the same, which indicates that the velocities for these frequencies are very close to the limit values    v  p h   →    v  m a x    .



In Figure 8, the velocities and attenuation lengths as a function of conductivity are presented for different frequencies of SPW.



It can be seen from Figure 8a, that for a given conductivity, the velocity is higher at a higher frequency. However, the attenuation length, on the contrary, is smaller for high frequencies (Figure 8b).



In Figure 9, the dependencies of the velocity and attenuation length on the conductivity are presented for different wire radii.



It follows from simulations that for a given conductivity, the velocity and the attenuation length are higher for a larger wire radius.



Figure 10 shows the velocities and attenuation lengths depending on the conductivity for different wire radii, taking into account the absorption in the dielectric coating. Here, the imaginary part of the dielectric permittivity of the coating is equal to    ε d  ″   = 0.01  , which corresponds to the effective material loss   α = 0.1   cm−1.



It follows from the simulation that absorption in a coating material has a negligible effect on the velocity of surface waves, but the attenuation lengths are significantly reduced. This indicates that the losses of the surface plasmon polariton wave in the dielectric coating are higher than in the metal wire. Currently, porous core photonic crystal fibers with a very low level of material loss have been proposed for pulse propagation [37,38,39]. These fibers have an effective material loss of less than 0.1 cm−1 at an operating frequency of f = 1 THz. In [39], a low-loss THz waveguide based on a photonic crystal structure with an average power loss of 0.02 cm−1 was designed and manufactured by 3D printing.



Thus, the effect of the conductivity of metal wires on propagation characteristics of SPPs was investigated. It is shown that the phase velocity of SPPs increase with the conductivity and frequency. The attenuation length of SPPs increases with the conductivity and decreases with the increase of the frequency. The main obstacle to transmitting a THz signal over long distances is losses in the dielectric coating. Therefore, the search for materials with low absorption is an important task.



Future research may be related to the consideration of the propagation of pulses and structured vector vortex SPPs modes in a plasmonic fiber. Of particular interest is the consideration of structured vortex beams with an orbital angular momentum [40,41,42,43,44,45] and the effects of the Goos-Hanchen shift [46,47,48]. Tunable resonance Goos-Hanchen and Imbert-Fedorov shifts for THz beams reflected from graphene plasmonic metasurfaces were studied in [46]. In [49], the axial magnetic field effects on the surface plasmon and bulk plasmon modes of cylindrical electric-gyrotropic wires are investigated.





4. Conclusions


In conclusion, the propagation characteristics of SPPs in the THz frequency range in cylindrical metal wires with a dielectric coating was studied by solving Maxwell equations. The velocities and attenuation lengths of SPPs are determined as a function of the conductivity and frequency for different wire radii. It is shown that the phase velocity of SPPs increase with the conductivity and frequency. The attenuation length of SPPs increases with the conductivity and decreases with the increase of the frequency. The subwavelength confinement of SPPs at the metal-dielectric boundary is shown.



The results can be applied in the field of THz imaging and spectroscopy, plasmonic fibers and in the development of various sensors, including gravitational wave detectors [50].
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Figure 1. The schematic view of a dielectric fiber with a metal wire core (a) and its cross section (b). 
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Figure 2. Field intensity distributions at the wire-dielectric boundary. (a)—inside wire; (b,c)—outside wire;    ε d  = 1.0    ( b )  ;    ε d  = 2.56    ( c )  ;      r 0  = 100    μ m  ,    σ =     10  7     Ω  − 1    m  − 1    ,   ω = 0.9   THz  , λ = 2.1 mm. 
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Figure 3. The phase velocity (a) and attenuation length (b) as function of conductivity. 1—ω = 0.9 THz, 2—ω = 1.1 THz. 
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Figure 4. The attenuation length as a function of conductivity. ω = 0.9 THz; 1—bare metal wire, 2—coated metal wire.    r 0  = 100    μ m   . 
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Figure 5. The phase velocity (a) and attenuation length (b) as a function of frequency.    r 0  = 10    μ m  ,    σ = 1.5  ·   10  7     Ω  − 1    m  − 1    . 
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Figure 6. The attenuation length as a function of conductivity.    r 0  = 10    μ m  ,   ω = 10   THz  , 1—air; 2—coated metal wire. 
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Figure 7. The phase velocity (a) and attenuation length (b) as a function of conductivity.    r 0  = 100   μ m .   Dashed line line—ω = 0.9 THz, solid line—ω = 1.0 THz. 
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Figure 8. The velocities (a) and attenuation lengths (b) as a function of conductivity. 1—ω = 1 THz; 2—ω = 5 THz; 3—ω = 10 THz;    r 0  = 10    μ m   . 
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Figure 9. The velocities (a) and attenuation lengths (b) as a function of conductivity. ω = 1 THz; 1—   r 0  = 1    μ m    ; 2—   r 0  = 5    μ m   ; 3—   r 0  = 10    μ m   .    ε d ′  = 2.56 ;    ε d  ″   = 0  . 
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Figure 10. The velocities (a) and attenuation lengths (b) as a function of conductivity. ω = 1 THz; 1—   r 0  = 1    μ m   ; 2—   r 0  = 5    μ m   ; 3—   r 0  = 10    μ m   .    ε d ′  = 2.56 ;    ε d  ″   = 0.01  . 
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