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Electrostatic theory of rectangular
waveguides filled with anisotropic
media

Afshin Moradi

The electrostatic (or, in a better word, quasi-electrostatic) theory of waves propagation in a long,
rectangular waveguide having perfect electric conductor walls that filled with an anisotropic
medium (here, a medium of nanowire-based hyperbolic metamaterials) is presented. Some data
on characteristics of these waves are prepared. The presented results include electrostatic field
configurations (modes) that can be supported by such structures and their corresponding cutoff
frequencies, group velocities, power flows and storage energies.

A rectangular waveguide is a long hollow tube (compared with its cross section) of rectangular cross section
with four perfect electric conductor (PEC) walls. Investigation of electromagnetic properties of waveguides with
PEC boundaries and filled with various anisotropic media, based on full Maxwell’s equations, has been receiv-
ing considerable interests for decades'~’. For instance, Van Trier' studied how the well-known electromagnetic
modes in a waveguide are modified in the presence of a magnetized plasma into the waveguide. Also, the field
configurations (modes) in hollow (rectangular/circular) waveguides and cylindrical dielectric waveguides were
presented in Refs.??, respectively. Furthermore, there are many interesting works in (rectangular/circular) wave-
guides filled with metamaterials'®'¢. For instance, Xu'® studied the characteristics of rectangular waveguides
filled with anisotropic metamaterials and derived a general condition of the existence of TE and TM modes in
these waveguides. In particular, Bhardwaj et al.”® investigated the propagation of electromagnetic waves in a
cylindrical waveguide filled with hyperbolic metamaterials (HMM:s). They found that such a waveguide has no
cutoff frequency for propagating TM and TE modes.

The HMMs'7-%!, which form a subclass of metamaterials, has attracted the attention of many authors. More
recently, we have used the electrostatic theory to study the propagation of electrostatic waves in unbounded?®
and bounded*-?* media of nanowire-based HMMs. A HMM exhibits a unique property of having anisotropy
with simultaneously different signs of the permittivity tensor components, i.e, ¢ | and £'>%. In general, two types
of HMM:s can be considered. In type I, £ is positive and ¢ is negative and then the HMM medium is called
dielectric. In type II, £ | is negative and g is positive, and HMM medium is called a metallic medium.

But, can quasi-electrostatic waves, or more commonly, electrostatic waves propagate in a waveguide with PEC
walls? Actually, a hollow waveguide cannot support electrostatic modes, but when it is filled with an anisotropic
medium the existence of electrostatic waves may be possible. However, despite the relatively extensive investi-
gations on electromagnetic characteristics of waveguides, to the best of our knowledge, the electrostatic wave
propagation inside the rectangular waveguides filled with anisotropic media are less well-known in the theory
of waveguides. For this reason, standard text and reference books present only the modal electromagnetic field
distribution of an electromagnetic hollow waveguide®.

In the present work, we present the electrostatic theory of waves propagation in a long, rectangular waveguide
containing an anisotropic medium, here a medium of nanowire-based HMMs. The results derived by employing
electrostatic theory, indicates the velocity of light in free space must be much more than phase velocity”. Actually,
the frequency term in Helmholtz equation is dropped here and the modified Laplace equation is solved instead.

Spectroscopy of electrostatic modes of a planar slab of nanowire-based HMMs

One type of electrostatic waveguide is a planar slab of an anisotropic medium (here, a medium of nanowire-
based HMM s in the perpendicular configuration®) of height 2a with two PEC boundaries, as shown in panel
(a) of Fig. 1. Note that in the perpendicular configuration the PEC boundaries are perpendicular to the axes of
nanowires. The parallel configuration is another configuration, where the axes of nanowires are parallel to the
PEC boundaries. The array of nanowires has areal density N with axes parallel to z-axis. Also, randd = 1/+/N
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Figure 1. (a) Side view of a planar slab of nanowire-based HMMs. The array of nanowires has areal density

N with axes parallel to z-axis. Also, r is the radius of a nanowire and d = 1/+/N is the separation between the
nanowires. The PEC interfaces separating the slab (—a < z < a). (b) Isometric view of a rectangular waveguide
filled with a medium of nanowire-based HMMs with its appropriate dimensions and PEC boundaries.

are the radius of a nanowire and the separation between the nanowires, respectively. To simplify the analysis
of the structure, in this section we reduce the problem to a 2D one (its length in the y direction is infinite) so
that 3/dy = 0. Although in practice the dimensions of the structure are finite, the 2D approximation not only
simplifies the structure but also sheds insight into the characteristics of the structure. In general case, the cross
section of the slab is a rectangular with finite height and width.

We now investigate the behaviors of electrostatic bulk modes of a planar slab of nanowire-based HMMs, based
on the field analysis. Let us assume that the waves are traveling in the x direction, and the structure is infinite in
that direction as illustrated in panel (a) of Fig. 1. We shall obtain the general expression for dispersion relation
of the electrostatic waves. For the present problem, the relative dielectric tensor of the anisotropic medium is

e 0 0
g(w) = <0 €1 0 > , (1
0 0 ¢

where ¢ | and g| that are the effective transversal and longitudinal permittivities, respectively, may be expressed
by19

(A +fem+ 1A —feg
L _Sd(l —em+ (1 +f)eg @

&) =fem + (1 —feg, (3)

where ey = €0 — a)g Jo(w + iy) shows the relative permittivity of a nanowire (for example a narrow-gap semi-
conductor nanowire such as InSb***), o is the high-frequency bulk permittivity, wy, is the electron plasma
angular frequency, y is the damping constant, f = 72N is the filling factor of nanowires in the xy section of
medium and &4 is the relative permittivity of insulator host.

Under the electrostatic approximation, the electric field can be represented by the gradient of an electric
potential ®. The Maxwell’s equation V - D = 0, gives the wave equation for the electrostatic potential of an
unbounded medium of nanowire-based HMMs

a2 92
|:8Lﬁ+€“9:|q)=o, (4)

Scientific Reports |

(2021) 11:24522 | https://doi.org/10.1038/s41598-021-04293-6 nature portfolio



www.nature.com/scientificreports/

where all the field quantities are assumed to have the harmonic time dependence of the form exp(—iwt). Note
that e is angular frequency of an electrostatic wave in the system.

In deriving the electrostatic mode spectrum of a planar slab of nanowire-based HMMs, we use the following
general separated-variable solution for traveling waves in the +x direction

®(x,z) = (Asinkz + Bcoskz) exp(ikx). (5)
Substituting this into Eq. (4), we get
8Lk2+SHK2 =0. (6)

Equation (6) shows that a homogeneous bulk electrostatic plane wave corresponding to real k and « is possible
only when ¢ /g is negative. Field existing within this waveguide must be characterized by zero tangential compo-
nents of electric field at the PEC walls. However, the boundary conditions at the two PEC walls can be written as

D= —ga=0. (7)

Now, by applying the mentioned boundary conditions we can find the relationship between the constants
A and B, as

+Asinka+ Bcoska = 0. (8)

To satisfy Eq. (8) we consider separately two categories: even and odd modes. For an even mode A = 0 and
ka= (n+1/2)gwithn =0,1,2,...Therefore ka = (n + 1/2)7 is the dispersion relation for electrostatic waves
with symmetric potential functions. For an odd mode B = 0 and we have ka = n that is the dispersion relation
for electrostatic waves with anti-symmetric potential functions. The even and odd mode dispersion relations can
be combined into a single equation. The result is

T
Ka=n—,
5 9)

where this equation corresponds to an even mode for # odd, and to an odd mode for # even. In the special case,
foreso =1 =¢qandy = 0, from Eq. (9), we find

" 172\ 1/2
o (-3P(30) + 0+

2 T 2 1/2
1 -
{ + <2ka> }
If k— 0, then w; — /1 —fwy/v/2 and w_ — \/fwp. If k — oo, then wy — /1 + fw,/+/2 and

w_ — 0. This means that this system represents a bulk electrostatic band filter with the frequency bands

VA ! —f/ﬁ Swy/op <4/1 —l—f/\/i and 0 < w_/wp < ﬂ Note that the mentioned effective medium
approximation that we use in the present study is valid when the radius of a nanowire is a lot smaller than the
wavelength of the waves under consideration. Also the nanowires must be well separated. In particular, the
conductor walls must behave as PEC walls and thus they must have constant potential. Therefore, the angular
frequency is assumed to be restricted to the range 0 < w_/w, < \/f with the consequence that we can choose
the appropriate frequency of plane electrostatic wave in the microwave regime and appropriate radius of a
nanowire in the present HMM medium. For instance, for InSb wires the electron plasma frequency wy /27 = 4.9

(10)

THz?® is approximately 61 um in wavelength. If one uses the angular frequency region of w_ ~ /fw, the

wavelength under consideration is 61/ \ﬁ pm. Thus, forr = 5nm andd = 1 wm, we find \ﬁ ~ 8.8 x 10~ %and
therefore A >> r, d which indicates the mentioned effective medium approximation is valid in the present study.
Furthermore, we find w_ /27 < 43.4GHz and therefore one may conclude the condition that conductor walls
must behave as PEC walls is satisfied. Note that for the angular frequency range 0 < w_ /wp < +/f, one can find
that | is positive and ¢ is negative, thus the present system for our purpose is a HMM of type I.

The dispersion curves of modes of a planar slab of nanowire-based HMMs with r = 5nm, d = 1 pm for vari-
ous values of #, using Eq. (10) are depicted in Fig. 2. An infinite number of bulk electrostatic waves with different
values of n can exist in the slab, which depend on the conditions of excitation. It is clear from Fig. 2 that the
frequency of an electrostatic mode decreases monotonically with wavenumber throughout the allowed frequency
range 0 < w_ < \/fwp. Therefore, these electrostatic modes are backward waves. Furthermore, all backward
modes have equal cutoff frequency w_ = /fw,. Hence, there is no frequency band where only a single mode
propagates. Note that using the simple formula vy = dw/dk the group velocity of bulk modes of the system can
be simply computed in an analytical way.

Spectroscopy of electrostatic modes of a rectangular waveguides filled

with a medium of nanowire-based HMMs

Now, consider a long, rectangular waveguide of nanowire-based HMM having PEC walls of dimensions w and

h in the y and z directions respectively. Geometry of the problem is presented in panel (b) of Fig. 1. It is our pur-

pose to determine the various electrostatic modes that can exist inside this rectangular electrostatic waveguide.
In this case, the wave equation for the electrostatic potential inside the HMM medium can be written as
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Figure 2. Dispersion curves of the first ten bulk electrostatic modes of a planar slab of nanowire-based HMMs
withr = 5nm, d = 1 um and PEC boundaries, using Eq. (10). The modes n = 1,3,5,7,9 are even (symmetric)

modes and n = 2,4, 6, 8 are odd (anti-symmetric) modes. The slope of curves is negative in the frequency range
0<w_ < \/f p for all mode orders. Therefore, these modes called backward waves. For a backward wave, the
directions of group velocity (power flow) and phase velocity (phase propagation) are mutually opposite.

SR DV PP 11
& — E|l—= = 0.
Flox2 T 9y2 922 (1)

Again, the solution to Eq. (11) can be obtained by using the separation of variables method. In general, the
solution to ® (x, y, z) for traveling electrostatic waves in the +x direction can be written as

P(x,y,2) = (C sinay + D cos ay) (E sin Bz + F cos Bz) exp(ikx). (12)
Substituting this equation into Eq. (11), we get
8J_(k2+062) +£||,32 =0. (13)

Note that C, D, E, and F are constants that will be evaluated by the appropriate boundary conditions on the
walls of the waveguide. Here, the boundary conditions at the four PEC walls are

qDly:O,w =0 (14)

cI>|z:0,h =0. (15)

To satisfy the above boundary conditions for electrostatic modes, we choose

mm

a=—, D=0, (16)
w
nmw

B = F=0, (17)

where m and n are integers. Only the trivial solution & = 0 is possible when m = 0 or/and n = 0. The electric
potential and electric field components are

D (x,y,2) = App sin (?) sin (%) exp(ikx), (18)
E.(x,y,2) = —ikAmp sin (mTM) sin (%) exp(ikx), (19)
Ey(x,9,2) = —Amn (%) cos (?) sin (%) exp(ikx), (20)
E.(x,9,2) = —Apmn (%) sin (?) cos (%) exp(ikx). (21)

The dispersion equation for the modes can be written as

= g (Y ()] @

Since there are infinite combinations of m and 7, an infinite number of electrostatic modes can be found. In
the special case, for oo = 1 = ggand y = 0, from Eq. (22), we find
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Figure 3. Dispersion curves of electrostatic modes (1, n) of a waveguide filled with a medium of nanowire-
based HMMs with r = 5nm, d = 1 um and PEC boundaries, forn = 1,2, 3, and m = 1, 2, 3. (a) A rectangular
waveguide (2h = 2a = w), using Eq. (23). (b) A square waveguide (h = 2a = w), using Eq. (24).

1/2

Wi =% Lifa {(1 —3f)2(”:)2n: ir(ll/;f)z} 1/2
[n+(zﬁ}

k 2
where T, = m? + (%) . Again, we take the symbol “~” in Eq. (23) that is in agreement with our model

, (23)

throughout the allowed frequency range 0 < w_ < /fwp. Assuming h = w = 2a, the dispersion relation of a
square waveguide can be written as

12\ 1/2

[(1=3)°n + (1 4+£)°]
(TS + nz)l/z

1
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©_[®p w— [,

(m, n) (w=2h=2a) | (w=h=2a)
(3,1) 7.0 x 1073 2.8 %1073
(2,1) 7.9 x 1073 39 x 1073
(3,2) 82 x 1073 49 x 1073
(LD

(2,2) 8.5x 1073 6.2 x 1073
(3,3

(2,3) 8.7 x 1073 7.4 %1073
(1,3) 8.8 x 1073 8.4 x 1073

Table 1. Normalized cutoff frequencies for electrostatic modes (m, n) (n = 1,2,3andm = 1,2,3) ofa
waveguide filled with a medium of nanowire-based HMMs with » = 5nm, d = 1 um, using Eqgs. (23) and (24).

\‘l
/»1 \ ;g-llﬁ;%l«"\‘.l
NS /IS

5 = 7 7N
AN ﬁ;\-\\\“e
‘\‘. Ei 11

=

[
/ AN\

W2

> — —edl
I

N =
N/
N

=\ R

7N T

4 \ — N

dllip sl

Aainm ‘

NN ) |
NEINEEIN ST
!\\\v// m \\\-¢¢,g///l \ ?s\\@s}\!,lf//zﬁ_f_»-:?sfs\\\}\!

= S | [
N
=7 \\\\'v-'-?//,‘u \

INETI
W

N
)

/=S

= -E:
Sc==
»

&
&
&

/Z;/
-—;%"//
{

N
)
:? 11

0

N
)
%

1l

18
WL
NN

I \ 7 = 1
mAN\1/788 & s
N2\

7
{
N

=\

7

=
7
(1
s

n

X

Figure 4. Electric field patterns (blue lines) and their corresponding cross sections of equipotential surfaces
(red lines) for the first nine electrostatic modes of a square waveguide (h = w) with PEC boundaries and filled
with an anisotropic medium, for example a medium of nanowire-based HMMs.

2ka\?
where Yy = m? + (—) . The dispersion curves for electrostatic modes (m, n) (n = 1,2,3and m = 1,2, 3) of
T

a waveguide filled with a medium of nanowire-based HMMs with r = 5nm, d = 1 um are depicted in panels
(a) and (b) of Fig. 3. Panel (a) shows the results for a rectangular waveguide (2h = 24 = w), using Eq. (23) and
panel (b) shows the results for a square waveguide (h = 2a = w), using Eq. (24). Furthermore, the values of
normalized cutoff frequencies for a rectangular waveguide (w = 2h = 2a), using Eq. (23) and a square waveguide
(w = h = 2a) using Eq. (24) are listed in Table 1. We see that mode (3, 1) is the dominate mode for electrostatic
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Figure 5. Cross section of bulk charge density of a square waveguide (h = w) with PEC boundaries and filled
with an anisotropic medium (for example a medium of nanowire-based HMMs) corresponding to the Fig. 4.
The white color corresponds to positive charge and black color to negative charge. The first left column (from
top to bottom) shows modes (1, 1), (2, 1) and (3, 1), respectively, the second column shows modes (1, 2), (2, 2)
and (3, 2), respectively and the third column shows modes (1, 3), (2, 3) and (3, 3), respectively.

modes (m, n) (withn = 1,2,3andm = 1, 2, 3). Also, modes (1, 1), (2, 2), and (3, 3) have equal cutoff frequencies.
In particular, the yz cross section electric field and their corresponding cross sections of equipotential surfaces
for the first nine electrostatic modes of a square waveguide are plotted in Fig. 4. Field configurations of a rectan-
gular waveguide are very similar with Fig. 4 (not shown here). By comparing the results in Fig. 4 of® with Fig. 4
in the present work, one can conclude that the electric field pattern of electrostatic mode (m, n) is similar with
electric field pattern of TM,,,, modes for a hollow waveguide. Furthermore, in Fig. 5 we show the yz cross section
of bulk charge density of a square waveguide corresponding to the Fig. 4. The white color corresponds to positive
charge and black color to negative charge.

The electrostatic waves that are created and propagating inside the present waveguide have power associated
with them. To find the power flowing down the waveguide, it is first necessary to find the cycle-averaged of power
density directed along the axis of the waveguide. The power flowing along the waveguide can then be obtained
by integrating the axial directed power density over the cross section of the waveguide.

For the waveguide geometry of Fig. 1, the x-directed power density can be written as®

S pele, 0 L g
= ——R€ _—— N
x 2 | ot ax (25)

in the complex-number representation, where * denotes complex conjugation, and Re denotes taking the real
part. Use of Eq. (18) into Eq. (25), allows the x-directed power density of Eq. (25) for the electrostatic modes
can be written as

k
Sy = b &1 |Apn|* sin? (Llny) sin’ (—nnz). (26)
2 w h
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Note that ¢ | and g)are real since we neglected damping in the present study. The associated power is obtained
by integrating Eq. (26) over the cross section A = hw of the guide, as

h rw k
Prm = / / Sxdydz = o SLhW|Amn|2- (27)
o Jo 8
Also, the cycle-averaged of energy density distribution associated with the waves can be written as®
&0 d(wg)
= —Vo*. Vo
u=- { o } (28)

After substitution Eq. (18) into Eq. (28), we obtain

wm IO e (M s (1)

4 do
go ymm\2d(we,) mir . nmwz
+ ZO<7> 7(1;' |Apun|* cos? (—Wy> sin’ (T> (29)
go (nm\2d(we)) ) . o (MY , (MTZ
() T Al sin® (Z02) cos* (55).
The associated storage energy is obtained by integrating Eq. (29) over the cross section A of the waveguide, as
_2 AP L LA
Unn = 1 whol Ayl Hk +( - ) } - +( . ) L (30)

As mentioned before, using the simple formula v; = dw/dk and Eq. (22), the group velocity of electrostatic
modes of the system can be simply computed. However, in the absence of the damping effects, the group velocity
of the waves is also equal with the ratio of the power flow to the storage energy, such as

V—Pmn— —2ke |
g—i— .
Unnn 2 (M2 deL | onm2dey (31)
{k+<w>}dw+(h) do

Since all investigations in this work is based on electrostatic theory, the equality of above formula with the
result obtained using v = dw/dk is a manifestation of self-consistency and general validity of presented results
in the electrostatic theory.

Conclusion

We have presented the theory of electrostatic bulk waves propagation in a long, rectangular PEC waveguide
containing an anisotropic medium (here, a medium of nanowire-based HMMs). We have derived general expres-
sion for dispersion equation of the waves and then presented the plots the electrostatic field distributions in such
electrostatic waveguides. The results show that the electric field pattern of electrostatic modes are similar with
electric field pattern of TM,,, modes in the rectangular hollow waveguides®. Also, we have found that all modes
with m = nhave equal cutoff frequencies and mode (m = 3,n = 1) is the dominant mode for electrostatic modes
(m, n) (withn = 1,2,3and m = 1,2, 3) in the electrostatic waveguides. However, in general the dominate mode
of the system cannot be found. Finally, we have verified the obtained results by showing that group velocity of
the waves is the same as energy velocity (i.e, the ratio of the power flow to the storage energy). Because of the
possibility of electrostatic waves propagation in a rectangular waveguides filled with anisotropic media, they
may be used in the development of new waveguides using guided electrostatic waves.
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The data that supports the findings of this study are available within the article.

Received: 26 October 2021; Accepted: 13 December 2021
Published online: 31 December 2021

References

1. Van Trier, A. A. T. M. Guided electromagnetic waves in anisotropic media. Appl. Sci. Res. 3, 305-371 (1954).

2. Barzilai, G. & Gerosa, G. Modes in rectangular guides partially filled with transversely magnetized ferrite. IRE Trans. Antennas
Propag. 7, 471-474 (1959).

3. Engineer, M. H. & Nag, B. R. Propagation of electromagnetic waves in rectangular guides filled with a semiconductor in the pres-
ence of a transverse magnetic field. IEEE Trans. Microw. Theory Tech. 13, 641-646 (1965).

4. Tuan, H. S. Mode theory of waveguide filled with warm uniaxial plasma. IEEE Trans. Microw. Theory Tech. 17, 134-137 (1969).

5. Liu, S, Li, L. W,, Leong, M. S. & Yeo, T. S. Rectangular conducting waveguide filled with uniaxial anisotropic media: A modal
analysis and dyadic Green’s function. Progress Electromagnet. Res. 25, 111-129 (2000).

6. Jawla, S. K., Kumar, S. & Malik, H. K. Evaluation of mode fields in a magnetized plasma waveguide and electron acceleration. Opt.
Commun. 251, 346-360 (2005).

7. Sun, K., Lee, J. K. & Graham, J. W. Fields and wave modes analysis of rectangular waveguide filled with uniaxial medium. IEEE
Trans. Microw. Theory Tech. 64, 3429-3440 (2016).

8. Lee, C,, Lee, S. & Chuang, S. Plot of modal field distribution in rectangular and circular waveguides. IEEE Microwave Theory Tech.
33,271-274 (1985).

Scientific Reports|  (2021) 11:24522 | https://doi.org/10.1038/s41598-021-04293-6 nature portfolio



www.nature.com/scientificreports/

9. Xia, T. & Chew, W. C. Plots of modal field distribution in circular dielectric waveguide. Microwave Opt. Technol. Lett. 57, 2599-2601

(2015).

10. Xu, Y. A study of waveguides filled with anisotropic metamaterials. Microwave Opt. Technol. Lett. 41, 426-431 (2004).

11. Hrabar, S., Bartolic, J. & Sipus, Z. Waveguide miniaturization using uniaxial negative permeability metamaterial. IEEE Trans.
Antennas Propag. 53, 110-119 (2005).

12. Tuniz, A. et al. Spontaneous emission inside a hyperbolic metamaterial waveguide. Nat. Commun. 4, 2706 (2013).

13. Roth, D. et al. Spontaneous emission inside a hyperbolic metamaterial waveguide. ACS Photon. 4, 2513-2521 (2017).

14. Bhardwaj, A., Srivastava, K. V. & Ramakrishna, S. A. Enhanced coupling of light from subwavelength sources into a hyperbolic
metamaterial fiber. J. Lightwave Technol. 37, 3064-3072 (2019).

15. Bhardwaj, A., Srivastava, K. V. & Ramakrishna, S. A. Propagation of wave in a cylindrical waveguide filled with hyperbolic negative
index medium. Microwave Opt. Technol. Lett. 62, 3385-3390 (2020).

16. Bhardwaj, A. et al. Properties of waveguides filled with anisotropic metamaterials. C. R. Phys. 21, 677-711 (2020).

17. Shekhar, P, Atkinson, J. & Jacob, Z. Hyperbolic metamaterials: Fundamentals and applications. Nano Convergence 1, 14 (2014).

18. Ferrari, L., Wu, C., Lepage, D., Zhang, X. & Liu, Z. Hyperbolic metamaterials and their applications. Prog. Quant. Electron 40, 1-40
(2015).

19. Takayama, O. & Lavrinenko, A. V. Optics with hyperbolic materials [Invited]. J. Opt. Soc. Am. B 36, F38-F48 (2019).

20. Huo, P, Zhang, S., Liang, Y., Lu, Y. & Xu, T. Hyperbolic metamaterials and metasurfaces: Fundamentals and applications. Adv.
Opt. Mater. 7, 1801616 (2019).

21. Guo, Z,, Jiang, H. & Chen, H. Hyperbolic metamaterials: From dispersion manipulation to applications. J. Appl. Phys. 127, 071101
(2020).

22. Moradi, A. Electrostatic wave propagation in an array of metallic wires. Phys. Plasmas 27, 064502 (2020).

23. Moradi, A. Electrostatic Dyakonov-like surface waves supported by metallic nanowire-based hyperbolic metamaterials. J. Opt.
Soc. Am. B 37,2976-2981 (2020).

24. Moradi, A. Electrostatic waves in photonic hypercrystals. Phys. Lett. A 387, 127008 (2021).

25. Moradi, A. Electrostatic bulk waves propagation in a slab delay line of metallic nanowire-based hyperbolic metamaterials. Waves
Random Complex Media.https://doi.org/10.1080/17455030.2021.2006357 (2021).

26. Balanis, C. A. Advanced Engineering Electromagnetics (Wiley, New York, 1989).

27. Moradi, A. & Wubs, M. Strongly direction-dependent magnetoplasmons in mixed Faraday-Voigt configurations. Sci. Rep. 11,
18373 (2021).

28. Silveirinha, M. G., Gangaraj, S. A. H., Hanson, G. W. & Antezza, M. Fluctuation-induced forces on an atom near a photonic
topological material. Phys. Rev. A 97, 022509 (2018).

29. Moradi, A. Canonical Problems in the Theory of Plasmonics: From 3D to 2D Systems, Switzerland (Springer, Cham, 2020).

Author contributions
This article has been authored by A.M.

Competing interests
The author declares no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:24522 | https://doi.org/10.1038/s41598-021-04293-6 nature portfolio


https://doi.org/10.1080/17455030.2021.2006357
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Electrostatic theory of rectangular waveguides filled with anisotropic media
	Spectroscopy of electrostatic modes of a planar slab of nanowire-based HMMs
	Spectroscopy of electrostatic modes of a rectangular waveguides filled with a medium of nanowire-based HMMs
	Conclusion
	References


