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Modeling of Dyakonov surface waves at magnetized
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This study examines the behavior of magnetically controlled Dyakonov surface waves at plasma-dielectric interface in THz
frequency region. We analyze the influence of cyclotron and plasma frequencies on different properties of electromagnetic
(EM) surface waves such as effective mode index, propagation loss, and normalized phase velocity. Our results show that
as cyclotron frequency increases, the effective mode index increases, while the propagation loss decreases. However,
increasing plasma frequency reduces effective mode index and increases propagation loss. Furthermore, higher wave
frequency reduces the normalized phase velocity for both plasma features. Additionally, variations in plasma frequency and
cyclotron frequency have a substantial impact on the normalized phase velocity. These findings may have promising
applications in THz nanophotonic devices, plasmonic chips, sensors, near-field communication, and modulators.
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1. Introduction

Electromagnetic (EM) surface waves are localized at
the interfaces of two dissimilar mediums and
exponentially decay as it propagates away from the
interface [1-9]. There are different kinds of EM surface
waves (SW), each associated with a specific type of
interface. Zenneck examined the propagation of SW at
radio frequencies, focusing on the planar interfaces
between lossless and lossy dielectric materials. It was
examined that metal-dielectric interfaces support the
propagation of surface plasmon-polaritons (SPPs) waves
[10]. The Tamm surface waves are supported by two
isotropic dielectric materials. In contrast, Dyakonov
surface waves (DSWs) produced between two dielectric
materials among one of them should be anisotropic [11,
12]. Although partnering optical materials may be
identical and anisotropic, they must be oriented in such a
way that the eigenvectors of their permittivity dyadic are
not aligned with each other. Based on the assumption that
there is negligible energy loss in bulk optical materials on
either side of the interface, DSWs could serve the same
function as SPPs by transmitting energy at the interface,
enable diverse applications in optics community.

DSWs is characterized by several distinctive features,
one of the most notable being its narrow propagation
range, usually spanning only few degrees [13, 14].
Moreover, DSWs display wide angular range when
interacting with dissipative or magnetic materials,
underscore their unique characteristics. The distinctive
optical traits of DSWs such as tunability, non-reciprocal
behavior, enhanced light-matter interaction, and surface
sensing capabilities, position them as highly promising for
groundbreaking applications in optics sector [1, 2].
Contrary to SPPs, which are purely transverse magnetic

(TM) polarized, DSWs exhibit a hybrid nature, involving a
combination of both transverse electric (TE) and TM
polarization [3]. F. M. Marchevsky [4] and M. 1. [5]
Dyakonov developed the initial theoretical framework
using anisotropic  crystal interfaces. Experimental
investigation of DSWs has shown significant potential as
an important tool in optics community [6, 7]. It is
becoming more prevalent to employ these waves in
applications such as optical modulators, plasmonic
Sensors, and surface-enhanced spectroscopy,
demonstrating their versatility and significance in the
advancement of optical technology [3, 8, 9]. Uniaxial and
biaxial optical materials are widely utilized in materials
science to propagate DSWs. Theoretical researchers have
employed different approaches to investigate DSWs'
properties. M. V. Zakharchenko and G. F. Glinskii
performed an analysis of DSWs propagation between two
biaxial anisotropic mediums [10]. Juan J. Miret et. al.
conducted study on the DSWs, exploring hybrid
polarization techniques to broaden the angular range with
minimal propagation losses. Sipeng Chen et al. studied the
numerical modelling of DSWs between an isotropic
medium and a conductor-backed uniaxial slab at planar
structure [11]. Chenzhang Zhou et al. numerically
analyzed the propagation of Dyakonov—Tamm (DT) SW at
the planar structure between a nonhomogeneous uniaxial
dielectric and an isotropic dielectric [12]. Osamu
Takayama et al. experimentally analyzed the existence of
DSWs anisotropic crystal [13]. Osamu Takayama et al.
also reported the observation of Dyakonov plasmon
supported at hyperbolic metamaterial [14]. Currently, the
most interesting anisotropic materials are metamaterials
due to their tailored properties rather than naturally
occurring crystals [15, 16]. The unique and fascinating
properties of plasma metamaterial have attracted



278 Bader Alhasson, Muhammad Umair, Fawwaz Hazzazi, Abdul Ghaffar

significant attention in the field of optics [17-22]. Wave
propagation in anisotropic media is significantly facilitated
by plasma medium and offer innovative solutions to
various challenges in the waveguide community [17-20].
Researchers classify plasma into two major categories:
unmagnetized plasma and  magnetized plasma.
Unmagnetized plasma is characterized by the absence of
an external magnetic field. In the presence of a magnetic
field, plasma becomes magnetized, and its permittivity is
described by its tensor [23]. The plasma frequency and
cyclotron frequency can be used to control this
permittivity. A lot of research have been conducted on
unmagnetized plasma [24-30]. However magnetized
plasma provides an additional degree of freedom
compared to unmagnetized plasma due to presence of
external magnetic field [31].

In this manuscript, we have analyzed magnetically
control DSWs at magnetized plasma—dielectric interface.
Behavior of DSWs is analyzed under different plasma
features (plasma frequency, cyclotron frequency) in THz
frequency region to analyze effective mode index,
propagation loss and normalized phase velocity.

2. Theoretical formulations
Consider DSWs propagate along z-axis. Regions 1

and 2 describe the magnetized plasma and dielectric
medium, respectively as shown in Fig. 1.

Fig. 1. Schematic view of DSWs at magnetized
plasma—dielectric interface

The constitutive relations for magnetized plasma are:
D = ¢gyé.E 1)
H=1/u,B 2
Uo and g, are the permeability of free space and

permittivity of free space, respectively, and & is the
permittivity tensor for plasma medium.
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where €;, €, and &5 are the permittivity tensor described
in [32].
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w, w, and w, represent the incident wave frequency,
plasma frequency and cyclotron frequency, of magnetized
plasma medium, respectively. While m, e, n and B denote
the electron mass, electron charge, number density
(electron  density) and external magnetic field,
respectively. The wave equation for H, and E, in the
nonhomogeneous plasma can be written as follows:
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The eigenvalues are:

1 1
s = JE Uy + Uy) +/(Uy = Uy)? = 4U,Us  (15)

5= HW+ U + T U - A00, (16)
EM fields for nonhomogeneous plasma are as follows:
E, = (Aje™ 9% + A,e~12%X)e Iz (17)
H, = j(Aja,e7 97 + Aya,e™ %) e IF7 (18)

B define the propagation constant. The rest of magnetized
plasma fields component can be derived as [33].

E; = jaV.E, + bV,E, X a, + cV.H, + jdV.H, X a, (19)
H, =eV.E, +jfiV.E, X a, + jaV.H, + bV,H, X a, (20)

where a, b, ¢, d, e and f are given as:
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In equations 29 and 30, @; and a, are hybrid mode
factors. The fields phasor for free space is given below:

Eyz = A3 eyxe_jﬁz (31)
Hy, = Ay e? e Pz (32)
Ep = Ay ere /i )

H,; = As(— (j_ZO) e¥ e IFz (34

where,

¥ = +/B?% — k& describe the wavenumber of free space.
Here A;, A,, Az and A, are amplitudes constant.

Following boundary conditions are applied to obtain the

characteristic equation.

Xx(H —H,) =0 (35)
xx(E; —E;})=0 (36)
Yq2(—bgyw + ay(deyw + (bz +df)ya) — (Mow(f1 +

ba,) + (bz + df)yq)a) + w(byeoq — & (Uow +
dyq)ay + poaz(gow + vq1 (f1 + bay))) =0 (37

3. Numerical results and discussion

In this section, numerical results of magnetically
controlled DSWs at plasma dielectric interfaces are
analyzed in THz frequency region by using dispersion
relation (37). Here, we use collisionless plasma medium.
Magnetized plasma provides an additional degree freedom
due to the presence of magnetic field. Firstly, we analyze
the effect of plasma and cyclotron frequencies on effective
mode index and propagation loss. Since plasma frequency
and cyclotron frequencies are the functions of number
density and external magnetic field as reported in [40].

Effective mode index Re (kﬁ) is very crucial parameter
0

nanophotonic devices. Throughout calculations, we set
numerical parameters: w,=10 THz, w,=8 * 10'"*Hz and
w = 2nf, f = 102Hz.

Fig. 2 presents the effect of w, on effective mode
index. As wave frequency increases, characteristic curves
shifted towards higher effective mode index. Moreover,
when w,, increases, the plasma responds more strongly to
DSWs, leading to greater degree of wave confinement at
the interface. Furthermore, higher wj, reduce the effective
mode index and wave frequency band [34-36].

The imaginary part of propagation constant is called
propagation loss. The variation in propagation loss or
attenuation, under different w,, is analyzed in Fig. 3. It can
be observed that show that propagation loss increases with
frequency. Contrary to Fig. 2, as w, increases
characteristic curves are shifted towards lower frequency
regions. The ability to control the effective mode index
and propagation loss can be applied in designing efficient
plasmonic waveguides, plasma-based sensors, and THz
communication systems.

Effective Mode Index
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Fig. 2. Influence of wy, on effective mode index
(colour online)
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Fig. 3. Influence of wy, on propagation loss (colour online)

Fig. 4 analyzes the influence of w, on effective mode
index versus THz wave frequency. Obviously, the
effective mode index increases with wave frequency for
each value of the cyclotron frequency. It is worthwhile
note that at lower wave frequency, characteristic curves
exhibit unphysical region that has no practical importance
in wave optical community [24, 31]. As w, increases
effective mode index also increases at faster rate,
indicating stronger confinement of the wave near the
interface, which could be beneficial for plasmonic sensors
and communication systems. Furthermore, higher w, shift
characteristic curves lower wave frequency regime.

Influence of cyclotron frequency on propagation loss
is depicted in Fig. 5. It can be observed that increasing w,
decrease the propagation loss and characteristic curves
shift towards higher wave frequency regions. It is vital to
note that, by increasing w, frequency band becomes
narrower, and slope of characteristic curves decreases.
Furthermore, propagation loss increases with wave
frequency. The increased propagation loss at higher
frequencies indicates greater energy dissipation, which is
crucial in practical applications such as in communication
systems and sensing.
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Fig. 4. Influence of w, on effective mode index (colour online)
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Fig. 5. Influence of w. on propagation loss (colour online)

Fig. 6 illustrates the impact of plasma frequency on
normalized phase velocity versus THz wave frequency.
Normalized phase velocity decreases with increasing wave
frequency for all values of w,. Furthermore, wave
frequency band extends from 0 to 4 THz. Furthermore,
highest slope of characteristic curve is achieved at lower
value of w,. It is vital to note that, wave frequency
increases, surface wave interaction with plasma becomes
more dispersive, and the characteristic curve flattens,
indicating that the phase velocity is less sensitive to
changes in plasma frequency at higher frequencies.
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Variation in normalized phase velocity under different
w. 1s analyzed in Fig. 7. As w, increases, normalized
phase velocity, and wave frequency band decreases.
Furthermore, as the magnetic field strength increases the
interaction between the wave and the plasma becomes
stronger. This leads to an increase in wave confinement
near the plasma surface and a decrease in phase velocity at
higher frequencies. It is of peculiar interest to note that, at
some higher wave frequency, characteristic curves begin
to level off that have no practical importance in the optics
community. The former tunability characteristics suggest
that DSWs can be engineered by tensorial permittivity
parameters of magnetized plasma.
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Fig. 6. Influence of wy, on normalized propagation
length (colour online)
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Fig. 7. Influence of w, on normalized propagation
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Influence of wave frequency on effective mode index
versus w, is analyzed in Fig. 8. As wave frequency
increases, w, and effective mode index also increases.

Furthermore, as w,, increases, the effective mode index
decreases. This suggests that DSWs propagate faster with
increasing w,, particularly at higher frequencies (1.6 and
1.9 THz). By adjusting wave frequency and plasma
frequency, these results can be applied to designing
dynamic plasma-based THz waveguides, sensors, imaging
systems, communication systems, and modulators.
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Fig. 8. Influence of wave frequency on effective mode
index versus w, (colour online)

To verify the conditions for Dyakonov waves, the
normalized field profiles in the plasma and free-space
medium are analyzed in Figs. 9 and 10, respectively. In
both figures, the characteristic curves exhibit exponential
decay. Dyakonov waves must satisfy two conditions: (i)
the electromagnetic fields decay exponentially away from
the interface, and (ii) one of the two dielectric media must
be anisotropic [15].
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Fig. 9. Normalized field profile for magnetized plasma
medium (colour online)
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Fig. 10. Normalized field profile for magnetized plasma
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Fig. 11. Real part of decay constant versus wave frequency
(colour online)

Fig. 11 presents the decay constants q, and q_ versus

THz frequency. The larger magnitude of q  indicates
stronger field confinement in plasma medium, whereas the
comparatively small g, corresponds to weak confinement.
The vanishing trend of g, near 0.2 THz suggests the cutoff
condition beyond which the associated mode becomes
weakly bound or radiative.

4. Conclusions

Modeling of DSWs at magnetized plasma—dielectric

interface has been performed in THz frequency region and
following conclusion:

o The effective mode index increases with wave
frequency for varying wp and w.

e Effective mode index decreases by increasing wy
and vice versa for wc.

e Propagation loss increases with increasing wave
frequency.

e By adjusting tensorial permittivity parameters of
magnetized plasma propagation loss can be
controlled.
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APPENDIX:

The EM fields in magnetized plasma medium are as follows:

E,; = (Aje™ 1% + Aye 92%) e iPz (4)
Hy = j(A ae” 1% + Aya,e™92%) e P2 (B)
Ey = —je /Frx@2ma) (e792%q, (a + ca;) Ay + e ™1 qy(a + cay)Ay) ©
E, = e JPz=x(@z7a1) (e=42%q, (b — day)A; + e~ ¥ q, (b — day)A,) (D)
Hyy = e—jﬁz—x(qz—ql)(_e—qzqu(e —aa;)A; — e ¥ qy(e — aay)A,) (E)
H,, = je_jﬁz_x(qz_ql)(e_qzx‘h(ﬂ + bay)A; — e ¥ qy(f; + bay)A) (F)
The fields phasor for free space is given below:
Ey, = A; e? e IP? (@)
Hy, = A, eY*e IFz (H)
Ep, = Ay(5) e eIPe 0
Hyo = Ag(~20) er*e /P 0
To obtain the characteristics equation, we have applied the boundary conditions at x = 0.
¥x(H; —H,) =0 (K)
*x(E; —E;) =0 L)
a;r Az 13 Au4)14,
a a
e P | P o)
as1 Qgp Q43 Q44][A,

where,



284 Bader Alhasson, Muhammad Umair, Fawwaz Hazzazi, Abdul Ghaffar

, , jy . ,
Ai1 = jag, Q12 = jay, A13 = w_uo 14 =0, az, = ]q1(f1 + ba1), Az2 = qu(fl + baz), ay3 =0, az = —1,

jy
azy = q,(b—day), az; = q,(b—day), azgz = -1, az4 =0, ay =1, agy =1, ay3 =0, agy = o

The solution of above matrix is given below:
Yq2(—begow + a,(deyw + (bz +df)vq) — (mew(fy + bay) + (b2 +df1)yq)a,) + w(byeoqy — o (How +
dyq)as + poaz(gow + vq, (f1 + bay))) =0 (N)
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