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Abstract—A method for creating metasurfaces using a standing wave, formed in a dielectric, is proposed. Such metasur-
faces are formed from metal suspensions, are deposited on a dielectric plate, is placed in a metal frame-screen. A method of
creating standing waves is presented. The Chladni's principle is used for creating acoustic figures was taken as the basis.
Mathematical description of this model is proposed, as well as the main research methods.
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I. INTRODUCTION

Recently, many methods have been demonstrated for
creating meta-surfaces for different purposes: for full-
spectrum perfect solar energy absorption [1], for control-
ling shear vertical waves [2], for multiband superabsorp-
tion and terahertz sensing [3]. This paper presents
a method for creating metasurfaces that will solve many
actual problems in the future.

The use of standing waves in plates to create surface
structures has long been demonstrated by Ernst Chladni.
In that case, the acoustic standing waves form in plate,
onto which elastic material is then applied or strewed. It
will repeat the arrangement of nodes and antinodes of
the standing wave on plate. This work aims to describe
the methods of material selection for creating electromag-
netic standing waves when appear surface reliefs similar
to Chladni figures (Fig. 1) using the electromagnetic (not
acoustic) excitation. [4]

Fig. 1 Chladni figures at different frequencies

Note that the propagation of electromagnetic waves in
a dielectric, causes different polarization mechanisms.
For each dielectric, the polarization frequency will be dif-
ferent.

An important task is the optimal choice of relief-form-
ing material that will be applied to dielectric. A number
of factors must be taken into account, such as electron
plasma susceptibility, wettability, melting point, isomor-
phism, and others.

Our goal is to develop practical recommendations on
the selection of materials with different properties, as well
as methods for their study, in order to create metasurfaces
using the method of vibrating dielectric matrix. In this
case, the factors of physical model should be taken into
account, such as diffusion processes under amorphous
state of materials, isomorphism of materials, thickness of
layers of materials, methods of applying materials at dif-
ferent scales, ensuring the degree of purity of medium,
the creating conditions that will make possible to study
the surface structure (“drawings”) and so on.

II. DIELECTRIC MEDIUM AND THE EXCITATION
ACTION

The problem of optimal choice of dielectric should be
solved on the frequency of standing wave. And this, in
turn, substantially determines the morphology of
the obtained metasurfaces. The basic formula for calcu-
lating the dielectric matrix is

Na
1-Nap’

e=1+ (1)

where N is the number of electrons in all atoms per unit
volume of the substance, a — polarizability, f — constant,
for most dielectrics 1/3. Polarizability o is defined as
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the ratio of the dipole moment of atoms to the value of
field strength and has a volume dimension [5].

Formula (1) allows us to calculate the dielectric con-
stant that depends on the field frequency, as well as
the loss tangent:

|£ |:L’, (2)

g weye

tan (§) =

where @ - electromagnetic field frequency, ¢” is
the imaginary component of the dielectric constant, & is
the real component, ¢ is the conductivity [7].

Of course, the losses can be compensated by the field
strength, but this does not mean that the dielectric will
contain a standing wave with the necessary functional
characteristics, since it is necessary that the field strength
is sufficient to move the material along the surface of
the dielectric.

Figure 2 illustrates typical behavior of the real and
imaginary parts of dielectric constant in a wide frequency
range [7].

The regions of sharp changes in these components
correspond to absorption lines, which can have different
nature: dipole or ion relaxation, atomic and electron res-
onances at high frequencies [8].

As an example, there are materials based on multi-
walled carbon nanotubes with various diameters and mor-
phologies [9]. To study nanotubes, a polyethylene matrix
is used, in which nanotubes are embedded. In [10],
the real and imaginary components of permeability were
shown in the range of 2—4 at frequencies from 0.2 to
2.8 THz.

There is also a great potential for liquids and gases in
which the dielectric constant is sufficient (1-1.5) in cer-
tain condition. For example, the Argon in liquid state
(T < 83.8 K), have electric permeability about 1.5, while
with increasing temperature the permeability will drop
down to one.

Of interest is also possible use of dielectric matrices
in semiconductors. In silicon crystals, electron polariza-
tion is present due to the existence of valence electrons.
In [11], the results of studies of electron and ion polariza-
tion of various silicate-containing materials are presented,
which gives promising possibilities for experimental
study of dielectric matrices.

The behavior of the joint characteristics (parameters)
of the materials is essential. To study them, the depend-
ences of permeability on the frequency, temperature,
layer thickness, number of defects, and purity will be in-
vestigated. It is assumed the covariance functions of equi-
librium (stationary) random processes are used to statisti-
cally identify the dependence of some parameters on oth-
ers.

First of all, we are interested in electron and ion po-
larization depending on frequency and temperature. Next,
dielectric losses, which may be associated with an in-
crease of temperature and frequency, should be studied.
In addition, it is necessary to study the compatibility of
dielectric material with important experimental parame-
ters, such as alloying, wettability, and others.
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Fig. 2 The dielectric constant components

III. SURFACE LAYER MATERIAL SELECTION

The selected material that should be susceptible
to external electromagnetic field and at the same time
smoothly and easily moving along the surface and repeats
the shape of a standing wave (nodes and antinodes). Here,
such parameters as the volume of electron plasma
(the number of free electrons), the melting point, and
the magnetic and electric susceptibility are important.
Depending on which component of the wave will be used
to move the material, the selection of the appropriate sur-
face material will be implemented.

For the electrical component of standing wave,
a material with a high electrical susceptibility must be
used so that the shielding length is sufficient to capture
as many electrons in the surface layer as possible, ideally
to capture the entire volume of the material.

The material should be selected according to the fol-
lowing parameters: screening length, as well as "skin
layer", melting temperature, degree of wettability, fusion,
temperature and frequency dependence of the constituent
components.

So, if the electrical component is used, then the shield-
ing length should be calculated, as follow:

l, = eggkT /e?n, ®)

where ny is concentration of electrons in the initial state,
T is temperature, k is Boltzmann constant.

Formula (8) determines the depth of penetration of
the electric field into dielectric matrix.

Nodes and antinodes form a force field architecture
that controls the charges inside the surface layer and ulti-
mately ensures the reordering, together with the charge,
of the material.

To describe this process, it is proposed to use the well-
known formulas [12] for the amplitudes of electric and
magnetic components at the surface:

Em(2) = EY, |1+ pe™az], (6)

Hn(z) = EY |1 - peaz|/ Z,, (7)

where ki is the wave number, z is the coordinate in space,
E;n is the amplitude of the electric component

at the origin, p is the reflection coefficient, Z,. is the wave
resistance of the environment.
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Using these formulas, the behavior of waves in
a dielectric environment is simulated and the location of
a standing wave (its nodes and antinodes) in a dielectric
can be illustrated (“drawn”).

As promising materials there are alloys based on mag-
nesium (Mg), gallium (Ga), cadmium (Cd), tin (Sn), bis-
muth (Bi) and others [12]. It is important to keep in mind
alloys based on metals at the top of electrochemical series
of activity and having a low melting point [13]. The most
suitable metals are magnesium, aluminum, zinc, but dif-
ference from metals with strong chemical activity, such
as sodium, potassium and other alkali metals.

By analogy with the calculation of the material for
electrical component, calculation of material for the mag-
netic component is the following: determination of
the screening length of magnetic field, magnetic suscep-
tibility of the metal, degree of wettability, fusion, temper-
ature and frequency dependence of the components of
material. There are materials based on ferromagnetic
fluid inside some neutral environment such as polyacrylic
acid, soya lecithin, water, sodium polyacrylate, glycerol
and others.

There is a number of other materials can be useful due
to their low melting point and at the same time magnetic
properties: paramagnets - cesium, aluminum, magnesium
and others (more active), mixtures of ferromagnets and
ferrites, as well as alloys based on them.

In [14], it was demonstrated that with increasing
the temperature, the magnetic susceptibility increases,
and the same materials have a low melting point.

The metals can be mixed with liquid substances to
achieve special electromagnetic properties: metal powder
mixed with glycerin, isoparaffins, transformer oil, metals
with a low melting point (gallium, tin, bismuth, indium,
as well as their alloys [15]).

It is important to consider other parameters, for exam-
ple, fusion temperature of materials, as well as via wetta-
bility. The calculation of the components becomes more
complicated as various experimental factors grow.

A study is planned on of the permeability dependence
by variation of temperature, material purity, number of
defects, layer thickness and other electrophysical param-
eters. A statistical analysis of the dependence of
the experimental configuration of the chosen parameters
will be also investigated.

Shielding metal

Sample

Dielectric Source of waves

Fig. 3 Schematic installation

A large amount of researches consider boundary con-
ditions for the study of model. Such restrictions permit
to focus the model parameters in the domain of interest.

IV. THE DYNAMICS OF THE CONSTITUENT
MECHANISMS OF THE EXPERIMENT

Depending on the frequency, on component of stand-
ing wave, the layer thickness will be determined.
The main criterion is that the entire volume of surface
layer is used by the field, and therefore, that the effective
movement of the material is realized.

Depending on the field frequency, on layer thickness,
roughly speaking, on the scaling of the experiment, meth-
ods for applying the layers will be different. It is neces-
sary to provide a number of preparatory steps, such
as cutting a dielectric to create boundary conditions for
a waveguide-dielectric, applying a transition layer
at the interface between dielectric and surface layer, in
order to avoid fusion of boundary materials, which cannot
be allowed in any way (Fig. 3). Therefore, the configura-
tion of dielectric matrix substantially depends on
the parameters of the physical model.

To take into account the priority of parameters, it is
necessary to determine which processes are more valua-
ble for the successful conduct of experiment, and which
in the end may not affect morphology of surface relief
at all.

Firstly, it is necessary to consider in this context, these
are the processes that accompany the experiment in
the active stage. In any case, diffusion processes will be
involved, since the operating temperatures can be higher
than the boundary temperature, and accordingly,
the effects of melting will grow disproportionately fast.

The above setups are associated with the former state
of a standing wave and a fixed morphology of
the metasurface. A change in the characteristics of
the dielectric matrix, as well as the parameters of emitted
electromagnetic wave, implies a redistribution of surface
masses and a significant change in the morphology of sur-
face of the metasern. It is important to understand
the practical significance of such “smooth regulation”.
The dynamics of changes in the morphology of
the metasurface is described as a stationary diffusion pro-
cess, which is a solution to the difference stochastic equa-
tion:

Aayy, = —Va,+cAW, t 20, (8)

where 0 <V <1, a, t=0 is the “proportional”
thickness of the metal layer at a fixed point of the dielec-
tric matrix, AW, 4, t = 0, is the standard Wiener process
(Brownian motion) with mathematical expectation 0 and
standard deviation 1.

The drift and diffusion parameters V, ¢ characterize
the dynamics of the process a;, t = 0 [16]. An important
property of the diffusion model (7) is the conditions of
the statistical equilibrium of the system expressed in
terms of the regression functions [17], which makes it
possible to constructively pose the problem of establish-
ing relations between the parameters V, ¢ and the param-
eters ¢ u, A, as well as with other characteristics of
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the physical model for creating metasurfaces using
a standing wave.

The dynamic diffusion model also makes it possible
to numerically emulate [18] the solutions of the differ-
ence stochastic equation (8) with given parameters for
a preliminary analysis of the dynamics of the metal layer
thickness with a change in the basic parameters of
the physical model.

A more complex approach to studying the dynamics
of changes in the surface morphology of the metasurface
with changing parameters of the physical model ¢, u, 4
and some matrix configuration parameters can be mathe-
matically modeled as a dynamic diffusion model (9), gen-
eralized to the case of discrete diffusion in a random or
deterministic medium [19]. That is, the coefficients of
the difference stochastic equation depend on the parame-
ters of the external environment x(t) and can be repre-
sented:

Aas(t) = =82V (x(@)as(t) + SaAW (t), (10)
where the scaled increment is defined as
Aas(t) = as(t +6%) —as(t), & is a small scaling
parameter, § — 0.

Another model for changing the surface morphology
of the metasurface is the consideration of discrete diffu-
sion in a balanced medium [19], which corresponds to a
stable state. That is, the leading parameter is V(x),
x € E, which can take both positive and negative values,
provided that the random environment is balanced:

J p(dx)V(x) =0, (11)
where p(dx) is the invariant measure of the external
influence.

Then the difference stochastic equation has the form

Aa(t) = —Va(t) + 6AW (t), (12)
where the coefficients of the equation are the following:

o~

Vy=Vi =V, ol = + QU7 Vs,
72 = [ pldV R (). 72 = [ pld)V (x),
o = [ pldv)o* ().

where the operator R, is the generalized inverse operator
of Q = P — [, that is QRy =R,Q = I1 — I, where Pis
the transient state operator of the external influence, I is
the identity operator and Il is the projector onto
the subspace of zeros of the operator Q, defined by
the equality

Mo(x) = [ pld)p(x).

To take into account transient processes and relaxa-
tion, one can also use the equation with asymptotically
infinitesimal diffusion [17], namely

Aag(t) = =83V (x(t)as(t) + VSaAW (t), (13)
where the scaled increment is defined as

Aas(t) = as(t +63) —as(t), § is a small scaling
parameter, 6 — 0.

CONCLUSION

The basic components of an experiment to create qua-
siperiodic matrices based on a vibrating dielectric plate
are considered.

Directions for research and selection of materials for
their use in the experiment are indicated. When finding
the optimal dielectric, one must pay attention to
the polarization components, since different polarization
mechanisms take place at different frequencies.

In the context of the selection of materials, a prelimi-
nary study of all components on the compatibility and
suitability of their use in the design ranges of parameters
is also necessary.

Also, mathematical methods are proposed for study-
ing diffusion processes to understand the consequences of
isomorphism of materials, and they will also make it pos-
sible to study the dynamics of material movements on
surface of a plate.

The described method, by assumption, will have to be
used to create resonators, filters, and also converters of
a new type (based on artificial configurations and materi-
als) for frequency ranges that are carefully studied
at the present time. Created structures will be carefully
researched for their use as indicated elements.
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HauionansHuii TeXHIYHUH yHIBEpCUTET Y KpaiHu

"KuiBcbkuil mosiTexHiqHuit iHcTuTyT iMeHi Iropst Cikopcebkoro"
KuiB, Ykpaina

Anomayia—3anponoHOBaHO METO] CTBOPEHHSI MeTANOBePXHOCTel 32 I0OMOro0 cTosA40i XBUIi, chopMoBaHoi B Jie-
JgexkTpuky. Taki MeranoBepxni ¢opMyloThesl 3 MeTaJleBHX CycleH3iil, HAHOCATBCA HA JieJeKTPHUYHY ILUIACTHHY, MOMila-
0ThCSl B MeTaJleBHii kapkac-ekpaH. IIpeacraBiieHnii MeTO CTBOPEHHSI CTOSIYMX XBHJb. 32 0CHOBY OyB BHKOpPHCTaHMIi
npuHIMn XJIaaHi 1/ CTBOPEeHHS aKYCTUYHMX ¢iryp. 3anponoHoBaHO MaTeMaTHYHHUIi onuc Li€l Moaei, a TAKO’XK OCHOBHI
METOIHU TOCJTiIKEeHH.

3aJ1esKHO Bil 4aCTOTH, Ta CKJIAI0BOI CTOAYO0I XBH.Ii BU3HAYAETHCA TOBIIMHA Iapy. OCHOBHIM KPHUTEPi€eM € Te, 1110 BeCh
00'€M OBEPXHEBOI0 IAPY BUKOPUCTOBYEThCA MOJIEM, 2 0THKe, i 3a0e3nedyerbes eeKTUBHUIL pyX MaTepiay.

3aJIe’HO Bil YACTOTH IOJISA, Bil TOBINMHM HIAPY, IPy00 Kaxy4H, Big MaclITa0yBaHHS €KCIIEPUMEHTY, METOAU HaHe-
ceHHs WapiB 0yayTh pisHuMu. Heo0xiqHo nependaunTu psig NiAr0TOBYKX eTaMiB, TAKUX AK Pi3aHHS JieJIeKTPUKA 115 CTBO-
PeHHs] TPAHUYHUX YMOB /Il XBUJIeBOAY-1ieJIeKTPHKA, HAHeCeHHsI NepeXiIHOro mapy Ha Me:xXi Mixk JieJeKTPHKOM Ta noBe-
PXHEBHM IAPOM, 100 YHUKHYTH CIJIABJCHHSI Me:KOBUX MaTepiafis, 10 He MOKHA 103BOJISITH OyAb-sIKUM criocodom. Tomy
KOH(irypauis aie1eKTpuYHOI MATPHLI iCTOTHO 3a/1€:KMTh Bil napameTpiB ¢i3u4yHoi Moje.ti.

IIlo6 BpaxyBaTH NpiopUTETHiICTH NapaMeTpiB, HEOOXiTHO BU3HAYUTH, AKi IpouecH € OinbII HIHHUMHU 1/ YCHiIHOIO
NPOBEJCHHA eKCIIEPHMEHTY, a fIKi, 3pelIT010, MO:KYTh B3araJjii He BINIMHYTH Ha MOP(}0.10ril0 pesibedy NOBepxHi.

Ilo-nepie, ciig BpaxoByBaTH B IbOMY KOHTEKCTI, IPOLECH, AAKi CYNPOBOIKYIOTh €KCIICPHMMEHT HA AKTHBHIil crapii.
Y Oyab-sikomy BUNaAKy OyayTh 3aaisiHi nudysiiini npouecu, ockiabKu podo4i TeMIepaTypH MOKYTh OyTH BHIIe TPAHUYHOT
TeMIepaTypH, i BilnoBiaHo edexTH niiaB/jeHHs 3pOCTATHMYTh HellPONOPIiiiHO MBHAKO.

BumeonucaHi ycTaHOBKH NMOB'sI3aHi 3 KOJMIIHIM CTAHOM CTOSA40I XBHJIi Ta (ikcOBaHOI0 MOP(OI0Ti€l0 MeTanoBepXHi.
3MiHa XapaKTepPUCTHUK AieJeKTPHYHOI MATPHULi, a TAKOK MapaMeTpiB BUNPOMiHIOBaHOI eJIEKTPOMArHiTHOI XBHJIi nependa-
4a€ nepeposnoij NOBePpXHEeBUX Mac Ta 3HA4YHY 3MiHy Mopdo.Jiorii noBepxHi.

Knrwuoei cnosa — cmoaua xeuna; memanosepxui; gicypu Xnaouni; Ouckpemna mooens oughys3ii.
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