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Abstract. Purpose of this paper is the development and creation of the magnetic metasurfaces with metallic
inclusions operating both in the microwave and terahertz frequency ranges. Methods. The Maxwell’s equations
and the expressions for the effective medium parameters are used to build the analytical models of the magnetic
metasurfaces based on either a ferromagnetic (FM) or antiferromagnetic (AFM) dielectric matrix, containing
a two-dimensional periodic structure of thin metal (non-magnetic) wires surrounded by insulators. Numerical
simulation of such structures operating in the microwave range is carried out using the MaxLLG software package.
The magnetron sputtering, liquid etching, optical lithography, and lift-off photolithography are used to create
bicomponent magnetic metasurfaces, consisting of two magnetic materials with very different values of magnetization.
The study of linear and nonlinear characteristics of the bicomponent magnetic metasurfaces is carried out using the
methods of microwave and Brillouin spectroscopy. Results. Based on the developed analytical model of the magnetic
metasurface with metallic (nonmagnetic) inclusions it is shown that the FM metasurface possesses properties of a
left-handed medium in a microwave range and the AFM metasurface possesses similar properties in a terahertz
range. In the last case, the material parameters of the AFM metasurface are twice negative in two frequency
bands. For the magnetic metasurfaces with metallic magnetic inclusions, the formation of absorption bands in the
spectrum of a traveling magnetostatic surface spin wave due to the resonant properties of the inclusions has been
established. In the nonlinear regime, the effect of nonreciprocal parametric three-wave resonance was obtained.
Conclusion. The results presented in the paper demonstrate a number of physical phenomena that are observed
only in the magnetic metasurfaces with metallic (nonmagnetic and magnetic) inclusions.
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Introduction

Metamaterials are artificially created media whose properties differ from natural media.
The concept of creating metamaterials is based on the use of periodic structures of subwavelength
elements. Their period 𝑇 is much smaller than the wavelength λ, that is, 𝑇 ≪ λ. Such elements are
created from various materials and their topologies, which are located inside or on the surface of
a natural material. With their help, the electric or magnetic response of the medium is artificially
modeled. One of the very first theoretically predicted [1, 2] and experimentallyinvestigated [3, 4]
metamaterials is the “left” medium [5]. It consists of periodic inclusions in the form of thin metal
wires and split ring resonators (SRRs). A periodic structure of thin metal wires simulates a
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plasmon medium. Its dielectric properties are described by the effective permittivity. The periodic
structure of the SRR models the magnetic properties of the medium. To describe them, an
effective magnetic permeability is introduced. Artificially created electric and magnetic responses
of the medium change their sign at characteristic frequencies. One of them is determined by
the plasma frequency of the plasmonic medium, and the other is determined by the resonant
frequency of the SRR. In the left handed medium, the electric and magnetic field intensity vectors
together with the wave vector make up the left-handed vector system.The effective permittivity
and permeability have negative values. Therefore, left handed medium are often called doubly
negative media. In such media, the propagation of the reverse wave is possible. Its phase and
group velocity vectors are directed opposite to each other.

Initially, a huge interest in metamaterials was associated with the implementation of the
negative refractive index [3] in the left handed medium and the creation of ideal lenses (Pendry
lenses) for obtaining images with subwavelength resolution below the Abbe diffraction limit [4].
The adaptation of inhomogeneous and anisotropic refractive index to obtain coatings that create
the effect of invisibility ("invisibility cloak"type coatings) pointed to another possibility of using
metamaterials for practical purposes. [6]. However, all these potentially promising applications of
metamaterials have encountered difficulties. They are associated with strong dispersion and large
losses on subwavelength elements in the form of metallic structures. The main problem when
creating three-dimensional (3D) metamaterials is the complexity of manufacturing a 3D lattice of
micro- and nanoscale subwavelength elements [7]. Planar one-dimensional or two-dimensional
(1D or 2D) metamaterials, which are called metasurfaces [8–11], can be created using existing
lithography and nanoprinting technologies. As a result, the process of manufacturing metasurfaces
is much simpler than in the case of their volumetric analogues.

Since the 2000s, both in our country [12,13], and abroad [14–18], the concept of magnetic
field-controlled double negative media began to develop. They operate in both the microwave
and terahertz frequency ranges. Magnets were used for these purposes. They belong to µ-negative
media. Their magnetic permeability takes negative values in a certain frequency range, which is
in the microwave range in the case of ferromagnets (FM) and in the terahertz range in the case of
antiferromagnets (AFM) [19]. Combining their properties with the properties of 𝜀-negative media,
which were periodic lattices made of thin wires, made it possible to realize double negative media
without using additional subwavelength elements in the form of SRR. For the microwave range,
FM materials were used either in the form of films [13,15] and plates [16] of yttrium iron garnet
(YIG), or in the form of ferrite rods [17] or films of BaM ferrites and hexaferrites [18]. Ferrite
films LuBiIG [20] and AFM [21] were used for the terahertz range.

Recently, artificial media have also begun to be attributed to metamaterials, in which the
period of the structure is comparable to the wavelength, that is, 𝑇 ∼ λ. In such metamaterials, a
wave with a wave number that satisfies the Bragg condition (𝑘B = π𝑛/𝑇 , where 𝑛 = 1, 2, 3... —
Bragg resonance number), is reflected from the periodic structure and does not pass through the
medium. As a result, non-transmission bands are formed at the frequencies of Bragg resonances.
They are analogs of the forbidden energy zones that exist in the crystal lattice of any solid. The
waves on which it is possible to realize such resonances have a different physical nature. These
can be light waves (analogs — quasiparticles photons), and spin waves (analogs — quasiparticles
magnons), and sound waves (analogs - quasiparticles phonons). Metamaterials where the Bragg
condition is met for light waves are called photonic crystals, for spin waves — magnonic crystals
(MC), and for sound waves — phononic crystals [22]. All the crystals listed above can be
conditionally attributed to metamaterials of the reflective type.

Films of dielectric ferrite — YIG and metallic ferromagnet — permalloy (Py) are used to
create MC. YIG films have a record low ferromagnetic resonance line width (FMR) ∆𝐻 6 0.5 E
(relaxation time τ𝑟 > 0.2 mks) and a relatively small saturation magnetization (𝑀0 = 140 Gs).
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Permalloy films are characterized by a significantly larger line width FMR ∆𝐻 ∼= 25...50 E
(relaxation time τ𝑟 > 1...2 ns) and the saturation magnetization value (𝑀0

∼= 796 Gs) [23]. Due
to these features, dipole magnetostatic spin waves (MSW) propagate in the films of the YIG at
distances of the order of several millimeters. This is used to create devices for functional processing
of analog signals in real time. Permalloy films are of potential interest for the creation of nanometer-
sized devices, since MSW in them cover distances of no more than tens of micrometers. Today, 1D
and 2D magnetic metasurfaces [24–28], as well as 3D magnonic crystals [29] have been created from
these magnetic materials. Their physical properties are investigated using microwave methods
and Brillouin spectroscopy methods. Frequency-selective properties of magnetic metasurfaces are
of interest for creating various filtering devices based on them. Their reconfigurable properties
are used in logic circuits [30]. In addition, there has been a tendency for the MC to move from
the microwave to the terahertz range [31].

In addition to metasurfaces that are created from a single magnetic material (single-
component magnetic metasurfaces), magnetic metasurfaces in the form of a combination of two
magnetic materials (bicomponent magnetic metasurfaces) have been actively studied recently:
Co/Py — 1D MC [32–34] and 2D MC [35–39], Py/Fe — 1D MC [40], YIG/Py — 1D and 2D
MC [28,41], YIG/Co and YIG/Co20Fe60B20 — 2D MC [28], YIG/strips of magnetite nanoparticles
— 1D MC [42]. The interest in such artificially created structures is due to the influence of
their magnetic properties on the spectrum of the forbidden zones of the MC, as well as the
appearance of new properties in bicomponent magnetic metasurfaces that single-component
magnetic metasurfaces do not possess. In bicomponent 1D MC, which consist of periodically
alternating nanowires with different magnetic properties, the existence of a strong exchange
bond at the Co/Py interface was established. It affects the fixing of the dynamic magnetization
of [34]. Studies with bicomponent 2D MC have shown that their band structure is much richer
compared to 1D MC due to the high density of modes and their subsequent hybridization. The
complication of the zone structure here is due to the pronounced inhomogeneity of the internal
magnetic field, which occurs due to the effects of static demagnetization [38]. Bicomponent 2D
MC are created on the basis of a magnetic "matrix"of one magnetic material and a 2D lattice
of another magnetic material, which is embedded in the magnetic matrix in two ways. In the
first case, the magnetic matrix contains a 2D lattice of holes in which nanometer-sized magnetic
disks are placed [35–39]. In the second case, a 2D grid of square/rectangular magnetic elements
of micron size [41] or magnetic nanodiscs [28] is placed directly on the surface of the magnetic
matrix. Depending on the properties of the magnetic matrix and the topology of magnetic
inclusions in the spectrum of SW traveling in the magnetic matrix, not only Bragg resonances
are observed (due to the reflection of SW from the periodic structure), but also absorption
frequency bands (due to the resonant properties of the magnetic inclusions themselves) [28,41].
Absorption is observed for traveling SV with a wavelength that far exceeds the period of the
structure (𝑇 ≪ λ). The metasurface for such lengths of traveling SV is absorbing.

Magnetic metasurfaces have unique nonlinear properties. They are associated with the
development of three- and four-wave nonlinear spin-wave interactions [43]. Four-wave nonlinear
spin-wave interactions are caused by the dependence of the amplitude of the vector of macroscopic
magnetization on the amplitude of the vector of a high-frequency magnetic field and are used to
form envelope solitons at the frequencies of the band gap MC, where there is a strong change in
the dispersion of the MSW [44–46]. Three-wave nonlinear spin-wave interactions are caused by the
parametric excitation of short-wave exchange SW by a long-wave MSW when the amplitude of the
latter reaches a certain threshold value and lead to the simultaneous formation of spatial-temporal
chaotic patterns at the frequencies of the decaying wave and the waves parametrically excited by
it [47]. Unlike optical systems, where three-wave parametric processes are used to generate the
second harmonic (parametric processes with increasing frequency) [48], in magnonics, three-wave
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parametric processes are decay processes, that is, processes with decreasing frequency [49]. At the
same time, parametrically excited SW can also participate in three-wave fusion processes, as a
result of which secondary MSW [50–52] are generated.

Another distinctive feature of parametric three-wave processes in magnonics is their
frequency limitation, if the MCV acts as a decaying wave. In this case, the frequency boundaries
of parametric three-wave processes depend on the direction and intensity of the external constant
magnetic field and the magnetic properties of the material [53]. For magnetic metasurfaces that
are made on the basis of films based on yttrium iron garnet bordering free space, parametric
three-wave processes are observed at frequencies up to 3.2 GHz if the decaying wave is a volume
MSW (VMSW), and at frequencies up to 4.9 GHz if the surface MSW (PMSW) acts as a decaying
wave). The influence of the metal, which is located near the surface of the film based on yttrium
iron garnet, leads to an expansion of the range of existence of parametric three-wave interactions
only for PMSW. In this case, they are observed at frequencies up to 9.8 GHz. The range of
existence of parametric three-wave MSW decay processes can also be expanded if permalloy films
are used, which have significantly greater magnetization than films based on yttrium iron garnet.

To date, studies of bicomponent magnetic metasurfaces have been carried out in a linear
mode. To study the features of parametric three-wave nonlinear spin-wave interaction in such
metasurfaces, the case is of interest when two magnetic materials have very different values of
magnetization [28, 41]. In such structures, depending on the strength of the external constant
magnetic field, parametric excitation of short-wave SW can be carried out simultaneously by
MSW in a YIG matrix and standing SW in disks made of metal ferromagnetic and only standing
in metal ferromagnetic disks. For metallic ferromagnetic disks, parametric excitation of short-wave
SW is expected only at the frequencies of the disks’ own resonant modes, which fall into the
MSW spectrum and lead to the appearance of absorption bands. If a PMSW is excited in a YIG
matrix, which has non-reciprocal properties [54], then in this case an opportunity opens up for
studying the phenomenon of non-reciprocal parametric spin-wave resonance in a bicomponent
magnetic metasurface.

This paper presents the results of theoretical and experimental studies of linear and nonlinear
characteristics of magnetic metasurfaces, which demonstrate unusual properties when wavelength
of the traveling wave in a magnetic matrix is greater than the period of metallic (non-magnetic
and magnetic) inclusions.

1. Magnetic surface
with non-magnetic metal inclusions

Consider a transversely magnetized magnetic metasurface. It consists of a matrix, which
is made of magnetically ordered material that is unbounded in all three directions. Its volume
contains a 2D periodic structure of thin metallic (non-magnetic) wires with a period of 𝑇 (Fig. 1).
The period of the structure is much smaller than the length of the plane electromagnetic wave
(EMW) λ (𝑇 ≪ λ), which falls normal to the wires. The external permanent magnetic field
−→
𝐻 0 is directed along the wires. The wave vector

−→
𝑘 is directed perpendicular to the magnetic

field
−→
𝐻 0 (

−→
𝑘 ⊥

−→
𝐻 0). With this type of magnetization in a magnet, there are EMWS with linear

polarization [49]. In this case, the EMW electric field is directed along the axis of the wires.
The EMW magnetic field is orthogonal to the electric field. Each wire is surrounded by a layer
of non-magnetic dielectric, which isolates the wire from the magnetic matrix to preserve the
plasmon properties of the periodic wire structure. For the first time such a metamaterial with the
properties of a double negative medium was considered in [55], where the magnetic matrix was
made of a ferromagnet. The radius of the wire 𝑟1 was chosen here much smaller than the period
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of the structure T. The outer radius of the insulating shell r2 was chosen from the conditions that
r2

�= (r1T)1=2 and r1 � r2 � T . In longitudinal magnetization, when the wave vector and the
vector of the external constant magnetic �eld are collinear, the EMW have circular polarization.
This is an invalid condition for a double negative environment, which was not taken into account
in [56].

It is known [19,53] that the tensor of the high-frequency magnetic permeability of a magnet
that is magnetized along the axisOZ (

�!
H 0 k OZ) is given as

 ! m =

�
�
�
�
�
�

m j ma 0
� j ma m 0

0 0 1

�
�
�
�
�
�
; (1)

where diagonalmand non-diagonalma tensor components are frequency dependent quantities.
So, for FM

m= [ wH (wH + wM ) � w2]=(w2
H � w2);

ma = wM w=(w2
H � w2); (2)

wherewH = gH0 � frequency of FM resonance with longitudinal magnetization, g � gyromagnetic
ratio, wM = 4pgM 0, 4pM 0 � saturation magnetization of FM. For an AFM with a "light"anisotropy
axis coinciding with the OZ axis, the components of the(1) tensor will take the following form [57]:

m= 1 + 8 pg2
sM sHA (w+ w� � w2)=[(w2

+ � w2)(w2
� � w2)];

ma = 8pg2
sM sHA w(w� � w+ )=[(w2

+ � w2)(w2
� � w2)]; (3)

wheregs � averaged g-factor; M s � averaged static magnetization of sublattices; HA � anisotropy
�eld; w+ = gs(HC + H0), w� = gs(HC � H0) � AFM resonance frequencies; HC = [ HA (2HE +
HA )]1=2 � the �eld of "overturning"of sublattices, HE � the �eld of homogeneous exchange
interaction between sublattices.

a b
Fig. 1. The schemes of (a) a transversely magnetized magnetic metasurface and (b) the 2D periodic array (top
view) consisting of the thin wires of a radius r 1 cladded with nonmagnetic insulators of a radius r 2
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When solving the electrodynamic problem in the approximation of homogeneous plane
waves for TE-EMW that exist in a transversely magnetized unbounded magnetically ordered
metamaterial, we obtain the following dispersion equation:

k = k0(me� ? "e� ? )1=2; (4)

wherek is the EMW wave number in the medium,k0 = w=c � the EMW wave number in vacuum,
w = 2pf � circular frequency, f � linear frequency, me� ? � e�ective magnetic permeability of a
transversely magnetized magnet, which is determined based on the following expression [19]:

me� ? = ( m2 � m2
a)=m; (5)

"e� ? � e�ective permittivity of a transversely magnetized magnet, which in [14] had the following
form:

"e� ? = " r [1 � w2
p? =(w2 + ia? )]; (6)

w2
p?

�= 2p=h" f T2m0ln( r2=r1) + me� ? [ln(T=r2) � (3 + ln 2 � p=2)=2]i ; (7)

a? = " f ww2
p? =se� , " f = "0" r � absolute permittivity of a magnet, "0 = 1 =(m0c2) � electrical

constant, m0 � magnetic constant, " r � relative permittivity of the magnet, se� = pr 2
1s=T2 �

e�ective conductivity of the wire structure, s � electrical conductivity of the wire. The expression
(6) was obtained under the assumption of uniformity of the current density �owing through the
wire. This assumption is ful�lled when the radius of the wire is much less than the depth of the
skin layer d, that is, r1 � d = (2 =m0sw)1=2 [6].

For a transversely magnetized FM metamaterial, the condition under whichmf f < 0, written
as

w? < w < war ; (8)

wherew? = [ wH (wH + wM )]1=2 � frequency of FM resonance with transverse magnetization,war =
= wH + wM � frequency of FM antiresonance.

Conditions under which mf f < 0, for the AFM metamaterial will be written as

w? 1 < w < war 1; (9)

w? 2 < w < war 2;

where w? 1;2 = [ � (w+ � w� ) + D 1=2
1 ]=2 � two AFM resonance frequencies with transverse

magnetization, war 1;2 = [( w2
+ + w2

� + 8 pg2
sM sHA � D 1=2

2 )=2]1=2 � two AFM antiresonance
frequencies,D1 = ( w+ + w� )2 + 32pg2

sM sHA , D2 = ( w2
+ + w2

� + 8pg2
sM sHA )2 � 4w+ w� (w+ w� +

8pg2
sM sHA ).

In Fig. 2 the frequency dependences of the e�ective material parameters of the FM and
AFM metamaterial are given, calculated on the basis of the relations(5)� (7) taking into account
the expressions(2) and (3). From those presented in Fig. 2,a of the calculation results, it follows
that in the case of an FM metamaterial, there is one frequency band (shown by the �ll) in which
"e� ? < 0 and me� ? < 0. This frequency band is in the microwave range. In the case of an AFM
metamaterial (Fig. 2, b) there are two such areas. They are in the terahertz frequency range.
The analytical model of a double negative medium based on a transversely magnetized magnetic
material, which contains a periodic structure of thin non-magnetic metal wires surrounded by
insulating layers, takes into account only the time dispersion. The model does not take into
account the spatial dispersion of the wire structure [58], as well as the re�ection of EMW from
the periodic structure, as was done in [14].

568

Amelchenko M. D., Bir A. S., Ogrin F. Yu., Odintsov S. A., Romanenko D. V.,
Sadovnikov A. V., Nikitov S. A., Grishin S. V.

Izvestiya Vysshikh Uchebnykh Zavedeniy. Applied Nonlinear Dynamics. 2022;30(5)



In Fig. 3 the dispersion characteristics (DC) of TE-EMW, which exist in transversely
magnetized FM and AFM media, as well as in metamaterials created on the basis of these media,
are given. DC TE-EMW calculations are based on(4). From those presented in Fig. 3,a, c
of the results, it follows that in the absence of a 2D periodic structure (wp? = 0 ), in the FM

Fig. 2. E�ective permeability and permittivity versus frequency f are shown for transversely magnetized FM (a)
and AFM ( b) metamaterials. The magnetic parameters are used for (a) M 0 = 139:3 G and for ( b) H E = 515 kOe,
H A = 8 kOe, M s = 560 G. For both cases, other parameters areT = 1 :5� 10� 3 cm, r 1 = 10 � 5 cm, r 2 = 1 :2� 10� 4 cm,
H 0 = 1 kOe and " r = 16

Fig. 3. The dispersion characteristics of extraordinary fast (curves 1 and 10) and slow (curves 2, 3, and 20� 50)
TE-waves existing in the transversely magnetized FM medium ( a) and FM metamaterial ( b) as well as AFM
media (c) and AFM metamaterial ( d). The magnetic parameters used for (a, b) M 0 = 139:3 G and for ( c, d)
H E = 515 kOe, H A = 8 kOe, M s = 560 G. For all cases, other parameters areT = 1 :5 � 10� 3 cm, r 1 = 10 � 5 cm,
r 2 = 1 :2 � 10� 4 cm, H 0 = 1 kOe and " r = 16
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medium there are two, and in the AFM medium � three unusual TE-EMWs. In the case of an FM
medium, one of the two extraordinary TE-EMW is slow, and the other is� fast. In the case of an
AFM medium, the number of unusually slow TE-EMWS increases to two. All the listed unusual
TE-EMWs are at frequencies whereme� ? > 0 (see Fig. 2). A fast extraordinary TE-EMW has a
cut-o� frequency, which in the case of an FM medium corresponds to the frequencywar , and
in the case of an AFM medium � the frequency war 1. The slow extraordinary TE-EMW in the
FM medium and the low-frequency slow extraordinary TE-EMW in the AFM medium have no
cuto� frequency. Their limiting frequencies are the frequenciesw? and w? 2. In a high-frequency
slow extraordinary TE-EMW in an AFM medium, the cuto� frequency is the frequency war 2,
a its limiting frequency is determined by the frequencyw? 1. Slow unusual TE-EMWs that exist
in transversely magnetized FM and AFM media have only positive (normal) dispersion.

In Fig. 3, b, d are DC TE-EMW, which are obtained in the presence of a 2D periodic
structure of perfectly conducting wires inside the magnet (wp? 6= 0 and a? = 0 ). Their radius is
less than the depth of the copper skin layer at frequencies of 3 GHz for FM metamaterial and
0.3 THz for AFM metamaterial. In this case, there is a degeneration of forward slow EMW into
oscillations at frequenciesw? (for FM metamaterial) and w? 1;2 (for AFM metamaterial), since in
the frequency band of the existence of these wavesme� ? > 0, and "e� ? < 0 (see �g. 2). The cuto�
frequency of the fast EMW ceases to correspond to the frequency ofwar (for FM metamaterial)
and the frequency ofwar 1 (for AFM metamaterial) and shifts to a higher frequency region, where
me� ? > 0 and "e� ? > 0. The most interesting result is the appearance of slow EMWs with negative
(anomalous) dispersion, located in the frequency ranges, whereme� ? < 0 and "e� ? < 0 (see �g. 2).
In the case of an FM metamaterial, there is one such backward EMW and it is in the microwave
range, and in the case of an AFM metamaterial there are two such backward EMWS, and both of
them are in the terahertz region. At frequencies whereme� ? < 0, the e�ective permittivity of the
medium can be either less than or greater than zero (see Fig. 2). In this regard, each backward
EMW occupies only a part of the frequency range in whichme� ? < 0.

To con�rm the existence of backward EMWs in a transversely magnetized magnetic
metamaterial, which are predicted by analytical theory, numerical modeling of the FM metamaterial
was carried out using the electrodynamic software package MaxLLG [59]. A feature of this package
is the joint solution of Maxwell's equations and the equation of motion of the magnetization
vector, known as the Landau-Lifshitz-Hilbert equation (LLG), for calculating the characteristics
of various magnetic devices. The software package is based on the �nite di�erence method in
the time domain. In [60], an algorithm was developed for calculating the discrete LLG equation
taking into account anisotropy and exchange �elds inside the FDTD grid, which is used in the
MaxLLG program.

Initially, a homogeneous FM medium was modeled, for which a model of a transversely
magnetized ferromagnet unbounded in all directions was created in the MaxLLG program. The
vectors of the external constant magnetic �eld and magnetization are directed along the0Z axis,
and the EMW propagates along the0Y axis. The FM medium is assumed to be homogeneous
along the entire length of the EMW propagation. The image of the cross-section of the analyzed
structure is shown in Fig. 4, a, where the dimensions of the structure are given in pixels (px).
The green square with the size of5 � 5 px represents a cross-section of the FM medium. The blue
area surrounding it is an additional space with vacuum properties, which is designed to absorb
possible instabilities arising in the numerical scheme (15 px to the right and left of the green
square on the0X axis and 6 px up and down from the green square on the0Z axis). Since an
in�nite FM medium is considered, periodic boundary conditions were set at the boundaries of
the FM medium region in all three directions.

In Fig. 4, c shows the results of numerical simulation of DC TE-EMW. Similar dependencies
are superimposed on top of them, which are obtained based on the solution of the analytical
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Fig. 4. a � The picture of a homogeneous FM medium cross section (the green square) and vacuum surrounding it
(the blue area) uploaded to MaxLLG. b � The picture of a FM metamaterial model created with FreeCad. c, d �
The dispersion characteristics of fast and slow electromagnetic waves existing in the homogeneous FM medium (c)
and the FM metamaterial ( d) that are obtained with the use of MaxLLG (yellow curves) and analytical theory
(red curves). The calculation parameter values are H 0 = 1 kOe, M 0 = 139:3 G, T = 1 :5 � 10� 3 cm, r 1 = 10 � 5 cm,
r 2 = 1 :2 � 10� 4 cm, s = 10 8 S/m and " r = 16 (color online)

expression (4) atwp? = 0 for the same parameters of the FM environment. In the numerical
experiment, there are also two TE-EMWs with normal dispersion. One of them is fast and the
other is slow. For fast TE-EMW, the cuto� frequency corresponds to the frequencyf ar . The
slow TE-EMW has no cuto� frequency. The limiting frequency is equal to the frequency of the
FM resonancef ? . It is possible to see a complete coincidence between the DC EMW, which
are obtained as a result of numerical modeling and by an analytical model, which indicates the
correct operation of the MaxLLG software package.

The following are the results of numerical simulation of the FM metamaterial. Its schematic
representation is shown in Fig. 4,b. When constructing the numerical model, instead of cylindrical
holes and wires, square-shaped holes and wires were used. This did not have a noticeable e�ect on
the properties of the plasma structure. The electrical conductivity of the wire was set high enough
to reduce losses in them (s = 108 Cm/m). The elements of the three-dimensional model had the
following dimensions:2r1 = 3 px, 2r2 = 6 px, T = 20 px. A vacuum was used as an insulating
layer that separates the wires from the in�uence of the magnetic �elds of the FM medium. The
�elds in the FM metamaterial were calculated under the same conditions as in a homogeneous
FM medium.

In Fig. 4, d the results of calculations of the spectra of the TE-EMW FM metamaterial,
which are obtained in the MaxLLG software package and based on the solution of the analytical
expression (4) at wp? ; arepresented 6= 0 . It follows from the presented results that a slow
reverse wave appears in the EMW spectrum. It is located in the frequency band where the
e�ective material parameters of the medium are twice negative (see Fig. 2). As follows from the
predictions of the analytical theory, the backward EMW does not occupy the entire frequency
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Fig. 5. The external view of the multifunctional ultra-high-vacuum magnetron deposition complex and the
magnetron deposition setup

band, whereme� ? < 0, and is limited to the frequency band Df � 1:2 GHz, where me� ? < 0
and "e� ? < 0. A low-frequency slow EMW with normal dispersion has a cuto� frequency.
The DC of the fast EMW, which is calculated according to the analytical model, is shifted
to a higher frequency range. In the case of reverse slow EMW, the discrepancy in the values
of cuto� frequencies, which are obtained as a result of numerical modeling and according to
analytical theory, does not exceed 4%. The observed discrepancies are due to the fact that when
constructing the theoretical model, the in�uence of the spatial dispersion of the periodic wire
structure was not taken into account, as was done, for example, in [58]. Another important
result obtained in the framework of numerical modeling in the MaxLLG software package is the
presence of periodically repeating regions on the EMW DC. They correspond to Bragg resonances.
So, the �rst Bragg resonance (n = 1 ) here corresponds to the theoretically calculated value of
the wave numberkB1=(2p) = 2 :5 cm� 1. There are no such resonances on the DC EMW obtained
by the analytical model, since the electrodynamic model was built in the approximation of the
e�ective material parameters of the medium.

Thus, the results presented in this section indicate the possibility of creating magnetic
metasurfaces based on FM and AFM media with metallic non-magnetic inclusions, which have
the properties of double negative media not only in the microwave, but also in the terahertz
frequency ranges. A unique feature of AFM-meta surfaces is the simultaneous presence of two
frequency ranges in which the material parameters of the medium are twice negative.

2. Magnetic surface
with magnetic metal inclusions

This section presents experimental results and results of micromagnetic modeling of linear
and nonlinear characteristics of a bicomponent magnetic metasurface, in which metal magnetic
inclusions in the form of disks are located on one of the surfaces of a GIG waveguide. The GIG
waveguide with a length of 15 mm and a width of 4 mm is made of a GIG �lm with a thickness
of 10 microns and with a saturation magnetization ofM 0 = 139:3 Gs. The GIG �lm was grown
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