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Abstract

Relevance. Considerable attention of researchers is drawn to nonlinear surface optical waves, as they are promising
for application in optical information processing systems, ultra-sensitive sensors, and modern telecommunications
components.

Purpose. To obtain an exact solution of the Maxwell equation system for TM-polarised nonlinear surface polaritons
propagating along the interface between an optically linear magnetic medium and an optically nonlinear medium with
saturated nonlinearity.

Methods. Analysis of the properties of nonlinear surface polaritons (NSP) and mathematical modelling of the
dependence of the permittivity of a nonlinear medium on the intensity are used.

Results. TM-polarised nanoparticles propagating along the interface of a magneto-optical medium and a nonlinear
optical metamaterial with a permittivity close to zero (ENZ-metamaterial) are studied. For NSP in such a structure, an
exact solution of the Maxwell equation system is obtained, considering the saturation effect of optical nonlinearity.
On this basis, the dependences of constant propagation on the total energy flux of NSP and energy fluxes in contact
media in the structure were investigated: magneto-optical ENZ-metamaterial with negative permittivity/nonlinear
self-focusing ENZ-metamaterial.

Conclusions. The NSP energy flow is positive in a nonlinear medium and negative in a linear one. As the saturation
level decreases, the NSP energy fluxes in the contacting media increase modulo, if the value of the NSP propagation
constant (NSPPC) is fixed. The lowest NSPPC value for guiding nonlinearity is obtained when the total energy flow of
the NSP becomes zero. As the saturation level decreases, the NSP propagation variable (NSPPV) increases. At a fixed
NSPPC, with a decrease in the magnetic permeability, the energy fluxes of NSP in the contacting media increase. When
the magnetic permeability decreases to zero and the NSP energy flux is positive, the NSPPV change range narrows
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Introduction

Nonlinear surface optical waves attract considerable at-
tention of researchers due to the possibility of their appli-
cation in modern telecommunications components, optical
information processing systems and ultra-sensitive sensors.

The properties of such waves are determined by
the dielectric and magnetic properties of the contacting
media at the corresponding frequency. Studies of TM-po-
larised nonlinear surface polaritons (NSP) propagating
along a single interface, as well as nonlinear waves in
multilayer structures, which were conducted earlier [1-3],
were limited by the values of parameters of natural materi-
als at optical frequencies, e.g., the magnetic permeability
of the medium was considered equal to one.

Metamaterials are artificially created composite
media, and the proper formation of their nanostructure
allows obtaining any desired values of material param-
eters [4-6]. This creates wide possibilities for controlling
the properties of electromagnetic waves [7]. For example,
surface polaritons can propagate along the surface of an
ENZ-metamaterial with an extremely high phase velocity [8];
in metal-ferromagnetic structures, the wave vector of a
surface polariton can be controlled using a weak exter-
nal magnetic field [9]; metamaterials with both near-ze-
ro permittivity and magnetic permeability (epsilon-and-
mu-near-zero (EMNZ)), which are also called zero-index
materials (ZIM), allow adjusting the phase delay surface
polaritons [10] and implement waveguides with exotic
properties [11]. The use of materials in which the transition
between phase-changed materials occurs under external
influence [12-14] is of particular interest for creating switch-
ing components of integrated optical devices.

The resulting ENZ-metamaterial for the optical
range [15] has a multilayer Ag/SiN structure. The real
and imaginary parts of its permittivity are simultaneously
close to zero in a wide spectral range. The ENZ-metama-
terial for near-infrared radiation was manufactured as a
multilayer Ag/Ge structure [16]. Magneto-optical meta-
materials were created as AU-core-Co-shell structured ar-
rays of metal microparticles [17], periodic arrays of Au/Ni
bimetallic plasmon ring resonators [18], and Ni nanowire
arrays embedded in an anodised aluminium oxide base [19].
Energy losses can be considerable in such metallic nano-
structures, which encourages the development of fully
dielectric magneto-optical metamaterials. The first fully
dielectric NIZ-metamaterial for infrared frequencies has
a structure comprising stackable silicon rods separated
by layers of silicon oxide [20]. The first NIZ-metamaterial
suitable for placement on an electronic chip for optical
frequencies was manufactured as an array of silicon col-
umns based on an insulator-silicon base [21]. Therefore, a
monolithic CMOS NIZ-metamaterial comprising a square
array of air holes in an insulator silicon wafer, which is
more suitable for standard planar technological processes,
was created [22].

Nonlinear ENZ-metamaterials are produced mainly
as structures consisting of layers of metal and nonlinear
matter located between them, or as a nonlinear medium

doped with metal particles [23-25]. The effect of local field
amplification in such structures [26] can lead to an in-
crease in their nonlinearity [27]. For example, the nonlinear
refractive index of a nonlinear multilayer ENZ-structure
Ag/TO, is six orders of magnitude greater than the non-
linear refractive index of the voluminous TO, [23]. High
local field values in such metamaterials can lead to satu-
ration of their nonlinear permittivity. The effects caused
by saturation of the nonlinear permittivity of metamaterials
can be studied for NSP based on the exact solution of the
Maxwell equation system for a nonlinear medium [1].

In this paper, the authors present an exact solution
of the Maxwell equation system for TM-polarised NPCs
propagating along the interface between an optically lin-
ear magnetic medium and an optically nonlinear medium
with nonlinear saturation. Using the obtained solution, the
authors investigated the dependence of the stable propaga-
tion of NSP on the total energy flux of NSP and energy fluxes
in contacting media for the structure: magnetic ENZ-meta-
material/nonlinear self-focusing ENZ-metamaterial. The re-
sults for the case of saturating nonlinearity are compared
with the case of guiding nonlinearity.

The purpose of this study was to obtain an exact
solution of the Maxwell equation system for TM-polarised
NPCs propagating along the interface between an optically
linear magnetic medium and an optically nonlinear medium
with saturated nonlinearity.

Materials and Methods

The authors considered a TM-polarised electromagnetic
wave propagating along the interface (plane z=0) of an
optically nonlinear medium with permittivity saturation
(region z>0) and an optically linear magnetic medium
(region z<0). The magnetic permeability of a nonlinear
medium is equal to one, and the permittivity is denoted as
€. The magnetic permeability and permittivity of a linear
medium are denoted by w, and €, respectively. Both envi-
ronments are non-dissipative. The problem is considered
homogeneous towards y. The electric and magnetic fields
of the NSP are written as (1-2):

E(7,t) == (E(2)expi(kx — wt) + c.c.),E(z) = (E,,0,E,) (1)
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The dependence of the permittivity of a nonlinear
medium on the intensity is modelled according to the fol-
lowing formula (3):
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where ¢, and are the linear and nonlinear parts of the
permittivity.

The authors believe that £,q, b, €, M, are valid. Value
b is considered integral. Signs €,0, &y, are arbitrary. The
permittivity (3) is a guide for weak fields and tends to the
saturation level £ =¢ +a/b at high intensities.

The problem is to determine the relationship between



the steady-state propagation and the energy flux of the
NSP based on the exact solution of the Maxwell equation
system for the NSP in the structure under study.

NSP at the interface between magneto-optical matter
and nonlinear metamaterial

Components of the NSP field. The components of the NSP field
correspond to the following system of equations (4a-4c):

dH__E

dg—wx (4a)

‘I’lH:—SEZ (4b)
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where n=k/q is the dimensionless steel distribution {(=zq
is the dimensionless coordinate; ¢ = w/c. Magnetic field
H is considered valid and integral.

For a linear medium, the solution of system (4a-4c)
gives components of the NSP field that decrease exponen-
tially as one distances from the interface. For example,
the magnetic field distribution of the NSP has the following
form (5):

H({) = Hexp (k10 )
where (6):

ki = +(n* - &141)"/? (6)

H~ there is a value of the magnetic field at the interface
z=0.

For a nonlinear medium, the solution of system (4a-
4c) is based on the general solution obtained by Leung [28]
for an arbitrary function ¢,(|E|*), which allows expressing
the components of the NSP field in terms of € and deter-
mine the dimensionless coordinate { as an integral by €
within the range of € K €, where is the permittivity on the
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Figure 1. Constant distribution dependence n from the
total energy flow of the NSP Q for magnetic permeability
u,=0.8 at the following saturation levels: 1) £ =0.26;

2) € =0.34; 3) g=+w
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surface of a nonlinear medium. Later, this general solu-
tion was developed [1] for the permeability expressed by
Equation (3). Using the solution [1] and boundary condi-
tions for the tangential components of the field, the con-
stant propagation of NSP can be expressed in terms € (7):

2 _ 182 (& — &)I(E — g9) — (€ — &)

S T DG —e) -t D e

where I(e~¢ ) and ](e—¢,) are determined by equations (9)
and (10) from [1].

NSP energy flow Q per unit length towards y con-
sists of the flow of energy in a linear medium QL and en-
ergy flow in a nonlinear medium QN. Both flows can be
obtained by using the expression for constant propaga-
tion (7) in equations (21) and (22) from [1].

Results and Discussion

Relationship between energy flow and steady-state
NSP propagation
Next, the authors consider the relationship between the
steady spread of NSP n and the energy flow of the NSP gq
(per unit length towards yNSP energy fluxes in linear and
nonlinear media for NSP propagating along the interface
of an optically linear magnetic ENZ-metamaterial with
negative permittivity and an optically nonlinear self-fo-
cusing ENZ-metamaterial.

Calculations are performed for the following pa-
rameter values: , _ % — 1.06m linear permittivity

of the medium & =-0.2; linear part of the permeabil-
ity of a nonlinear substance ¢£,=-0.04, Kerr coefficient
a=1.76x10"" m?/V* (typical value for a nonlinear optical
material multiplied by a gain factor of 400, as in Argyro-
poulos et al. [27]).

The relationship between the steady-state NSP
propagation and the total NSP energy flow per unit length
towards y is presented in Figures 1-3.

T D T

Q(W/m)

Figure 2. Constant distribution dependence n from the
total energy flow of the NSP Q for magnetic permeability
u,=10 at the following saturation levels: 1) £ =0.26;
2)e=0.34;3) g =+
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Figure 3.Constant distribution dependence n from the total energy flow of the NSP Q for magnetic permeability
u,=0.01 at the following saturation levels: 1) € =0.26; 2) £ =0.34; 3) g =+

Dependency graphs n=n(Q) are S-shaped. For
high nonlinearity, the total energy flux of the NSP is nega-
tive. The results shown in Figure 1 correspond to the value
of the magnetic permeability of a linear medium w,=0.8;

0.2
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Figure 4. Fraction of the NSP energy flow in a nonlinear
medium QN (1,2,3) and in a linear environment QL
(4,5,6) for magnetic permeability u,=0.8 at the following
saturation levels: 1) € =0.26; 2) € =0.34; 3) € =+

these graphs are remarkably similar to the graphs for the
non-magnetic case given in paper by A.D. Groza [29] (Fig. 3).
The fractions of the energy flux in a nonlinear medium
and in a linear medium are presented in Figures 4-6.
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Figure 5. Fraction of the NSP energy flow in a nonlinear
medium QN (1,2,3) and in a linear environment QL (4,5,6)
for magnetic permeability u =10 at the following
saturation levels: 1) £ =0.26; 2) € =0.34; 3) g =+
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Figure 6. Fraction of the NSP energy flow in a nonlinear
medium QN (1,2,3) and in a linear medium QL (4,5,6) for
magnetic permeability u,=0.01 at the following satura-
tion levels: 1) £ =0.26; 2) £ =0.34; 3) g =+



The energy flow is always negative in a linear medium
and always positive in a nonlinear medium. The modules
of these energy fluxes are of the same order of magnitude.
Figure 2 and Figure 5 demonstrate the magnetic perme-
ability of a linear medium and the graphs are shifted to
lower values of the NSP energy flow.

In Figure 3 and Figure 6, the magnetic permeability
has a value close to zero , in this case, the graphs are shifted
to higher values of NSP energy fluxes.

In all cases, for the selected value of the steady-state
propagation of the NSP, the value of the share of the NSP
energy flux in the contacting media increases modulo
when the saturation level decreases.

Charts n=n(Q) intersect the axis n if the total en-
ergy flow of the NSP is zero. The value of the steady-state
propagation, which corresponds to the zero value of the
total energy flux of the NSP, is the smallest for the con-
trol nonlinearity and increases with decreasing saturation
level.

Conclusions

The paper presents an exact solution of the Maxwell equa-
tion system for TM-polarised nonlinear surface polaritons
propagating along the interface of an optically linear
magnetic medium and an optically nonlinear medium with
nonlinear saturation. The solution allows calculating the
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NSP parameters for any signs and values of material
parameters of contacting media. Its application to the
analysis of NSP properties in the ENZ structure of a mag-
netic metamaterial with negative permittivity/nonlinear
self-focusing ENZ metamaterial allows drawing the fol-
lowing conclusions:

1. The energy flow of NSP is positive in a nonlinear
medium and negative in a linear medium. For low levels of
nonlinearity, the NSP energy flow in a nonlinear medium
dominates. For high levels of nonlinearity, the relative
part of the NSP energy flow decreases in a nonlinear me-
dium, the total NSP energy flow tends to zero, and then
becomes negative.

2. For a fixed value of the steady-state propagation of
NSP, the NSP energy fluxes in contacting media increase
modulo when the saturation level decreases. The value
of the NSP propagation constant, for which the total NSP
energy flux becomes zero, is the smallest for the control
nonlinearity and increases with decreasing saturation
level.

3. According to the selected value of the steady-state
propagation, the energy fluxes of NSP in contacting me-
dia increase when the magnetic permeability decreases.
The range of changes in steady-state propagation for a
positive NSP energy flux narrows when the magnetic per-
meability tends to zero.
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HeniHiliHi mOBepXHEBi MOJSIPUTOHU Oi/IA MeXKi IOy MarHiTO-OoNTUYHOI PpEYOBUHHU Ta
HeJIiHIHHOTO MeTaMaTepiary 3 6JIM3bKOIO A0 HYJIA [ieTeKTPUYHOIO ITPOHUKHICTIO
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AHoTaria

AxTyanbHicTh. 3HaUHa yBara JOCTiIHUKIB TPUBEPTAETHCA A0 HEMIHIMHMX TTOBEPXHEBUX ONITUYHUX XBUJIb, OCKLTBKU
BOHH MAIOTh XOPOIIli IEPCIEKTUBU Y 3aCTOCYBaHHI B cCHCTeMaX ONTUYHOI 06po6ku iHbopMaliil, HaAIyTIUBUX CEHCOPax
i cyJacHUX TeJIEeKOMYHIKaI[iHHIUX KOMIIOHEHTax

Meta. OTprMaTH TOYHE pillleHHA CUCTeMU PiBHAHB MakcBesia st TM-Mospru30BaHUX HENiHIMHUX TOBEpXHEBUX
TIOJITPUTOHIB, 110 TMOIIKUPIOIOTHCS B3ZIOBXK MeXKi PO3ZiTy MiXK OIITUYHO JIiHIMHUM MarHiTHUM cepeZIoBUIIEM i ONITUYHO
HeJIiHIMHUM cepeZloBUIeM 3 HacCU4eHOI0 HesliHiHHiCTIO.

MeToau. BukopricTaHO aHasli3 BIaCTUBOCTeN HeliHiMHMX ToBepxHeBUX nossipuToHiB (HIIIT) Ta MaTeMaTHYHe MOZe/IIOBAHHSA
3aJIeXKHOCTI ZlieJIeKTPUYHOI IPOHMKHOCTI HeTiHIMHOTO0 cepeZloBUILIA B/l iHTEHCUBHOCTI.

PesynbTaTu. loctimkeno TM-rionaprsosani HITT, 1110 OIIMPIOIOTECA Y30BK MeKi ITO/IUTy MarHiTO-OIITUYHOTO CEPEJ0BUILA
Ta HeJTHIMHO-ONTHYHOI'0 MeTamMaTrepiaty 3 6/IM3bKOIO 0 HYJIA AieIEKTPUYHO0 poHuKHICTIO (ENZ-MmeTamarepian). [yt HITIT
B TaKill CTPYKTYpi OTpUMAaHe TOYHE PillleHHS CUCTeMH PiBHAHb MakcBesUIa 3 ypaxyBaHHAM eeKTy HAaCUYeHHS OITTHYHOI
HestiHiMHOCTI. Ha 1ifl 0CHOBI I0CT/PKEHO 3aJIe2KHOCTI TIOCTIMHOTO MOIMPEHHS Bifl CyMapHOTo IMOTOKY eHeprii HITIT Ta OTOKiB
eHeprii B KOHTAaKTHUX CEPEZOBUINAX Y CTPYKTYpi: MarHiToonTuuHui ENZ-MeTamaTepian 3 HETaTUBHOIO JlieIEKTPUYHOIO
TIPOHUKHICTIO / HeTiHiMHWI camodokycytounii ENZ-meramarepiat.

BucHoBku. Iotik eHeprii HIIIT € TO3UTHBHUM B HeJliHiHHOMY cepeZIOBUILIi Ta HeraTUBHUM Y JiHiliHOMY. IIpy 3MeHIIeHHi
piBHA HacudeHocTi oToku eHeprii HITIT y KOHTaKTyIOUMX cepejOBUINAX 3pOCTAlOTh 338 MOAYIAMH, AKIIO 3HAUE€HH: CTaJIol
posnoBciomkennsa HIII (CPHIII) ¢ikcoBane. HatimeHie 3HaueHHss CPHIIII Ay1s KepiBChKOI HETTiHIMHOCTI OTPUMYEMO,
KOJIM 3aTa/IbHUH eHepreTuuHui notik HIIII crae HyneBuM. I3 3MeHeHHAM piBHA HacuaeHHs [TPHIIII 36inbinyernes. [pu
¢ikcoaniit CPHIIII npy 3MeHIIEHHI MarHiTHOI ITPOHUKHOCTI ToToku eHeprii HIIII y cepezoBuInax, 10 KOHTAKTYIOTh,
3pocTaroThb. Koy MarHiTHa IpOHUKHICTb 3MeHUIYeThCA 10 HysiA i ToTik eHeprii HITI mosutuBHUH, AianasoH 3MiHu CPHIIIT
3BYXKY€EThCA

KirrouoBi ciioBa: kepiBchbKa HeTiHIAHICTD, CTaia PO3MOBCIO/PKEHH, AieJIeKTPUYHA IIPOHUKHICT HETIHITHOTO Cepe/IOBHINA,
MarHiTo-oNTUYHUU MeTaMaTepiaa, MarHeTUK, HaC4eHHs



