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Abstract

Objectives. Theoretical studies of the waveguide properties of interfaces between nonlinear optical and graded-
index media are important for application in optoelectronics. Waveguides combining layers with different optical
properties seem to be the most promising, since they can be matched to optimal characteristics using a wide range
of control parameters. The paper aims to develop a theory of composite optically nonlinear graded-index waveguides
with an arbitrary profile, within which it is possible to obtain exact analytical expressions for surface waves and
waveguide modes in an explicit form. The main feature of the theory proposed in this paper is its applicability for
describing surface waves and waveguide modes, in which the field is concentrated inside the gradient layer and does
not exceed its boundary, avoiding contact with the nonlinear layer.

Methods. Analytical methods of the theory of optical waveguides and nonlinear optics are used.

Results. Atheoretical description of the waveguide properties of the interface between two media having significantly
different optical characteristics is carried out. The formulated model of a plane waveguide is applicable to media
having an arbitrary spatial permittivity profile. An analytical expression describing a surface wave propagating along
the interface between a medium having stepwise nonlinearity and a gradient layer with an arbitrary permittivity
profile is obtained. Additionally, analytical expressions for surface waves propagating along the interface between a
medium with Kerr nonlinearity (both self-focusing and defocusing), as well as graded-index media characterized by
exponential and linear permittivity profiles, are obtained.

Conclusions. The proposed theory supports a visual description in an explicit analytical form of a narrowly localized
light beam within such waveguides. It is shown that by combining different semiconductor crystals in a composite
waveguide, it is possible to obtain a nonlinear optical layer on one side of the waveguide interface and a layer with a
graded-index dielectric permittivity profile on the other.
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Pesiome

Lenu. TeopeTnyeckme nccnegoBaHns BOHOBOAHbLIX CBOMCTB rpaHuny, pasaena HeMHEeNnHO-oNTUYeCKNX U rpaav-
EHTHbIX Cpen, ABMSITCS BaXHbIMWU 151 UCNOJSIb30BAHMNA B ONTO3/IEKTPOHMUKE. KOMOMHUPOBAHHbBIE BOSTHOBOAbI, CO-
yeTaluwme CIoun C pasanyHbIMU ONTUHECKUMIN CBOMCTBaMMU, NPEACTaBAAOTCS Hanbosniee nepcnekTMBHbIMUK, MO-
CKOJNbKY A1 HUX MOXHO noaobpaTb ONTUMAalibHbIE XapakTEPUCTMKU C MOMOLLBIO LUMPOKOro psaa ynpaBnsaoLmx
napameTpoB. Llenb paboTbl — pa3paboTka Teopun KOMMO3UTHBLIX ONTUYECKU-HENMHENHBIX MPAANEHTHbIX BOJITHOBO-
[O0B C MPOU3BOJIbHLIM NMPOGUAEM, B PpaMKax KOTOPOM BOSMOXHO MOJSIyHEHME TOYHbIX aHANIUTUYECKMNX BbIPAKEHWUN
[N151 MOBEPXHOCTHbIX BOJIH U BOJTHOBOAHLIX MO/, B sBHOM Buae. OCHOBHOM 0COBEHHOCTbLIO NpeasaraemMoi B JaHHOWN
paboTe Teopumn SBASIETCA TO, YTO OHA NPUMEHUMA OJ15 ONMUCAHNSA MOBEPXHOCTHLIX BOJIH 1 BOSTHOBOOHbLIX MO, Nofe
B KOTOPbIX COCPEeA0TOYEHO BHYTPU MPAAVNEHTHOIO C/OS U HE BbIXOOMUT 3@ €r0 rpaHunLy, He KOHTaKTUPYIOLLYIO C HENW-
HEWHbIM CNIOEM.

MeToabl. Vicnonb3oBaHbl aHANUTUYECKME METOObl TEOPUM ONTUHECKUX BOSIHOBOLOB, HETMHENHOW ONTUKN.
Pe3ynbTaThbl. [TpOBEAEHO TEOPETUHECKOE ONCAHNE BONTHOBOAHbBIX CBOMCTB rPaHuLbl pa3gena gByx cpen, ¢ NpuH-
LMNUanbHO PasnnyHbiMM ONTUYECKUMU XapakTepuctukamu. ChopmynmpoBaHHas MOZENb MIOCKOr0 BOMHOBOAA
npUMeHMa ans cpep ¢ Npon3BOJIbHbIM pacnpenesneHeM NPOCTPaHCTBEHHOO NPOdUNa AU3NEKTPUYECKON MPOo-
HMuaemocTun. NMonyyeHo aHanuTuyeckoe BbipaXeHue, OMMUCbIBaloLLLEee MOBEPXHOCTHYIO BOJIHY, PacnpOCTpaHsio-
LLylOCS BOONb rpaHuLbl pasgena cpeapl Co CTyneH4YaTon HENMHEMHOCTbIO U FTPaANEHTHOMO CJI09 C NPOU3BOJIbHbLIM
npodunem AnNanekTpnYeckom nPoHNLAEeMOCTN. Takxe NoslydeHbl aHaIMTUYECKUE BbIPAXXEHUS OJ151 MOBEPXHOCTHbIX
BOJIH, pacnpOCTPaHSAIOLLMXCH BAOJIb FPaHMLbI pasaena cpebl C KEPPOBCKOW HENIMHENHOCTLIO (Kak caModOKyCcupy-
IoLWen, Tak n 4edoKyCcupyowen) ¢ rpagueHTHbIMU Cpeaamm, XxapakTepPUsyoLWMMNUC SKCNOHEHLUMATbHLIM U JINHEN-
HbIM MPOPUNAMN OUBNEKTPUYECKON MPOHMLAEMOCTHU.

BbiBoAbI. [TpennoxeHHas Teopurs NO3BOJISIET HAMMSAHO ONMcaTb B IBHOM aHaIMTUYECKOM BUAE Y3KO TOKaNnN30BaH-
Hbl€ CBETOBbIE MOTOKN B TakMX BOTHOBOAAX. [TokazaHo, 4TO CoYeTaHUE Pa3INyHbIX NOSYNPOBOOHUKOBbLIX KPUCTANI0B
B KOMMO3UTHOM BOJZIHOBOZE MO3BONSIET NOAYYNTb C OAHOM CTOPOHbLI OT BOSIHOBEQYLLENO NHTEepdenca HeMHENHO-
ONTUYECKUI CNON, a C APYron — CNOM C rpaaneHTHbIM NpoduiemM AN31eKTPMYECKON NPOHNLAEMOCTU.

KnioueBble cnoBa: HeNMHENHAs ONTMKa, HEIMHEHbIE BOJIHbI, ONTUYECKas HEIMHEMHOCTb, KEPPOBCKAsa HENVHEN-

HOCTb, ONTUYECKUIA BOJIHOBOA, NPaANEHTHbI BOSIHOBOL,

e Moctynuna: 13.12.2022 » Aopa6oTaHa: 17.02.2023 ¢ MNMpuHaTa k ony6nukosaHuio: 18.05.2023

Ana uutupoBaHua: CaBotyeHko C.E. Mogenu BONHOBOAOB, COYETAOWMX FPAAMEHTHbIE U HEIMHEMHO-0NTUYeckme

cnown. Russ. Technol. J. 2023;11(4):84-93. https://doi.org/10.32362/2500-316X-2023-11-4-84-93

MpospayHocTb pUHAHCOBOMN AeATeNIbHOCTU: ABTOP HE MMEET GUHAHCOBOW 3aMHTEPECOBAHHOCTM B NPEACTaBEH-

HbIX MaTepuanax nian MetToaax.

ABTOp 3aaBnseT 00 OTCYTCTBUM KOHPIMKTA UHTEPECOB.
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INTRODUCTION

Waveguide structures are typically based on
differences in the optical properties of their layers [1, 2]. In
optoelectronics, waveguides whose layers have constant
refractive index values [3], those having a variable spatial
distribution profile (graded-index) [4], as well as those
providing a nonlinear optical response when the refractive
index depends on the light flux intensity [5], are widely
used. Combined waveguides combining such layers
appear to be the most promising for optoelectronics, since
optimal characteristics can be selected for them using a
wide range of control parameters [6, 7].

In recent years, theoretical studies on the waveguide
properties of the interfaces between nonlinear-optical
and graded-index media have intensified [8, 9]. In
particular, waveguide modes having a layered structure
consisting of a gradient layer with linear [10, 11] and
exponential [12, 13] profiles in contact with the nonlinear
Kerr medium have been obtained. Our recent works
present the results of theoretical studies on the waveguide
properties of structures combining pairs of different
gradient and nonlinear media. In particular, linear [14-19],
parabolic [20, 21], and exponential profiles [22, 23] of
the refractive index/dielectric permittivity of media in
contact with media of different nonlinearities, such as
stepwise [ 14, 22], Kerr [20] and its generalizations [16—18,
20, 21], as well as those of a photorefractive diffusive
type [21, 23], are considered. Symmetric three-layer
structures consisting of a linear-gradient layer in a
medium with Kerr nonlinearity [24] and in a medium with
photorefractive nonlinearity [25] are also described.

The paper proposes the theoretical description of
surface waves propagating along a flat media interface,
one of which has a nonlinear response, while the other is
characterized by a spatial gradient of dielectric permittivity.
The novelty of the work lies in the proposed theory of such
composite optically nonlinear graded-index waveguides
with an arbitrary profile, within the framework of which
analytical expressions for surface waves can be obtained.
The main feature of this theory is its applicability to the
description of surface waves and waveguide modes, in
which the field is concentrated inside the gradient layer
and does not go beyond its boundary not contacting with
a nonlinear layer. The proposed theory permits a clear
description in an explicit analytical form of the narrowly
localized light fluxes in such waveguides. Examples of
semiconductor materials that could be used for designing
waveguides of this type are also considered.

1. THEORY AND RESEARCH METHODS

A flat interface between two nonmagnetic media of
fundamentally different optical types is considered as
a simple waveguide structure. In particular, a medium

with a smooth change in the spatial profile of the
refractive index/dielectric permittivity (i.e., n = n(x) or
€ = g(x), respectively; x being the spatial coordinate in
the direction perpendicular to the contact plane x = 0)
is on one side of the boundary, and a non-linear optical
medium wherein the refractive index/permittivity
depends on light intensity / (i.e., n = n(l) or & = g(I),
I = |E|?; E being the amplitude of electric field strength)
is on the other side. It is assumed that the considered
media have no dielectric losses; consequently, all their
optical characteristics are valid values.

The origin is located in the yz plane such that the
x-axis is perpendicular to the interface located in the x =0
plane. We shall consider a transverse wave propagating
along the interface with a non-zero component of the
electric field strength: E, = y(x)exp(ifz — iwt), where
B = kn is the propagation constant; n = ck/® is the
effective refractive index; ¢ is the speed of light in
vacuum; o is a frequency; k£ = 2n/A is a wave number;
A is a wavelength; y(x) is the spatial distribution of
electric field strength in the direction transverse to
the interface. As is well known [1, 2], function y(x)
obeys the stationary equation (magnetic permeability is
assumed to be equal to one):

W' () + {e(x, 1) = n? Py (x) =0, (M

where the dielectric permittivity of the waveguide
system is written in the following form:

e (x), x<0,
e 1) = {SN (I). x>0, @)

For definiteness, the graded-index medium is located
in the left half-space and characterized by dielectric
permittivity £;(x), while the optically nonlinear medium
is located in the right half-space and characterized by
dielectric permittivity ey(/).

If the transverse field distribution is represented as:

_ WG (X), X< 0,
V)= {WN ) x50 3

then, considering (2), Eq. (1) splits into the following
two:

WG () + e (1) -y () =0,x <0, (4)

VR )+ ey (D= r2 Py (1) =0,x>0. (5)

Equations (4) and (5) should be supplemented
with boundary conditions describing the continuity
requirement for the field components at the interface:
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Yy (+0) =y 5(=0), wi(+0) =y (=0), (6)

as well as boundedness at infinity: |y(x)| — 0, |x| — oo.

Since the localization of the light beam energy
along the waveguide layer represents an important task,
the focus is on such waves for whom the depth of field
penetration is less than the thickness of the gradient layer.
It has been shown in a number of our works [14-22]
that, in certain intervals of the waveguide system
parameters, the field amplitude at distances of the order
of the gradient layer thickness may be much smaller
than the amplitude at the interface and can therefore
be neglected. Consequently, there is no need to use the
boundary conditions at the distance of the gradient layer
thickness in this case; the boundary conditions at the
interface are sufficient for use when describing narrowly
localized surface waves.

The solution of Eq. (4) may be written in the
following form:

F(g(x)

, 7
F(g(0)) @)

Vg (0) =wv,

where y,—field amplitude at the interface; F(g)—
special function with an auxiliary argument g(x) solving
Eq. (4) analytically for a given permittivity profile g;(x)
and satisfying the following equation:

F'g' +F'g" +{eq(x)—n?}k*F = 0. (8)

The explicit form of dependence g(x) is related to
the substitution of variables when reducing Eq. (8) to the
form for which it is known that the exact solution is
expressed through some special function. For example,
in the case of linear replacement g(x) = ax + b in (8), it
would be g’ = a and g"” = 0; then, it would be simplified
as aF"+{eq (x)—n*}k2F =0.

When choosing to write the solution in the form (7),
it is necessary to consider the requirement at infinity:
[F(g(x)| = 0, x| — 0.

We shall briefly summarize the basic provisions
of the theory of the composite waveguides under
consideration. The waveguide comprises an ultrathin
boundary separating the medium with a dielectric
permittivity graded-index and a nonlinear optical
medium. The transverse wave is localized so that
the field does not extend beyond the boundary of the
gradient layer. The electric field distribution in the
direction transverse to the interface is determined from
the stationary one-dimensional nonlinear equation to
satisfy the conjunction condition at the interface and the
disappearance at infinity condition.

The explicit form of the solution of Eq. (5) depends
on selecting the nonlinearity model of the medium.

We shall further consider the waves arising in such
waveguides with profiles narrowly localized along the
interface of the media using the examples of Kerr and
stepwise nonlinearities and the graded-index exponential
profile.

2. RESULTS AND DISCUSSION
2.1. Kerr nonlinearity

The most common form of nonlinear response of
an optical system is the Kerr response, for which the
dielectric permittivity depends linearly on the light
intensity:

ex(D) = ggy + 0, 9)

where g, —unperturbed dielectric constant (positive);
o—Kerr nonlinearity coefficient whose positive and
negative value corresponds to the self-focusing medium
and defocusing one, respectively.

Then, considering dielectric permittivity (9), Eq. (5)
may be written in the following form:

YR ) —gRwn () +ak?y (x) =0,  (10)

where q%l = k2 (n? —&)N)-

The solution of nonlinear Eq. (10) at n? > €Ny
satisfying the condition |y(x)| = 0, |x| = oo, may be
written as follows:

\E‘Q—N >0
o kcth(x—xN)’ ’

\VN(x): 2
— .q—N’ o< 0,
\/ o] kshgy (x —xy)

where the xy value characterizes the position of the
“soliton” center and is determined from the boundary
conditions (6). Substituting (7) and (12) into (6), the
following may be written:

(12)

2

where the effective permittivity of the gradient layer is
introduced, as follows:

EGeff = Flg(0) & (14)
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Similarly, after substituting (7) and (12) into (6), the
field intensity at the interface is obtained as follows:

2(n? —€yN —EGefr) /% >0,

Iy=y§ = 15)
O 2eg o +Egn — 1)/t 00 <0,

Asanexample, the exponential dielectric permittivity
profile is considered:

eg(x) =g, (g, — g,)e™", (16)

where ¢, and ¢, are dielectric constants (positive) at
the interface and at the end of the gradient layer of
characteristic thickness /4, respectively.

Substituting the profile (16) into Eq. (4), the
following may be written:

Y6+ a) exp(2x/ a)— gy (x) =0, (17)

where 12 = a’k* (e, — ¢,), > = K*(n* — ¢).

In this case, F(g(x)) = J (g(x)), where J (g) is the
Bessel function of the first kind, g(x) = Ve¥/¢; then Eq. (7)
defining the solution of Eq. (17) at n? > g, and satisfying
the condition |y(x)| = 0, x — —co may be written in the
following form:

VG = Vo (V) (D). (18)

The effective permittivity of the exponential gradient
layer is written as follows:

Jog) v
8Geff =5 1 - (19)
Jaq 7)) ak
Thus, using Egs. (3), (12), and (18), the wave
propagating along the interface of the self-focusing Kerr
nonlinear medium and the exponential gradient layer
may be written in the following form:

2% ~EgN ~ger) Jag (Ve

g T
)= . aq ") (20)
E.q—N’ x>0,
o kchgy (x —xy)

where the dielectric permittivity of the exponential
gradient layer is defined by Eq. (19).

As a second example, the linear dielectric
permittivity profile is considered:
egx) =gy + (g) — & )(x/h). (21)

where h is the layer thickness in the case of a linear
function.

Substituting profile (21) into Eq. (4), the following
may be written:

v () + gy —n? +(gp — g )(x/ W)k g (x) =0. (22)

In this case, F(g(x)) = Ai(g(x)), where Ai(g) is the
Airy function of the first kind, g(x) = —x/x; + & and
xg ={al kG (&g —e )33, & = —(gy — nDhixg(e, — &,).
Then Eq. (7) defining the solution of Eq. (22) at
g, < n* < g, and satisfying the condition |y(x)| — 0,
X — —oo may be written in the following form:

Vg (X)=yoAi(=x/x; +06)/Ai(d). (23)

The effective permittivity of the linear gradient layer

is written as follows:

EGeff = _IOCL[:—(S) (24)
L Ai(S)

Thus, using Egs. (3), (12), and (24), the wave
localized along the interface of the self-focusing Kerr
nonlinear medium and the linear gradient layer may be
written in the following form:

2(n? —gyn —€cor)  Ai(—x/ S
\/ ON ~€Geff) l(x.xL+) £<0
a Ai(3)
2 aN
o kcth(x—xN)’

y(x) = ’ (25)

>0,

where the dielectric permittivity of the exponential
gradient layer is determined by Eq. (24).

2.2. Stepwise nonlinearity

Let now a nonlinear medium whose dielectric
permittivity is described by the step function (the model
of the simplest nonlinear medium [26] or the “sharp
step” model [27]) contact the gradient layer:

ol = 1< 5
N &y, |E|> E,,

where E is the field value; when reached, the abrupt
(instantaneous) switching from one value of the
dielectric constant g, to another ¢, (&, > &,) occurs.
Thus, near the contact in the nonlinear medium where
|E| > E, there is a region (near-surface domain) of width
x, in which the dielectric constant has value ¢,, while
outside of it where |E| < E, the dielectric constant has
value g;. The position of the boundary of the near-surface
domain x is determined by the following conditions:

(26)

Yy (x5 +0) =y (x, —0) = E,
(27)
Wy (xg +0) =y (x, —0).
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As shown in [26], in the stepwise nonlinearity
model, Eq. (5) with permittivity (26) decomposes into
two:

WN () = (7 —gDkPyN (0 =0, [E| <E, (28)
W (0 + ey —nP)k2yy (1) =0, |E[> E. (29)

The solution of Eq. (28) at n? > g, is written as
follows:

Yy (x) = Ege %), (30)

where qlz =(n? —sl)kz, while the solution of Eq. (28)
at n* < g, is written in the following form:

(X)) = ycos(py(x — x,,))/cos(p,x,,), (31

where p% =(g, - n2)k2, while values x, x  are
determined from the boundary conditions.

Substituting solutions (7), (30), and (31) into
boundary conditions (6) and (27), the following may be
written:

X, =X, +q; /p%, (33)
S|
Iy=vg=E 7 (34)

where the dielectric permittivity of the exponential
gradient layer is determined by Eq. (19).

Thus, the surface wave propagating along the
interface between the medium with stepwise nonlinearity
and a gradient layer with an arbitrary profile may be
written in the following form:

>

1/2
[ g, ¢ J F(g(x))

EGefr T €p — 17 F(g(0))’

172
y(x)=Eg- [:2 _S;J cos(p, (x—x,,)), 0 < x <x, (35)
-

— X=X
e N0 %) s X,

where the position of the near-surface domain boundary
is determined by Eq. (33).

In [22], the case of contact between a medium with
abrupt nonlinearity and a medium with an exponential
dielectric permittivity profile is considered. In this work,
the impact of optical parameters of the corresponding
waveguide structures on the wave profiles and their
controlled localization is analyzed (and illustrated) in
detail.

2.3. Discussion

The resulting Eq. (20) for surface waves differs
from the one given in [14]. Wave (20) can propagate
at the effective refractive index (propagation constant)
varying arbitrarily in the admissible range of values.
In [14], the authors present and analyze the dispersion
equation linking the effective refractive index and the
optical characteristics of the waveguide, i.e., its value is
fixed at given values of the waveguide characteristics. In
particular, they analyze the dependence of the effective
refractive index n on the nonlinearity parameter al,
being the product of the Kerr nonlinearity coefficient on
the field intensity at the media interface.

As is known, the propagation constant is related to
the angle of incidence of the beam exciting the surface
wave, which can vary under experimental conditions.
Therefore, such a parameter should be considered as
controlling, i.e., varying in experiments on the selected
waveguide structure. In the work, Eq. (15) determining
the dependence of the nonlinearity parameter o, on the
effective refractive index n is obtained. In our opinion,
this dependence is more practical from the experimental
point of view.

The difference between the obtained Eq. (25)
describing the wave narrowly localized along the
interface of a self-focusing Kerr nonlinear medium and
the linear gradient layer should also be emphasized. The
surface wave profile obtained in [10, 12] transverse to
the interface of such media can go beyond the gradient
layer. The developed theory is suitable for describing
waves whose spatial intensity distribution is completely
concentrated in the gradient layer and does not go
beyond its limits.

The following are examples of materials on which
composite waveguides combining nonlinear optical
layers and gradient layers with a spatial distribution of
optical characteristics can be based.

In nonlinear optical crystals, localization of the light
beam occurs due to the nonlinear response of the medium.
Under certain conditions, field localization occurs not
only in a medium with self-focusing nonlinearity, but
also with defocusing nonlinearity [28].

The dielectric permittivity—or square of the
refractive index—depends on the square of the electric
field strength, i.e., linearly on the light intensity
(Kerr nonlinearity), which is characteristic of KDP
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and LiNbO, crystals at certain wavelengths. This
form of nonlinear response is observed in multilayer
Co/TiO, nanocomposite films in a wavelength range of
400-1000 nm at temperatures of 10-50°C [29]. In [30],
the Kerr effect strengthening in cobalt-based thin films
in the same wavelength range is noted.

It is indicated in [31, 32] that a high-intensity light
beam can change the optical characteristics of crystals in
narrow regions along the direction of its propagation. As
aresult, the formation of a near-surface layer with optical
characteristics different from the rest of the crystal is
observed. Such changes are caused by the nonlinear
response of the crystal depending on the intensity of the
light beam propagating along its surface. The theoretical
description of such phenomena is based on models such
as “sharp” stepwise nonlinearity [26, 33], “smooth”
stepwise nonlinearity [27], and saturable nonlinearity in
various formulations [34, 35].

As noted in Section 2.2, the model of “sharp”
stepwise nonlinearity describes the change in dielectric
permittivity abruptly from one constant value to
another when the intensity of the light beam reaches
a certain threshold value. Within the framework of
such a model, many authors have been able to obtain
in explicit analytical form the results applied to the
theoretical description of the features of surface wave
propagation [26], self-reflection [33], self-localized
optical pulses [27], and optical bistabilities [36]. This
dependence can be considered as a limiting case of the
model of “smooth” stepwise nonlinearity in the case
of a sharp increase in dielectric permittivity at a small
increase in the light beam intensity.

It is shown in [37] that the change in the dielectric
permittivity of a semiconductor with exciton-exciton
interaction in a certain spectral range may occur quite
abruptly. The authors [38, 39] noted that such behavior
can be observed in semiconductor crystals such as
CdS and CdSe crystals with low biexciton binding
energy within the range of approximately 0.5-3.0 MeV.
The authors explain this phenomenon by the fact that
coherent photons passing through the semiconductor
film excite coherent excitons with the same wave vector-
and phase values as the photons. This optical interaction
results in biexcitons determining both the polarization
of the crystal and the concentration of quasiparticles
responsible for its optical properties. Optical nonlinear
effects can be observed at relatively low intensities of
the incident light beam.

It should be noted that some media under intensive
illumination undergo rapid changes in their optical
properties: in particular, in semiconductor-doped
CdSSe and Schott OG 550 glasses [40, 41], ion-doped
GdAlO3:Cr3Jr crystals [42], and thin films formed
from the photochromic protein bacteriorhodopsin [43].
A practically discontinuous change of the refractive

index from one value to another depending on the
intensity of the light beam was observed in them in the
limit at small relaxation times.

On the other hand, many semiconductor
heterostructures used in modern optoelectronics exhibit a
dependence of the refractive index or dielectric function
on the spatial distance [3]. In particular, the refractive
indices of GaAs/GaAlAs [44, 45], InGaAs/InAlAs [46],
and InGaAsP/InP [47] semiconductor photonic crystals
are described by spatially graded-index profiles.
Therefore, these materials can be referred to as optically
graded-index media. It should be noted that the use of
gallium arsenide, as well as heterostructures based on
it such as Gal—-xAlxAs, Gal-xInxAs and Gal-xAlxN,
Gal—xInxN, seems very promising due to their enhanced
radiation resistance [48] in comparison with other
crystals used in semiconductor optoelectronics.

Spatial distributions of refractive indices are often
created by implanting ions into glasses, which induce
ion-exchange processes creating stress induction near the
surface due to the large difference between the ionic radii
of the exchanged ions. For example, graded refractive
index profiles are formed in BK7 glasses by introducing
K*-Na" ions and in lime-sodium glass by introducing
Ag*-Na" ions [49]. It should be noted that the profiles
obtained by thermal diffusion of metal ions into the glass
substrate are close to the exponential profile [50].

Thus, by combining different semiconductor crystals
in a composite waveguide, it becomes possible to obtain
a nonlinear optical layer on one side of the waveguide
interface and a layer with a graded dielectric permittivity
profile on the other.

CONCLUSIONS

In the present work, a theoretical description of
waveguide properties of the interface between two media
with fundamentally different optical characteristics
is presented. The formulated flat waveguide model is
applicable to media having an arbitrary distribution of
the spatial dielectric permittivity profile.

An analytical expression describing the surface wave
propagating along the interface between the medium
with a stepwise nonlinearity and the gradient layer with
an arbitrary dielectric permittivity profile is obtained.
Analytical expressions for surface waves propagating
along the interface of the medium with Kerr nonlinearity
(both self-focusing and defocusing) with graded-index
media characterized by exponential and linear dielectric
permittivity profiles are also presented.

The above analysis of materials shows that it is
possible to select semiconductor crystals on which
composite waveguides combining nonlinear optical
layers and gradient layers with spatial distribution of
optical characteristics may be based.
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The results obtained in this work may be of value

in designing elements of optical devices based on the
possibility to control the localization of light beams
along the waveguiding surfaces of the interface of
contacting media.
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