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We present three complementary methods to study stationary nonlinear solutions in one-dimensional nonlinear
metal-dielectric structures. Two of them use an approximate treatment of the Kerr-type nonlinear term taking
into account only the leading electric-field component, while the third one allows for an exact treatment of the
nonlinearity. A direct comparison of the results obtained with all three models is presented and the excellent
agreement between them justifies the assumptions that have been used to construct the models. A systematic
study of the configurations made of two, three, or four layers that contain a semi-infinite Kerr-type nonlinear
dielectric, a metal film, and linear dielectrics is presented. A detailed analysis of properties, type, and number
of solutions in these three types of structures is performed. The parameter ranges where plasmon-soliton waves
exist are found. Structures with realistic optogeometric parameters where plasmon solitons exist at power levels

already used in spatial soliton studies are proposed and studied.

DOI: 10.1103/PhysRevA.89.023816

I. INTRODUCTION

Stationary nonlinear waves coupling together a surface
plasmon and a spatial optical soliton have been under inves-
tigation since the 1980s, when they were constructed for the
first time by Ariyasu et al. [1] using a semianalytical approach
first suggested by Agranovich et al. [2] and used also in
Ref. [3]. Many theoretical and numerical works on this type of
nonlinear wave followed [4—16]. For reviews one can refer to
Refs [17,18]. More recently, Feigenbaum and Orenstein [19]
coined the term plasmon soliton to name the wave propagating
in a metal slot waveguide with a Kerr-type nonlinear dielectric
core. Linked to the growth of the plasmonic research field
[20,21], several articles studied plasmon solitons in detail
using various approaches [22-29]. Nevertheless, in spite of
all these results, experimental observation of plasmon solitons
is lacking due to the too high power or, equivalently, too
high nonlinear refractive index change required to generate
the coupling between the plasmon and the soliton. This issue
has been solved, at least theoretically but using realistic
parameters, in our recent Letter [27]. The proposed planar
structure is made of a bulk nonlinear dielectric substrate
covered by a thin linear dielectric film with a refractive index
lower than that of the nonlinear medium and a thin metal layer
on top, in contact with a low-index linear external medium.
It was shown that such a structure supports plasmon solitons
with a peak power density as low as 1 GW/cm?. This level of
power density was already used experimentally to generate and
record spatial solitons in fully dielectric planar chalcogenide
waveguides [30].

In the present work the details of the method used in
Ref. [27] (which was based on the approach proposed in
Refs. [1,2]) are provided and two complementary approaches
that confirm the validity of these results are also described.
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The first one is a semianalytical approach that does not require
any hypothesis concerning the field shape except for zero value
boundary conditions at infinity and that takes into account both
longitudinal and transverse components of the electric field in
the Kerr-type nonlinear term. This method extends to the four-
layer configuration in the work published by Yin ez al. [23]. The
second approach, which is more numerical, is based on a finite-
element method that finds iteratively both the field profile and
the propagation constant of the nonlinear stationary waves.

Concerning the results, this work is limited to one-
dimensional stationary nonlinear solutions since they represent
a necessary preliminary step to more complicated studies
such as temporal evolution and stability analysis or two-
dimensional problems. For a review of all-dielectric nonlinear
planar structures the reader can refer to Refs. [31,32]. Our
work is also limited to the focusing Kerr-type nonlinearity as
most of the materials used in integrated optics with third-order
nonlinearity are of this type [33]. Complete results for planar
structures containing two, three, or four layers are given,
including the type and the number of nonlinear solutions as
a function of the optogeometric parameters of the structure.
These results illustrate that low-power plasmon solitons were
not found previously mainly due to the limited parameter
region in which they exist. They also prove that the simplest
planar structures supporting low-power plasmon solitons with
a pronounced soliton peak and with a plasmonic part in a
low-index external medium such as air or water should involve
four layers, as suggested in Ref. [27].

The outline of the article is the following. After the
statement of the problem in Sec. II, three different approaches
to compute its solutions are described in Sec. III. These
methods are validated through comparisons with already
published results and through mutual comparisons in Secs. IV
and V. In Sec. V the properties of solutions in two-, three-, and
four-layer configurations are described with a more detailed
analysis for the last one. Details of the derivations are provided
in Appendixes A and B.
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FIG. 1. Geometry of the one-dimensional four-layer nonlinear
configuration.

II. PROBLEM

In this article we present three methods based on Maxwell’s
equations, to study the properties of stationary solutions in one-
dimensional structures composed of a semi-infinite nonlinear
medium and layers of metal and linear dielectrics as depicted
in Fig. 1. In all the described approaches only transverse-
magnetic (TM) polarized waves are considered due to the
presence of the metal layer. We found no localized solutions
for the transverse-electric (TE) polarization.

The first model extends and modifies the approach pre-
sented in Ref. [1] and uses two assumptions: (i) The non-
linearity depends only on the transverse component of the
electric field and (ii) the nonlinear permittivity modifications
are low compared to the linear part of the permittivity. These
assumptions allow us to write a single nonlinear wave equation
for one of the magnetic-field components. This equation is then
solved analytically [2], resulting in closed formulas for the
dispersion relation and for the electromagnetic-field shapes.
This model will be called the field-based model (FBM).

The second model, named in this article the exact model
(EM) because it does not require any of the two above
assumptions, is based on the approaches from Refs. [15,23]. It
also provides a closed formula for the nonlinear dispersion
relation, but the field shapes in the nonlinear medium are
not given in an analytical form and have to be computed
numerically by solving a system of two coupled first-order
nonlinear differential equations.

The third model, in contrast with the two previous semiana-
Iytical ones, uses a numerical finite-element method (FEM) to
solve the nonlinear scalar TM problem in layered structures.
This approach finds the solutions using the fixed power
algorithm from Refs. [34-36] adapted to one-dimensional
planar metal-dielectric structures.

Our models are written for TM light polarization where the
magnetic field has only one component # = [0,57;,0] and
the electric field has two components & = [&,,0,i&.]. The
stationary solutions in one-dimensional geometry are sought
in the form of monochromatic harmonic waves:

E(x,z,1) EC) | itkopz—on)
{jf(x,z,t)} = {H(x)}e . €))

The propagation direction is chosen to be z and @ denotes
the angular frequency of the wave. Here k) = w/c denotes the
wave number in vacuum, ¢ denotes the speed of light in vac-
uum, and B denotes the effective index of the propagating wave
(the propagation constant is expressed as ko). The structure
is invariant along the y direction and therefore it is assumed
that the field shapes are invariant along the y coordinate.

In this work a nonlinear Kerr-type dielectric is considered
in which the permittivity depends on the electric-field intensity
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€ = ¢ + «|E|*. Only the case of a focusing nonlinearity (o >
0) is studied. The relation between the nonlinear parameter
o and the coefficient n,, which appear in the definition of
an intensity-dependent refractive index n = ng + no/, is ¢ =
€ocen, (for nyl <K ng), where the intensity is defined as [ =
€oc /€ |E|2/2 [37], no denotes the linear part of the refractive
index, and the vacuum permittivity is denoted by €.

III. DERIVATION OF THE MODEL

A. Maxwell’s equations

The derivation of our models starts from the general form
of Maxwell’s equations in the case of nonmagnetic materials
(relative permeability p = 1) without free charges (py = 0)
and free currents (J ; = 0) [38]:

Vx& = —@, (2a)
ot
09
V x # = TR (2b)
V.-92=0, (2¢)
V.-%=0. (2d)

The magnetic induction vector is defined as & = o
and the displacement vector is @ = €ye&. The vacuum perme-
ability is denoted by w¢ and the relative complex permittivity
tensor is assumed to be diagonal with isotropic losses:

. » e 0 O e 0 0
€é=€+i€e =0 ¢ O0]+il0 € 0], 3
0 0 g 0 0 ¢

where €; (j € {x,y,z}) and €” are real quantities.

To derive the nonlinear dispersion relations for our structure
we use only the real part of the permittivity tensor € as in e.g.,
Refs. [1,2,4-6,23] (the imaginary part will be used later in the
calculation of losses). Equations (2a) and (2b) are written for
TM light polarization. Using the definitions of the magnetic
induction and the displacement vector, Eq. (2a) gives

BE A8, 8.,
1 —_ =

— 4
ox oz T (“42)
and Eq. (2b) yields
0%, 06
= —, 4b
aZ €0€x ot ( )
0, 08,
a_xy = ié()éza—;, (4¢)

where the x, z, and time dependences are omitted in the
field components and the permittivity to simplify the notation.
Using Eq. (1), the z and time derivatives are eliminated from
Egs. (4a)—(4c) to finally give

dE,
koBE, — = wuoHy, (5a)
dx
E, = A Hy, (5b)
€0€xC
1 dH,
E. = —. (5¢)
€oe,w dx
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The nonlinearity is of the isotropic Kerr type so that all
the elements of the permittivity tensor depend in the same
way on the electric field intensity in the nonlinear medium.
Consequently, the relative permittivity €; is written as

€j(x) = €,j(x) + €n(x). (6)

In Eq. (6), j € {x,y,z} and ¢; ; denotes the linear, real part
of the permittivity, €, = a(x)|E(x)|? denotes the nonlinear
part of the permittivity limited to the optical Kerr effect
that depends on the electric field intensity, and «(x) denotes
the function that takes values of the nonlinear parameters
associated with different layers (in linear materials it is null).

B. Field-based model
1. Nonlinear wave equation

From Egs. (5), the problem of finding stationary solutions
using a nonlinear wave equation is formulated. The derivation
presented here is similar to the one proposed by Agranovich
et al. [2], in which the first description of the nonlinear
localized surface plasmon polariton waves was given. In this
seminal paper, the analytical expressions for the dispersion
relation and for the field shapes of the nonlinear solutions at
a single metal-nonlinear dielectric interface were found in a
TM case using the assumption that only two of the permittivity
tensor elements depend on the longitudinal electric-field
component [39] €, =€, = ¢ +«|E |2, where nonlinearity is
defocusing (o < 0). Later on, this model was improved by
introducing more realistic assumptions about the nonlinear
term (e.g., focusing nonlinearity depending only on the
transverse component of the electric field [8,17]). It was also
extended to consider TE polarized waves as well as focusing
and defocusing Kerr nonlinearities [5,6]. Furthermore, the
model of Agranovich et al. was expanded to consider nonlinear
waves guided by a thin metal film sandwiched between
nonlinear dielectrics [1,3,9-11].

Our FBM improves and extends previous approaches in
three ways: (i) It improves the nonlinearity treatment so that
all the diagonal elements of the permittivity tensor depend on
the electric field in a nonlinear manner [Eq. (6)], (ii) it improves
the way the nonlinearity is taken into account in the dispersion
relation derivation [Eqgs. (14)—(20)] and in the electric-field
shape calculations (Sec. III B 4), and (iii) it extends the existing
model from a three-layer structure to a four-layer structure
(the benefits of using four-layer structures are discussed in
Sec. VC). The derivation given below follows the lines
presented in Ref. [1] with the improvements mentioned above.

Taking the derivative of Eq. (5¢) with respect to x and using
Egs. (52), (5b), and (6) gives

2
ddgy = K2 (E—iﬁz — ez> H, + eow%Ez. %
Making use of Eq. (5¢) in the last term allows us to eliminate
both electric-field components from the equation, yielding an
equation for the magnetic-field component:

d*H, € 1 dey dH
Yo (Ep e Hy e —E T
dx? 0 (ex'B € )t € dx dx

At this point an important assumption about the FBM
is made. It is assumed that the nonlinear contribution to

(®)
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the permittivity is small compared to the linear part of
permittivity €, < ¢ ; for j € {x,z} and both €, and H, in
the nonlinear medium vary in the x direction on scales larger
than the wavelength. These hypotheses are valid for low-power
solutions and are verified a posteriori by analyzing the field
profiles. If they are fulfilled the last term in Eq. (8) is small
and it can be omitted. Then the nonlinear wave equation can
be written in the form

dzHV _ k2 (E_Z

dx2 —

X

B — ez> H,. )

The approximation made above affects only solutions in the
nonlinear layer. Solutions in the linear layers are calculated in
an exact way.

In the following, only materials with equal linear parts of
the permittivity tensor elements €;, = €, = €; are studied.
The nonlinearity considered for our FBM is of the usual
Kerr type, where only the transverse-electric-field component
E, contributes to the nonlinear response (this component is
usually much stronger than the longitudinal component in the
studied photonic structures [8]):

€ (x) = €,(x) = €(x) = (x) + a(x)EX(x). (10)

Using this form of nonlinearity, Eq. (5b), and again the assump-

tion that €, < € (this assumption justifies the replacement

of kyBH,/epexw by koBH, /€y in the nonlinear term) the

nonlinear wave equation can be rewritten in its final form
d*H,

dey — k3q(x)* Hy + kja(x)H; =0, (11

where
q(x)* = B2 — e(x) (12)

and a(x) = B2a(x)/[eoe;(x)c]? is nonzero only in the nonlin-
ear layer. Here ¢;(x) and «(x) are stepwise functions that take
values indicated in Table I depending on the layer as presented
in Fig. 1.

Equation (11) is equivalent to Egs. (4) in Ref. [1] and to
Eq. (14) in Ref. [8] with a slight difference in the nonlinear
term due the to more consistent nonlinearity treatment used
here. The nonlinear function a(x) differs by a factor 8%/¢;
between our approach and the approaches from Refs. [1,8].
This results in discrepancies between our model and the older
models mainly when the effective index of the nonlinear wave
is much higher than the linear part of the nonlinear medium
refractive index.

TABLEI. Values of the functions describing the properties of the
materials in different layers. The second-order nonlinear refractive
index in layer 1 is denoted by n<21).

Layer Abscissa €(x) e(x)’ a(x)

1 x <0 €1 61/ 606‘61’171(21) =)
2 0<x<L € =€, 14 0

3 L<X<L+d €3 = €3 63’ 0

4 X 2 L+d €4 = €14 GZ 0
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2. Dispersion relation

The FBM provides solutions of the nonlinear wave equation
[Eq. (11)] for the H, field component. The solutions of this
equation are studied separately in each layer of the structure.
Then the use of boundary and continuity conditions allows
us to obtain the nonlinear dispersion relation for the studied
problem.

The solution of Eq. (11) is well known in the literature
[2,5,40,41]. In the nonlinear layer the solution is in the form
[the y subscript of the magnetic field is omitted as in our
models there is only one magnetic-field component, while the
subscript 1 indicates the nonlinear layer (see Fig. 1)]

2 q1
H o= |=
a; cosh[kog(x — x¢)]

where the x¢ is a free integration parameter that can be
arbitrarily chosen and g; and a; denote the constant value of
the ¢(x) and a(x) functions in the kth layer. If x, is negative,
is has the physical meaning of the soliton peak position in the
nonlinear dielectric. If it is positive, there is no maximum of
the H; component in this layer.

In linear layers the nonlinear term in Eq. (11) vanishes and
the solutions of the linear wave equation are expressed in a
standard form of decreasing and increasing exponentials (for
the layer indices see Fig. 1)

for x <0,

(13a)

Hy, = A eo®¥ 1 A_e7h0® for0<x <L, (13b)

H; = B 60=D 4 B o=hes=D) for | < x < L +d,
(13c)

Hy = Ce fotli=LHDl for x > [ 4 4. (13d)

The use of the boundary condition H, X 0in layer 4
results in the single term in Eq. (13d).

Finally, using the conditions for the continuity of the H,
and E, fields at the interfaces [ E, is calculated using Eq. (5¢)],
the analytical form of the nonlinear dispersion relation of the
four-layer model is obtained:

D, (g1 + ¢3) expQkoqzezd) + @ _(qa — q3) = 0, (14a)
where
o, = (1 + q‘*“L'*’:°> + (q‘*“ﬂ“" + 2) tanh(koga L)
q3 q2 q3
(14b)
with
Gi=2 forke(23.4)] (15)
€k
g1.a1 = ¢1 tanh(kog1xo). (16)

Some assumptions have to be made in order to obtain the closed
form of the expression for ¢; and therefore of the nonlinear
dispersion relation. The exact expression for g; reads

~ _q q1
=—=—— 17
< €1 €],1 =+ o EJ% ( )
Here the model presented by Ariyasu et al. is improved once
again. In Ref. [1] the nonlinear term is omitted at this step
and q1 = qi1/¢€,.1- Nevertheless, one can go beyond and find
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the first-order approximation for gj taking into account the
nonlinearity. Here ¢; is expressed in terms of the magnetic
field H,. Using Eq. (5b),

q1

koB \2 172
€1 +al(w€0€“) Hl

q1 = ; (18)

where at this stage the assumption that €; = ¢;| was used in
the nonlinear term in the denominator of Eq. (18). Use of
Eq. (13a) and the definition of a(x) function results in

~ q1

q1 = . (19)
€1 + 2q7 sech?[kog1 (x — xo)]

To obtain the dispersion relation we need to know the value
of g1 at the interface x = 0, which is

q1 tanh(kog1x0)
€11 + 2q7 sech’(kog1x0)

qratli=0 = (20)
Now the dispersion relation (14) depends only on the wave
number ko; material and structure parameters € 1, €2, €3, €4, L,
and d; the parameter xy; and the effective index . By fixing the
values of the material and geometric parameters and xy, one
obtains a nonlinear expression that is satisfied only for a limited
set of B values. We are interested only in the solutions with g >
/€11 because the solutions we look for should be localized
either in the nonlinear dielectric or at the metal-nonlinear
dielectric interface (see the definition of g [Eq. (12)] and the
field profiles [Egs. (13)]). It is worth noting that the dispersion
relation does not depend on the nonlinear parameter «; . This is
a consequence of the fact that the nonlinear solution depends
on the nonlinear permittivity modification €, o o Eﬁ and not
on the field amplitude or nonlinear parameter itself. Changing
the nonlinearity coefficient does not result in a change of the
effective indices that verify the dispersion relation but only in
a change of the field amplitude, as can be seen by rescaling all
the fields by a factor ,/ar;.

3. Power and losses

The power density transmitted per unit length along y
direction is expressed as a longitudinal z component of
the pointing vector S = %Re(E x H*) integrated over the
transverse dimension x,

+o00 1 400
P = /_ S.dx = Ef_ E,Hjdx, (21)
which is rewritten using Eq. (5b) in the form

,3 +00

= H,|%dx. 22
2ce | o e X (22

In the FBM, having determined the effective indices $, a closed
analytical expression for the approximated power density of
the corresponding plasmon-soliton waves can be found for
each layer. The final formulas are provided in Appendix A 1.

An important part of the study of nonlinear wave prop-
agation is the calculation of losses. In our FBM, the losses
are estimated using the approach based on the imaginary part
of permittivity and the field profiles [the complex permittivity
function is denoted by €(x) = €(x) + i€”(x) and it takes values
given in Table I]. This method is described in the case of
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linear waveguides in Ref. [42] and has already been used for
nonlinear plasmon-soliton studies [8,17,27].

The expression that provides an approximation of the
imaginary part of the effective index 8" is [42]

g e J € @|EPdx 03
4 P '
The imaginary part of the refractive index is connected with
the losses in decibel per meter £ in the following way [43]:

407

~ In(10)x p 24

where A it the free-space wavelength expressed in meters.

4. Expressions for the electric-field components

In our FBM, the wave equation for the H, magnetic-field
component [Eq. (11)] is solved and the analytical expressions
for the field shape of this component are provided [Eqs. (13)].
In the case of a linear medium, knowing the expression
for magnetic field, one can easily calculate the electric-
field components using Eqs. (5b) and (5¢). In the nonlinear
case this problem requires precautions. The exact expres-
sions for the two electric-field components are provided in
Appendix A 2.

C. Exact model
1. First integral nonlinear medium treatment

Below we present the derivation of the model that allows
the exact treatment of the Kerr nonlinearity. This derivation is
based on the approaches presented first by Mihalache et al. [15]
for two-layer configurations and later extended to three-layer
configurations and generalized to the case of power-law Kerr
nonlinearity by Yin et al. [23]. Here we limit ourselves to
the usual cubic nonlinearity, but we extend the approach to a
four-layer configuration.

This derivation starts from Maxwell’s equations [Eqs. (5)].
In this approach the magnetic field is eliminated from these
equations. The use of Eq. (5b) in Egs. (5a) and (5c) gives

dE; ( ko — 0 )E (25a)

dx /3 0— /3 €x X a

d&E) _ g k. (25b)
dx

Equation (25a) is derived with respect to x and the last term
is replaced using Eq. (25b), resulting in

d°E.
dx?
Multiplying Eq. (26) by dE,/dx and using Eq. (25a) once

more gives
,Bk E, — k2 E z
X €L, .
0 — ,3 0Cz Lz /

27

e E.. (26)

d*E, dE,
dx? dx

In this approach a full Kerr dependence of the permittivity of
the following form is assumed in the nonlinear layer [compare
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with Egs. (6) and (10)]:
€ =€, =€ =61,1+0l1(E§+E22). (28)

Inserting this definition into Eq. (27) one obtains

d*E. dE, dE g 4B dE, L p dE dE,
6
dx? dx d M ™ ax dx
dE dE,
2 2 2 X
—kjou (E; + EY) (Ex e +E— - > (29)

Integrating this equation by parts with respect to x gives

dEZ g 2 -2 2 2 2
. =(Bko)’E; — kg1 (E; + E7)

~ B3 (E1+ E2)' + Co. (30)

where Cj is the integration constant. Here C is set to O
taking into consideration the fact that a semi-infinite nonlinear
medium is studied, where the electric fields E,, E, and their
derivatives vanishas x — —oo. The final step of this derivation
is to compare the right-hand side of Eq. (30) with the square
of the right-hand side of Eq. (25a). This comparison yields

2

&2y

which is the first step in obtaining the nonlinear dispersion
relation in the EM.

2. Dispersion relation and field shapes

In the previous section a method that allows the treatment
of the nonlinearity in an exact manner, without the approxi-
mations used in the FBM, was presented. Besides, there is no
difficulty in solving Maxwell’s equations in the linear layers.

Using the relations between the amplitudes of x and z
components of the electric field provided in Appendix B
and the continuity conditions for the fields E, and H,
[computed using Eq. (5b)] at the boundaries between layers,
the longitudinal component of the electric field at the nonlinear
interface E, o = E,(x = 07) is expressed as a function of the
total electric-field amplitude at this interface Ey:

) (€28/92)* )

E o= E2, (32a)
0T A+ )/ — PP + (@B/g)?
\Ilie*kofIzL*koqsd + W~ ko Lkogsd
¢ = \I}jekoqu+koq3d + \Il;ekolhla*koqu ) (32b)
“I':ggr?((:)) = M where {m,p} = {1, —1},
€3/493 T P€4/44
(32¢)
and
12
Eo = (E2+ E2)", (33)

and an additional subscript O denotes values of functions at
x = 07. Using Egs. (32a) and (33) to eliminate E, and E,
from Eq. (31) taken at x = 0~ results in the final form of the
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nonlinear dispersion relation for the EM:
o0’ ep\’ o
() () o0 35)
92 92 2
1 2 2
x|:6120 <L¢> + (ﬁ) ] —0. (34)
“\l-¢ 92

For a given set of optogeometric parameters and a given
wavelength, it contains as a unique free parameter the total
electric-field amplitude at the nonlinear interface Ej. Fixing
arbitrarily E( allows us to solve this equation for all the
possible values of 8.

After obtaining the effective indices of the nonlinear waves
propagating in a given structure the field profiles corresponding
to these values of 8 must be calculated. In the EM, contrarily
to the FBM, no analytical formulas for the field shapes in
the nonlinear layer are provided. However, a system of two
coupled first-order differential equations for the electric-field
components can be derived to allow field shape computations.
Equation (25b) is written in the form

bt e, = proc.E.. (35)
dx dx
Using Eq. (28) in the first term and calculating the derivative
gives

dE, dE dE,
201 | Ex—— + E,— | Ex + —¢€| = Bkoe1E.. (36)
dx dx dx

Replacing d E; /dx using Eq. (252a) and reorganizing the terms
results in the first coupled differential equation

dE, Bkoe1E; — 2a1EzEf(ﬂk0 _ %61)
dx - €l+20l1E~% .

The second coupled differential equation used to calculate the
field profiles is Eq. (25a).

(37)

D. Finite-element method

In this section, the FEM-based approach used to compute
the stationary solutions propagating in the structure depicted
in Fig. 1 is described. The FEM has already been used to study
stationary solutions in nonlinear waveguides since the 1980s
[44-46]. For a general and recent review of the finite-element
method in the frame of optical waveguides, the reader can refer
to Chap. 4 of Ref. [43]. In the present case, the problem is
relatively simple since it is both one dimensional and reduced
to a scalar case.

The FEM is an approximation method of the solutions of
differential partial equations. It is built from an equivalent
formulation, the variational one, of the initial problem. To
get this new formulation (also called a weak formulation)
the initial differential partial equations are multiplied by
chosen form functions that belong to a particular function
space depending notably on the boundary conditions used
and the type of differential partial equations. The next step
to establish the FEM is the discretization, in which one shifts
from an infinite-dimensional functional space to a finite-size
one that allows the numerical resolution. It must be pointed
out that the weak formulation of the scalar problem for the

PHYSICAL REVIEW A 89, 023816 (2014)

full structure, deduced from Eq. (9) or its approximated form
given by Eq. (11), must takes into account all the continuity
relations fulfilled by the electromagnetic field at the structure
interfaces. This implies that the full TM wave equation
for the H, component must be used to obtain the correct
weak formulation that deals with both the inhomogeneous
permittivity term induced by the nonlinearity and the structure
interfaces. The corresponding weak formulation is

1
- / —Vo(x) Vo' ()dx + / S (x)dx
r 12e0) .
1

P(x)¢'(x)dx Vo' € HY(F), ¢ € Hy(F),
F €(x)

=p?
(38)

in which 'H(l)(F ) is the Sobolev space of order 1 with
the null Dirichlet boundary conditions on the domain of
integration F (in the present case the full x cross section of
the structure). In Eq. (38) ¢ stands for the H, component
and ¢’ denotes the test form functions. The electric-field
components are calculated using Egs. (5b) and (5c) with the
method described in Appendix A 2. The FEM is implemented
using the free software GMSH as a mesh generator and GETDP
as a solver [47-49]. These software programs have already
been used to solve both two-dimensional scalar and vector
nonlinear electromagnetic waveguide problems [36,50]. The
nonlinearity considered in these two references was of the
simplified Kerr type like in Eq. (11). The algorithm used for
this plasmon-soliton study is the fixed power one [34-36]
in which, for a given structure, the wave power is the input
parameter and the outputs are the propagation constant and
the corresponding fields. This algorithm involves an iterative
process requiring successive resolutions of generalized linear
eigenvalue problems, where the square of the propagation con-
stant (koB)? is the eigenvalue and the field is the eigenvector.
The iterative process is stopped when an arbitrary criterion
on the convergence of the propagation constant is reached.
Typically, |(8, — Bn-1)/Bn| < §, where n denotes the step
number in the procedure and § = 107 is chosen in the present
work. To fulfill this criterion between 10 and 15 steps are
needed, depending on the structure parameters and the initial
field used. It is worth noticing that, in the frame of the fixed
power algorithm, different initial fields provide at the end of
the iterative process the same results, except if the structure
exhibits multiple solutions for the same power. In this last
case, the solution obtained at the end of the iterative process
depends on the initial field.

IV. LIMITING CASES FOR SEMIANALYTICAL MODELS
A. Field-based model

In order to verify our analytical results for the FBM,
several comparisons with the formulas from previous works for
simpler structures are realized in this section. The dispersion
relations obtained in the frame of the FBM are considered in
three limiting cases.
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1. Three-layer structure

Assuming that L — 0, one notices immediately that
tanh(kog, L) — 0 and Eq. (14b) simplifies to

By = (1 + %*“ﬂ“o). (39)
q3

Inserting this expression into Eq. (14a), after some simple
algebra, yields

_ ‘]~3(f1/rr/11|x:0 + l]~4)

tanh(k0q3d) = ~3 ——— .
q3° + qaq1.n1lx=0

(40)
If §1ilx=0 is approximated by g; tanh(kog;x0)/€;.1 (see also
Sec. III B 2) then the above equation is identical to Eq. (8)
in Ref. [1] for the case of the three-layer structure, where
the metal film is sandwiched between linear and nonlinear
dielectrics.

2. Two-layer structure

An elegant way of finding the dispersion relation for the
two-layer structure is to infinitely separate both interfaces of
the three-layer structure. This is done by letting d — oco. Then
tanh(kogzd) — 1 and Eq. (40) becomes

(qrnlx=0 + ¢3)(g3 + ga) = 0. (41)
This equation has two solutions. The first one
m1|x:0 = _é\é (42)

describes the dispersion relation for the waves localized at
the interface between the nonlinear and linear layers. This
equation has a structure that resembles Eq. (7) in Ref. [2]. The
differences between the two expressions result from different
assumptions on the type of nonlinearity used, as described at
the beginning of Sec. III B 1. The second solution

43 = —4a (43)

gives the linear plasmon dispersion relation at the interface
between two linear layers (3 and 4) [compare with Eq. (2.12)
in Ref. [20]].

3. Linear case

In order to obtain the limiting expressions for the linear
case (o7 — 0) in the FBM one must assume that x; — +00.
This can be understood by looking at the formula for the
magnetic-field shape in the nonlinear layer (13a). For large
values of xp the argument of the hyperbolic cosine tends to
—00, i.e., in this case Eq. (13a) reduces to

Hi(x) o efon®=x0) (44)

This means that the field in the layer 1 is now described by a
decaying exponential, which is in agreement with the solution

of Maxwell’s equations in this layer in the linear regime.
Now the dispersion relation in the limiting case for three-
and two-layer structures in the linear regime can be computed.
Letting xo — +00, from Eq. (16) one obtains that §; o — ¢j.

In this case, Eq. (40) becomes
tanh(kogsd) = _qi(% +q4)

AR LY (45)
93~ + q4q;
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After some algebra, it transforms to

6_21(043(1 _ (573 + 61~1)(61~3 + C’]?l)
(@ — q)(gs — qa)
which is equivalent to Eq. (2.28) in Ref. [20] giving the disper-
sion relation for linear plasmons of a metallic film sandwiched
between two linear dielectrics [an insulator/metal/insulator
(IMI) structure] or of a dielectric film sandwiched between
two metals (a metal/insulator/metal structure).

For two-layer structure it is now straightforward to see
that if g1, — ¢ then Eq. (42) is reduced to the dispersion
relation of the linear case [Eq. (43)]. These three limiting cases
show that our extended FBM fully recovers already known
dispersion relations, including nonlinear ones, of simpler
structures.

(40)

B. Exact model
In order to check the agreement between the results of
our EM and the previously published results [23] the limiting
case of the EM nonlinear dispersion relation for the three-
layer structure is considered. Assuming that L — 0, Eq. (32b)
simplifies to

\IJIe_kO%d + W~ gkoasd
Wt gkogsd \.IJ_;e—koﬂhd )

¢ = 47)

In the next step the expressions 1/¢ — 1 and 1/¢ + 1 appear-
ing in Eq. (32a) are expanded. Using Eqgs. (47) and (32c¢), after
lengthy but simple algebra one obtains

1

i 1 = 2M&;[é; sinh(kogsd) + €4 cosh(kogszd)],  (48a)
1
E + 1 = 2Mé&;[é&; cosh(kogsd) + €4 sinh(kogszd)], (48b)
where €, = €;/q; (for k € {2,3,4}) and
_ 1
(&2 = &)(& + Eg)etond + (& + &)(E — Ey)ehond”
(49)

As an intermediate step Eq. (32a) is rewritten in the form

(€8/q2)* (1) — 1)
E} = E2. (50
O (g + D+ (@B/q)* (1) — 1) ©0

Inserting Eqgs. (48) into Eq. (50) and defining

O = que3 tanh(kogsd) + g3€s, (S1a)
R = q4€3 + g3€4 tanh(kogsd), (51b)

one obtains
2 ﬂze?% QZE(% (52)

07 2202 + €2q2RY
This last equation is identical to formula (11) in Ref. [23].
Equation (52) is then inserted into Eq. (31) in order to
obtain the dispersion relation for a three-layer structure. The
procedure of transforming this equation to obtain two separate
dispersion relations, on a linear/nonlinear interface and a
linear/linear interface (d — 00), is described in Ref. [23].
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V. RESULTS

As already mentioned above, theoretical studies of plasmon
solitons or more generally nonlinear localized surface waves
started more than 30 years ago with the seminal paper of
Agranovich et al. [2]. However, no experimental results con-
firming the existence of these nonlinear waves propagating in
metal-dielectric structures have been provided. Consequently,
from the modeling point of view, the main challenge is
to design a feasible structure that enables the experimental
realization of plasmon-soliton coupling.

To reach this goal, several conditions must be satisfied si-
multaneously. First, a structure that supports plasmon solitons
of a solitonic type (with a pronounced soliton peak inside a
nonlinear dielectric, which facilitates experimentally both its
excitation and its discrimination from linear waves) must be
found. Second, solutions should appear for physically realistic
combinations of material parameters, beam power, and non-
linear coefficient. The last, more practical, and supplementary
requirement is to design a structure in which the plasmon field
is accessible both for measurements using the tip of a scanning
near-field optical microscope and for potential applications
such as sensing [51-54].

This task has already been fulfilled in Ref. [27] in which
a simple structure that supports low-power plasmon solitons
is described. Nevertheless, not all the details of the design
process were given there. They are provided in this section,
which gives also a complete description of all the nonlinear
stationary solutions that can be generated in planar structures
made of a combination of semi-infinite nonlinear dielectric,
metal film, and linear dielectric layers. This section starts with
the two-layer configuration and finishes with the four-layer
one, which is shown to be the simplest device that fulfills all
the requirements to facilitate the experimental observation of
plasmon solitons as defined above.

A. Two-layer configuration

In the case of the two-layer configuration (single interface
between a nonlinear dielectric and a metal) the only nonlinear
solutions that we are able to find using our three models are
of the plasmonic type (no pronounced soliton peak in the
nonlinear medium). These results are in agreement with the
conclusions drawn by looking at the solutions of the FBM and
the continuity conditions for the field at the interface. The main
results from the FBM are summarized as follows.

(1) The field in the nonlinear material is described by the
formula (13a) with the free parameter x.

(i) The field in the metal is given by the exponential
function (13d) (with L = d = 0) and decreases to 0 as x tends

to infinity to satisfy the boundary condition H, Enasayy))

(iii) In order to obtain the nonlinear dispersion relation we
use the conditions for the continuity of the fields at the interface
x = 0: (a) For the magnetic field H; = Hy, so thatin Eq. (13d)
C = Hy, and (b) for the longitudinal component of the electric
field E; = E; 4, which using Eq. (5¢) is expressed in terms
of the x derivative of H, and the permittivity of the media:

| dH, _ 1dH,

= . 53
€1 dx €4 dx ( )
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Because the permittivities of the metal and the nonlinear
dielectric have opposite signs (€;€4 < 0), from the condition
(b) it is seen that the derivatives of H, must have opposite
signs at both sides of the interface. From Eq. (13d) it
follows thatd Hy /dx|—o+ < 0. This implies that the derivative
on the nonlinear side of the interface has to be positive
(dH,/dx|y=0- > 0). By looking at Eq. (13a) one can see that
this condition is fulfilled only if x¢ > 0. This allows us to
conclude that only the plasmonic-type solutions exist on a
single metal-nonlinear dielectric interface.

B. Three-layer configuration

In this section results obtained for three-layer configu-
rations (L is set to 0) are presented. First, to confirm the
validity of our FBM its results are compared with the results
from Ref. [1]. Then the general classification of nonlinear
solution types is described and illustrated. Finally, the structure
parameter scans are performed in order to find configurations
supporting low-power plasmon solitons.

1. Comparison of FBM results with those of Ariyasu et al.

In Sec. IV A it was shown that the nonlinear dispersion
relation for the four-layer FBM reproduces several known
analytical results including those for the three-layer model
proposed in Ref. [1]. In order to check the validity of our
model, the graphical comparisons between the nonlinear
dispersion curves for the three-layer structure presented in
Ref. [1] and the results of our modeling are presented. The
parameters used in our simulations are the same as those used
in Fig. 1 of Ref. [1]. The linear part of the nonlinear medium
refractive index is €,; = 16 — 0.0096i, the metal permittivity
is €& = —1000 — 160i, and the linear dielectric permittivity is
&, = 16. The thickness of the metal film is d = 50 nm, the
wavelength used is A = 5.5 um, and the nonlinear parameter
is nd" = 1077 m?/W.

Figures 2(a) and 2(c) show the dispersion relation in which
the real part of the effective index g is plotted as a function
of the power density of the nonlinear wave P. The original
results from Ref. [1] are depicted by the red solid curve
and the results obtained with our FBM for the three-layer
structure are presented by the green dashed curve. For the
low-effective-index branch the two curves are in relatively
good agreement. In contrast, for the high-effective-index
branch a small discrepancy between the results appears.

Two reasons explain the differences between these curves.
First, a different form of the nonlinear permittivity tensor is
used (see Sec. III B 1) and as a consequence different values
of the effective nonlinear function a(x) in Eq. (11) [compare
with o’ defined in Eq. (4b) in Ref. [1]]. The difference between
the two solutions is small for the parameter range, where the
effective index is close to the linear refractive index of the
nonlinear material and larger for higher values of the effective
index. This is in full agreement with the explanation presented
at the end of Sec. III B 1. Second, a closer examination of
Eq. (4b) and Egs. (9)-(11) in Ref. [1] reveals that to compute
the power the authors made the approximation 82 = ¢;;. To
reproduce the original results provided in Fig. 1 of Ref. [1],
this approximation for power calculations is used in our model
for the test purpose. The corresponding blue dotted curve in
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FIG. 2. (Color online) Comparison of the original results from
the article of Ariyasu et al. [1] (Fig. 1 digitized) (red solid curve)
and results obtained with our FBM (green dashed curve) with some
specific approximations (blue dotted curve) (see the text for more
details) for (a) and (c) the real part and (b) and (d) the imaginary part
of the dispersion relation for the three-layer structure. In (c) the green
and blue curves overlap perfectly. The labeled points A—I correspond
to the field shapes depicted in Fig. 3. Point I lies beyond the plotting
range (see Sec. V B 2 for explanation).

Fig. 2(a) is closer to the original results than the green curve
obtained with our full FBM.

Figures 2(b) and 2(d) show the comparison of the original
results from Ref. [1] and our results for the dependence of
the imaginary part of the effective index 8" as a function of
the power density. The results obtained with our FBM (green
dashed curve) lie slightly above the original results (red solid
curve). The comparison of the formulas used to calculate losses
[Eq. (8) in Ref. [8] and Eq. (23) for our formulation] shows that
losses are calculated in different ways. In Ref. [1] the authors
use Eq. (8) from Ref. [8], where losses are proportional to the
product of the imaginary part of permittivity with the power
density P in each layer (8” o [ €”Pdx). The power density
is proportional to the Pointing vector and in the frame of a
linear approximation P o E2. In our formulation [Eq. (23)]
the losses [green curve in Figs. 2(b) and 2(d)] depend on both
components of the electric fields [8” o [ €"(E2 + Ezz)dx]. If
a formulation in which the losses are proportional only to the
transverse-field component in our FBM is used, very good
agreement with the original results is reached [see the blue
dotted curve in Figs. 2(b) and 2(d)].

Even if small numerical discrepancies between our im-
proved approach and the original results of Ariyasu et al.
appear due to different approximations used, they are fully
understood. Our extended FBM is able to reproduce the results
published by Ariyasu et al. with good agreement.

PHYSICAL REVIEW A 89, 023816 (2014)

2. Nonlinear wave-type classification

In this section a classification of the types of solutions that
exist in the three-layer structures is presented. It is useful for
the remainder of this work to classify and name different types
of solutions as they will be similar in four-layer configurations.
In Fig. 2 nine points were labeled from A to [ in order to
describe the type and the transformation of solutions along
the nonlinear dispersion curve. The magnetic-field profiles
corresponding to these points are shown in Figs. 3(a)-3(i).

From the analytical considerations it has already been
shown in Sec. IV A 3 that for xo — 400 the solutions
correspond to the linear limiting case. In this case for the
symmetric three-layer IMI structure two solutions exist: a
symmetric (long-range) plasmon and an antisymmetric (short-
range) plasmon [54,55]. Points A and G were obtained for
Xo = A =15.5 um and the corresponding solutions are close
to the linear ones. For both solutions the power density is
relatively low P < 0.1 W/m (this type of solution is obtained
for even lower powers if one selects larger values of x).
The corresponding field shapes are like the linear solutions.
Figure 3(a) presents a field shape that is very close to the
symmetric linear plasmon and Fig. 3(g) shows a field profile
very similar to the antisymmetric linear plasmon.

In the following the field transformation along the disper-
sion curves is described in detail. First, the transformation of
the symmetric-type plasmonic solutions, located at the lower
branch of the dispersion curve, is studied. Decreasing the
value of xp to 1 um (all other parameters being identical),
we obtain the field shape corresponding to point B. The power
density of this nonlinear wave is P ~ 2 W/m and the field
shape still resembles the symmetric linear plasmon but the
field is now asymmetric and the energy is more localized on
the interface between the metal film and the linear dielectric.
Upon a further decrease of the value of x( to 0.1 m (point C)
the power density of the solution increases to ~5.5 W/m and
the field shape becomes even more asymmetric. The solutions
described above are referred to as symmetric-type nonlinear
plasmons.

When xy becomes negative one obtains a new class of
solutions, where the local magnetic-field maxima are located
both at the interface between the metal film and the linear
dielectric and inside the nonlinear medium. Upon a decrease
of the parameter xo down to —0.1 pum the power density still
increases (to around 7.5 W/m corresponding to point F') and
reaches its maximum at point E for xo = —1 um. A further
reduction of xy leads to a decrease of the total power density
(P ~ 2.5 W/m for point D corresponding to xo = —5.5 pm).
Point D lies close to the end of the branch corresponding to
xo — —oo associated with the isolated classical soliton that
does not interact with the metal film. Even though the field
profiles C and F at first glance look almost identical, there
is an important qualitative difference between them. On one
hand, profile C (xo = 0.1 pum) is classified as a plasmonic-type
solution because there is no field maximum in the nonlinear
layer. On the other hand, profile F (xo = —0.1 um) does have
a local maximum in the nonlinear layer (located close to the
metal interface) and therefore it belongs to another class of
solutions.

For all the solutions presented in Figs. 3(d)-3(f) the peak
amplitude of the solitonic part (in the nonlinear dielectric)
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FIG. 3. Magnetic-field component H, profiles for the three-layer structure described in Sec. V B 1 corresponding to the points indicated on
the dispersion plot in Fig. 2. In all the figures showing field shapes in this paper the coordinates inside the thin intermediate films are not on
the same scale as those used in the other layers for better visibility of the field behavior. In the top row the symmetric-type nonlinear plasmons
are shown, in the middle row the nonlinear plasmon solitons are shown, and in the bottom row the antisymmetric-type nonlinear plasmons are
shown. The columns correspond to different values of |x|: the left column to 5.5 pm, the middle column to 1 um, and the right column to

0.1 pum.

remains at approximately the same level and only the max-
imum of the plasmon field on the metal-linear dielectric
interface decreases with a decrease of the xo value. All
the solutions in the second row of Fig. 3 will be called
solitonic-type solutions or nonlinear plasmon solitons.

It is also worth noting that the solitonic-type solution cannot
be obtained at any desired power density. Following the dashed
green curve in Fig. 2(c) and knowing the field shapes, one
can see that for power densities between 6.5 and 10.5 W/m
two solitonic-type solutions with different xy correspond to
one power density. For power densities between 2.5 and
6.5 W/m and for a maximum power density of 10.5 W/m
there is only one solitonic-type solution corresponding to each
power density. Below 2.5 W/m and above 10.5 W/m no
solitonic-type solution exists.

Finally, the transformation of solutions lying along the
upper branch of the dispersion relation [see Fig. 2(a)] is
described. The branch starts with the solution described above,
very similar to the antisymmetric linear plasmon (point G).
Decreasing the value of x( to 1 wm results in the field profile
corresponding to point H. The field shape of this solution is

like the antisymmetric linear solution, but it is distorted. The
field distribution is asymmetric and this time the field is more
localized at the metal-nonlinear dielectric interface (contrary
to the case of symmetric-type solutions, where the field tends
to localize on the opposite metal interface). Decreasing x( even
further down to 0.1 wm, we obtain the field shape presented
in Fig. 3(i). Here the field is almost entirely localized at the
metal-nonlinear dielectric interface and is therefore even more
asymmetric. The corresponding power density is 2.5 W/m and
the effective index is so high (8 = 4.57) that it is beyond the
plotin Fig. 2(a). The solutions presented in Figs. 3(g)-3(i) will
be called antisymmetric-type nonlinear plasmons.

3. Low-power solution search

The simplest structures in which it is possible to obtain the
solutions of the plasmon-soliton type are three-layer structures,
as already been shown in Sec. VB2. The study presented
in Ref. [1] deals only with configurations, where the linear
parts of the permittivities of linear and nonlinear dielectrics
are equal. Below a more general case is studied, in which a
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FIG. 4. (Color online) (a) Number of solutions as a function of
the parameter xo and of the external linear layer refractive index /€.
(b) Peak power (GW /cm?) for the low-power solutions close to the
cutoff value of /€. In this and all the following peak power color
maps in this paper, only solutions with peak power below 30 GW /cm?
are plotted, the existence of solutions with higher peak power is
marked in gray, and white denotes regions with no solutions. The
parameters €, = 2.42, n{"’ = 1077 m?/W, d = 40 nm, €3 = —20,
and A = 1.55 um were used.

permittivity contrast between the linear and nonlinear di-
electrics is introduced. For this study the FBM limited to
three layers (L is set to O and only layers 1, 3, and 4 are
present) is used. The configurations where €; | > €4 are chosen
to guarantee that the solutions are localized at the interface
between layers3and 4 as B > /€1 [see Eqgs. (12) and (13d)].
From the practical point of view this condition can also be
justified by looking at typical material properties. For the
glasses it is known that, in most cases, the nonlinear coefficient
n, increases with the increase of the linear refractive index
[56,57]. This justifies our choice to consider a linear permit-
tivity of the linear layer to be lower that of the nonlinear layer.

In order to obtain color maps in this section and the next
one, the scans over parameters were performed using the
FBM in such a way that only solutions with the effective
index /€1 < B < 4,/€1 were sought. For lower effective
indices no localized solution exists as pointed out at the end of
Sec. III B 2 and higher effective indices are not interesting
for our purpose because the corresponding solutions have
an extremely high power density and the nonlinear index
modification is too high to be physically meaningful.

Figure 4(a) shows the dependence of the total number
of solutions on the parameter xo and on the linear external
dielectric refractive index ,/€;. For the symmetric structure
V€ = /€1 = 2.4 (as discussed in Sec. V B 2) and for qua-
sisymmetric configurations with low-refractive-index contrast
Ae = €1 — €4 < 0.16 one solitonic-type solution (region A)
and two (symmetric-type and antisymmetric-type) plasmonic
solutions (region B) exist. Upon a decrease of the linear
layer refractive index (increasing the index contrast between
nonlinear and external dielectrics) a narrow region C with two
solitonic-type solutions appears. These solutions do not exist
for negative values of x close to zero. A further decrease
of the linear layer refractive index causes both solitonic-
type solutions to vanish around ,/e; = 2.22. In the case of
plasmonic-type solutions (xp > 0) the decrease of the linear
layer refractive index causes the symmetric-type solution to
vanish (at a cutoff index value of ,/es; ~2.24) and only
the antisymmetric-type solution remains (region D) (even for
ﬁ = 1, which is not shown on this plot).
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FIG. 5. (Color online) Comparison of the field profiles (a) H,(x)
and (b) E,(x) for the two plasmon solitons existing in region C in
Fig. 4(a) for the same x, value.

Figure 4(b) shows the peak power of the solutions in a
transition region close to the cutoff linear layer refractive
index. The maximal peak power was set to 30 GW/cm?,
which, taking into account the nonlinearity parameter used
n” =107 m?/W, involves a maximum nonlinear index
modification An < 3 x 1073, This value of n, is typical for
chalcogenide glasses [56,58] or for hydrogenated amorphous
silicon, which seems to be a promising material for nonlinear
integrated optics [59,60]. It can be seen that the low-power
solutions exist only in a very narrow range of ,/es4 values.
The solitonic-type solutions have their lowest peak intensities
slightly below the cutoff index and plasmonic-type solutions
above this value, as can be seen in Fig. 4(b). These studies
confirm [for a symmetric configuration (€4 = ¢;,1)] and com-
plete the results given in Ref. [1] (see row 5 of Table I therein)
to include the more general case (€4 # €;,1).

Figure 5 shows a comparison of the magnetic field H, and
the longitudinal component of the electric field E, for the
solitonic-type solutions that appear in the three-layer structure
for the same value of x [region C in Fig. 4(a)]. Here the
parameters are €; = 2.232 and xy = —1 um. The solution with
the lower effective index B has a lower peak amplitude for
the solitonic part than the one for the higher-effective-index
solution. The solitonic part is broader and the plasmonic part’s
peak amplitude is slightly higher in the former case.

Now the influence of the metal permittivity changes on
the behavior of the solitonic-type solutions in three-layer
structures is analyzed. The center of the solitonic part is set
to be at a distance of ten wavelengths from the metal film
(xo = —15.5 pum). The number of solutions as a function of
the metal permittivity and of the linear dielectric permittivity
is studied. From Fig. 6(a) it can be seen that two effects occur
with an increase (decrease of the absolute value) of the metal
permittivity. First, the index contrast between layers 1 and 4 for
which solutions can be found increases. Second, the allowed
external dielectric permittivity range where two solitonic-type
solutions occur for one value of xj expands. There is also a
metal permittivity cutoff above which no solution exists. This
cutoff occurs when |e3] & €4. From Fig. 6(b), which shows
the peak power for low-power plasmon solitons, it can be seen
that the low-power solutions lie in a very narrow region close
to the line separating regions with one and two solutions.

As a conclusion, we see that asymmetric structures (with
€11 > €4) are able to support the solitonic-type solutions
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FIG. 6. (Color online) (a) Number of solitonic-type solutions in
a three-layer structure with the same parameters as in Fig. 4, but for a
fixed xo = —15.5 ;um, as a function of the metal permittivity €; and
of the linear dielectric permittivity €,. (b) Peak power (GW /cm?) for
the low-power solutions.

at much lower powers than symmetric structures. However,
in order to obtain really low power densities the index
contrast between the two dielectrics has to be precisely
chosen [see Figs. 4(b) and 6(b)]. The asymmetric three-layer
configurations fulfill two out of three conditions set at the
beginning of this section: They support both plasmonic- and
solitonic-type plasmon solitons and it is possible to obtain
low-power solitonic-type solutions. However, these solutions
are obtained for configurations in which the linear medium
refractive index is close to the linear part of the nonlinear
material refractive index. Highly nonlinear glasses [56,61] and
hydrogenated amorphous silicon [59,60], which can be used as
a nonlinear medium, have a high refractive index /€1 > 2.
Therefore, the linear dielectric also has to be a high-index
material. Consequently, the last goal cannot be fulfilled: It is
not possible to access or measure directly the plasmonic part of
the solution if the external layer is filled with a solid. In order
to reach this goal, a configuration where the linear refractive
index of the external layer is low enough ,/€; < 1.3 needs to
be found, so that this external medium can be, e.g., water or air.
This last problem is solved by the use of four-layer structures,
as shown in the next section.

C. Four-layer configuration

In this section the results obtained with our three models
for four-layer configurations are presented. At the beginning,
we show and analyze the typical dispersion curve of four-
layer configurations. Then the comparison between the results
obtained using our three models is performed. The very good
agreement between these results confirms the validity of our
models. The analysis of the structure parameters is performed
and the ranges where low-power plasmon solitons exist are
identified. Later, the advantages of the four-layer structures
over three-layer structures are discussed. Finally, the influence
of the two geometric parameters of the structure (d and L) on
the plasmon-solitons properties is presented.

1. Dispersion relation

The four-layer structure with parameters & ; = 2.4707> —
10754, n(zl) =10"" mz/W (chalcogenide glass), & =
1.4432 — 1073 (silica), & = —96—10i (gold), & =

2.4707> — 107%, L = 15 nm, d = 40 nm, and A = 1.55 um
is considered. In Fig. 7(a) the dispersion relation S(P) for this
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FIG. 7. (Color online) Dispersion relation for the (a) real and
(b) imaginary parts of the effective index in the four-layer structure
with €4 = €;; = 2.4707 as a function of power density P. Plasmonic-
type solutions are denoted by a blue dotted line and solitonic-type
solutions by a red solid line. Point D is located outside the plot
boundaries (see the text for explanation). The inset in (a) presents a
zoom of the lower branch in the vicinity of point B.

configuration is presented. There are two separate branches on
this plot. The higher branch starts in the linear regime with
the plasmonic-type solution (P type, blue dotted curve). With
an increase of the power the propagation constant increases.
The highest power density of the plasmonic-type solution is
P ~ 18 GW/m. A further increase of the propagation constant
is accompanied by a decrease of the power density until
P ~ 14 GW/m, where another turning point occurs. Slightly
above this bend the solution changes its type to solitonic (S
type, red solid curve). The solitonic-type solution increases its
power with the increase of g for the range of P and 8 shown
in this plot. The lower branch of the dispersion is purely of
the solitonic type. It starts at the level P =~ 3 GW/m and the
power density increases with the increase of the propagation
constant. At P ~ 11.1 GW/m, which is the maximum power
density for this branch, there is a turning point and P starts
to decrease with the increase of 8. The branch terminates at a
power level P = 10.8 GW/m. Both ends of the lower branch
correspond to xo — —00.

In Fig. 7(b) the imaginary part of the effective index B”
is shown. It can be seen that the low-index solitonic-type
branch is a long-range one (it has low losses because the
solutions lying on this branch are mainly localized in the
nonlinear dielectric). The high-index plasmonic-type branch
and its solitonic-type continuation are short-range solutions
(the high losses of these solutions come from the fact that an
important part of the field of these solutions is localized on the
lossy metal film).

In Fig. 8 the characteristic magnetic-field profiles corre-
sponding to points A-D in Fig. 7(a) are depicted. In Fig. 7(a)
the solutions located at the lower branch are presented, both
obtained for xo = —1 um. In Fig. 7(b) the solutions located at
the higher branch are shown. The solitonic-type solution (D)
was obtained for xo = —0.1 um (the corresponding 8 = 6.28
and P =45 GW/cm?) and the plasmonic-type solution (C)
for xo = 0.1 um.

2. Comparison between the results of the three models

Figure 9 presents a comparison of the results for the four-
layer configuration obtained with the three different models
described in Sec. III: the FBM, the EM, and the FEM-based
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FIG. 8. (Color online) Magnetic-field profiles corresponding to
the solutions marked by points (a) A and B and (b) C and D in
Fig. 7(a).

model. For this comparison the four-layer structure previously
presented in Ref. [27] is chosen. The parameters of the
structure are the same as in the previous section but the external
permittivity is now set to €4 = 1 (air). Here only the lowest
branch of solitonic-type solutions in this structure is presented
for relatively low powers.

First, the results provided by the two semianalytical models
are compared. For the low-field amplitudes at the interface
between layers 1 and 2 [defined by Eq. (33)] Eo < 0.75GV/m,
and therefore low maximal nonlinear permittivity change
(én1 £ 0.1), both models are in very good agreement. For
higher values of E the discrepancy between the FBM and the
EM appears. This discrepancy can be explained by looking
at the assumptions that were used to build the models. As
described in Sec. III B, the FBM was formulated by assuming
that the nonlinear refractive index changes are small. In this
case it is possible to neglect the longitudinal component of the
electric field E, in the nonlinear contribution to the permittivity

P (GW/m)
0 1 2 3 4 5
0.03 - : . — 0.3
0.02 0.2 =
™ w
= Y
| =
Q.
0.01+ r0.1
0.00 T T " T 0.0
0.0 0.3 0.6 0.9 1.2 1.5

E, (GV/m)

FIG. 9. (Color online) Comparison of the nonlinear dispersion
relations obtained from the EM (red solid curve), the FBM (black
dashed curve), and the FEM (open circles) for a four-layer structure
with parameters from Ref. [27]. The nonlinear variation of the
effective index (B — ,/€.1) is presented on the left vertical axis
as a function of the electric-field amplitude at the buffer linear
dielectric—nonlinear dielectric interface (x = 0) and of the power
density P (on the top axis). On the right vertical axis the maximal
nonlinear permittivity change corresponding to the soliton peak is
shown.
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FIG. 10. (Color online) Comparison of the magnetic-field pro-
files obtained with the EM (red solid curve), the FBM (black
dashed curve), and the FEM (green dotted curve) for E, values
(2) 0.02 GV/m, (b) 0.5 GV/m, and (c) 1 GV/m.

because it is much smaller than the transverse component E .
For higher nonlinear index modifications both fields contribute
with a comparable weight to the nonlinear effects. This is why
the results of the FBM differ from those obtained with the EM,
which takes both electric-field components into account. The
highest maximal permittivity change shown in Fig. 9 is of the
order of 0.3. Even for such high €, the electric-field component
ratio is E,/E, &~ 10/1. This justifies the assumption used in
the FBM that allowed us to neglect the longitudinal field in
the nonlinear contribution to the permittivity. The maximal
relative difference between the results provided by the two
models for the effective index variation 8 — /€1 is of the
order of 10% for Ey =~ 1.4 GV/m.

The results of the FEM-based model shown in Fig. 9 overlap
with the FBM results. This is due to the choice made for
the FEM algorithm used, which takes into account only the
transverse component of the electric field while computing the
nonlinear effects. The FEM solves numerically the nonlinear
wave equation [Eq. (11)], which is the heart of the FBM.
For these reasons it is understandable that this model nicely
reproduces the results of the FBM.

In Fig. 10 a comparison of the field shapes obtained using
our three models is presented. Only the H, field component
is shown because all the important observations can be
made using this component. The analysis of the electric-field
components E, and E; does not lead to any new conclusions
and consequently it is omitted. As described in Sec. III C 2,
the field shapes in the nonlinear layer in the EM are not given
by an analytical formula but are described by the system of
the first-order differential equations [Eqs. (25a) and (37)].
This system is solved using the fourth-order Runge-Kutta
method [62]. The boundary conditions, allowing us to solve
this system of equations, take into account the values of
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FIG. 11. (Color online) (a) Number of solitonic-type solutions in
a four-layer structure as a function of the buffer layer thickness L and
of the external layer refractive index ,/€; and (b) a zoom of the most
complex part of the plot.

the electric-field components Ey o and E; at the interface
between the nonlinear dielectric and the buffer linear dielectric
film (layer 2 in Fig. 1). These values are found for a given
value of Ej using Eqgs. (32a) and (33). In Fig. 10(a) the field
profiles for Ey = 0.02 GV/m are presented. In Fig. 10(b)
Ey=0.5 GV/m and in Fig. 10(c) Ey = 1 GV/m. In all the
cases, the fields obtained with the FBM and the FEM-based
method are in very good agreement. The fields obtained using
the EM also overlap very well with the previous ones despite
the small discrepancies of the corresponding propagation
constants.

3. Toward low-power solutions

In order to find low-power solitonic-type solutions for
the configurations with a high-index contrast between the
nonlinear dielectric and the linear external dielectric, the
properties of four-layer configurations are investigated. In
this section the parameters used to obtain all the color maps
(two-parameter scans performed with the FBM) are the same
as in Ref. [27] and in Sec. V C2 except if explicitly stated
otherwise or if the parameters are on the axes of the plot. We
have chosen the value xo = —15.5 um for all the illustrations.
In all the plots only the effective indices from the range
Je 1 < B < 4. /€1 are shown (like in Sec. V B 3).

First, the evolution of the number of solitonic-type solutions
as a function of the linear buffer layer thickness L and of
the external layer refractive index /€4 is analyzed. It can
be seen from Fig. 11 that for low buffer layer thickness 0 <
L < 9 nm the four-layer structure presents behavior similar to
that for the three-layer structure (see Figs. 4 and 6). There
is one solitonic-type solution for the quasisymmetric case
Reuoft ~ 2.4 < /€4 < /€1 and no solitonic-type solutions
for higher-index contrasts between the external layer and
the nonlinear dielectric. These two cases are separated by a
narrow region with two solutions, which becomes broader
with an increase of the buffer thickness [see Fig. 11(b)]. For
buffer thickness between 9 and 30 nm there is up to three
solitonic-type solutions possible for the low-index-contrast
regime /€4 > neuofr and even up to four solutions [yellow
region in Fig. 11(b)] in a small region for a moderate-
index-contrast configuration. For the buffer thickness above
30 nm only a single solitonic-type solution exists in low- and
moderate-index-contrast regimes.
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FIG. 12. (Color online) (a) Number of solutions in a four-layer
structure as a function of the external layer refractive index /e
and of the parameter xy. (b) Peak power (GW/cm?) for the low-
power solutions. The existence of solutions with higher peak power
is marked in gray.

In the region with three or four solitonic-type solutions
occurring for the same x, value, two of the corresponding field
shapes are analogous to those presented in Fig. 8(a). The other
solutions have even higher effective indices 8 and therefore
even narrower solitonic parts and higher peak powers than the
two previously mentioned solutions.

In Fig. 12(a) we show the total number of solutions as a
function of the external layer refractive index /€4 and of the
parameter x, [in analogy to Fig. 4(a) for three-layer structures].
In this case we see that in a quasisymmetric structure (€4 ~
€1,1) there are three (region A) or two (for xo values close to
zero) solitonic-type solutions and one plasmonic-type solution
(top of the region C). For the region with a moderate-index
contrast (1.7 < /€4 < 2.4) there is one solitonic-type solution
(region B) and one plasmonic-type solution (region C).
Finally, for high-index contrast (/€4 < 1.7) there exist two
solitonic-type solutions (region D) and no plasmonic-type
solution (region E). The value of ,/e; ~ 1.7 is a cutoff limit
in the case of both solitonic- and plasmonic-type solutions.
Increasing /e, for positive x( values causes the appearance
of a plasmonic-type solution. In contrast, for negative values
of xy this causes a reduction of the number of solitonic-type
solutions from two to one.

Figure 12(b) shows the peak power of the solutions in four-
layer configurations. Similar to the three-layer case [shown in
Fig. 4(b)], the lowest peak intensities occur below the cutoff
index for solitonic-type solutions and above this value for
plasmonic-type solutions. However, in this case, for plasmon
solitons the region of low-power solutions extends to much
lower external layer refractive indices than in the case of
a three-layer configuration. This means that in a four-layer
configuration not only are we able to find plasmon solitons for
high-index-contrast configurations but also that these solutions
have low peak intensities.

It must be pointed out that the maps presented in Fig. 12
have been obtained for a value of L = 15 nm that corresponds
to a cut in a relatively simple region of the map provided in
Fig. 11. More complicated maps can be obtained for specific
L values [e.g., L = 28 nm (data not shown)], but the nonlinear
solutions obtained still belong to the classification provided in
Sec. VB 2.

Figure 13(a) shows the number of solitonic-type solutions
as a function of the buffer layer thickness L and of the refractive
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FIG. 13. (Color online) (a) Number of solitonic-type solutions as
a function of the buffer layer thickness L and of the refractive index
of this layer ,/€;. (b) Peak power (GW/cm?) for the low-power
solutions.

index of this layer ,/€5. It can be seen that for low buffer layer
refractive index (,/€; = 1) the range of thickness where one or
two solutions exist is quite narrow (5—15 nm). Increasing the
buffer layer refractive index, the range of the buffer thickness
where the solutions exist expands (it becomes approximately
45-80 nm for /€, = 1.75).

Figure 13(b) shows the plasmon-soliton peak power in the
same coordinates as those used in Fig. 13(a). The region where
plasmon solitons have low peak intensities is very narrow and
is located close to the line separating regions with one and two
solutions. Increasing the buffer layer refractive index allows
an increase of the buffer layer thickness required to obtain
solutions with low peak power, which is interesting from a
technological point of view (e.g., it is challenging to fabricate
uniform high-quality thin films on top of chalcogenide glasses
[63]).

Figure 14(a) presents the number of solitonic-type solutions
as a function of the metal layer permittivity €3 and of the
external medium permittivity €4 [it can be compared with
Fig. 6(a), which presents the analogous dependence for a
three-layer structure]. The main advantage of the four-layer
structure compared to the three-layer one is that, even for very
low permittivity of the external medium (e.g., 1 for air or 1.32
for water at . = 1.55 um) resulting in high index contrast, the
solitonic-type solutions exist. There are two of them for low
metal permittivity values and one for higher metal permittivity
values. In four-layer structures where €4 ~ ¢; | even three
solitonic-type solutions exist for the same parameter x( [the
blue region in Fig. 14(a)].
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FIG. 14. (Color online) (a) Number of solitonic-type solutions
as a function of the metal layer permittivity €3 and of the external
medium permittivity €,. (b) Peak power (GW /cm?) for the low-power
solutions.
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FIG. 15. (Color online) (a) Number of solitonic-type solutions
as a function of the metal film thickness d and of the buffer layer
thickness L. (b) Effective index B as a function of the buffer layer
thickness L for a fixed metal thickness d = 20 nm.

Figure 14(b) shows the peak power of the solitonic-type
solutions in the same coordinates as those used in Fig. 14(a).
Comparing this figure with the corresponding one for a
three-layer structure in Fig. 6(b), it can be seen that in the
case of four-layer configuration low-power solutions exist for
wider ranges of both €3 and €4, which broadens the choice of
possible parameter combinations. This property may facilitate
the fabrication of the structure.

4. Optimization of the four-layer structure

In this section a more detailed investigation of the influence
of the two geometrical parameters of the four-layer structure
(the metal layer thickness d and the buffer layer thickness
L) is shown. Figure 15(a) shows the number of solitonic-type
solutions as a function of these two parameters. For low values
of the thickness of both layers only one solution is obtained.
For higher values of dielectric buffer thickness there exists a
region for which two solutions appear. For even higher values
of L both solutions disappear. The evolution of the solutions
can be followed by looking at Fig. 15(b), which corresponds
to a cut of Fig. 15(a) at d = 20 nm. For low values of L only
a high-effective-index solution exists. Here L &~ 21 nm is a
cutoff buffer thickness for a second solitonic-type solution. At
this thickness a low-effective-index solution appears. As the
buffer layer thickness increases, these two solutions become
closer to each other to finally merge into one solution for a
particular value of L ~ 34 nm. Above this value no solitonic-
type solution exists.
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FIG. 16. (Color online) (a) Total power density (GW/m) of the
low-B solitonic-type solution. (b) Peak power (GW/cm?) for the
low-power solutions.
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FIG. 17. (Color online) (a) Peak power of the solitonic part
(GW/cm?) and (b) decimal logarithm of the peak power of the
plasmonic part Iy, = I(x = L + d): logo[Lpias/ (W cm~2)] for the
low-power solitonic-type solutions as a function of the metal
thickness d and of the parameter x, for the buffer thickness fixed at
L = 16 nm. In color solutions with solitonic part peak power below
30 GW/cm? are plotted.

In Fig. 16(a) the total power density for the solitonic-type
solution with the lower g is shown in the same coordinates
as those used in Fig. 15(a). The solutions with the lowest
power density are located close to the cutoff buffer thickness
[left region of Fig. 16(a)]. In Fig. 16(b) the peak power for
the low-power solutions is shown. Plasmon solitons with the
lowest peak intensities are located in a narrow region where
the total power density is the lowest (i.e., close to the cutoff
buffer thickness L for the low-power solution). This shows
that in order to obtain solutions with peak power levels that
are attainable by modern high-power commercial lasers the
couple L and d has to be precisely chosen. Even a small
deviation of the buffer film thickness (e.g., 2 nm) may lead to
a change of the peak power of the supported solution by one
order of magnitude (e.g., from 3 to 30 GW/cm?).

Figure 17(a) shows the dependence of the peak power of
the solitonic part of the solution as a function of the metal
thickness d and the parameter x, for a fixed buffer thickness
L =16 nm. With an increase of the metal thickness or an
increase of the parameter xy (decrease in absolute value) the
peak power of the solitonic part increases. Besides the peak
power of the solitonic part, which should be kept low, there is
another important parameter that should be taken into account.
It is interesting to have a strong plasmonic field at the interface
between the metal film and the external medium in order to
facilitate its recording or to make use of it. Figure 17(b) shows
the decimal logarithm of the maximum peak power of the
plasmonic part as a function of the metal thickness d and
parameter xi. The lowest values of the plasmonic part peak
power are obtained for a thick metal film and solitonic peak
located far from the metal interface. On one hand, for large
metal thickness values, bringing the solitonic part closer to
the metal interface results in a drastic increase (few orders of
magnitude) of the peak power in the external layer. On the
other hand, for thin metal films the peak power in the external
layer is relatively high and the changes with the parameter x,
are much slower.

VI. CONCLUSION

We have presented three complementary models based on
Maxwell’s equations to study the properties of the stationary

PHYSICAL REVIEW A 89, 023816 (2014)

TM solutions in planar nonlinear structures containing a metal
film, a semi-infinite nonlinear medium of the Kerr type, and
possibly a semi-infinite linear dielectric and a linear dielectric
film. Two of these models are semianalytical and allow for fast
optogeometric parameter space scanning in order to find all the
possible stationary nonlinear solutions. They are the extended
versions of known models to more complex structures. The
field-based model additionally improves the approximation
used previously to deal with the nonlinearity. The other
semianalytical model provides the exact treatment of the
nonlinear term involving both the transverse and longitudinal
components of the electric field and can be used even for high
nonlinear index modifications.

A more numerical approach based on a finite-element
method confirmed the results obtained from the two semi-
analytical approaches. Our results also agree with previous
results for particular cases of simpler structures.

A systematic study of two-, three-, and four-layer config-
urations was performed that led to several conclusions. First,
three main types of nonlinear solutions are found in these struc-
tures: symmetric-type nonlinear plasmons, antisymmetric-
type nonlinear plasmons, and plasmon solitons that exhibit a
maximum, local or not, of the transverse-electromagnetic-field
components in the nonlinear layer. Second, the simplest
structures supporting plasmon solitons with a pronounced
soliton peak are found to be composed of three layers (semi-
infinite nonlinear Kerr medium, metal film, and semi-infinite
dielectric). Low-power solutions are found in three-layer
structures only in the case of small-refractive-index contrast
between the nonlinear and the external dielectrics. Third, we
show that to overcome this limitation, four-layer structures
(semi-infinite nonlinear Kerr medium, dielectric film, metal
film, and semi-infinite dielectric) must be considered. These
structures support low-peak-power plasmon solitons even for
high-index contrast between the two outer dielectrics. A
comparison between three- and four-layer structures revealed
that the parameter regions for which low-power solutions are
obtained are much broader in the latter case. This shows that
the constraints for the parameters of the structure that supports
low-power solutions are relaxed in the case of four-layer
configurations, which is desirable from a technological point
of view. Since physically realistic parameters were used, our
results indicate that the experimental observation of plasmon
solitons should be possible.
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APPENDIX A: FIELD-BASED MODEL

1. Approximated closed expressions for power

In the expression for the power density in the FBM
[Eq. (22)] the dependence of the permittivity on the coor-
dinate x is due to both a layered structure (linear) and the
field-induced changes in the nonlinear layer. If we use the
assumption that €, < €; then the expression for the total
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approximated power density P can be rewritten as a sum of
four separate integrals

(AL)

4
P = Z P,
k=1

where

P = p

= | Hi|dx.
2ceper i layer k

(A2)

Using Eq. (13) we find the approximate power density in the
nonlinear layer

P1 — '3 HO2

= ) (A3a)
2ceper, 1ko g1 — g1l

where ¢ ., = ¢1.11€1, and the exact expressions for the power
densities in the linear layers
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where Hy, Ay, A_, By, B_, and C are found during
the procedure of solving the nonlinear dispersion relation
[Egs. (14)] and are given by

2 q1
Hy= |——F"7"—,
ay cosh(koq1xo)

- (Ada)
H, Jioml =

A, =20 <1 + q‘+|°> , (Adb)
2 q2
H, 70l x=
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2 q3

92 q3
C = B e 4 B_e~honsd,

I (ql«“LIFO + q-f) sinh(kOCI2L):| , (Ado)
(A4d)

2. Expressions for the electric-field components

Having found the profiles of the magnetic-field component
H, [solution to Eq. (11) given by Eq. (13)], we can use
Egs. (5b) and (5¢) to calculate the electric-field components E,
and E . In the case of the nonlinear medium, if the permittivity
depends on the TM wave electric-field components Egs. (5b)
and (5¢) form a set of two coupled nonlinear equations

E, = #Hy, (A5a)
o (E, E)c
1 dH,
= 2 (ASb)

€, (Ex,E)w dx
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However, in the frame of the FBM, a simplified Kerr
dependence for the permittivity is assumed through Eq. (10),
where the permittivity depends only on the main electric-field
component E,. In this case the problem reduces to

E. = LH},, (A6a)
€o€x(Ex)c
1 H,
E—_— L 4 (A6b)

eoe(Ew dx

The first equation is no longer coupled to the second one and
contains only one unknown quantity E,, so it can be readily
solved. Inserting Eq. (10) into Eq. (A6a) and performing some
simple algebra gives

x =0. (A7)
o €0CU

This equation has in general three roots: one real and a pair
of complex-conjugate solutions. In our approach the E field is
assumed to be real, so we choose the real root of this equation
to be the field profile. The solution is in the form [64]

w v w2\ w v w2\?
E,=\—- —+— — ==+ — ,
(2+ 27+4> +<2 27+4>

(A8)

with w = BH, /epca and v = €1 /a;. Having found the E,
field shape, the E, dependence is calculated directly using
Eq. (A6b). In previous approaches [1,8] the electric field was
calculated using simplified formulas containing only the linear
part of the refractive index

B

E, = —H,, (A9a)
€0€1,xC
1 dH,
E, = = (A9b)
€0€],; 0 dx

APPENDIX B: EXACT MODEL

In the frame of the EM, the two electric-field components in
the linear layers of the structure are expressed as a combination
of increasing and decreasing exponents. In the buffer linear
dielectric (0 < x < L, layer 2)

E = A0 + Be hodr (Bla)
E.» = A" 4 Be Mt (B1b)
in the metal (L < x < L + d, layer 3)
Ey3 = Cpe8™D 4 p ehoas=L)] (B2a)
E, 5= CeP"D) 4 p e honst=L); (B2b)

and in the external linear dielectric (x > L + d, layer 4)

E,4 = er*kofh[x*(Ler)]’ (B3a)

E.4= er—koq4[x—(L+d)]' (B3b)

Several relations between field amplitudes in the linear
layers are needed. Using Eq. (25b) separately in each of the
linear and uniform layers, relations between the amplitudes
of the x and z components of the fields are found. Inserting
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Egs. (Bla) and (B1b) into Eq. (25b), one obtains the relation
for the field amplitudes in layer 2:

'B(Azekoqzx + Bze*komx) — qz(AxekothX _ Bxe*knlhx). (B4)

Because this equation has to be fulfilled for each value of
x €]0,L[ we separately solve the equations for the terms
proportional to X% and e~%%* As a result one obtains

ac=La, B=-Lp

q2 92

(BS)

PHYSICAL REVIEW A 89, 023816 (2014)

Applying a similar procedure to the expressions of the fields
in other linear layers leads to

C, = ECZ,
4q3 (B6)
Dx = _EDZ;
q3
F, = _EFZ. B7)
q4

[1] J. Ariyasu, C. T. Seaton, G. I. Stegeman, A. A. Maradudin, and
R. F. Wallis, J. Appl. Phys. 58, 2460 (1985).

[2] V. M. Agranovich, V. S. Babichenko, and V. Ya. Chernyak,
Pisma Zh. Eksp. Teor. Fiz. 32, 532 (1980) [JETP Lett. 32, 512
(1980)].

[3] G. L. Stegeman and C. T. Seaton, Opt. Lett. 9, 235 (1984).

[4] W.]. Tomlinson, Opt. Lett. 5, 323 (1980).

[5] A. A. Maradudin, Z. Phys. B 41, 341 (1981).

[6] G. L. Stegeman, J. D. Valera, C. T. Seaton, J. Sipe, and A. A.
Maradudin, Solid State Commun. 52, 293 (1984).

[7] N. N. Akhmediev, Zh. Eksp. Teor. Fiz. 83, 545 (1982) [Sov.
Phys. JETP 56, 299 (1982)].

[8] G.I. Stegeman, C. T. Seaton, J. Ariyasu, R. F. Wallis, and A. A.
Maradudin, J. Appl. Phys. 58, 2453 (1985).

[9] C.T. Seaton, J. D. Valera, B. Svenson, and G. I. Stegeman, Opt.
Lett. 10, 149 (1985).

[10] A.D.Boardman, G. S. Cooper, A. A. Maradudin, and T. P. Shen,
Phys. Rev. B 34, 8273 (1986).

[11] B. Prade, J. Y. Vinet, and A. Mysyrowicz, Phys. Rev. B 44,
13556 (1991).

[12] G.I. Stegeman, C. T. Seaton, J. Chilwell, and S. D. Smith, Appl.
Phys. Lett. 44, 830 (1984).

[13] D. Mihalache and D. Mazilu, Appl. Phys. B 37, 107 (1985).

[14] A. D. Boardman, A. A. Maradudin, G. 1. Stegeman, T.
Twardowski, and E. M. Wright, Phys. Rev. A 35, 1159 (1987).

[15] D. Mihalache, G. 1. Stegeman, C. T. Seaton, E. M. Wright,
R. Zanoni, A. D. Boardman, and T. Twardowski, Opt. Lett. 12,
187 (1987).

[16] W.Chen and A. A. Maradudin, J. Opt. Soc. Am. B §, 529 (1988).

[17] A. A. Maradudin, in Optical and Acoustics Waves in Solids—
Modern Topics, edited by M. Borissov (World Scientific,
Singapore, 1983), pp. 72-142.

[18] D. Mihalache, M. Bertolotti, and C. Sibilia, in Progress in Op-
tics, edited by E. Wolf (Elsevier, Amsterdam, 1989), Vol. XX VII,
Chap. 8, pp. 227-313.

[19] E. Feigenbaum and M. Orenstein, Opt. Lett. 32, 674 (2007).

[20] S. A. Maier, Plasmonics: Fundamentals and Applications
(Springer, Berlin, 2007).

[21] I. D. Rukhlenko, A. Pannipipitiya, and M. Premaratne, Opt. Lett.
36, 3374 (2011).

[22] K. Y. Bliokh, Y. P. Bliokh, and A. Ferrando, Phys. Rev. A 79,
041803 (2009).

[23] H. Yin, C. Xu, and P. M. Hui, Appl. Phys. Lett. 94, 221102
(2009).

[24] A.R. Davoyan, I. V. Shadrivov, and Y. S. Kivshar, Opt. Express
17, 21732 (2009).

[25] A. Marini, D. V. Skryabin, and B. Malomed, Opt. Express 19,
6616 (2011).

[26] C. Milidn, D. E. Ceballos-Herrera, D. V. Skryabin, and A.
Ferrando, Opt. Lett. 37, 4221 (2012).

[27] W. Walasik, V. Nazabal, M. Chauvet, Y. Kartashov, and G.
Renversez, Opt. Lett. 37, 4579 (2012).

[28] Y. Kou, F. Ye, and X. Chen, Opt. Lett. 37, 3822 (2012).

[29] A. Ferrando, C. Milidn, and D. V. Skryabin, J. Opt. Soc. Am. B
30, 2507 (2013).

[30] M. Chauvet, G. Fanjoux, K. P. Huy, V. Nazabal, F. Charpentier,
T. Billeton, G. Boudebs, M. Cathelinaud, and S.-P. Gorza, Opt.
Lett. 34, 1804 (2009).

[31] N. N. Akhmediev and A. Ankiewicz, Solitons, Nonlinear Pulses
and Beams (Chapman & Hall, London, 1997).

[32] Y. S. Kivshar and G. P. Agrawal, Optical Solitons, From Fibres
to Photonic Crystals (Academic, New York, 2003).

[33] S. Martellucci, A. N. Chester, and M. Bertolotti, Advances in
Integrated Optics (Plenum, New York, 1994).

[34] R. D. Ettinger, F. A. Fernandez, B. M. A. Rahman, and J. B.
Davies, IEEE Photon. Tech. Lett. 3, 147 (1991).

[35] Q. Y. Li, R. A. Sammut, and C. Pask, Opt. Commun. 94, 37
(1992).

[36] F. Drouart, G. Renversez, A. Nicolet, and C. Geuzaine, J. Opt.
A: Pure Appl. Opt. 10, 125101 (2008).

[37] R. W. Boyd, Nonlinear Optics (Academic, New York, 2007).

[38] J. D. Jackson, Classical Electrodynamics (Wiley, New York,
1999).

[39] Inthe geometry from Ref. [2] the x direction is the longitudinal
one, which is contrary to our notation, where z is the longitudinal
direction.

[40] F. Lederer, U. Langbein, and H.-E. Ponath, Appl. Phys. B 31,
69 (1983).

[41] F. Lederer, U. Langbein, and H.-E. Ponath, Appl. Phys. B 31,
187 (1983).

[42] A. W. Snyder and J. D. Love, Optical Waveguide Theory
(Chapman and Hall, London, 1983).

[43] F. Zolla, G. Renversez, A. Nicolet, B. Kuhlmey, S. Guenneau,
D. Felbacq, A. Argyros, and S. Leon-Saval, Foundations of
Photonic Crystal Fibres, 2nd ed. (Imperial College Press,
London, 2012).

[44] K. Hayata and M. Koshiba, J. Opt. Soc. Am. B 5, 2494
(1988).

[45] B. M. A. Rahman, J. R. Souza, and J. B. Davies, IEEE Photon.
Tech. Lett. 2, 265 (1990).

[46] B. M. A. Rahman, F. A. Fernandez, and J. B. Davies, Proc. IEEE
79, 1442 (1991).

023816-18


http://dx.doi.org/10.1063/1.335921
http://dx.doi.org/10.1063/1.335921
http://dx.doi.org/10.1063/1.335921
http://dx.doi.org/10.1063/1.335921
http://dx.doi.org/10.1364/OL.9.000235
http://dx.doi.org/10.1364/OL.9.000235
http://dx.doi.org/10.1364/OL.9.000235
http://dx.doi.org/10.1364/OL.9.000235
http://dx.doi.org/10.1364/OL.5.000323
http://dx.doi.org/10.1364/OL.5.000323
http://dx.doi.org/10.1364/OL.5.000323
http://dx.doi.org/10.1364/OL.5.000323
http://dx.doi.org/10.1007/BF01307323
http://dx.doi.org/10.1007/BF01307323
http://dx.doi.org/10.1007/BF01307323
http://dx.doi.org/10.1007/BF01307323
http://dx.doi.org/10.1016/0038-1098(84)90829-9
http://dx.doi.org/10.1016/0038-1098(84)90829-9
http://dx.doi.org/10.1016/0038-1098(84)90829-9
http://dx.doi.org/10.1016/0038-1098(84)90829-9
http://dx.doi.org/10.1063/1.335920
http://dx.doi.org/10.1063/1.335920
http://dx.doi.org/10.1063/1.335920
http://dx.doi.org/10.1063/1.335920
http://dx.doi.org/10.1364/OL.10.000149
http://dx.doi.org/10.1364/OL.10.000149
http://dx.doi.org/10.1364/OL.10.000149
http://dx.doi.org/10.1364/OL.10.000149
http://dx.doi.org/10.1103/PhysRevB.34.8273
http://dx.doi.org/10.1103/PhysRevB.34.8273
http://dx.doi.org/10.1103/PhysRevB.34.8273
http://dx.doi.org/10.1103/PhysRevB.34.8273
http://dx.doi.org/10.1103/PhysRevB.44.13556
http://dx.doi.org/10.1103/PhysRevB.44.13556
http://dx.doi.org/10.1103/PhysRevB.44.13556
http://dx.doi.org/10.1103/PhysRevB.44.13556
http://dx.doi.org/10.1063/1.94956
http://dx.doi.org/10.1063/1.94956
http://dx.doi.org/10.1063/1.94956
http://dx.doi.org/10.1063/1.94956
http://dx.doi.org/10.1007/BF00692557
http://dx.doi.org/10.1007/BF00692557
http://dx.doi.org/10.1007/BF00692557
http://dx.doi.org/10.1007/BF00692557
http://dx.doi.org/10.1103/PhysRevA.35.1159
http://dx.doi.org/10.1103/PhysRevA.35.1159
http://dx.doi.org/10.1103/PhysRevA.35.1159
http://dx.doi.org/10.1103/PhysRevA.35.1159
http://dx.doi.org/10.1364/OL.12.000187
http://dx.doi.org/10.1364/OL.12.000187
http://dx.doi.org/10.1364/OL.12.000187
http://dx.doi.org/10.1364/OL.12.000187
http://dx.doi.org/10.1364/JOSAB.5.000529
http://dx.doi.org/10.1364/JOSAB.5.000529
http://dx.doi.org/10.1364/JOSAB.5.000529
http://dx.doi.org/10.1364/JOSAB.5.000529
http://dx.doi.org/10.1364/OL.32.000674
http://dx.doi.org/10.1364/OL.32.000674
http://dx.doi.org/10.1364/OL.32.000674
http://dx.doi.org/10.1364/OL.32.000674
http://dx.doi.org/10.1364/OL.36.003374
http://dx.doi.org/10.1364/OL.36.003374
http://dx.doi.org/10.1364/OL.36.003374
http://dx.doi.org/10.1364/OL.36.003374
http://dx.doi.org/10.1103/PhysRevA.79.041803
http://dx.doi.org/10.1103/PhysRevA.79.041803
http://dx.doi.org/10.1103/PhysRevA.79.041803
http://dx.doi.org/10.1103/PhysRevA.79.041803
http://dx.doi.org/10.1063/1.3144273
http://dx.doi.org/10.1063/1.3144273
http://dx.doi.org/10.1063/1.3144273
http://dx.doi.org/10.1063/1.3144273
http://dx.doi.org/10.1364/OE.17.021732
http://dx.doi.org/10.1364/OE.17.021732
http://dx.doi.org/10.1364/OE.17.021732
http://dx.doi.org/10.1364/OE.17.021732
http://dx.doi.org/10.1364/OE.19.006616
http://dx.doi.org/10.1364/OE.19.006616
http://dx.doi.org/10.1364/OE.19.006616
http://dx.doi.org/10.1364/OE.19.006616
http://dx.doi.org/10.1364/OL.37.004221
http://dx.doi.org/10.1364/OL.37.004221
http://dx.doi.org/10.1364/OL.37.004221
http://dx.doi.org/10.1364/OL.37.004221
http://dx.doi.org/10.1364/OL.37.004579
http://dx.doi.org/10.1364/OL.37.004579
http://dx.doi.org/10.1364/OL.37.004579
http://dx.doi.org/10.1364/OL.37.004579
http://dx.doi.org/10.1364/OL.37.003822
http://dx.doi.org/10.1364/OL.37.003822
http://dx.doi.org/10.1364/OL.37.003822
http://dx.doi.org/10.1364/OL.37.003822
http://dx.doi.org/10.1364/JOSAB.30.002507
http://dx.doi.org/10.1364/JOSAB.30.002507
http://dx.doi.org/10.1364/JOSAB.30.002507
http://dx.doi.org/10.1364/JOSAB.30.002507
http://dx.doi.org/10.1364/OL.34.001804
http://dx.doi.org/10.1364/OL.34.001804
http://dx.doi.org/10.1364/OL.34.001804
http://dx.doi.org/10.1364/OL.34.001804
http://dx.doi.org/10.1109/68.76870
http://dx.doi.org/10.1109/68.76870
http://dx.doi.org/10.1109/68.76870
http://dx.doi.org/10.1109/68.76870
http://dx.doi.org/10.1016/0030-4018(92)90402-D
http://dx.doi.org/10.1016/0030-4018(92)90402-D
http://dx.doi.org/10.1016/0030-4018(92)90402-D
http://dx.doi.org/10.1016/0030-4018(92)90402-D
http://dx.doi.org/10.1088/1464-4258/10/12/125101
http://dx.doi.org/10.1088/1464-4258/10/12/125101
http://dx.doi.org/10.1088/1464-4258/10/12/125101
http://dx.doi.org/10.1088/1464-4258/10/12/125101
http://dx.doi.org/10.1007/BF00702600
http://dx.doi.org/10.1007/BF00702600
http://dx.doi.org/10.1007/BF00702600
http://dx.doi.org/10.1007/BF00702600
http://dx.doi.org/10.1007/BF00688841
http://dx.doi.org/10.1007/BF00688841
http://dx.doi.org/10.1007/BF00688841
http://dx.doi.org/10.1007/BF00688841
http://dx.doi.org/10.1364/JOSAB.5.002494
http://dx.doi.org/10.1364/JOSAB.5.002494
http://dx.doi.org/10.1364/JOSAB.5.002494
http://dx.doi.org/10.1364/JOSAB.5.002494
http://dx.doi.org/10.1109/68.53257
http://dx.doi.org/10.1109/68.53257
http://dx.doi.org/10.1109/68.53257
http://dx.doi.org/10.1109/68.53257
http://dx.doi.org/10.1109/5.104219
http://dx.doi.org/10.1109/5.104219
http://dx.doi.org/10.1109/5.104219
http://dx.doi.org/10.1109/5.104219

STATIONARY PLASMON-SOLITON WAVES IN METAL- ...

[47] P. Dular, C. Geuzaine, F. Henrotte, and W. Legros, IEEE Trans.
Magn. 34, 3395 (1998).

[48] C. Geuzaine, in Sixth International Congress on Industrial
Applied Mathematics (ICIAMO07) and GAMM Annual Meeting,
Ziirich 2007, special issue of Proc. Appl. Math. Mech. 7(1),
1010603 (2007).

[49] C. Geuzaine and J.-F. Remacle, Int. J. Numer. Methods Eng. 79,
1309 (2009).

[50] E. Drouart, Ph.D. thesis, University of Aix-Marseille III, 2009,
http://tel.archives-ouvertes.fr/tel-00438491.

[51] S. A. Taya, M. M. Shabat, H. M. Khalil, and D. S. Jager, Sens.
Actuator A 147, 137 (2008).

[52] R. Jha and A. Sharma, Opt. Lett. 34, 749 (2009).

[53] K. Dinesh and S. Vivek, Optik 122, 1872 (2011).

[54] Surface Plasmon Resonance Based Sensors, edited by J. Homola
(Springer, Berlin, 2006).

[55] P. Berini, Adv. Opt. Phot. 1, 484 (2009).

[56] A. Zakery and S. R. Elliott, Optical Nonlinearities in Chalco-
genide Glasses and their Applications (Springer, Berlin, 2007).

[57] G. Boudebs, F. Sanchez, J. Troles, and F. Smektala, Opt.
Commun. 199, 425 (2001).

PHYSICAL REVIEW A 89, 023816 (2014)

[58] J. Fatome, C. Fortier, T. N. Nguyen, T. Chartier, F. Smek-
tala, K. Messaad, B. Kibler, S. Pitois, G. Gadret, C. Finot,
J. Troles, F. Desevedavy, P. Houizot, G. Renversez, L.
Brilland, and N. Traynor, J. Lightwave Technol. 27, 1707
(2009).

[59] C. Lacava, P. Minzioni, E. Baldini, L. Tartara, J. M. Fedeli, and
I. Cristiani, Appl. Phys. Lett. 103, 141103 (2013).

[60] J. Matres, G. C. Ballesteros, P. Gautier, J.-M. Fédéli, J. Marti,
and C. J. Oton, Opt. Express 21, 3932 (2012).

[61] A. Zakery and S. R. Elliott, J. Non-Cryst. Solids 330, 1
(2003).

[62] W.H.Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery,
Numerical Recipes, The Art of Scientific Computing, 3rd ed.
(Cambridge University Press, Cambridge, 2007).

[63] V. Nazabal, M. Cathelinaud, W. Shen, P. Nemec, F. Charpentier,
H. Lhermite, M.-L. Anne, J. Capoulade, F. Grasset, A. Moreac,
S. Inoue, M. Frumar, J.-L. Adam, M. Lequime, and C. Amra,
Appl. Opt. 47, C114 (2008).

[64] M. Abramowitz and 1. A. Stegun, Handbook of Mathematical
Functions With Formulas, Graphs, and Mathematical Tables
(Dover, New York, 1964).

023816-19


http://dx.doi.org/10.1109/20.717799
http://dx.doi.org/10.1109/20.717799
http://dx.doi.org/10.1109/20.717799
http://dx.doi.org/10.1109/20.717799
http://dx.doi.org/10.1002/pamm.200700750
http://dx.doi.org/10.1002/pamm.200700750
http://dx.doi.org/10.1002/pamm.200700750
http://dx.doi.org/10.1002/nme.2579
http://dx.doi.org/10.1002/nme.2579
http://dx.doi.org/10.1002/nme.2579
http://dx.doi.org/10.1002/nme.2579
http://tel.archives-ouvertes.fr/tel-00438491
http://dx.doi.org/10.1016/j.sna.2008.05.002
http://dx.doi.org/10.1016/j.sna.2008.05.002
http://dx.doi.org/10.1016/j.sna.2008.05.002
http://dx.doi.org/10.1016/j.sna.2008.05.002
http://dx.doi.org/10.1364/OL.34.000749
http://dx.doi.org/10.1364/OL.34.000749
http://dx.doi.org/10.1364/OL.34.000749
http://dx.doi.org/10.1364/OL.34.000749
http://dx.doi.org/10.1016/j.ijleo.2010.12.031
http://dx.doi.org/10.1016/j.ijleo.2010.12.031
http://dx.doi.org/10.1016/j.ijleo.2010.12.031
http://dx.doi.org/10.1016/j.ijleo.2010.12.031
http://dx.doi.org/10.1364/AOP.1.000484
http://dx.doi.org/10.1364/AOP.1.000484
http://dx.doi.org/10.1364/AOP.1.000484
http://dx.doi.org/10.1364/AOP.1.000484
http://dx.doi.org/10.1016/S0030-4018(01)01582-6
http://dx.doi.org/10.1016/S0030-4018(01)01582-6
http://dx.doi.org/10.1016/S0030-4018(01)01582-6
http://dx.doi.org/10.1016/S0030-4018(01)01582-6
http://dx.doi.org/10.1109/JLT.2009.2021672
http://dx.doi.org/10.1109/JLT.2009.2021672
http://dx.doi.org/10.1109/JLT.2009.2021672
http://dx.doi.org/10.1109/JLT.2009.2021672
http://dx.doi.org/10.1063/1.4823579
http://dx.doi.org/10.1063/1.4823579
http://dx.doi.org/10.1063/1.4823579
http://dx.doi.org/10.1063/1.4823579
http://dx.doi.org/10.1364/OE.21.003932
http://dx.doi.org/10.1364/OE.21.003932
http://dx.doi.org/10.1364/OE.21.003932
http://dx.doi.org/10.1364/OE.21.003932
http://dx.doi.org/10.1016/j.jnoncrysol.2003.08.064
http://dx.doi.org/10.1016/j.jnoncrysol.2003.08.064
http://dx.doi.org/10.1016/j.jnoncrysol.2003.08.064
http://dx.doi.org/10.1016/j.jnoncrysol.2003.08.064
http://dx.doi.org/10.1364/AO.47.00C114
http://dx.doi.org/10.1364/AO.47.00C114
http://dx.doi.org/10.1364/AO.47.00C114
http://dx.doi.org/10.1364/AO.47.00C114



