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We present an approach for calculating the nonlinear propagation of surface plasmon polaritons in one-
dimensional planar waveguides consisting of a metal slab or a semi-infinite metal bounded by linear dielectrics,
starting with an assumed third-order nonlinearity that characterizes the nonlinear response of the metal. With this
approach we model the self-phase-modulation of surface plasmon polaritons. Expressions relating the complex
nonlinear parameter of these surface waves with the third-order nonlinear susceptibility of the metal are provided.
‘We present and discuss results pertaining to the self-phase-modulation of the symmetric and antisymmetric surface
plasmon polaritons supported by a thin gold slab in vacuum and of the surface plasmon polariton supported by

the single gold-vacuum interface.
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I. INTRODUCTION

For decades, nonlinear optical effects have proved useful
for many different applications, such as nonlinear microscopy
[1], ultrafast laser systems [2], optical frequency conversion
[3], and all-optical switching [4]. Recently, there has been
much interest in studying these phenomena at the nanoscale,
particularly in plasmonic structures [5]. Such structures typ-
ically incorporate nanoscopic metallic features that enable
enhanced nonlinear effects mediated by surface plasmon
polaritions (SPPs), which are collective charge oscillations
coupled to photons at the surface of metals [6]. For extended
metal surfaces, these collective excitations take the form of
transverse-magnetic (TM) polarized optical surface waves
that propagate along the metal’s surface. Because of their
capacity to concentrate intense fields over subwavelength
scales, SPPs can enhance nonlinear optical processes in
metallic nanoparticles as well as at extended metal surfaces
[7,8]. As a result, numerous theoretical and experimental
works have studied nonlinear effects in different plasmonic
structures such as flat and patterned metallic surfaces [9—
12], layered metalodielectric structures [13—15], and metallic
nanoparticles [16—19].

The nonlinear response of SPPs propagating along different
types of plasmonic waveguides has been theoretically inves-
tigated by several groups [20-27]. In most of these studies
it is assumed that the nonlinearity results from a Kerr-type
nonlinear dielectric bounding the metal, while the metal is
taken as a linear medium. However, SPPs are intrinsically
nonlinear (even in the absence of a nonlinear dielectric) as
they exist on structures composed of metallic media, which
exhibit strong and ultrafast third-order nonlinear response at
optical wavelengths [28,29]. Thus it is important to develop
methods to study and design nonlinear plasmonic waveguides
based on this intrinsic nonlinear response.

In this work we present an approach for calculating the
intrinsic nonlinear propagation of SPPs supported by two typ-
ical plasmonic waveguides: a metallic slab and a semi-infinite
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metal bounded by linear dielectrics. In particular, we use this
approach to model the phenomenon of self-phase-modulation,
whereby the complex propagation constant of the SPP is
modified by the SPP itself via the third-order nonlinearity of
the metal. We derive an expression for the complex nonlinear
parameter that characterizes the self-phase-modulation in
terms of the structural properties of the waveguide, and use it
to construct a differential equation that describes the evolution
of the SPP’s complex amplitude. Solving this differential
equation provides us with a self-consistent way to estimate
the nonlinear phase and nonlinear loss experienced by the SPP
upon propagation. We employ our approach to estimate the
maximum nonlinear phase shift acquired by the various SPP
modes supported by two structures of interest, using gold (Au)
as the metal and vacuum playing the role of the dielectric.
Finally, we compare the results of our method with recent
experimental results and present a discussion around it.

II. STRUCTURES INVESTIGATED

The structures investigated are shown in Figs. 1(a) and
1(b). The first structure consist of a metal slab that occupies
the region 0 > z > —d and is bounded by dielectrics. The
relative permittivity of the metal is denoted by &3, and those
of the dielectrics above (z > 0) and below (z < —d) the slab
are denoted by & and &;, respectively. The second structure
is a single metal-dielectric interface, which corresponds to
the case of a slab with infinite thickness. We shall refer to
the metal, top dielectric, and bottom dielectric as media 3,
1, and 2, respectively. We consider linear dielectrics with
Ree|,Res, > 0, and a metal with Regs < 0, such that SPPs
are supported by the system. Furthermore, we consider a metal
whose optical nonlinearity is characterized by a third-order
nonlinear susceptibility, x®.

When the thickness of the slab is large, the structure
supports a bound SPP at each metal-dielectric interface.
However, when this thickness is comparable to the optical
penetration depth into the metal, the SPPs at each interface
couple giving rise to different SPP modes. Two of these new
modes are bound [30,31]. For the case when €| # ¢, the z
component of the electric fields associated with these bound
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FIG. 1. (Color online) Structures investigated: (a) metal slab of
thickness d bound by linear dielectrics; (b) single metal-dielectric
interface corresponding to case in (a) where d = oo. The z component
of the fields (real part) associated with the various SPP modes
supported are outlined.

modes exhibit a quasisymmetric and a quasiantisymmetric
distribution along the z direction. On the other hand, for
&1 = &, these modes have a true symmetric and antisymmetric
transverse distribution, as sketched in Fig. 1(a). We shall refer
to the symmetric (or quasisymmetric) mode as the s mode and
to the antisymmetric (or quasiantisymmetric) mode as the a
mode. In general, the @ mode has a significant part of the field
in the metal; hence it exhibits a very large propagation loss; on
the other hand, the s mode has most of the field in the bounding
dielectrics, which leads to a relatively small propagation loss.
For the infinitely thick slab, the structure supports only one
mode; i.e., the conventional single-interface SPP mode. We
shall refer to this mode as the ¢ mode. The z component
of the SPP transverse electric-field distribution is outlined in
Fig. 1(b). For this, the portion of the field in the metal, and
hence the propagation loss of the mode, is in between that of
the @ mode and the s mode.

III. THEORETICAL MODEL

Throughout the text, all the fields are assumed to have the
form F(r,t) = F(r)exp(—iwt) + c.c., where c.c. denotes
the complex conjugate and the position vector is defined in the
(v,2) plane; i.e., r = zZ + yy. Furthermore, it will be useful
for our analysis to write the SPP electric field as

E(r) = f(y)e(z)e™ . (1)

Here and below, m = {s,a,c} denote the various SPP modes,
f(y) is the field envelope function, which describes the
evolution of the field’s amplitude as the SPP propagates in
the y direction, e(z) is the transverse electric-field distribu-
tion, and «, = Rex,,, with k, being the SPP propagation
constant.

For linear propagation, f(y) is a real function that satisfies
the homogeneous differential equation,

d
% =~k (), )

where «,, = Imk,,. The solution of this equation describes
the typical exponential decay of the SPP field as the wave
propagates, which results from the linear optical absorption
in the metal. This description is no longer valid for nonlinear
propagation, as the SPP experiences an additional nonlinear
phase and loss. Indeed, for self-phase-modulation, the nonlin-
ear phase and loss acquired by the SPP render f(y) a complex
function that depends on the intensity of the SPP itself. The
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purpose of the present analysis is to formulate a differential
equation describing the behavior of f(y) accounting for the
process of self-phase-modulation.

The remainder of this section is divided in four sections
that explain our theoretical approach. In Sec. IIl A we obtain
expressions for the linear SPP fields of the slab waveguide,
as they will be used later for the nonlinear analysis. In
Sec. III B we employ a Green-function formalism to formulate
adifferential equation for f(y) in the slab waveguide, allowing
the presence of an arbitrary nonlinear polarization field in the
metal. In Sec. IIIC we use the results of previous sections
to model the self-phase-modulation of SPPs by letting the
nonlinear polarization in the metal be generated by the SPP
field, and in Sec. III D we extend these results to the single-
interface waveguide by taking the limit where the thickness of
the metal slab is infinite.

A. Linear response

We treat the nonlinear problem as a perturbative approach to
the linear solution, assuming that the nonlinearity modifies the
form of f(y)butnot the form of e(z). Thus we start our analysis
by obtaining the transverse field distribution, e(z), in the linear
regime for the structure shown in Fig. 1(a). We consider a TM-
polarized plane wave in medium 1 that propagates downwards
in the (z,y) plane and impinges onto the structure at z = 0.
After a simple reflection and transmission analysis, one finds
electric fields of the form

E\(r) = Eo[p;_e ™% + Py Riae' "1™,
“1ra _; N : :
E3(r) — E0T12l32 [p3,€ iw3(z+d) 4 p3+732€lw3(z+d)]€my,

Ex(r) = EgTio[p,_e "+ D]e/y 3)

for media 1, 3, and 2, respectively. The different quantities
in (3) are defined as follows: Ej is the electric-field strength
of the incident plane wave, k is the wave-vector component
in the plane of the surface, and the wave-vector component
perpendicular to the surface is w;, where w; = v @*e; — K2,
with @ = w/c being the wave number in free space. To
completely define w;, we take the sign of the square root
that makes Imw; > 0, and if Imw; = 0 then we take the sign
that makes Rew; > 0. The unit TM-polarization vectors, p;,
denote the polarization of the electric fields in the different
media and are given by

4)

where the subindex i+ (i—) indicates that the polarization
vector is associated with radiation in medium i = {1,2,3}
propagating in the positive (negative) z direction. The Fresnel
reflection (7;;) and transmission (f#;) coefficients of the
individual metal-dielectric interfaces for TM polarization are

W;e; — W;é&; , 24/8,' /€jW; (5)
rij = —————» = T
W; € +U)j8,' W; € —l—wje,»

and the reflection (Ry,) and transmission (77},) coefficients of
the slab (i.e., the response coefficients) are given by the usual
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expressions

Riz = p()(rne®™? + r13),

Tio = p()tiztae™™, ©
with

pli) = (1 — r3rape®™ )", (7

The fields in (3) are typically used when one actually has an
incident wave making an angle ¢ from the normal in medium
1, in which case k = @./¢ sin ¢. Nonetheless, these fields are
solutions of the Maxwell equations for any «, including « >
@./¢1 (corresponding to values of ¢ beyond the critical angle)
for which SPPs are found. With this in mind, and noting that
the s and a modes have propagation constants «,, associated
with the poles of p(k), we approximate (6) for « close to
K, by replacing p(x) with the contribution of its pole at «,,
yielding

P12 . om
Ry ~ - with  p12 = on (V3W§€21w3 ‘+ ), (8a)
— Km
T12 . o
" ~ with 75 = out]5t5he ™. (8b)
K —Kn

In these expressions, @,, is a complex-valued quantity that
can be calculated using standard pole analysis techniques, as
detailed in Appendix A. Here and below, we use the superscript
m in various functions of « to indicate that « has been replaced
by k.

At the SPP excitation, the field in medium 1 is evanescent in
the z direction; i.e., E(z) oc pi", exp(iw{'z). In this situation,
the term associated with the incident wave in expression (3)
must vanish, otherwise it would diverge as z — oo. This is
possible only if Ey vanishes as k — «,,. Thus, to obtain the
electric-field distribution of the various SPP modes of the slab,
we use (8)in (3) and set Ey o (k — k), while letting k — k.
This yields

iwf'z Jikyy
1*~e y

E\(r) o pi' pioe

7iw§”(z+d)+ Amom iwg”(z+d)] Eik”’y, (9)

m 3— P3 e

T
Es(r) oc == [pr e
I3

Es(r) oc i tpe va et gikny,

This expression can be cast in the form of (1) by using the
field envelope function, f(y), as the proportionality constant
(with units of V/m) and writing the transverse field, e(z), in
the different regions as

ei(z) = pi e,

T12 N —iw™ o -
e3(Z) — — [ o p—iws (z+d) + pgz+rgzzelw3 (Z+d)] ; (10)
p12t32
T12 . _im
ez(Z) — _przn_e iw} (Z+d)_
P12

Of course, this agrees with the result of the more common
strategy for finding the SPP field [31], based on applying the
conditions the fields satisfy on crossing the interfaces at z = 0
and 7z = —d.

The power per unit length (along the x direction) carried
by the SPP, s(y), is obtained from the time-averaged Poynting
vector as the power flow along the y direction; i.e., s(y) =
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2Re [ (E x H*)- ydz. Here, H = (iwjt) "'V x E is the
magnetic field with p( being the vacuum permeability. Using
this expression together with (1) and (10) one obtains

s() = Kul FO)I%, (11)
where
Rex,, Resl_l le1] T2 2 Resz_1 lea]
Ko = e 1 onl TImar
Wl Imw) P12 Imw,
ﬁ 2 alRes3_1|£3| + azRe£3_1|£3| (12)
o Imw} Rew}' ’

with oy = (|rfs|2e 2™ 4 1)(1 — 25 and o, =
Rei(1 — e~ %4Revs) /() Equations (11) and (12) will be
useful for our nonlinear analysis in the following sections.
Note that these equations hold in the nonlinear regime because
we assume that linear transverse fields in (10) retain their form
in the presence of nonlinearities.

B. Nonlinear response

We shall now proceed to study the nonlinear response of
SPPs supported by the structure shown in Fig. 1(a).

As a preliminary, consider first the linear response of the
slab structure to a specified source polarization located in the
metal layer and having the form of a two-dimensional sheet
extended over the (x,y) plane at z = zo. This polarization
distribution is defined mathematically as §5(z — zo) exp(ixy)
with the vector @ lying in the (y,z) plane and —d < zp < 0. In
turn, the electric field generated by such a polarization sheet
has the form E(k;z,z0)exp(iky). Generated fields in planar
structures involving surfaces, such as the one studied here, can
be obtained using a Green-function formalism detailed earlier
[32]. Here, we employ this method to obtain the coefficient
E (k; z,20); we state only the final solution and refer the reader
to the literature for details [in particular, refer to Sec. 4 of
Ref. [32] and to the discussion around Egs. (4.8) to (4.21)].
For the metal slab geometry one obtains

i@’ plk)

. 1 o
E(k;z,20) = - d(z,20) — —8(z — 20)P - 2%,
28011)3 E0€3

13)

where the first term on the right-hand side is related to the
part of the fields radiated by the polarization sheet and the
second term is a local contribution of the polarization sheet.
In this expression, &y is the vacuum permittivity and q(z,zo) is
a tensor given by
a(z,20) = w(zo) Py 131€""*0(2)

+0(20) Pyt G(—2 — d)

+u@o)[ Py + Py_raie” 10z — 2000(=2)

+ v(ZO)[i’3+r3zeiw3(Z+d) + i73_e—iw3(z+d)]

x 0(z0 — 2)0(z + d), (14)

where 6(z) is the Heaviside function, which is defined as
0(z) = 1 for z > 0 and 8(z) = 0 for z < 0, and the functions
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u(z) and v(z) are given by

u(Z) — [p3+e—iu13(z+d) + ﬁ% r3zeiw3(z+d)]eiw3d 15)

'U(Z) — [ﬁ3+r3167iw32 + ﬁ3,eiw3z]eiw3d. (16)

The fields described by (13) can be readily generalized to
other polarization distributions. For instance, consider a more
general polarization field, P(k; z) exp(iky), and the associated
electric field, E(x;z)exp(iky). In this case, the coefficients
E(k;7) are obtained by taking a linear superposition of the
fields in (13) over the region 0 < z < —d, which yields

_ ia*p) [0 .
B = 2 PO [0 b 200 qz.20)dz0
2801U3 —d
1 .
——Pk;2)- 22, (17)
€03

This expression describes the field in the slab structure
generated by an arbitrary source polarization field distribution
with a well defined «.

We use these results in our nonlinear propagation problem
by now taking P(k; z¢) to be the nonlinear polarization in the
metal, which must be determined self-consistently. To obtain
the electric field radiated by the nonlinear polarization into the
SPP mode m, we approximate p(k) & g,,(k — k,,)~", which s
valid for values of k close to k,, (see Appendix A for details),
and replace g by " and w3 by wj', where the superscript m
has the usual meaning. After some algebra, one obtains

(k — Km)

(k — km)E (5 2) = n(k)e(z) — P(k;z)-22, (18)

where we have defined

) 0
o) = 3ot [ Pz wGodz. (19)
2gqws _d

Note that the second term on the right-hand side of (18) is not
part of the SPP field, but it results from the local contribution
of the polarization. This term, however, is negligible when
working with field intensities in the order of those required for
a valid perturbative description of the nonlinear susceptibilities
(see Appendix B for details). Thus we can write (18) as

(k — km)E (k5 2) = n(i)e(z), (20)

which describes the field radiated into the SPP modes of the
slab (m = {s,a}) by the nonlinear polarization.

With this result, we proceed to obtain a differential equation
to describe the evolution of f(y) in the nonlinear regime. We
start by noting that Eq. (20) holds when « is sufficiently close
to k,, so that only the SPP excitation is important. With this in
mind, we allow ourselves to write a more general field of the
form

Ewﬁifgngmkm} 1)

where we allow « to take only values close to «,,. Naturally,
this field must have the form of that in (1), implying that the
Fourier coefficients in (21) are given by

E(c;2) = [k = i))e(2), (22)
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where () are the Fourier coefficients of f(y); this is,
dk iKy
10 = [ Sefwe. 23)
T

Here f(y) not only describes the exponential decay of the
field due to «/, but also the nonlinear contribution from the
field generated by the nonlinear polarization. Consequently,
the differential equation describing the evolution of f(y) is no
longer homogeneous as in the linear case [i.e., Eq. (2)], but
it must include an inhomogeneous term associated with the
nonlinear polarization. To construct this differential equation,
we first note from (22) and (20) that (k — ik,) f () =nlk +
k,,). From this expression, we transform f(k) to the spatial
domain using (23) and differentiate with respect to y to obtain

df(y) " .
—J; Y —tk [ (V) + IA(Y), (24)
y
where
. ~2 0
A(y) = 12w Q',: §”le_”‘""y/ P(r)-u"(z)dz. (25)
goW3 —d

Clearly, the first term on the right-hand side of (24) gives the
decay of the SPP envelope function due to the linear losses,

while the second term allows the field envelope to be modified
by P(r).

C. SPP self-phase-modulation: Metal slab

Equation (24) describes the evolution of the SPP field
envelope in a rather general fashion, as P(r) can have an
arbitrary distribution. Nonetheless, this expression can be
readily adapted to model the self-interaction of SPPs through
the nonlinear response of the metal, which leads to SPP self-
phase-modulation. This phenomenon is characterized by the
complex nonlinear parameter, y,,, which is defined such that
the real (imaginary) part of the product y,,s(y) gives the local
rate of nonlinear phase (nonlinear attenuation) experienced by
the SPP upon propagation.

Consider first the s and a modes supported by the slab
structure depicted in Fig. 1(a). From (25) we note that if P(r)
results from the nonlinear response of the metal to a SPP
field, then the term A(y) in (24) will describe the self-phase-
modulation of the SPP. Thus, taking the nonlinear polarization
in the metal as 3g9x @ | E(r)|? E(r), one obtains the nonlinear
polarization induced by the SPP field as

P(r) = 3e0x D1 fOIP F()le(2) [ e(z)e™ .

Using this expression together with (11) in (25) one can rewrite
the field envelope evolution equation as
af(y)

d— = _f(y)K;;; + if()S()Vms (26)
y

with the complex nonlinear parameter given by

3i@* x®om m 0 "
T / ) les(@)%e3(2) - w"(dz  (27)
for m = {s,a}. A more explicit form of (27) is given in
Appendix C. Note that since the field is uniform only in the
x direction, y,, has units of inverse power (W™ rather than
more conventional units of length per unit of power that arise
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for plane-wave propagation, where the field is uniform in the
two directions perpendicular to the direction of propagation.

D. SPP self-phase-modulation: Single interface

Consider now the single metal-dielectric interface config-
uration depicted in Fig. 1(b), which corresponds to the case
of an infinitely thick slab (d — o0). In this limit, only the ¢
mode is supported at the interface between media 1 and 3.
In this case, the SPP excitation is associated with the pole
of the Fresnel coefficients r3; and t3;, from which the SPP
propagation constant is obtained as [6]

172
- £1€3
Ke =@ < ) . (28)
&1+ &3

By performing a Taylor expansion of the denominators of (5)
about k., we can express r3; and #3; for k close to «, as

2
2w (ws) e

rg & P31 with  p3; = —%, (29a)
K — K, Ke(wies + wier)
2

T 2./e3. /1w (ws

5~ — with 7y = — Y ‘(C ) (29b)

K — K¢ Ko(w383 + wlsl)

The results obtained in Sec. III C are simplified in the single
interface limit for two reasons: (i) for d — oo the poles and
zeros of (7) cancel each other exactly [i.e., p(x) = 1] leading
to the expression o, = k — k; (ii) since there are no reflections
from the bottom surface of the slab (3, = 0), Eq. (15) becomes
u‘(z) = p5 exp(—iw5z) and the field in the metal becomes
e$(2) = r§, /15, exp(—iw§z) p5_. Using these simplifications in
(27), one finds

3i@? @ . 0 e —iwe
Yo = me% /;oo le5(2)|°e5(z)e""3%dz, (30)

where we have used also (29b), and

_ Reko) {Reum/sl)

oo | Im(wf)

P31
131

K.

2 Re(les|/e3) }

Im(w$)

has been obtained from (12) by setting d — oo and noting that
r5; diverges. Equation (30) can be integrated straightforwardly,
and the result is given in Appendix C.

IV. RESULTS AND DISCUSSION

A. Complex nonlinear parameter of the SPP

We now apply the theory developed above to calculate
the wavelength-dependent nonlinear parameters of the var-
ious SPP modes supported by the structures in Figs. 1(a)
and 1(b). In particular, we consider as examples a 16-nm-thick
Au slab surrounded by vacuum and a Au-vacuum interface.
For these calculations we take ¢; =&, = 1 and assign to
&3 the measured wavelength-dependent permittivity of Au
reported in Palik’s compendium [33]. Furthermore, we use the
wavelength-dependent values of x® for Au shown in Fig. 2,
which are obtained following the work of Marini et al. [25]
assuming a continuous-wave excitation.

The calculated nonlinear parameters are shown in Fig. 3
over three different wavelength ranges. We follow the notation
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FIG. 2. (Color online) Complex x values of Au as a function
of the wavelength obtained following Marini et al. [25].

given above, with y,, y,, and y. denoting the nonlinear
parameters of the s, a, and ¢ modes, respectively. Moreover,
we use y, to refer to them collectively. In the figures, the
values of y, and y, have been multiplied by a factor of 10° and
400, respectively, before plotting.

The fact that y, is about one million times larger than
ys and 400 times larger than y. is a manifestation of the
different strengths with which these SPPs interact with the
metal. Indeed, for the 16-nm-thick slab structure, the a mode
is tightly confined to the metal slab having a very large portion
of the electric field in the metal, while for the s mode the
electric field is mostly localized in the vacuum region. For
the ¢ mode, on the other hand, the portion of the electric
field localized in the metal is always larger (smaller) than that
of the s mode (a mode). More generally, we found that the
inequalities Rey, > Rey, > Rey, and Imy, > Imy, > Imy;
always hold regardless of the slab’s thickness. The exact values
of y, and y, vary with the metal thickness, both approaching
to the value of y, as the metal thickness increases (data not
shown).

The values of y,, in the range 760 < A < 1000 nm
[Fig. 3(c)] have positive real and imaginary parts, implying
an increment in the absorption and phase accumulation with
increasing mode power. Also, in this wavelength range we
observe an exponential increment of y,, as the wavelength
decreases. This feature results mainly from the stronger
interaction of the SPP fields with the metal at the shorter
wavelengths. Note from Fig. 2 that x ¥ is practically constant
over this wavelength range. Thus the rapid increment of
Ym is not related to the dispersion of x©, but rather due
to the linear dispersion of the SPP. On the other hand,
ym exhibits an interesting behavior for A < 760 nm partly
because of the strong dispersion of x® in this region of
the spectrum. For example, consider the wavelength range
620 < A < 760 nm [Fig. 3(b)]. Here we observe that both
the real and the imaginary parts of y,, exhibit decreasing and
increasing trends, and over certain regions of the spectrum
and that their values can be negative over certain regions of
the spectrum. In particular, note that y,, exhibits a negative
imaginary part over the range 630 < A < 670 nm, indicating
that for these wavelengths the SPP propagation loss is reduced
as the mode power is increased. Finally, for wavelengths in
the range 550 < A < 620 nm [Fig. 3(a)], both the real and
imaginary parts of y,, increase dramatically as the wavelength
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FIG. 3. (Color online) Complex nonlinear parameter of the various SPP modes m = {s,a,c}, calculated over three different wavelength
ranges. The values of y, and y, have been multiplied by a factor of 10° and 400, respectively, before plotting.

is reduced. In this region of the spectrum, x ® exhibits a strong
dispersion caused by the interband electron transition from the
d band to the sp band. Thus the effect observed is caused by
both the large increment in the value of x® and the stronger
field confinement in the metal that occurs over this wavelength
range.

It is important to mention that the accuracy of these results
is limited by the main approximation used in our theory; i.e.,
Eqgs. (8) and (29). These approximations are accurate when the
poles of the reflection (or transmission) coefficient are located
close to the real axis in the complex « plane (see Appendix
A for details). As a result, the theory is not accurate when
the imaginary part of «,, is too large, or equivalently, when
the propagation loss of the SPP is too large. Since the SPP
propagation loss increases as the optical wavelength decreases
[30,31], there exists a short-wavelength limit for the validity
of our approximations. By comparing the exact reflection
coefficients and their respective approximated forms, we found
that Egs. (8) and (29) are accurate to within 5% over the range
A > 550 nm for the s mode and ¢ mode, and over the range
A > 640 nm for the a mode.

Also note that there is evidence indicating that the inferred
value of x©® for metals like Au depends strongly upon the
laser pulse duration that is used [25,34]. Thus the values of y,,
reported in Fig. 3 may not represent faithfully those obtained
in experiments using ultrashort pulses.

B. Nonlinear phase shift and attenuation

Knowing y,,, one can estimate the strength of the self-
phase-modulation for given launching power sy = s(y = yo)
by solving for f(y) in Eq. (24). Without loss of generality,
we assume that the SPP is launched at the position yy = 0 and
calculate the SPP position-dependent nonlinear phase shift and
the total power attenuation (linear and nonlinear contributions)
as
2

’

Imf(y)} A = |79
Ref(y) ]’ f(0)
respectively. The maximum nonlinear phase shift acquired by

the SPP is thus given by ¢ni. = ¢ni(€sp), where £gp is the
SPP propagation length, defined as the distance y at which

A(y) = exp(~1).

PNL(y) = tan™! [

As an example, we consider the structures studied above
operating at the wavelength & = 640 nm. Note from Fig. 3(b)
that Imy,, < O at this wavelength, indicating SPP propagation
loss reduction with increasing power. In our calculations we
set the value of s¢ such that the ratio of nonlinear polarization
to linear polarization is ~0.1, which ensures compliance with
the perturbative approximation for the nonlinear polarization
made in our analysis [i.e., Eq. (B3)]. Table I tabulates ¢y and
£sp obtained for the various SPP modes by solving Eq. (24)
using the adaptive Runge-Kutta method. The values of y,, and
so used for each calculation are also given in the table.

The values of ¢y are comparable for the three modes
because the product Rey;, sofsp turns out to be very similar for
the three cases. Furthermore, despite the large values of y,,,
the parameter ¢y is always small because £sp is very short.
We note that the short propagation lengths are mainly dictated
by the linear losses. Indeed, the loss reduction resulting from
the nonlinearity was calculated as ~10% for all the modes.
In practice, one could use a larger launching power, sg, to
obtain a larger ¢y as long as structural damage does not
occur. However, to accurately model self-phase-modulation
using values of sy larger than those used here, it would be
necessary to employ a nonperturbative nonlinear polarization
model.

While the values of ¢y obtained here are small, the
corresponding nonlinear phase shifts per unit length (i.e.,
¢n1/Lsp) are very large. For instance, for the a and ¢ modes,
this figure is equivalent to acquiring a nonlinear phase shift of
7 radians in a lossless system over a distance of only ~4 um
and ~73 pum, respectively. Clearly, extending the propagation
length of these SPPs could increase significantly the acquired

TABLE I. Self-phase-modulation parameters of the various SPP
modes at A = 640 nm.

m s a c
Rey,, (W) 8.29 x 10~ 1.42 227 x 1073
Imy,, (W) —0.88 x 1077 —0.33 —0.21 x 1073
so (KW /mm) 1130 0.83 30

én (rad) /9.2 /9.1 /9.0
£sp (um) 568.6 0.455 7.47

013855-6



SELF-PHASE-MODULATION OF SURFACE PLASMON ...

nonlinear phase shift. Recently, optical amplification of SPP
has been demonstrated in similar plasmonic structures [35];
thus increasing the SPP propagation length by this means could
be a possible strategy to take advantage of the large nonlinear
effect.

C. Comparison with an experimental result

The nonlinear response of the SPP supported by a Au film
in the Kretschmann configuration was recently investigated
by some of us [36] using a pulsed laser excitation with a
pulse duration of ~100 fs and a wavelength of 796 nm. The
Kretschmann structure consisted of a 48-nm-thick Au film
with one of its surfaces in direct contact with a glass substrate
and the other bounded by air. In this experiment, the complex
nonlinear parameter of the Kretschmann SPP was obtained as
Yk = (8.08 +i1.46) x 1077 1/W from measurements of the
intensity-dependent attenuated total internal reflection. The
experiment also allowed for the extraction of the nonlinear
susceptibility of Au, which resulted in a value of x® =
(4.67 +i3.03) x 107" V2/m?. We note that this value of x®
is about 100 times smaller than the theoretical estimation in
Fig. 2 (for continuous-wave light), which is consistent with
other experimental observations [34].

The Kretschmann SPP studied in Ref. [36] is similar to
the ¢ mode of the single Au-air interface structure. They both
exhibit a very similar electromagnetic field profile in the metal
and air regions. However, they differ in that the Kretschmann
SPP extends part of its field into the glass substrate, making
the mode leaky [6]. As a result, the propagation constant of the
Kretschmann SPP is slightly different from that of the ¢ mode.
Nonetheless, the similarities between these two modes allows
us to draw a fair comparison of their nonlinear responses.

Using the measured value of x® in (30), we obtain
Ye = (1.03 +i0.98) x 1077 1/W. This result agrees with the
measured value of yx to within an order of magnitude. The
discrepancy can be attributed in part to the approximations
made in our theory and to the differences between the
Kretschmann and ¢ modes. Yet other reasons with deeper
physical significance may exist. For instance, a contribution
to the nonlinear response arising from the metal surface
and finite thickness of the metal could exist in addition to
the usual bulk contribution. Evidence of these contributions,
which are not accounted for in the present theory, have been
recently reported by other groups [37,38] in the context of SPP
four-wave mixing and third-harmonic generation. However,
these phenomena remain largely unexplored in the context
of SPP self-phase-modulation. Thus more work is needed to
understand the various mechanisms that can contribute to the
nonlinear response of simple plasmonic structures such as the
ones studied here, aiming to achieve a better understanding
of the fundamental nonlinear interactions in more complex
plasmonic structures.

V. SUMMARY AND CONCLUSIONS

In summary, we have presented an approach to model
the intrinsic nonlinear response (i.e., that arising from the
nonlinearity of the metal) of SPPs supported by two standard
plasmonic waveguides: the metal slab and semi-infinite metal
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bounded by linear dielectrics. Our formulation employs a
Green-function formalism to model the SPP fields resulting
from an arbitrary nonlinear polarization in the metal. This
approach was then used to study the case where SPPs interact
with themselves through the third-order nonlinear response of
the metal, leading to SPP self-phase-modulation. We provided
equations that relate directly the SPP nonlinear propagation
coefficient with the metal’s x® coefficient. This relation has
practical importance, as it allows one to estimate the complex
value of x® of plasmonic materials through a measurement
of SPP nonlinear propagation coefficient. Also, we presented
and discussed numerical results for self-phase-modulation of
the symmetric and antisymmetric SPP modes supported by a
thin Au slab in vacuum, and of the SPP mode supported at
a single Au-vacuum interface. We discussed aspects such as
the substantial difference between the nonlinear parameter of
these three modes and their strongly dispersive characteristics.
Finally, we provided a comparison between the SPP nonlinear
parameter estimated by our theory and that measured in a
recent experiment.
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APPENDIX A: EXPRESSING THE RESPONSE
COEFFICIENTS USING A POLE EXPANSION OF p(«k)

Here we detail the steps taken to represent the response
coefficients in (6) using a pole expansion of p(x). We start
by using the expression for r;; as given by (5) into (7) and
write

(AL)

where a; = (w;e3 + wsé&;) and b; = (w; &3 — wse;). Here, the
expression aja, — bibye® 3 = (s the dispersion relation for
the SPP modes supported by the slab and the solutions of this
equation identify the poles of p(k). Similarly, the expressions
a; = 0 and a; = 0 denote the dispersion relations of single-
interface SPPs localized at the interface between media 1-3
and 2-3, respectively; the solutions to these equations identify
the zeros of p(k). One can express (Al) as a rational function
of poles and zeros [39],

Z(k)
P(k)’

where A(x) is a slowly varying function of «, and

POy = Joe —wem),  ZG) =] Jte = ),

m 1

plk) = Alx) (A2)

are the pole and zero functions, with «,, and k; being the
complex propagation constants associated with the poles and
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zeros of (Al), respectively. Expressing P(x) as a partial
fraction expansion, we write (A2) as

piy=Y_ Qnlie) (A3)

m k= Km
where 0,,(k) = A(k)Z(k)Res[P(k),k,,] with the quantity
Res[ P (x),k,,] denoting the residue of P(x) at ky,.

To derive (8), we assume that the poles are far from each
other in the complex plane and sufficiently close to the real
axis such that we can approximate (A3) for values of « close
to k;, as the contribution of the one pole at «,,,

Om
p(k) ~ ; (A4)
K — Kn

where we have defined o, = on(x,,), since g,(k) varies
slowly compared to (x — k,,)~! in the vicinity of «,,. Finally,
substituting (A4) in (6) yields (8).

APPENDIX B: APPLICABILITY OF EQ. (20)

Equation (20) is valid when the second term on the right-
hand side of (18) is negligible. Here, we determine the situation
under which such a condition is valid. We start by rewriting
(18) as (k — k)G (k;2) = n(x)e(z), where

- - 1 .
Gk;z2)=Ek;2)+ —P(k;2) - 2%, (B1)
€083

and using the relation Pk z) = 380X(3)|E(K;Z)|2E(K;Z) in
the equation above, we write
3)

i 3
Glc:7) 2= <1+ X

IE(K;z)Iz)E(K;z)-z. (B2)
&3

Since G(k;z) and E(x;z) only differ in their z compo-
nents, it is clear from this result that one can approximate
G(k;7) ~ E(k;z) when

Ix V1> 3Ix DN E ;2% (B3)

where we have used |e3| = |x P + 1| ~ | x"|. Another impor-
tant inequality that must be satisfied in the nonlinear regime is

x> IxPNE®; ), (B4)

which is required for the usual expansion of the total
polarization [29] to make physical sense. Note that the
right-hand side of (B3) is only three times larger that the
right-hand side of (B4). Thus both inequalities are satisfied
with fields | E(k; z)|? of the same order of magnitude. In our
calculations we restrict ourselves to consider fields that satisfy
(B3), and hence also satisfy (B4).
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APPENDIX C: EXPLICIT EXPRESSION FOR THE SPP
NONLINEAR PROPAGATION COEFFICIENT

An expression for the nonlinear parameter of the SPP modes
of the slab was given in (27) in terms of the transverse SPP
field distribution, e(z), and the function u™ (z). Here, we further
develop these results and provide a more explicit form for
this expression. We start by noting that for the SPP modes
of the slab, m = {s,a}, we can use the dispersion relation

e exp(Riwt'd) = 1 and write

1 /. 1 .
e3(z) = - (péﬂ— + pg“rﬁgm) ,
13 m

1
um — ~nm ~m ,
(2) D3 8m + p3_ rﬁgm
where we have defined g,, = exp(—iwj'z). Then using these
expressions in (27) one finds
_ 3id*xon

2
m
y 31
=

2K wy'

| T (C1)
31

for m = {s,a}, where

0 2
Iy = f dz |:Q1 lgml? + Lﬁ + %cos (2w’3”z)j|
d

|72 g I3

(C2)

x [Qﬂg@uL @]

J’_
(rigm)”

and the following shorthand notation has been used:

m
r31

~mx ~mx

01 = p5, - P3Y = P5_ - P57,

~Amk Amx

0> = p5, - P37 = P5_ - PiY,

am am

03 = p5, - p3_ = P - P35y,

Q4 = i’gn-s- : i’?—s— = i’lsn— : i’%n—
As discussed in Sec. III D, for d — oo we have r§; — oo and
0. = k — k.. Thus, for the ¢ mode supported by the single-
interface structure, (C1) becomes

3id* x| psi |2
= —— | = Z., C3
1 Kot |t P31 (C3)
where p3; and 731 are defined in (29) and

0
z= [ a0l @ = i 2O ()
o (Imw3 — lw3)
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