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We derive equations modeling the resonant interaction of electric and magnetic components of light fields with
metal nanostructures. This paired resonance was recently shown to produce negative refractive index. The
model equations are a generalization of the well-known Maxwell-Lorentz model. We demonstrate that in the
case of nonlinear polarization and linear magnetization, these equations are equivalent to a system of equa-
tions describing the resonant interaction of light with plasmonic oscillations in metal nanospheres. A family of
solitary wave solutions is found that is similar to pulses associated with self-induced transparency in the
framework of the Maxwell-Bloch model. The evolution of incident optical pulses is studied numerically, as are
the collision dynamics of the solitary waves. These simulations reveal that the collision dynamics vary from
near perfectly elastic to highly radiative, depending on the relative phase of the initial pulses. © 2006 Optical

Society of America
OCIS codes: 190.4400, 260.5740, 250.5530.

1. INTRODUCTION

The resonant interaction of light with plasmonic oscilla-
tions in metal nanostructures has recently become a focus
of considerable interest owing to the potential of harness-
ing strong, locally generated fields for a wide variety of
applications.l’2 In addition, it has been recently demon-
strated that such structures produce a negative refractive
index in the optical domain.® The negative refractive in-
dex is a consequence of simultaneous resonant electric
and magnetic interactions with the nanostructures,
which is reminiscent of arrays of LC circuits that demon-
strate negative refractive index in the microwave
regime.* The equations that describe the interaction of
coherent light with a medium consisting of molecules
(considered as harmonic oscillators) is known as the
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Maxwell-Lorentz model.” Taking into account the quan-
tum nature of the atoms leads to the Maxwell-Bloch
equations in the two-level approximation.8 The Maxwell—
Bloch equations are nonlinear and describe many impor-
tant phenomena, such as self-induced transparency, opti-
cal pulse amplification, and superfluorescence.

In this study we extend the Maxwell-Lorentz system to
account for plasmonic and magnetic resonances. These
new resonances are due to interaction with plasmonic os-
cillations in the metal nanostructures. The interaction of
the electric and plasmonic fields leads to strong electric
resonance. In addition, nanostructures can mimic the ef-
fect of LC circuits to produce a resonant interaction with
the magnetic field. Just as nonlinear effects in the
Maxwell-Bloch equations (a single resonance) have been
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a rich source of important physical phenomena, these si-
multaneous magnetic and electric resonances combined
with nonlinear effects may well lead to new physics.

In what follows we first investigate the simplest nano-
structures: nanospheres. In this case, there is no mag-
netic resonance, though there is nonlinearity in the polar-
ization response to the electric field.>® We derive
equations describing this interaction that are of Maxwell—
Duffing form. Then we consider the case of simultaneous
magnetic and electric resonance, where the magnetic sus-
ceptibility is linear, but the electric polarization is nonlin-
ear. We show that in the latter case, the equation for the
magnetic field decouples, and the study of this system re-
duces to that of the Maxwell-Duffing equations we derive
for nanospheres.

We find a family of solitary wave solutions whose be-
havior is analogous to self-induced transparency in
Maxwell-Bloch. We numerically study the evolution of in-
cident optical pulses as well as the collision dynamics of
the solitary waves. These results are relevant to both the
system of nanospheres and the more complex systems of
nano-LC circuits.

2. SINGLE-RESONANT MEDIUM:
NANOSPHERES

Quantum effects in metal nanoparticles driven by a reso-
nant optical field play an important role in inducing a
strong nonlinear response, as was recently shown.>10
Here we consider the nonlinear resonant interaction of ul-
trashort optical pulses with metal nanoparticles distrib-
uted uniformly in a host medium. We restrict to the case
of composite materials for which the resonance frequen-
cies of the host medium are well separated from those of
the nanoparticles. Examples include silver or gold spheri-
cal or spheroidal nanoparticles embedded in SiOs. In
these cases, the plasmonic resonance frequencies are in
the visible part of the spectrum, whereas the resonance of
the host is in the ultraviolet. For spheroidal particles with
large aspect ratios, the longitudinal plasmon oscillations
are in the infrared so that the difference between the
resonant frequencies of the host and the plasmon oscilla-
tions is even larger.

Light interaction with metal nanoparticles can be de-
scribed by a system consisting of Maxwell’s equations for
the electric field and an oscillator equation describing the
displacement of conduction electrons in the metal nano-
particles from equilibrium (plasmonic oscillations). The
nanoparticles are much smaller than the optical carrier
wavelength (. This allows light scattering and spatial ef-
fects in the nanoparticles to be neglected. As shown by
Rautian® and Drachev et al.,'° who further developed the
earlier work by Hache et al.,'! the response of the conduc-
tion electrons in the metal nanoparticles to an external
electric field induces a leading-order cubic nonlinearity.
The interaction of the electric field with plasmonic oscil-
lations in nanoparticles with resonance frequency w, in
the presence of this cubic nonlinearity can be described by
the forced Duffing equation

éTT + wf@ + %03 = (e/m)E. (1)

In this expression o) represents plasmon displacement
from equilibrium, T is time; x is the coefficient of nonlin-
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earity; e and m are the electron charge and rest mass, re-

spectively; and & is the electric field. The tilde is used to
denote rapidly varying quantities. The nonlinear coeffi-
cient » can be estimated by comparing off-resonance non-
linear response in Eq. (1) with the Drude nonlinearity for
(nonresonant) conduction electrons in metal nanopar-
ticles. That susceptibility is characterized by x®
:Ne4a2/(mﬁ2wg). Here a and N are the radius of the
nanoparticle and the conduction electron density of the
metal, respectively, and w is the optical carrier frequency.
This results in the estimate x=(maw3/#)?.

We are interested in pulse dynamics that vary on a
much slower scale than the plasmonic, host atom, and
carrier wave oscillations and can be described using a
slowly varying envelope approximation. In this approxi-
mation Eq. (1) becomes

iQr+ (0, — wg) Q + (35/2w)| Q|2 Q = — (e/2mwy)E,  (2)

where the slowly varying envelopes of the electric field
and plasmonic oscillations are represented by £ and Q, re-
spectively. Maxwell’s equation couples to the material po-
larization induced by the plasmonic oscillations. The
equation for the electric field envelope is

1 2mwoN e 2mweN,|d|?
i\ Ez+ —Er)=- (Q) -
Vg cng cnghlA,
2miwoN,|d[?
E-——7F5%r, (3)
cnohA;

where Z is the propagation coordinate, v, is group veloc-
ity, c¢ is the speed of light, n is the refractive index evalu-
ated at the carrier frequency wy, and N, is the product of
the conduction electron density N and the metal-filling
factor p (the fraction of the composite occupied by metal).
N, is the concentration of host atoms, d is the projection
of the dipole matrix element in the direction of the electric
field polarization, and A,=w,—wy is detuning from the
resonance frequency of host atoms. The last two terms in
Eq. (3) represent corrections to the, refractive index and
group index due to the off-resonance interaction with the
host medium, which, for illustration, is considered as an
ensemble of two-level atoms. This equation is derived
from the Maxwell-Bloch equations in the nonresonant
case by considering A, as a large parameter and applying
the adiabatic following approximation.'? Additional reso-
nances would produce similar terms. We consider the case
in which optical pulse intensity and duration as well as
composite material parameters are such that the charac-
teristic length of resonant light interaction with plas-
monic oscillations is much smaller than the characteristic
lengths for both group velocity dispersion and nonlinear-
ity induced by the host medium. Therefore the terms rep-
resenting these effects are omitted from Eq. (3).

In a composite material, the sizes and shapes of metal
nanoparticles vary owing to limited fabrication toler-
ances. It is known that the plasmon resonance in spheri-
cal metal nanoparticles depends weakly on size in the
range between 10 and 50 nm,13 so variations in size are
not important. However, variations in the shape and ori-
entation of the nanoparticles can significantly change
plasmonic resonance frequencies. This results in a broad-
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ening of the resonance line of the bulk composite. The
angle brackets (Q(t,z,w))=[",0(t,z,w)g(w)dw denote av-
eraging over the distribution g(w) of the resonance fre-
quencies (line shape). Defining

2maoy |2 2
E=-E —exp(ik,Z), Q=Quwy~|—exp(ikZ),
e 3x 3x

(4)

where k,=27woN,|d|?/cn¢hd,, and introducing the co-
propagating coordinate system z=(w12,/4cn0w0)Z, t=wy(T
—-Z/u), u here is shifted group velocity defined as u~!
=v; 4 270N, |d|?/cnghA2, w§=47ere2/m, o= (w,.— )/ wy,
Eqgs. (2) and (3) can be reduced to the simpler form

iE,=(®), iQ,+0wQ+|QPQ=E. (5)

These equations represent a generalization of the classi-
cal Maxwell-Lorentz model. In the case of identical nano-
particles, the averaging in Eq. (5) can be reduced to a
single dimensionless frequency  [i.e., detuning frequency
distribution g(w)=8(w-)].

3. DOUBLE-RESONANT MEDIUM: NANO-LC
CIRCUITS

To illustrate the equations governing nonlinear wave dy-
namics in the presence of both electric and magnetic reso-
nance, we consider the simplest case of nonlinear polar-
ization response and linear magnetic susceptibility.
Maxwell’s equations in the general case have the form

VXE=-¢'B, VXxH=-c¢1D,

B=H+47M, D=E+47P. (6)

In real experiments electric and magnetic fields should be
properly aligned with respect to the nanostructure to
maximize the resonance interaction. As an example, elec-
tric and magnetic fields of the form E=(£,0,0), H
=(0,H,0) are considered. In the linear case, the Fourier
transformation may be applied to obtain

E =ivc 0 H (), H,=iovc'dw)E(0),
thus

E..=i(wlc)iw)&w)E(w). (7)

Assume that polarization is defined by the plasma os-
cillation electron density so that the equation for polariza-
tion has the form

0)2
P,=—E - kP?, (8)
4

where ), is effective plasma frequency and « is the non-
linearity coefficient. The origin of this nonlinearity could
be quantum effects in the nanostructures or a nonlinear
dielectric coating. For a description of the magnetization
we use the simplest model of magnetic resonance as an il-

lustration:
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B
My + ‘1’2T]u= - ETH“’ 9)

where wr is the Thomson frequency and B is determined
by the geometry of the nanostructures. In the linear case
we obtain

(0? - wg)(w%w - o + Bo?)

é(w) il w) = , (10)

wz(w% - »?)
and the linear dispersion relation for wave propagation is
given by

w\2
k2=(;) &(w) i w). (11)

Therefore the spectrum of linear waves contains a gap.
The high-frequency branch corresponds to plasmons, and
the low-frequency branch corresponds to waves in a left-
handed material (LHM),'* i.e., if the phase velocity is
positive, then the group velocity is negative. Near w=w),
> w, we have the plasmon dispersion relation

P . e — £ (12)

For this branch of the dispersion relation both the phase
velocity and group velocity are positive. Near w=w
=wp/\1-8, o<wy, we have

,Bw%«
2 — 2 212
w*(k) = wy —(1_18)2(%27_(”(2))0 k=. (13)

For this branch of the dispersion relation the phase veloc-
ity is positive; however, the group velocity is negative one.
Thus in this spectral region waves in a linear approxima-
tion are propagated as waves in a LHM. Now that we
have seen the linear LHM scenario we return to the non-
linear case.

Let us consider a plane electromagnetic wave propagat-
ing in the z direction. For an isotropic medium the Max-
well equations have the following scalar form:

E,+c'H,=-4mc'M,, E, =0,

H, +c'E,=-4nc'P,, H,=0. (14)

This system is closed by two additional equations describ-
ing the interaction of the electric and magnetic fields with
the metal nanostructures. To account for dimensional
quantization due to confinement of the plasma in the
nanostructures the additional term w3P is included in Eq.

(8):
0
P, +wbP+«kP®=—E,
4

B
M, + oiM = — ZTH“. (15)

Normalization of the variables
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7=t/T, &=z/L, q=PIP,, m=MIM,,
e =E/E0, h =H/H0,

T=w', L=cw!

g ) p > P0=wp/\"’m7

€= K/‘K|,M0=P0=E0/4’7T

transforms Eqgs. (14) and (15) to the following dimension-
less nonlinear plasmon-LC circuit model:

Eg""hr:_mr: h§+er=_qn

qTT+ 72q+6q3=e’ mT‘r"’/"“%'m:_Bhﬂ" (16)

where »=(wp/w?) and ui=(wp/ o).
To find a slowly varying envelope approximation of Egs.
(16) the Fourier transform is applied, resulting in

g—ivh=iom, h;-ive=iog,

(V- 07 + eFlg°)(w) =, (u7 - ”)in =~ Bo’h,
(17)
where F[f] denotes the time Fourier transform of the
function f.

Magnetic susceptibility can be excluded from Eqs. (17)
by introducing the magnetic permeability

2

alw)=1+ 5 (18)
Hp— @
After substituting Eq. (18), Eqgs. (17) reads
e+ 0’0 = - o*Uw),
(¥’ - 0))q + eFlg’)(w) = €. (19)

Equations (19) describe wave propagation in a medium
whose nonlinear properties are determined only by the
polarization. However, the dispersion relation also takes
the magnetic properties of the medium into account. Fur-
ther, we consider fields in the Eqgs. (19) as quasimonochro-
matic waves:

q(¢, 1) =q(¢, Nexp(—iwgT+ikyl) + c.c.,

e(l,7) =e({,Nexp(-iwy7+ikyl) +c.c. (20)

It can be shown that the Fourier component A(k,w)
=7 A(x,t)exp(iowt—ikx)dtdx of any quasimonochromatic
wave A(x,t)=a(x,t)exp(—iwgt +ikyx) can be expressed via
Fourier amplitude of  the envelope alk,w)
=[" a(x,t)exp(iot—ikx)dtdx in the form of A(k,w)=a(k
—kg,w—wp). If the envelope is slowly varying in time and
space compared with the carrier wave then its Fourier
amplitude is localized in the domain of small wave num-
bers and frequencies (k—ky/ky<1,w—wg/wy<<1). There-
fore the system of equations describing the evolution of
the electric and polarization fields together with the mag-
netic field can be presented as
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[(ko+ k)% - (oo + w)2f/«(wo +w)e(k,w)

= ((!)0 + w)2/l(w0 + w)(i(k,w),

[(ko+ k)% = (0 + 0)it(wo + ) 12 (R, )
= (CUO + w)(kO + k)Q(k,w)’

[V = (0o + @)?13(k, 0) + Flg°)(k, 0) =(k,w).  (21)

Prior to proceeding further it is useful to consider the lin-
ear case, in which the medium polarization is described
by

(¥ - 0))q(k,0) =e(k, w).

The equations for ¢ and /4 in the linear case have the fol-
lowing form:

[7? - i) Je(k,0) = 0*a(0)(¥* - o) "e(k, ),

[k? - () a(k, 0) = k(Y - o) ek, ®).

Defining the dielectric permittivity as &w)=[1+1/(5?
—?)] we rewrite the equation for ¢ as

[k? - *&(w)(w)Je(k,w) = 0,

which gives the standard dispersion relation #2
= w?&( ) ).

It should be noted that the variable q corresponds to
medium polarization in Eqs. (16) and in the equations
that follow. Let the variable (%, w) describe the contribu-
tion of resonance structures—nonlinear oscillators and in-
troduce the host medium dielectric permittivity &,,s(w) to
take dispersion properties of the host medium into ac-
count. Hence Eqs. (21) should be modified as follows:

[(ko +~)? = () + @) &nsi(wg + ©) (o + w) Je(k, )

= (wg + 0)*fu(wg + ) (k, w),

[(ko + k)z = (wp + w)2%host(w0 + w) (1w + w)]fz(k,w)

= ((1)0 + w)(kO + k)q(k’w)’

[V - (0o + @)?13(k, 0) + Flg°)(k, 0) =E(k,0).  (22)

Taking into account that the arguments of the functions

q(k,w), ek,w), and h(k,w) are much smaller than wo and
kg, we consider only a second-order approximation with
respect to w/wy. Let us introduce

k2(w) = (wo + w)z':‘host(wo + ) u(wy + ). (23)

The expression in brackets on the left-hand side of the
first two of Egs. (22) can be replaced by

ok 1/ Pk 1 ok ok
2ko| k- | — o-—| 5+ T—— w?
dw/ 2\ dw* 2kjiwiw)
(IJ—(HO (J)—(l)o

1 1
= 2k0 k - w- —D0w2 .
ng 2

Here the group velocity vy and second-order dispersion
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Dy are introduced in a standard way. The equations for
the electric and magnetic fields are then

1 1
2k0|:k -—w- —D0w2:|§(k,a)) = wg,&(wo)q(k,w),
Ug() 2

1 1 _
2k0|:k -—w- 5D0w2:|h(k,w) = wokoq(k,w).

UgO

The equation for the magnetic field is unnecessary owing
to the fact that in the approximation being considered the
magnetic and electric fields are connected through the re-
lation koe(k, )= wokoh(k, ).

In the spatiotemporal system of coordinates the equa-
tion for the slowly varying electric field envelope reads

o 10 i & )
{3_5+;g0;'_ (97_2}6(5,7) g Mwo)q (&, 7).
(24)
The envelope approximation for q(Z,7) reads
09 _ o -
z;+(7—wo)q—S(e/w0)|q|2q=—e/w0. (25)

If we consider the strongest resonance effects and neglect
effects due to chromatic dispersion, Eqs. (24) and (25) are
similar to the Maxwell-Duffing equations derived for the
resonance interaction of an optical field with metal nano-
particles. If we set (wg)=1 we obtain the Maxwell-
Duffing model considered above.

The properties of the dielectric permittivity in the
model result from the equation for the polarization evolu-
tion. The magnetic permeability is explicitly given as
(wp). The refractive index is a function of both properties
for a steady-state situation. In this case, the setting is
more general. We have a dynamical system that cannot be
described in terms of refractive index.

In the case where both the polarization and magnetiza-
tion are nonlinear, the equations for electric and magnetic
fields are coupled. The system-modeling double resonance
in this case consists of four equations. The derivation of
these equations and analysis of their solutions will be
published elsewhere.

4. SOLUTIONS OF THE MAXWELL-DUFFING
SYSTEM

The Maxwell-Duffing system [Egs. (5)] has solitary wave
solutions if all oscillators are identical:

" explio+iQt —iKE—ix(9)]

B2 = reosh(@eg + K2
expl— 2ix(£)]
Q(t,z)=E(t, Z)— (26)
\U

where &é=[z-v(t-7]/\b, x(&§)=arctan[T" tanh(£/2&))], &
=1/2(1-K2)Y2, I'=[(1-K)/(1+K)]"2, and K=(o-Q)/2\v.
These solutions are parameterized by velocity v, fre-
quency (), phase shift ¢, and position 7. The velocity v is
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the amount by which the wave is slowed from the co-
propagating frame velocity u, so in the laboratory frame,
the actual pulse velocity is u—v. The quantity & must be
real, hence 1-K2>0. Thus the condition for existence of
these solutions is |@—{)| <2\s“;. This choice of parameters
provides relatively simple mathematical expressions for
the solitary waves. In practice it is easier to both control
and measure peak amplitude, A=20%4(1-K)2, than the
pulse velocity, therefore A, ), ¢, and 7 form a more suit-
able set of parameters. Given the pulse amplitude A, the
corresponding velocity parameter depends on the value of
the quantity @—Q. If ®=Q, then v=(A4/2)*3 trivially. For
the case when w+#(), we can write the amplitude as A
=20%4(1 - o]®-Q|/2\v)2, where the parameter o=sgn(®
~Q). Then defining 7=(2\v/|@-Q|-0)"2 and A=27/2|®
Q|‘3/2A leads to an expression for the rescaled velocity
v=(y 13— gy1/3) )/\3, where y=0[(A2+0)Y2-A]"2. In this
calculatlon, the appropriate branches have been chosen so
that the expressions are consistent with reality and posi-
tivity conditions on the parameters. Figures 1(a) and 1(b)
show the amplitude and argument of E, respectively, for
three different values of velocity: v=0.25 (dotted curve),
v=1 (dashed curve), and v=2 (solid curve).

3.5 : é ; ! :
5
2.5F

=
1.50

arg(E)

-6 -4 -2 0 2 4 6
Fig. 1. (a) Electric field amplitude and (b) argument of solitary
waves of the Maxwell-Duffing model, plotted for three values of

velocity: v=0.25 (dotted curve), v=1 (dashed curve), and v=2
(solid curve).
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(@)

(b)

t
Fig. 2. Evolution of electric field amplitude with initial condi-
tions (a) exp(~t2/2)/2 and (b) 2 exp(-t2/2).

In optics it has become standard practice to refer to cer-
tain solutions of nonintegrable systems as solitons. These
solutions are characterized as solitary waves that are ro-
bust to external perturbations, including collisions with
other solitary waves. In addition, arbitrary initial data for
these “soliton” supporting systems tend to evolve into a
sum of solitary waves and continuous radiation. The re-
mainder of this paper details our numerical investigation
of these properties, in which Egs. (5) are integrated in the
case of delta-distributed resonance frequencies and zero
detuning.

Numerical simulations of the evolution of Gaussian ini-
tial data are presented in Figs. 2(a) and 2(b). In Fig. 2(a)
the initial condition E(t,0)=exp(-t2/2)/2 simply evolves
into continuous radiation, whereas in Fig. 2(b) the initial
condition E(t,0)=2 exp(-t2/2) emits some radiation but
also achieves energy confinement and persists as a soli-
ton. This behavior is similar to the self-induced transpar-
ency exhibited by the Maxwell-Bloch equa‘cions,15 which
describe optical pulse interaction with resonant two-level
media. As the amplitude of the initial pulse is increased,
the pulse splits into two [illustrated in Fig. 3(a) for the
initial condition E(¢,0)=5 exp(-t2/2)] or more solitons
and emits continuous radiation. Figure 3(b) shows the
amplitude(s) of these solitons as a function of input pulse
amplitude. As the input pulse amplitude increases, the
output soliton amplitude also increases until a bifurcation
occurs and a new soliton emerges. An increase in the in-
put pulse amplitude results in the further production of
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more solitons, along with continuous radiation. Figure 4
shows a comparison between the analytic form of the soli-
tary waves of Eq. (26) for E and numerical simulations.
The velocity and frequency of the solitary waves are ob-
tained from measurements of their amplitudes and half
widths in our simulation. The plot shows that the numeri-
cal solution differs from the analytic forms only inasmuch

(a)

[\N]

w
o

Ny
(%))
T

n
(=]
T

Output pulse amplitudes
° @

1l

i

0 5 0

Input pulse amplitude

Fig. 3. (a) Evolution of electric field amplitude with initial con-
dition 5 exp(~¢2/2), (b) output solitary wave amplitude(s) as a
function of Gaussian input pulse amplitude A, where the initial
condition is given by A, exp(-¢2/2).

E

Fig. 4. Comparison of the analytical form of the solitary wave
solutions (solid curve) with the results of numerical simulations
(dashed curve) under conditions identical to those of Fig. 3(a).
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Fig. 5. Electric field amplitude showing collision dynamics of
solitons for different values of relative phase; (a) Ap=0, (b) A¢

=1T.

as excessive radiation is emitted in the numerical simu-
lation. The agreement of the analytic forms with the
simulation results indicates that the system self-selects
the solitary waves presented in Eqgs. (26).

Two simulations illustrating collision dynamics are
presented in Figs. 5(a) and 5(b), where the sum of two
well-separated solitary waves is used as the initial condi-
tion. Figure 5(a) illustrates an in-phase collision, in which
the relative phase Agp=¢;—¢y=0, where the subscripts
identify the soliton. The other initial soliton parameters
are v;=1, Q1=0, 71=-10, v9=2, 0y=0, and 7,=0. In Fig.
5(b) an out-of-phase Ap= collision is illustrated. The
same parameters are used, except for a shift in the rela-
tive phase. This results in a much faster collision. In both
simulations the solitary waves persist after the interac-
tion, although their characteristic parameters undergo
shifts and radiation is emitted during the collision. A nu-
merical study indicates that the collisions are quasielastic
for values in the approximate interval Ag e (,2). For
some A¢ values away from this interval, simulations
show that one of the solitons is completely destroyed,
whereas the other persists. A detailed analysis of the de-
pendence on initial parameters will be presented else-
where.

The soliton phenomena described above occur at light
intensities such that the dimensionless field amplitude E
is at least of order one. The intensity at which E is order
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one is estimated as I = (c/%)(mwg/e)22c(ﬁw0/ea)2. For the
particle radius a=20 nm and the carrier wavelength X\
=500 nm, this results in light intensity of I ~10 GW/cm?,
which can be easily obtained with ultrashort laser pulses.
The optical pulse durations for which this model is valid
are limited by the condition Aw < w (the spectral width of
the pulse must be much smaller than the carrier fre-
quency), required by the slowly varying envelope approxi-
mation. The pulse duration should also be much shorter
than the characteristic plasmonic oscillation damping
time, which is determined by the time required for elec-
tron thermalization in the metal nanoparticles
(~400 £s'%'7). The envelope approximation is appropriate
for pulses with width 7=20 fs.

The Maxwell-Duffing system is relevant for both the
nanospheres and the more complex system with magnetic
resonance. However, in the latter case, the sign of the
magnetic permeability can be controlled by tuning the
carrier frequency and shifting from the left-handed to the
right-handed propagation regime.

5. CONCLUSION

In summary, equations are derived describing the inter-
action of electromagnetic fields with metal nanostruc-
tures with simultaneous resonances for the electric and
magnetic medium response. In the case where the electric
medium response includes nonlinearity, while the mag-
netic response is linear, this leads to the same Maxwell—
Duffing system we derive for the case of metal nano-
spheres. A family of solitary wave solutions is presented
in an envelope approximation for the Maxwell wave and
Duffing oscillator equations, showing that energy confine-
ment is possible for resonant optical pulse interaction
with plasmonic oscillations in that system. The existence
condition for these solutions is presented. Numerical
simulations show that stable solitary waves evolve from
Gaussian initial pulses with sufficient amplitudes and ex-
hibit behavior analogous to self-induced transparency in
Maxwell-Bloch. Simulations also reveal that the collision
dynamics are highly dependent on initial soliton param-
eters, behaving quasi elastically in some regimes but hav-
ing radically different behavior in others.
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