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Nonlinear effects in propagation of long-range surface plasmon 
polaritons in gold strip waveguides 

 
Oleg Lysenko*, Morten Bache, Radu Malureanu, Andrei Lavrinenko 

Department of Photonics Engineering, Technical University of Denmark,  
Oersteds Plads, Building 345 V, Kongens Lyngby 2800, Denmark 

ABSTRACT   

This paper is devoted to experimental and theoretical studies of nonlinear propagation of a long-range surface plasmon 
polariton (LRSPP) in gold strip waveguides. The plasmonic waveguides are fabricated in house, and contain a gold layer, 
tantalum pentoxide adhesion layers, and silicon dioxide cladding. The optical characterization was performed using a 
high power picosecond laser at 1064 nm. The experiments reveal two nonlinear optical effects: nonlinear power 
transmission and spectral broadening of the LRSPP mode in the waveguides. Both nonlinear optical effects depend on 
the gold layer thickness. The theoretical model of these effects is based on the third-order susceptibility of the constituent 
materials. The linear and nonlinear parameters of the LRSPP mode are obtained, and the nonlinear Schrödinger equation 
is solved. The dispersion length is much larger than the waveguides length, and the chromatic dispersion does not affect 
the propagation of the plasmonic mode. We find that the third-order susceptibility of the gold layer has a dominant 
contribution to the effective third-order susceptibility of the LRSPP mode. The real part of the effective third-order 
susceptibility leads to the observed spectral broadening through the self-phase modulation effect, and its imaginary part 
determines the nonlinear absorption parameter and leads to the observed nonlinear power transmission. The experimental 
values of the third-order susceptibility of the gold layers are obtained. They indicate an effective enhancement of the third-
order susceptibility for the gold layers, comparing to the bulk gold values. This enhancement is explained in terms of the 
change of the electrons motion.   

Keywords: Plasmonics, nonlinear waveguides, ultrafast nonlinear optics, surface plasmon polaritons 
 

1. INTRODUCTION  
Plasmonic waveguides have unique optical properties, and found applications in many areas, such as components of 
integrated optics [1], nanofocusing of electromagnetic radiation [2], sensors [3], and photodetectors [4]. Meanwhile, 
nonlinear optical properties of plasmonic waveguides (with one or several metal-dielectric interfaces) are investigated 
much less. This problem is tricky, because the nonlinear metal properties are not yet well understood. One of the possible 
theoretical approaches here is based on the hydrodynamic model for the free-electron gas [5]. In other works, the 
nonlinear propagation of the LRSPP modes in plasmonic waveguides is studied in terms of either the cascaded second-
order nonlinearity at a metal-dielectric interface [6] or the third-order nonlinearity of metal and dielectric in plasmonic 
nanorod structures [7]. In the latter case, the third-order nonlinearity for gold is obtained from the two-temperature 
model of electrons dynamics [8] and the ideal lossless metal is assumed [7]. An overview of some theoretical and 
experimental results related to the third-order susceptibility of gold has been published recently by Boyd et al. [9]. The 
enhancement of nonlinear properties can even overcome the constituent material’s constrains if the metamaterials 
concept is involved [10].  

Recent experiments confirm the presence of nonlinear propagation effects in plasmonic waveguides, much like the ones 
that for decades have been fueling nonlinear fiber optics [11]. We recently conducted an experiment [12] using the same 
system used in the present paper, namely a strip plasmonic gold waveguide, and we observed that the loss performance 
was nonlinear as the power was increased, which we attributed to the imaginary part of the nonlinearity of gold, and we 
also saw indications of self-phase modulation (SPM) in the spectrum. Both effects were significantly affected by the 
nanometer-scale thickness of the gold layer. To our knowledge such a study has not yet been done in plasmonic 
waveguides; an early study [13] used instead cw-like pumping and obtained significant thermal contributions to the 
nonlinear phase. In another recent experiment Baron et al. [14] measured the imaginary component of the third-order 
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susceptibility for bulk gold by studying nonlinear propagation of surface-plasmon polaritons on a single air/metal 
interface.    

In our experiment, the fabricated plasmonic strip waveguides consist of a gold core, tantalum pentoxide adhesion layers, 
and silicon dioxide cladding. This configuration provides effective propagation of the LRSPP mode [15]. We take into 
account that all constituent materials (metal, adhesion layer, and cladding) exhibit a nonlinear response and attribute an 
effective nonlinearity of the LRSPP waveguide mode, and for the metal part of the waveguide the linear and nonlinear 
losses are considered as well. This effective nonlinearity of the LRSPP mode leads to two interesting nonlinear effects. 
The first effect is a nonlinear saturation of the average power of the plasmonic mode. The second effect is a nonlinear 
phase modulation with spectral broadening of the LRSPP mode. Our theoretical model solves the nonlinear Schrödinger 
equation for the LRSPP mode, and confirms the observed nonlinear effects.  

2. FABRICATION PROCESS 
The samples with waveguides were fabricated in house, according to the following procedure. A silicon wafer with a 
thick (~6.5 μm) layer of SiO2 on top was used as a substrate. A standard ultraviolet lithography process was applied to 
pattern a photoresist layer. Then, a gold layer and adhesion layers were deposited using a sputtering machine (Lesker). A 
chemical solution (Piranha) was used to remove the photoresist layer afterwards. The waveguides profile contained four 
layers: a bottom Ta2O5 layer, Au layer, top Ta2O5 layer, and small SiO2 layer [12]. The layers were deposited one after 
another in one sputtering program, and the known deposition times and rates were used to calculate the thickness values. 
It is well-known that the metal layer roughness increases the propagation losses of the LRSPP mode [16]. The atomic 
force microscope (AFM) Dimension Icon (Bruker) was used to measure the gold layers roughness (Fig. 1a). The 
roughness profile of the gold surface shows the spikes with the maximum height values ~2 nm. The root mean square 
(RMS) value for the roughness of the deposited gold layers is 0.67 nm. Several measurements of 2 μm regions at 
arbitrary places of the gold surface were performed and confirmed the reported RMS roughness. 

To verify the quality of the deposited metal and adhesion layers, a separate test wafer was prepared. A silicon wafer with 
a thick (~800 nm) layer of silicon dioxide was used as a substrate. A gold layer and an adhesion layer were deposited on 
top by the same procedure, but in different parts of the wafer. Their surfaces were imaged by the scanning electron 
microscope (SEM) SUPRA (Carl Zeiss). The gold surface (Fig. 1b) has many bright dots related to the roughness spikes. 
The imaging showed that the both layers are continuous and of high quality. 

After the sputtering of the waveguides, a thick (~ 5.5 µm) cladding layer of SiO2 was deposited on top using a standard 
plasma-enhanced chemical vapor deposition method. The cladding thickness and linear refractive index were measured 
by a multiple-angle reflectometer (FilmTek 4000). The refractive index value for deposited silicon dioxide is 1.456 at the 
wavelength 1064 nm. Overall, three wafers with the gold layer thicknesses t = 22, 27, and 35 nm were fabricated by the 
same procedure and used in the experiment. The ready wafers were diced and several samples with lengths 2, 3, and 4 
mm were selected for optical characterization. Each sample contained five identical waveguides with 10 μm width, and 
100 μm spacing. Thus, the waveguides did not interfere with each other and could be investigated independently. 

 
Figure 1. (a) AFM measurement of the gold layers roughness and (b) SEM image of the gold surface. 

(a) (b) 
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3. EXPERIMENTAL RESULTS 
3.1 Experimental setup  

The experimental setup is shown in Fig. 2. The laser source was the picosecond pump source for the SuperK EXTREME 
(NKT Photonics) with the average output power tunable in the range 0-15 W, repetition rate 78 MHz, pulse duration ~ 3 
ps, and peak wavelength 1064 nm. The free-space laser beam was linearly polarized by a polarizer (Thorlabs), shaped by 
a Gaussian filter (10LF04-1064, FWHM 3.5 nm, Newport), attenuated by a set of neutral-density (ND) attenuation 
filters, and delivered to the sample by a polarization-maintaining fiber (LMA-PM-10, NKT Photonics). The laser beam 
polarization was aligned to match the fast axis of the polarization-maintaining fiber and to match the transverse magnetic 
polarization of the LRSPP mode in plasmonic waveguides. The end-fire coupling method was used to excite plasmonic 
modes [17]. A single mode fiber (LMA-10, NKT Photonics) collected and delivered the transmitted optical flux to the 
optical spectrum analyzer (OSA) AQ6315E (Yokogawa). The end-fire coupling alignment was controlled by an optical 
microscope. Before the transmission measurements, the LRSPP mode in each waveguide was imaged by a lens 
(Newport) and camera beam profiler (Thorlabs), and the transverse magnetic polarization of the plasmonic mode was 
verified by the linear polarizer [18]. This polarization check verified coupling to the LRSPP mode in each plasmonic 
waveguide. 

 
Figure 2. Experimental setup for nonlinear optical characterization. 

 

3.2 Linear characterization  

Firstly, the linear characterization of the waveguides was performed. The laser was tuned to a low average power (< 1 
mW), and the transmitted power was measured by the OSA for waveguides with different lengths and metal thicknesses. 
The insertion loss graphs were used to calculate propagation loss α  per unit length and coupling loss C  per two facets 
for the plasmonic waveguides with the metal thickness values 22, 27, and 35 nm (Fig. 3). For each value of the length 
and thickness the measurements of five identical waveguides were averaged, and the linear fit was calculated by the least 
squares method. The coupling loss was obtained as the intersection of the fitted lines with the vertical axis. The 
propagation loss was calculated as the slope angle to the fitting lines. The calculated values for α  and C , with the 
calculation errors are presented in Table 1.  The obtained experimental values show that the linear propagation loss per 
unit length increases in ~1.8 times as the gold layer thickness increases from 22 nm to 35 nm. The coupling loss per two 
facets varies by ~10 %, and is completely within the calculation errors. This conclusion is in accordance with the 
previous measurements of the similar plasmonic waveguides [19]. The obtained values for α  are ~2-3 times higher than 
the results published by Berini et al., and several possible reasons explain this. First, the maximum values of the 
roughness spikes of the gold layers are ~2 nm in comparison with ~1 nm in Ref. [19]. Second, the peak wavelength 1550 
nm used in Ref. [19] provides lower attenuation of the LRSPP mode in plasmonic waveguides than the peak wavelength 
1064 nm [20].   

 

Table 1.  Experimental values of the propagation and coupling loss for plasmonic waveguides with different thicknesses. 

t (nm) α (dB/mm) C (dB) 
22 7.8 ± 0.2 3.2 ± 0.5 
27 11.1 ± 0.2 3.3 ± 0.8 
35 13.8 ± 0.3 3.5 ± 1.0 
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Figure 3. Propagation loss and coupling loss measurements of plasmonic waveguides with different gold layer thicknesses. 

 

3.3 Nonlinear power measurements  

Then, the nonlinear characterization of the plasmonic waveguides was performed. In order to obtain the necessary 
amount of measurements, the input power was varied by either changing the ND attenuation filters or the output power 
from the laser. The transmitted power was measured by the OSA for the waveguides of length 3 mm and metal 
thicknesses 22, 27, and 35 nm. The normalized obtained dependencies of the transmitted power outP  with respect to the 

delivered power inP  have several interesting features (Fig. 4). The first feature is the nonlinear trends of dependencies 

out in( )P P  at high values of the input power inP . The second feature is that these nonlinear trends clearly depend on the 
metal layers thickness. The plasmonic waveguides with thinner metal layers have more pronounced relative deviation 
from the linear power dependences at the same values of the input power. For each value of the metal thickness the 
measurements of five identical waveguides are averaged and the nonlinear curve fit was calculated as  

out in in
2 ,a bP P P= −                                                       (1) 

where a  and b  are the fitting coefficients. Here the input and output powers are corrected for the coupling loss at the 
end facets. The calculated values for a , and b , with the calculation errors are presented in Table 2. The coefficient a  
is related to the linear loss parameter α  of the LRSPP mode as la e α−= , where l  is the waveguide length. The 
calculated values of α  are 8.82 dB/mm, 12.0 dB/mm, and 17.3 dB/mm for the metal thicknesses 22, 27, and 35 nm, 
accordingly. These values are somewhat higher than the values of linear losses at low power characterization, and the 
origin of this is at present unclear. The coefficient b  is related to nonlinear absorption coefficient β  of the plasmonic 
mode. The nonlinearities of the constituent materials (metal, adhesion, and cladding) in plasmonic waveguides, as well 
as heating for high powers, contribute to the effective nonlinearity of the LRSPP mode. 
 
 

Table 2.  Fit coefficients a  and b for the plasmonic waveguides with different thicknesses. 

t (nm) a b (1/W) 
22 (2.26 ± 0.01) · 10-3 (1.54 ± 0.02) · 10-3 
27 (2.49 ± 0.01) · 10-4 (1.38 ± 0.02) · 10-4 
35 (6.53 ± 0.03) · 10-6 (3.09 ± 0.08) · 10-6 
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Figure 4.  Nonlinear power transmission of plasmonic waveguides with different gold layer thicknesses. 

 

In terms of the nonlinear response of the constituent materials, gold has a dominant contribution to the effective third-
order susceptibility (3)

effχ  of the plasmonic mode [21]. The effective third-order susceptibility of the LRSPP mode is 
related to the nonlinear absorption coefficient β  as follows [22]:    

(3)
eff2 2

0 0

c

effeff

3 Im[ ,]2 c n AA
β ωβ χε= =                                                                                          (2) 

Here cβ  is the conventional definition of the nonlinear absorption coefficient [22], 2 /cω π λ=  is the light angular 

frequency, c  is the speed of light in vacuum, 0ε  is the vacuum permittivity, 0n  is the effective linear refractive index of 

the LRSPP mode, and effA  is the effective area of the LRSPP mode. The nonlinear coefficient b  depends on both the 
nonlinear parameters of the LRSPP mode and the laser parameters. By considering the pulse propagation equation [11], 
it is straightforward to show that the ratio rep/ / ( ),b a Tfβ α≈ where T is the laser pulse duration, and repf  is the laser 
repetition rate. We analyzed the structure of our plasmonic waveguides, where the total effective nonlinearity has 
contributions from all layers, calculated through the overlap integral of the spatial distribution of the plasmonic mode in 
each layer and using the respective bulk nonlinearity of each layer. The values of the field integrals from the gold core 

Auθ are ~1.1 · 10-4, ~1.4 · 10-4, and ~1.9 · 10-4 for the layers thickness 22, 27, and 35 nm correspondingly. And the values 
of the effective area of the waveguide are ~11.2 µm2, ~10.2 µm2, and ~9.2 µm2 correspondingly. Through this analysis, 
which will be presented in detail elsewhere, we found that gold has by far the dominating contribution to the total 
effective nonlinearity: the contribution from the gold layer is two orders of magnitude bigger (~10-20 m2/V2) than the one 
from the tantalum pentoxide layer (~10-22 m2/V2), although the latter has a quite large cubic nonlinearity [23]. The 
calculated value of the real part of the effective refractive index of the plasmonic mode effRe[ ]n ≈ 1.47 is much larger 
than the value of its imaginary part effIm[ ]n ≈ 0.01. Therefore we can take as a good approximation the following formula 

for the nonlinear absorption coefficient (3) 2 2
Au 0 0Au eff(3 Im[ ] (2 ,) / )c n Aβ ωθ χ ε≈ where Au

(3)χ  is the third-order susceptibility 

of the gold layers, and the obtained coefficients a  and b  are used to extract the imaginary part of (3)
Auχ . 
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3.4 Nonlinear spectral measurements  

The spectra of the transmitted optical flux were measured by the OSA and in the wavelength range 1058-1069 nm. They 
show several interesting features (Fig. 5). Firstly, spectral broadening and splitting are observed, a clear sign of SPM 
influenced by two-photon absorption from the real and imaginary part of (3)χ , respectively [11]. This was confirmed 
with numerical simulations of the nonlinear Schrödinger equation, giving almost identical spectra as those in Fig. 5, 
where the experimental input pulse was used and no free parameters were adopted (all linear and nonlinear parameters 
were those calculated by our waveguide analysis or measured experimentally). The second feature is that the spectral 
broadening and splitting in the output spectra differs slightly for each case. We compared the values of the effective 
spectral widths for the input pulse and output pulses at the splitting level (~0.05), where for simplicity the side peaks 
with lower intensities (~0.01-0.03) were neglected. To do an analytical estimate, we approximate the input pulse with a 
Gaussian one and calculate the nonlinear spectral broadening factor (SBF) from comparing it to a Gaussian fit to the two 
distinct SPM peaks. The SBF then relates to the effective nonlinear coefficient γ by [11]: 

0
1

SBF 0.86 ,
le

P
α

γ
α

−−
≈                                                                           (3) 

where 2eff eff( ) / ( )n cAγ ω= , 0P  is the peak power of an input pulse, 2effn  is the effective intensity dependent refractive 
of the LRSPP mode, and l  is the length of a plasmonic waveguide. This result assumes a purely Gaussian input pulse, 
which is transform limited (no chirp across the pulse). Although the input pulse in the experiment was not transform 
limited and its spectrum had multiple modulated peaks, this expression serves as a rough estimate of the effective 
waveguide nonlinearity γ in the sample; such an approach is also justified by the close agreement with the numerical 
simulations. From the second equation in Eq. (3) and using the relation between 2effn  and (3)

effRe[ ]χ the following 
formula is realized (3) 2 2

Au 0 0Au eff(3 Re[ ] (4 ,) / )c n Aγ ωθ χ ε≈  since as argued above for the nonlinear loss, the dominating 
contribution comes from gold. The experimental values of the SBF are used to extract the real part of the third-order 
susceptibility of the gold layers showing its dependence on the layer thickness. 

 
Figure 5. (a) Input pulse spectrum, and output pulse spectra for plasmonic waveguides at the maximum input power (~ 480 mW) with 

the gold layer thickness (b) t = 22 nm, (c) t = 27 nm, and (d) t = 35 nm. Dashed lines show a Gaussian fit to the measured spectra. 
 

3.5 Third-order nonlinear susceptibility of gold  

The calculated values of the real and imaginary parts of the third-order susceptibility for gold layers with different 
thicknesses, and the calculation errors are presented in Table 3. Both the real and imaginary parts decrease as the layer 
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thickness increases. The experimental values for the third-order susceptibility are plotted in Fig. 6 and the nonlinear 
curve fit was calculated as follows: 

(3) (3)
Au ,

C

t
χ χ∞= +                                                                                       (4) 

where (3)χ∞  is the third-order susceptibility for bulk gold [7], t is the gold layer thickness, and C is the experimental 
coefficient. The fitting 1/t here was done by analogy with the change of the electrons collisions frequency in metal 
nanoparticles with the radius [24]. The calculated values for the real and imaginary parts of the experimental coefficient 
C  are: Re[C]= (5.82 ± 0.15) · 10-24 m3/V2, and Im[C]= (9.34 ± 1.79) ·  10-26 m3/V2. For comparison we plot also the 
third-order susceptibility for bulk gold (3)χ∞ = (4.56 + 0.48i) · 10-17 m2/V2 [7]. We here again stress that the obtained values 
should be taken with caution as they were extracted assuming a transform-limited Gaussian input pulse. Further 
experiments with cleaner pulse profiles should illuminate this issue. 

 

 
Figure 6. (a) Real part and (b) imaginary part of the third-order susceptibility for gold layers with different thicknesses. Blue curves 

show the nonlinear curve fit to experimental data, the black lines mark the third-order susceptibility for bulk gold. 
 

Table 3.  Third-order susceptibility of gold layers with different thicknesses. 

t (nm) Au
(3)Re[ ]χ (m2/V2) Au

(3)Im[ ]χ (m2/V2) 
22 (2.57 ± 0.84) · 10-16 (10.50 ± 2.08) · 10-18 

27 (2.18 ± 0.61) · 10-16 (8.22 ± 1.49) · 10-18 

35 (1.79 ± 0.48) · 10-16 (6.51 ± 1.38) · 10-18 
 

The experimental values of the real part of Au
(3)χ  are ~4-5 times higher than the real part of (3)χ∞  for bulk gold. And 

experimental values of the imaginary part of Au
(3)χ  are ~1.5-2 times higher. The obtained dependencies of the third-order 

susceptibility for the gold layers are in accordance with previous measurements of thin gold layers using the z-scan 
method [25].  Figure 6 also shows the thickness limitations. The classic Drude model may be inapplicable at the layer 
thicknesses below 10-15 nm due to possible quantum effects [26], nonlocal effects [27], and layer clustering [28]. 
Conversely, the coupled LRSPP mode collapses at the layer thicknesses above 50-60 nm due to the small penetration 
depth of the surface electromagnetic waves in metal [20]. Therefore, the effective range of t is ~15-45 nm for 
experimental studies.  
There are two possible reasons to explain the increase of the third-order susceptibility in gold layers with reduction of 
their thickness. Firstly, the effective enhancement of the third-order nonlinearity in an ultra-thin metal layer can be 
caused by the change in the free electrons motion due to the confinement factor. Consequently, their collisions frequency 
increases, and it leads to the effective increase of the dielectric permittivity of a metal layer. This, in turn, causes the 
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increase of the third-order susceptibility of the metal layer. Secondly, by considering the ultra-fast electrons dynamics in 
metal [7], it is possible to assume that, for the electrons heated by a laser pulse, the characteristic thermalization rates 
with other electrons and the metal lattice change with the thickness. It may also lead to the effective enhancement of the 
third-order susceptibility in a metal layer [7]. 
The presented nonlinear optical effects in gold stripe waveguides can be exploited for further developments towards 
plasmonic communication components. 

 

4. THEORETICAL RESULTS 
4.1 Chromatic dispersion effect  

The first and second derivatives of the real part of the LRSPP propagation constant 1β  and 2β  define the lowest-order 

chromatic dispersion in plasmonic waveguides. The first derivative 1β  is related to the group velocity gυ  and group 

index gn  of the LRSPP mode as 1 g g/ 1 / /d d n cβ β ω υ= = = . The second derivative 2 2

2 /d dβ β ω=  (also referred as 

the group velocity dispersion (GVD) parameter) is related to the dispersion length DL  of the plasmonic mode as 
2

D 0 2/ ,L T β=  where 0T  is the 1/e-intensity value of a Gaussian input optical pulse. The normalized group velocity 

g / cυ  and dispersion length DL  were calculated in the range 800-1550 nm (Fig. 7). The average value of gυ  at 1064 

nm is ~67 % of the vacuum speed of light. The magnitude of 2β  is somewhat larger (~10-4 ps2/mm=102 ps2/km) than 

typical values for single-mode optical fibers (~10 ps2/km) [11]. The dispersion length DL  for 3 ps pulses is much larger 
(~200-1000 mm) than the physical length of the waveguides l (~1 mm). This means that the chromatic dispersion has a 
small effect on the propagation of picosecond optical pulses in the plasmonic waveguide. 
 

 
Figure 7. (a) Normalized group velocity and (b) dispersion length vs. wavelength. 

 

4.2 Pulse propagation equation  

The propagation dynamics of the LRSPP mode can be well described by the nonlinear Schrödinger equation [11]:                             

 2 2 ,
2 2

A
i A A A A A

x

α β
γ

∂
= − −

∂
                                                                                      (5)        

where ( , )A x T  is the complex amplitude of an optical pulse, x   is the propagation coordinate, T  is the time coordinate 
in the co-moving frame of the input pulse. The first and third term correspond to the self-phase modulation (SPM) and 
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nonlinear absorption, respectively. The chromatic dispersion has been neglected, which is a good approximation as the 
dispersion length DL  for picosecond optical pulses of the plasmonic waveguide is much larger than the physical 

waveguide length l . The formal solution to Eq. (5) is ( ) [ ]NL, ( , ) exp ( , )A x T P x T i x Tφ= , where ( , )P x T is the pulse 

power amplitude and NL ( , )x Tφ   is the pulse nonlinear phase. Although this has been studied extensively in the 
literature, we are here dealing with the particular case where dispersion is negligible and where linear and nonlinear 
absorption is significant, which makes it worth to revise the results. After substitution this solution to Eq. (5), and 
solution of the straightforward system of differential equations, the following results are obtained for the pulse power 
amplitude and pulse nonlinear phase:  

 ( )

( )

2

2
0

0
2

2
0

2

2
0

0

NL 0

, ,

1 (1 ) /

, ln 1 (1 ) / .
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P e e
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P e e

x T P e e
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β
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−
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⎨
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⎪
⎪⎩

                                                            (6) 
Here the initial conditions were used: ( ) 2 2

0 0exp / ), (0P T P T T−=  and ( )NL 0, 0Tφ = . The solutions describe how the 

peak power ( , )P x T   and phase NL ( , )x Tφ  of optical pulses change in the time domain upon propagation. For practical 
purposes, the expression for ( , )P x T  can be modified to obtain a formula for the average power of light at the output of 
the plasmonic waveguide, which is the observable and measurable quantity: 

 ( ) 0

2

0 rep

( ) 0
2

.l lP l P e e
T f

Pα απ β

α
− −= −                                                                                               (7) 

This equation shows that the average output power ( )P l  from the plasmonic waveguide of the length l depends 

nonlinearly on the average input power 0P , and an asymptotic saturation of the function 0( ){ }P l P  is expected at high 

values of 0P . The nonlinear trend 0( ){ }P l P  depends on the linear absorption coefficient α , laser repetition rate repf , 

pulse duration 0T , nonlinear parameter β , and length l  of the waveguide. The experimental power trends for different 
thicknesses t =22, 27 and 35 nm (Fig. 5) confirm the expected nonlinear behavior. The nonlinear term in Eq. (7) 

becomes important at the values of 0P  above 0.15-0.2 W. The possible saturation plateau is achievable at the values of 

0P  above 0.5 W. The obtained nonlinear functions 0( ){ }P l P  clearly depend on the gold thickness t , the saturation is 

achieved faster for thinner waveguides. It confirms that the gold layer thickness t  is a crucial parameter for (3)χ  of the 
LRSPP mode.  

The second nonlinear effect concerns the LRSPP mode spectral features. The pulse power spectral density (PSD) in 
units [W/Hz] is given by the squared Fourier transform of pulse amplitude ( , )A x T  as follows: 

 ( )
2

repPSD , ( , ) .i Tx f A x T e dTωω
+∞

−∞

= ∫                                                          (8) 

By substituting the expressions for the pulse power amplitude and phase in Eq. (26), the final formula for the PSD is 
obtained: 
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∫                 (9) 

Here c 2 /cω π λ=  is the carrier frequency, which corresponds to the peak wavelength 1064 nm, and eff (1 ) /lL e α α−= −  
is the effective waveguide length. The numerical calculations of Eq. (9) for the gold layer thickness t =22 nm (Fig. 8) 
show the nonlinear spectral broadening and splitting of an input Gaussian pulse, depending on the input average power 

0P . The pulse splitting occurs at the values of 0P ~0.2 W. This nonlinear effect was observed in our recent experiment 

[12]. The further increase of 0P   leads to the splitting and formation of more SPM peaks.  
The obtained spectral features are in accordance with the theoretical results done by Agrawal et al. for nonlinear 
properties of silicon waveguides [29, 30]. The principal difference here is that the plasmonic waveguide has much higher 
linear absorption and shorter physical length than an ordinary silicon waveguide. However, the comparable nonlinear 
spectral broadening can be achieved. In the case of optical fibers, the required waveguide length can reach hundreds of 
meters or more to receive the desired nonlinear features. In this sense a plasmonic or silicon waveguide provides the 
same functionality, can be integrated on-chip and used for nonlinear purposes even with very short propagation lengths.     

 
Figure 8. SPM broadening of the Gaussian pulse at 1064 nm, using t = 22 nm. 

 

5. CONCLUSION 
In this paper we have summarized the experimental and theoretical results about nonlinear effects in propagation of the 
LRSPP mode in gold strip waveguides. The third-order nonlinear susceptibility (3)

Auχ  of the gold layers has the dominant 
contribution to the effective third-order susceptibility of the plasmonic mode. It was verified for three values of gold 
layer thickness t =22, 27 and 35 nm. The key assumption here is that the nonlinear properties are thickness-dependent 
and inversely proportional to the thickness. Thin metal layers enhance the waveguides nonlinearity and provide effective 
nonlinear propagation of ultra-fast picosecond optical pulses. The theoretical model, based on the solution of the 
nonlinear Schrödinger equation, confirmed the observed nonlinear transmission of the plasmonic modes for the average 

values of the input power 0P  in the range above 0.15-0.2 W, and for the high repetition rate ( repf =78 MHz) picosecond 
pumping at 1064 nm. In the same power range the observed SPM effect leads to the LRSPP spectral broadening and 
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splitting, again in accordance with our theoretical results. The deep analogy with classical fiber-based nonlinear optics 
show that plasmonic waveguides are potential candidates for nonlinear optics applications on a microscopic length scale.    
One of the possible developments in this direction is the nonlinear analysis of higher order plasmonic modes. The current 
model is for the fundamental LRSPP mode, but other spatial modes can also be excited. These higher order modes will 
affect the dynamics by nonlinear cross-phase modulation [11]. Another development concerns the propagation of even 
shorter (femtosecond) pulses in the plasmonic waveguides. The chromatic dispersion effect will have a more dominant 
role than in the present case. The investigation of nonlinear propagation of femtosecond pulses in the plasmonic 
waveguides will be done elsewhere. The interaction of the nonlinear and GVD effects leads to many interesting optical 
phenomena in plasmonic nanostructures with their possible practical realization, for example, in optical communication 
systems. Our results indicate that the waveguide investigated here could have anomalous GVD at telecom C-band 
wavelengths, which means that solitons can be excited using femtosecond Er fiber lasers. This has interesting nonlinear 
applications that promise well for plasmonic systems.  
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