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Abstract 

We study by numerical simulations the excitation and propagation dynamics of coupled 

surface plasmon polariton (SPP) wave packets (WPs) in optically thin Ag films and a bulk 

Ag/vacuum interface under the illumination of a subwavelength slit by 400 nm continuous wave 

(cw) and femtosecond pulsed light. The generated surface fields include contributions from both 

SPPs and quasi-cylindrical waves, which dominate in different regimes. We explore aspects of 

the coupled SPP modes in Ag thin films, including symmetry, propagation and attenuation, and 

the variation of coupling with incident angle and film thickness. Simulations of the 

electromagnetic transients initiated with femtosecond pulses reveal new features of coupled SPP 

WP generation and propagation in thin Ag films. Our results show that, under pulsed excitation, 

the SPP modes in an Ag thin film break up into two distinct bound surface wave packets 

characterized by marked differences in symmetries, group velocities, attenuation lengths and 

dispersion properties. The nanometer spatial and femtosecond temporal scale excitation and 

propagation dynamics of the coupled SPP WPs are revealed in detail by movies recording the 

evolution of their transient field distributions. 
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I. INTRODUCTION 

          Surface plasmon polaritons (SPP) are guided electromagnetic modes of a metal/dielectric 

interface. These surface electromagnetic waves arise through the coupling of the incident 

electromagnetic radiation with the collective charge-density oscillations of the free electrons in a 

metal.1, 2 Because of their strong field confinement and propagation at the local speed of light, 

SPP modes can both guide and localize electromagnetic fields at nanometer/femtosecond scales, 

and hence enable a variety of intriguing applications such as surface-enhanced spectroscopy,3 

biosensing,4 nano-optics,5 and coherent control.6 A detailed understanding of the excitation and 

propagation of surface electromagnetic fields from the perspective of theoretical simulations 

validated by incisive ultrafast imaging experiments is essential for applications.7, 8  

An SPP mode at a single metal/dielectric interface corresponds to a transverse magnetic 

(TM) wave. This mode propagates along the interface, with the field amplitude decaying 

evanescently into both media. Because of the mismatch in the propagation wave vectors, an 

incident radiation field in the dielectric cannot directly excite the SPP wave at an atomically 

smooth metal/dielectric interface. Rather, the SPP can be launched through several special 

excitation configurations or coupling structures, e.g., prism,9 grating,10 four-wave mixing,11 film 

discontinuity,12 and so-called back-side illumination,13, 14 that enable simultaneous energy and 

momentum conservation between the excitation and the scattered SPP fields. Once generated, the 

SPP wave propagates dispersively and dissipatively at the metal-dielectric interface according to 

its complex, frequency-dependent dielectric function. 

For an optically thin metal film, the SPP modes of each interface couple to form two new 

eigenmodes representing the symmetric and antisymmetric linear combinations of the single-

interface modes.15 For an infinitely wide metal film embedded in a homogeneous dielectric 
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environment, these eigenmodes are conventionally named the symmetric (sb) and antisymmetric 

(ab) bound modes.16 The sb mode features a symmetric (asymmetric) distribution of its transverse 

(longitudinal) field components with respect to the plane of the film, and is characterized by 

weak field confinement within the metal slab and consequently a long propagation length. Thus, 

it is also called the long range SPP (LRSPP).17 By contrast, the transverse and longitudinal 

components of the ab mode exhibit the opposite behavior; because of its strong confinement 

within the metal, the ab mode is strongly damped and is therefore termed the short range SPP 

(SRSPP). The LRSPP in thin metal films is of practical interest because its propagation distance 

can be one to two orders-of-magnitude longer than that of the corresponding single-interface SPP, 

though at the expense of reduced field confinement,16, 18-20 while the strong confinement and 

large k-vector of SRSPP has potential applications for nanometer scale focusing of light at 

metallic tapers and tips.21, 22  

The present investigation is motivated by our recent femtosecond (fs) time-resolved 

photoemission electron microscope (PEEM) imaging of the propagation of SPP fields at an 

Ag/vacuum interface of an 80 nm Ag film on Si substrate.8 Experimentally, the SPP fields are 

excited by a femtosecond laser pulse illumination at a nanometer-scale slit in the Ag film. To 

unravel the information content of our measurements and understand their potential, we 

performed finite-difference time-domain (FDTD) simulations of the PEEM imaging. We found 

that the simulated patterns of the total surface fields exhibit unexpected spatial modulations, 

which could arise through coupling between the top- and bottom-surface SPP modes of the film.8 

Our simulations also showed that the shape of the total field modulation is further dependent on 

other factors such as the slit width, incident angle, and pulse duration. This motivated us to 

perform a systematic characterization of the scattered surface waves in a thin Ag film with 
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thickness comparable to the optical skin depth. In our study, we take into account conditions that 

are experimentally relevant, such as pulsed excitation and oblique incidence. So far, most of the 

theoretical analyses of coupled SPP modes in thin metal films have been carried out with an 

analytical approach solving for the momentum dependent eigenmodes for specific 

metal/dielectric structures16, 23-25 More recently, numerical methods have also been developed, 

most of which, however, were also limited to solving for the eigenmodes.26-33 Simulations of 

SPP-related systems with ultrashort pulse excitation have been few,34, 35 and to the authors’ 

knowledge none has been applied to the coupled SPP modes in thin metal films. Considering the 

femtosecond scale lifetimes of SPPs, a detailed understanding of the dynamics of the coupled 

SPP excitation and propagation is essential for applications in, e.g., coherent control of ultrafast 

plamonics.6, 12, 36, 37 To explore in a uniform fashion both the excitation and the subsequent 

propagation dynamics of the SPP waves, which can be directly compared with experiments, it is 

useful to apply a method which is capable of: (i) incorporating the exact excitation geometry; (ii) 

separating the scattered surface waves from the incident field; and (iii) tracking the field 

distributions in time. The goal is to characterize total surface fields that can be directly compared 

with nonperturbative methods, such as PEEM imaging, on similar nanometer spatial and 

femtosecond temporal scales.  

With these goals in mind, we develop a numerical simulation within the FDTD 

framework,38 which is capable of calculating the fields upon injecting obliquely incident plane 

wave into arbitrary dispersive layered media. We apply the method to explore scattering at a 

nanometer slit in a thin silver film. Both cw and short pulse excitations are considered. The 

results show that the slit scattering generates interfacial fields consisting of not only the SPP 

modes, but also a quasi-cylindrical wave (QCW).39-42 The two modes are excited at a nanometer 
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asperity with different amplitudes, and decay with different dependences on the distance from 

the source. The QCW has both far- and near-field contributions; its transverse field components 

(Ey & Hz) at the surface (near-field) are phase shifted with respect to the corresponding radiating 

wave in the far field.43 The far- and near-field components of QCW also have been refered to as 

“ray-optics” (RO) and “Norton wave” (NW), respectively.44 We only consider the near-field 

component, whose role in nanoplasmonic phenomena has been a subject of significant debate 

and controversy.41, 42, 45-47 The relative contributions of the QCW and SPP to the total field 

amplitudes at different spatial regions relevant to the PEEM measurement are evaluated. The 

relative excitation efficiencies of the coupled SPP modes with respect to the incident angles, and 

the dependence of the dispersion relation on the film thickness are systematically investigated. 

Simulations with femtosecond pulse excitations reveal new interesting phenomena regarding the 

ultrafast dynamics of the coupled SPP wave packets, which can guide future space- and time-

resolved experiments on surface-confined electromagnetic fields at metal-dielectric interfaces. 

II. NUMERICAL METHOD 

 The simulations are carried out in two dimensions using a self-developed fully vectorial 

2D-FDTD simulation code. The method is similar to that used in our previous studies on the 

imaging of ultrafast SPP dynamics by PEEM.8, 48, 49 Figure 1 shows a schematic illustration of 

the simulation domain. Briefly, a thin silver film of thickness h, with a slit of width d serving as 

the scattering structure, is placed in the x-z plane. The simulations are performed in the cross 

sectional plane (x-y) formed by the incident wave vector and the normal direction of the film 

surface, i.e., the optical plane for the light-matter interaction. A p-polarized (TM) plane wave 

incident at an angle Θ with respect to the surface normal is introduced into the simulation 

domain through a total-field/scattered-field (TF/SF) approach.38 As shown in Fig. 1, the total 
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field (TF) comprises of both the incident and the scattered contributions, and scattered field (SF) 

regions are separated by the TF/SF boundary (dashed rectangle). At each FDTD time step, field 

corrections are applied to all the nodes adjacent to the boundary by either adding or subtracting 

the incident field values such that the fields propagating inside the box represent the TF, while 

those outside the box are purely the SF. The incident field along the boundary is obtained 

numerically via an auxiliary 1D FDTD simulation of modified 1D Maxwell’s equations49-52 that 

describe rigorously the 1D plane wave propagation through layered media (“vacuum-Ag-

vacuum” in the current case) with an effective phase velocity that matches the projection of the 

obliquely incident 2D wave phase velocity onto the y axis. This means that the multiple 

reflection and transmission at the upper and lower interfaces of the film are included in the 

incident fields, so that fields emerging in the SF region are purely due to scattering effects 

caused by the slit structure. Both the 1D and 2D FDTD grids are terminated with the 

convolutional perfectly matched layer (CPML, the brown shaded area in Fig. 1) absorbing 

boundary condition, which effectively absorbs both propagating and evanescent waves 

impinging upon it from all directions.53, 54 

 The simulations are performed with a 400 nm incident wavelength (center wavelength in 

the case of pulsed excitation), as is commonly used in the two-photon photoemission 

measurements of surface plasmon dynamics.8, 12 In this wavelength regime, the dielectric 

function of Ag is reasonably well described by the Drude model with the relative permittivity 

expressed as 

2

2( ) d
Ag

di
ωε ω ε

ω γ ω∞= −
+

                                               (1) 
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The values of the coefficients in Eq. (1) are obtained from a fit of the experimental dielectric 

constants of bulk Ag by Johnson and Christy55 in the spectral range of 330 to 500 nm, which 

gives ∞ε = 7.0246, dω = 1.5713 x 1016 rad/s, and dγ = 1.4003 x 1014 rad/s. This model for the 

dielectric function, however, does not include the contribution from Landau damping, that is 

expected in quantum confined structures.56, 57 The auxiliary differential equation (ADE) 

approach is employed to model the material dispersion, in which ADEs of the polarization 

currents accounting for the single-pole Drude response are solved along with those of the electric 

fields.38 Compared with the uniaxial perfectly matched layers (UPML) method used in our 

previous simulations,8, 48, 49 the ADE method combined with CPML is more efficient for 

systematically treating general dispersive media with multi-poles. Due to the discretized nature 

of the FDTD grids, the exact position of the material interface can be ambiguous. In the current 

study, the Ag-vacuum interfaces are all aligned with the electric field nodes, and an averaged 

dielectric permittivity is used for updating the electric fields at the interfaces. Such averaging has 

been shown to improve the convergence.49  

For cw simulations the excitation source is a magnetic field of the temporal form 

0 0( ) sin( )H t H tω= , where �0 = 2πc/λ0 and λ0 = 400 nm. The amplitude of the H field is set to H0 

= 1 (A/m). Paired with this magnetic field is the incident electric field with the field amplitude E0 

= H0Z0 (V/m), where Z0 = 0 0/μ ε  is the impedance of free space. To avoid high frequency 

components in the leading wave front, which could cause leakage through the TF/SF boundary, 

the incident field is gradually ramped to its maximum amplitude using a Gaussian rising 

envelope function. The pulsed excitation is described by a Gaussian pulse 

2
0

0 02

( )( ) exp[ ]sin( )t tH t H tω
τ
−= − , where τ is related to the full-width at half-maximum (FWHM) 
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of the field envelope of the pulse as / 2 ln 2FWHMτ = , and the pulse center is set to t0 = 3τ in 

all calculations. Unless otherwise stated, the simulations are done for a region of 13.2 x 1.6 μm2, 

with a spatial step (grid size) of Δx = Δy = 2 nm. A Courant number Sc = cΔt /Δx = 0.4 is used, 

giving a time step of Δt ≈ 2.6685 as. Separate tests have been performed to ensure numerical 

convergence with the chosen parameters. 

III. RESULTS AND DISCUSSIONS 

A. Single Ag-vacuum interface 

We begin this section by describing the light scattering at a subwavelength object at a single 

Ag-vacuum interface, which provides a reference for the discussion of the coupled SPP modes in 

thin films. For this purpose, the Ag film in Fig. 1 is replaced by a semi-infinite Ag slab, the 

surface of which is at y = 0. A groove of 200 nm wide and 100 nm deep on the surface serves as 

the subwavelength scatterer to couple the external field into the SPP mode. Because our focus 

here is on the SF, a relatively small TF box of 600 x 600 nm is used. A 400 nm cw plane wave is 

incident at Θ=65o. The coupling structure, excitation geometry, and other parameters in the 

simulations are typical for our PEEM experimental configuration.8, 12, 48, 58 Figure 2(a) displays a 

snapshot of the steady state magnetic field distribution (|Hz|), taken at t = 106.74 fs. The result 

clearly shows that the scattered waves are comprised of two components: a guided bound mode 

propagating along the interface with the characteristics of a SPP wave, and a radiating mode, 

which is the QCW. It has been shown that the amplitude profile of the far-field component of 

QCW has an essentially cylindrical wave front and r-1/2 decay from the source [Fig. 2(a)], while 

its near-field component is primarily confined at the surface and has an asymptotic x-3/2 dacay.43, 

44 The near-field component of the QCW is overwhelmed by SPP within the range simulated in 

Fig. 2; it becomes dominant and can be characterized in a simulation for longer propagation 
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distance than the SPP decay length, as will be discussed below. The wavelengths of the SPP and 

QCW waves are measured to be 348 and 400 nm,59 respectively, consistent with the expected 

wavelengths (the analytical value of SPP is 348.25 nm). Within the simulation range, the surface 

field is dominated by the SPP, whereas interference between SPP and QCW is most clearly 

visible in Fig. 2(a) in vacuum at about 400 nm below the interface.  

Other features directly revealed in Fig. 2(a) are the different intensity of the forward (+x) and 

backward-propagating (-x) SPP excited at the slit, and the asymmetric angular distribution of the 

QCW with respect to the groove center, both of which are clear consequences of the oblique 

incidence geometry. The difference between the forward and backward scattered SPP waves for 

oblique incidence has been observed in the PEEM imaging experiments.8 Henceforth, we only 

focus on the forward-propagating SPPs, i.e., x > 0. Note that we define the center of the slit as 

the origin (x = 0) throughout this work, and analyze the field only in the SF region (i.e., x > 0.3 

μm) in the following discussion. 

In Fig. 2(b), the magnetic field profile at the Ag surface is plotted as a function of the x 

coordinate. The field amplitude exhibits a clear decay as the SPP propagates away from the 

origin. An exponential fit to its envelope (dashed line) gives an attenuation constant of 2.32 x 105 

m-1 (i.e., a propagation distance of 4.31 μm), which matches well the analytical value calculated 

from the dispersion function of the imaginary part of the wave vector kspp for the Ag/vacuum 

interface (Table I). Note that the first two oscillation cycles deviate from the exponential trend, 

which is probably due to an appreciable contribution from the QCW near the origin,39, 42 and thus 

are omitted from the fit.  
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We now examine the near-field surface component of the QCW. Because the SPP and QCW 

have different attenuation rates along the propagation direction (exponential vs. power law), we 

expect that beyond a certain distance the QCW will dominate the scattered surface field.44, 60 To 

qualitatively evaluate the contribution of the QCW to the total surface field at different distances, 

we performed an additional simulation on a larger horizontal scale of 60 μm. Figure 3 presents 

the envelope (peak maxima) of the calculated Hz field at the interface as a function of 

propagation length in the x-direction. The simulation shows that, for the considered system, the 

SPP dominates the surface field within ~30 μm from the origin, i.e. much longer than the 

characteristic attenuation length. The amplitude of the two components becomes comparable for 

30<x<40 μm, where strong interference structures with a period of ~2.7 μm appear. Beyond that, 

the field amplitude deviates from the exponential decay of SPP and approaches the power law 

characteristic of a QCW. For comparison, the total surface field was also calculated using the 

analytical model by Nikitin et al44 as the sum of SPP and QCW (i.e. the NW in Ref.44) 

contributions. As shown in Fig. 3, despite small differences in the relative amplitudes between 

the model calculation (assuming infinitesimal slit width and asymptotic power law decay of 

QCW) and the numerical result, both methods describe the overall profile of the total scattered 

surface field. The SPP and QCW contributions to the total surface field can be better 

distinguished in a simulation of pulsed excitation. The movie S1 (supplemental material61) shows 

the temporal evolution of Hz field profile (and its Fourier spectrum) at the interface, calculated 

on a same system as in Fig. 3 but for excitation with a ~10fs pulse, which clearly reveals the 

separation and evolution of the SPP and the QCW WPs as well as their interference. Although 

beyond 40 μm the QCW dominates the surface field, its relative strength is <10-3 compared with 

the incident field. Based on this simulation, the relative contribution of the QCW to the total 
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surface field relevant to the PEEM experiments (x < 15 μm, 400 nm excitation) is negligible, 

except for a region of < 2λ0 from the groove. 

The transverse confinement of the SPP field is illustrated in Fig. 2(c), in which the field 

distribution at a fixed x position [marked by a double arrow in Fig. 2(a)] is plotted as a function 

of the y coordinate into each medium. The circles show the FDTD results, and the red and blue 

curves show simple exponential fits to the FDTD data. The decay constants obtained for fields 

within the two media are listed in Table I and compared to the corresponding analytical values. 

The decay constant in the metal (ky1 in Table I) gives a skin depth of 27.3 nm for Ag at 400 nm.  

B.  Coupled SPP modes in thin films. CW excitation 

In this section, we focus on the case of a plane wave scattering at a nanometer slit in a thin 

Ag film. We first consider an Ag film of 20 nm thickness with a 200 nm wide slit, excited by a 

p-polarized cw plane wave incident in the surface normal direction (Θ=0 in Fig. 1). Figure 4(a) 

presents the normalized electric and magnetic field distributions at steady state (133.43 fs). In 

contrast to scattering at a single interface, three components can be identified within the scattered 

wave region. The QCW is similar to the single interface case, but is scattered both above and 

below the Ag film, and each field component of QCW in Fig. 4(a) has a symmetric distribution 

with respect to the center of the slit (x = 0), reminiscent of the dipole emission from a sub-λ 

source.43 As for the single interface, the QCW makes a noticeable contribution to the total 

surface field only under special circumstances, as will be discussed below. 

Besides the QCW contributions, the surface fields in Fig. 4(a) are dominated by two bound 

modes: a strongly confined and rapidly decaying wave near the origin (short range, x ~ 0 - 2 μm), 

and a weakly bounded but slowly decaying wave that is clearly discernable only at large 
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distances (long range, x>6 μm). These are the characteristics of the ab and sb coupled SPP modes 

in thin metal films as described in the introduction. To confirm their identity and characterize 

them in more detail, we first determine their wavelengths to be 208 and 394 nm, in agreement 

with the analytical values of 208.3 nm and 393.3 nm obtained by solving the corresponding 

transcendental dispersion relations.16 Furthermore, the symmetries of the two modes with respect 

to the central plane of the film (y=0) can be established from the field distributions, as displayed 

in Fig. 5. We find that for the ab mode (SRSPP) the longitudinal field components (Ex) at the two 

interfaces are in-phase, i.e., symmetric across the film, whereas the transverse components (Ey 

and Hz) are out-of-phase and anti-symmetric, resulting in a nodal structure passing through the 

metal slab. By contrast, the sb mode (LRSPP; insets of Fig. 5) displays an antisymmetric 

(symmetric) distribution of its longitudinal (transverse) field components with respect to the film 

plane. The symmetry of the Hz field is further illustrated in the enlarged views of the field 

distributions at two regions in the color plot insets in Fig. 5(c) to confirm that the two surface 

waves are the ab and sb coupled SPP modes. The symmetry properties of the ab mode distribution 

are associated with longitudinal electron oscillation with a symmetric electron distribution over h, 

whereas the sb mode is associated with a normal electron oscillation with an antisymmetric 

charge distribution over h.15, 62 

As can be seen in Fig. 4(a), despite the interference among the three scattered surface 

wave components, different regions are dominated by specific modes, as in the case of the single 

interface. For instance, near the origin (x<2 μm) the field is dominated by the ab mode. Its 

propagation length is estimated to be 0.52 μm by an exponential fit to the Hz field profile shown 

in Fig. 5(c) in the range of x = 0.3 to 1.9 μm. The substantially shorter propagation length 

compared with the SPP of a single Ag-vacuum interface clearly establishes the SRSPP nature of 
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the ab mode. In contrast to the ab mode, the sb mode is much weaker under normal incidence 

excitation. Thus, the considerable interference with the QCW prevents the evaluation of the sb 

decay profile along the surface through an exponential fit. Note that the wavelengths of LRSPP 

(394 nm) and QCW (400 nm) are very close for a 20 nm thin film, so that the interference 

between the two fields takes on a different character than for the thick slab case in Fig. 3. In 

order to estimate the propagation length of the sb mode, we perform an additional simulation for 

a longer grid of 60 μm at 65o incidence, for which the excitation efficiency of LRSPP is larger 

than for the normal incidence. As shown in Fig. 6, the calculated Hz field envelope at the lower 

interface of the film follows a clear exponential decay trend only for x>30 μm, which we 

attribute to LRSPP. In the intermediate region (x = 2 to 30 μm) the interference among SRSPP, 

LRSPP and QCW results in complicated field profile [see also Fig.4(b)]. This is in contrast to the 

case of single Ag-vacuum interface where the SPP component dominates over the region of x<15 

μm, because for the thin film LRSPP has a relatively small amplitude but a long attenuation 

length. From the exponential decay profile, an attenuation length of 86 μm is estimated for the sb 

mode of the 20 nm Ag film upon 400 nm excitation, consistent with its LRSPP character. 

C. Incident angle-dependent relative excitation efficiency 

As already noted, under normal incidence, the excitation efficiency of the sb mode is low 

compared with the ab mode [Fig. 4(a) and Fig. 5]. This is because the incident field has only Ex 

and Hz components; without the Ey component, the field can drive the normal charge density 

oscillation only through diffraction at the slit, and therefore coupling to the predominantly 

transverse sb mode is weak. We reason that introducing the Ey component into the incident field 

by oblique incidence should enhance the relative excitation efficiency of the sb LRSPP. Indeed, 

an end-fire coupling scheme has been suggested, in which the incident beam is focused onto the 
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end facet of the film such that it is well matched with the field profile of the sb mode.16 Such 

arrangement corresponds to a 90o incidence angle, which cannot be realized in the current 

simulation. Instead, we investigated the relative excitation efficiencies of the coupled SPP modes 

in the 0~75o incidence angle range. 

   Figure 4(b) presents the simulation results for 65o incidence upon a 20 nm thick Ag film, 

with all other parameters kept as in Fig. 4(a). Comparison of Figs. 4(a) and 4(b) shows that 

oblique incidence enhances coupling into the sb mode relative to the ab mode. Specifically, under 

normal incidence, the Ex component of the sb mode is hardly seen on the color scale, implying 

that its intensity is below 10-3 with respect to the incident electric field [Fig. 4(a)]. On the same 

intensity scale, however, a weakly confined surface wave is clearly seen with the 65o oblique 

incidence [Fig. 4(b)]. Similarly, in contrast to the normal excitation, the intensities of the 

transverse field components Ey and Hz are dominant over that of the QCW. Also, Fig. 4(b) 

reveals that with comparable field intensities, the ab and sb modes (for the major components Ey 

and Hz) exhibit strong interference in the short-range region (0<x<2 μm). 

Whereas the scattered fields display complex spatially varying interference patterns, a 

Fourier transform analysis of the field profiles with respect to the propagation distance along the 

interface gives a simpler description of the field components in terms of their spatial frequencies, 

amplitudes, and lineshapes. Figure 7 displays a series of Fourier spectra of the Hz profiles along 

the lower interface of a 10 nm thick Ag film in vacuum for incidence angles ranging from 0 to 

75o. Two major Fourier components appear at 0.016 and 0.052 nm-1, corresponding to the real 

parts of the wave vectors (denoted as βR) of the sb and ab coupled SPP modes (the analytical 

values are 0.0158 and 0.0524 nm-1). As shown in Fig. 7, the peak positions of the two coupled 

modes do not vary with the incident angle, because their dispersion relations are solely 
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determined by the material properties and the slab thickness. The Fourier amplitudes of the two 

modes, however, vary strongly with the incident angle. Particularly, the relative amplitude 

ascribed to the sb mode increases significantly from 0 to 75° incidence (Fig. 7 inset), confirming 

effective excitation of the LRSPP for large oblique incidence angles. We note that for a 10 nm 

thick Ag film, the wavelengths of the QCW and the LRSPP (sb) are nearly the same (400 vs. 398 

nm), and therefore are not resolved in the Fourier spectra in Fig.7. Hence the peak corresponding 

to the sb mode at 0.016 nm-1 also contains the contribution from the QCW component, which 

could be appreciable particularly for normal incidence, where the excitation of LRSPP is 

inefficient. Indeed, a close examination reveals that the Ex component at the surface for a 0° 

incidence angle and a 10 nm film is dominated by the QCW over the x=2 to 12.5 μm range (not 

shown). This is evident because the QCW has different symmetry with respect to the film plane 

and damping characteristics compared with the LRSPP. The QCW contribution is smaller, 

however, for the transverse components Ey and Hz, or for thicker (e.g., 20 nm) films at all 

incidence angles. Nevertheless, the relative variation of the Fourier amplitudes reflects the 

excitation efficiency of the coupled SPP modes with the incident angle. 

D. Film thickness dependent coupled mode dispersion relations 

The coupling between the SPP modes at each interface depends on the film thickness, and 

this, in turn, affects the coupled mode dispersion relations. Figure 4(c) shows the steady state 

field distributions for a 10 nm Ag film and a 65o incidence angle excitation. Compared with the 

20 nm film in Fig. 4(b), one can see that the properties of the ab and sb modes diverge with 

decreasing film thickness. Specifically, as the film thickness decreases from 20 nm to 10 nm, the 

ab mode wavelength decreases from 208 to 120 nm (or equivalently the propagation constant βR 

increases from 0.03 to 0.053 nm-1), and its attenuation length decreases from 0.52 to 0.26 μm. 
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With decreasing film thickness, the ab mode becomes dominated by the longitudinal field (Ex) 

and is confined more strongly within the metal, because an antisymmetric transverse field cannot 

exist in vacuum. The increased confinement within the metal film leads to a smaller propagation 

distance. By contrast, comparing the same films, the wavelength of the sb mode, which is 

dominated by the transverse field component, increases from 394 to 398 nm (βR decreases from 

0.0159 to 0.0157 nm-1), approaching the free space value of λ0 = 400 nm. At 10 nm, the sb mode 

is only weakly confined to the metal and penetrates deeply into the vacuum, acquiring the 

appearance of a homogenous plane wave. For a vanishingly thin film, the sb mode becomes the 

fundamental TEM mode of the dielectric medium, for which both the confinement and 

attenuation vanish. 

The dependence of the propagation constant of the coupled SPP modes on the film thickness 

is illustrated in Fig. 8, which displays the Fourier spectra of the Hz field profiles at the lower 

interface of the film, from simulations for Ag films with varying thickness h. Again, two major 

components corresponding to the ab and sb modes are revealed. In addition, for thick films (e.g. > 

50 nm), the QCW component is also discernable at 0.0157 nm-1 as a shoulder in the left wing of 

the sb peak in the Fourier spectra [vertical dotted line in Fig. 8(a)]. Both the ab and sb modes vary 

systematically, with the ab mode having a stronger dependence of the wave vector βR on the film 

thickness, consistent with previous analytical results.15, 16 The variation of the imaginary part of 

the coupled SPP wave vector (attenuation constant, βI) is not evaluated, because for films thicker 

than 20 nm, the ab and sb modes strongly overlap. The propagation constants (βR) from the 

Fourier analysis normalized to the free space wave vector of the incident field are plotted with 

respect to the film thickness and compared with the analytical values in Fig. 8(b). The results 

show that, with 400 nm excitation, the ab and sb modes become indistinguishable and converge 
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to the uncoupled single-interface SPP limit when the Ag film thickness exceeds 120 nm, 

corresponding to 4 times of the skin depth (27.3 nm). 

E. Coupled SPP wave packets in thin films. Pulsed excitation  

As we have shown, the two coupled SPP modes of thin Ag films have different propagation 

constants and predominant component of the field polarization. Differences in their nanometer 

spatial and femtosecond temporal scale light-matter interactions should be most clearly 

expressed in simulations for pulsed excitation, which we describe in this section. 

Figure 9 presents snapshots of the scattered electric field distributions in a 20 nm thick Ag 

film at different times after the interaction of a ~10 fs intensity (14.14 fs field amplitude) width 

laser pulse incident at Θ=45o with a 200 nm width slit. As expected, two distinct SPP WPs with 

different confinement and propagation properties are excited (Fig. 9). The symmetric and anti-

symmetric field distributions identify the leading and the trailing WP as the sb and ab modes. 

Their dramatically different group velocities are responsible for their increasing separation with 

time in the snapshots of Fig. 9. At t = 35.36 fs, which is just after the external field has 

completed interacting with the slit, the QCW and the sb WPs are fully formed and are superposed, 

whereas the trailing ab WP is still only partly excited. The interference between the two modes, 

as well as the QCW, can be observed most prominently in the region about 1 μm from the source 

[Fig. 9 (a)]. At t = 50.03 fs, the incident field has completely transited, and the two WPs are fully 

launched and spatially separated due to their different group velocities [Fig.9 (b)]. The separation 

grows with time, and at t = 65.38 fs the sb WP starts to exit the simulation domain [Fig. 9 (c)]. A 

snapshot of the transverse electric field, Ey, at the same instance is displayed in Fig. 9 (d) for 

comparison with that of the Ex. It shows that for a 20 nm film the sb WP amplitude is dominated 

by the transverse field, in line with the corresponding sb coupled mode in the cw-case. As a result, 
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the Ey field components of the two WPs are not yet completely separated in space; the 

interference between them is discernible in the WP tails at x ~ 3 μm where their amplitudes are 

comparable [Fig. 9 (d)]. To better view the time domain details of excitation and propagation 

dynamics of the coupled SPP WPs, a series of snapshots are recorded during the simulation, with 

a temporal step of ~ 0.667 fs (one-half of the time period of the field oscillation), and combined 

into a movie for each field component (presented in the supplemental documents63). 

Another interesting difference between the coupled SPP WPs are their decay rates, which can 

be readily assessed from the relative amplitude drop of the Ex field from t = 50.03 to 65.36 fs in 

Fig. 9. The faster decay of the ab WP occurs because it is more strongly confined to the lossy 

metal film, resulting in a larger dissipation. Also a consequence of strong confinement to the 

metal is the larger dispersion of the ab WP as compared with the sb WP. As seen in Fig. 9, as it 

propagates away from the origin, the spatial profile of the ab WP deviates from a Gaussian shape, 

such that the leading front of the WP has a longer wavelength and lower intensity than its tail. 

The WP reshaping is a consequence of dispersion of both the propagation velocity and the 

damping. By contrast, the dispersion of the sb WP is nearly indiscernible, consistent with the 

dispersion relations for the ab and sb coupled SPP modes in metal films.15      

 A quantitative analysis of the propagation and attenuation of the sb and ab WPs is presented 

in Fig. 10. By plotting the peak maxima as the function of time for the sb and ab WPs in Fig. 10 

(a) and (c), their group velocities are determined to be 0.90c and 0.13c (c is the vacuum speed of 

light), respectively. Similarly, in Fig. 10 (b) and (d), the peak heights of the two modes are 

plotted as functions of its x coordinate, from which the attenuation lengths for the sb and ab WPs 

are estimated to be 73 and 0.5 μm. Again, the attenuation constant of the sb WP is obtained from 

a separate calculation for a longer horizontal scale of 60 μm [Fig. 10 (b)]. Compared with the 
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results from the cw-calculations (86 μm and 0.52 μm for the sb and ab mode, respectively), the 

difference in the attenuation lengths for the sb component is likely due to the different ways in 

which the contamination by the QCW and dispersion affect the amplitudes.  

The variations of the sb and ab coupled WPs with incident angles and film thicknesses are 

fully analogous to those of the corresponding SPP modes in the cw-case. For instance, large 

angle incidence enhances the coupling of the sb WP, while suppressing that of the ab WP. The 

oblique incidence also causes asymmetry in the relative amplitudes of the same WP on two sides 

of the slit. As the film thickness increases, the propagation velocities and attenuation distances of 

the coupled SPP WPs converge. As an example, for a 30 nm thick Ag film, the group velocities 

of the sb and ab WPs are calculated to be 0.83c and 0.21c, whereas for the 10 nm film they are 

0.97c and 0.06c. For film thickness exceeding 50 nm, it is difficult to distinguish the two WPs 

within the simulation range of 12.5 μm. 

Pulsed excitation of the coupled SPP modes in a thin metal film offers a novel way of 

coupling a light pulse into two guided surface WPs with very different properties. Because they 

propagate at different group velocities, the interference of the sb and ab WPs can be studied by 

interferometric control over identical pump-probe pulse delay. Our preliminary simulations 

reveal novel interference effects in collisions of the sb and ab WPs of pump and probe pulses. 

Further experimental and theoretical investigations of the coupled SPP WPs in thin metal films 

as a function of, e.g., the pump-probe delay and the pulse duration, will illuminate the coherent 

control of the surface fields at the nano-meter spatial and femtosecond temporal scales. 

IV. CONCLUSIONS 
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We introduced a time-domain numerical approach to explore the coupling of obliquely 

incident fields into the plasmonic and photonic modes of metal/vacuum interfaces of solid and 

thin films. While our main interest is in describing new physical phenomena related with the 

phase and amplitude structure of modes excited by ultrashort pulsed excitation fields, we also 

investigated the case of cw-excitation to validate our approach through comparison with well 

established analytical theory. The method was applied to the excitation and propagation of 

surface plasmon polariton waves excited with 400 nm light at a bulk Ag surface and in thin Ag 

films. For both cases, the simulation shows that light scattering at a subwavelength structure 

generates not only SPP (and coupled SPP) waves, but also a quasi-cylindrical wave (QCW). For 

silver in the violet-UV range the SPP fields dominate at the interface, but the QCW contribution 

can be discerned at different distances from the coupling structure along the propagation 

direction, because of the different attenuation properties of the two modes. The dependence of 

the SPP and QCW field strengths on the in-plane and out-of-plane distances implies that the 

importance of each component will depend on the particular experiment. For example, PEEM 

experiments do not perturb the near-field distributions and are predominantly sensitive to the 

SPP fields, whereas near-field scanning probe experiments are likely to scatter both fields, and 

therefore probe a complex, distance-dependent convolution.  

The two bound coupled sb and ab SPP modes propagate as predominantly transverse and 

longitudinal fields in thin films. Simulations conducted with different incidence geometries show 

that the coupling efficiency of the LRSPP (sb mode), upon the scattering at the 200 nm slit, can 

be significantly enhanced at large oblique incidence angles. The simulations exhibit the 

dependence of the dispersions of the sb and ab coupled modes on the film thickness in agreement 

with the analytical results. Our results indicate that the coupling between the two SPPs supported 
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by the lower and upper surface of an Ag film, under 400 nm excitation wavelength, becomes 

negligible when the film thickness is larger than 120 nm. 

Simulations with femtosecond pulsed excitation revealed new physical phenomena. We 

demonstrated that upon illumination by a ~10 fs laser pulse, the two coupled SPP modes of a thin 

film evolve into two bound surface wave packets distinguished by marked differences in their 

symmetry, propagation, and attenuation properties. The leading symmetric WP with 

predominantly transverse character (sb WP) travels at a group velocity approaching that of light 

in vacuum. It is loosely bound, and exhibits a small attenuation and dispersion along its 

propagation. By contrast, the trailing asymmetric WP with predominantly longitudinal character 

(ab WP) is strongly confined to the metal film. It propagates slower, decays at a faster rate, and 

displays stronger dispersion. The dependence of the sb and ab coupled WPs on the incident angle 

of the excitation field and the film thickness is the same as the component cw sb and ab coupled 

SPP modes that comprise the WPs. The dynamics of the coupled SPP WPs in the thin Ag film 

are revealed by movies of the field distributions evolving in space and time. The knowledge of 

the coupled SPP WPs dynamics in thin metal films is a prerequisite for designing coherent 

surface electromagnetic field manipulation experiments at the nanometer/femtosecond scale.    
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Table I. Comparison of FDTD and analytically calculated propagation and decay constants for 
400 nm light excitation of the Ag-vacuum interface SPP. 
 

 FDTD Anal. 

Re[kspp] (107 m-1) 1.81 1.80 

Im[kspp] (105 m-1) 2.32 2.33 

ky1 (y>0, Ag) (107 m-1) 3.67 3.67 

ky2 (y<0, Vacuum) (106 m-1) 8.97 8.88 
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Figure Captions 

Fig. 1.  A schematic representation of the 2D FDTD simulation. See the text for detailed 

description. The dimensions are not to scale. 

Fig. 2. (a) The modulus of the calculated magnetic field distribution for 65o obliquely incident 

plane wave scattering at a 200 nm wide, 100 nm deep groove at an Ag/vacuum interface located 

at y = 0. The coordinates of the groove structure are x = [-0.1, 0.1] and y = [0, 0.1] μm. The 

rectangular box enclosing x = [-0.3, 0.3] and y = [-0.3, 0.3] μm is the TF/SF boundary. The field 

modulus is normalized to the incident magnetic field amplitude H0, and a log color scale is used 

here and in all the field distribution figures below. (b) Magnetic field distribution at the Ag-

vacuum interface vs x (determined at y = -1 nm). The red curve is an exponential fit to the 

envelope of the field oscillations. (c) The transverse profile of the magnetic field intensity as a 

function of y at the x position marked with a double arrow in (a). The circles are the FDTD 

results, and the red and blue curves are exponential fits to the FDTD data. 

Fig.3. Calculated Hz field envelope (at y=-1 nm) as a function of x for scattering at a nanoscale 

groove in a single Ag-vacuum interface. The red curve is an exponential fit of the SPP damping 

during the propagation along the interface. Beyond ~ 40 μm the surface field is dominated by a 

QCW, which has a power-law decay. The oscillations in the intermediate region with a period of 

2.7 μm correspond to interference between SPP and QCW fields, which propagate with different 

k-vectors. The green curve is calculated using the model presented in Ref. 44 (multiplied by a 

normalization constant of 4). 

Fig. 4. (a) Field amplitude modulus distributions of (i) Ex, (ii) Ey, and (iii) Hz for a normally 

incident plane wave scattering at a 200 nm wide slit cut through a 20 nm thick Ag film, showing 
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the generation of the ab and sb coupled SPP, as well as the QCW modes, and their interferences. 

The central plane of the Ag film is set at y = 0. The left and right edges of the slit are aligned at x 

= -0.1 and x = 0.1 μm, respectively. The amplitudes of the electric (Ex, Ey) and magnetic (Hz) 

fields are normalized to those of the corresponding incident fields E0 and H0. (b). As in (a) for 

65o incidence angle. (c) As in (b) for a 10 nm thick film.  

Fig. 5. Field profile at the upper (blue) and lower (red) interfaces of the 20 nm Ag film for (a) Ex, 

(b) Ey, and (c) Hz field components as shown in Fig. 4 (a). The insets at the upper-right of each 

frame show an expanded view of the corresponding field profile for x=8 to 12 μm. The 2D color 

plot insets in (c) are expanded views of the Hz field distributions of the ab and sb coupled SPP 

modes (displayed with different color scales to enhance the contrast), showing their different 

symmetry with respect to the film plane. 

Fig.6. A plot of the calculated Hz field envelope (maxima) at the lower interface of a 20 nm Ag 

film as a function of propagation distance x for 65° off-normal illumination, showing the 

competition and interference among the generated QCW, SRSPP and LRSPP modes at different 

propagation distances. The red line is an exponential fit of the predominantly LRSPP component 

corresponding to an attenuation length of 86 μm. 

Fig. 7. Fourier transform of the calculated Hz field profile at the lower interface of a 10 nm thick 

Ag film for different incidence angles. The inset shows the amplitudes of the two Fourier 

components as functions of the incidence angle. The sb amplitude includes a contribution from 

the QCW, which has essentially the same propagation constants. 

Fig. 8. (a) Fourier transform of the calculated Hz field profile at the lower interface of the Ag 

film with different thickness indicated at the left side under 65° off-normal illumination. The red 
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and blue dashed lines are to guide the eye. The QCW contribution is responsible for the weak, 

low frequency shoulder on the sb lineshape (marked by a vertical dotted line). The inset shows 

the normalized (k0 is the free space wave vector of the incident light) propagation constants of 

the coupled SPP modes, deduced from the Fourier spectra and plotted as a function of the film 

thickness. The solid curves are calculated with the analytical dispersion relations. 

Fig. 9. Snapshots of the longitudinal and transverse electric field moduli taken at different 

instants during the simulation for excitation with 10 fs (intensity width) pulses. The simulation is 

for a 20 nm thick Ag film with a 200 nm slit, and 45o incidence angle to the surface normal.  

Fig. 10. The position of the peak Hz field at the lower interface of the film as a function of the 

simulation time (left column), and the Hz field peak value as a function of its position (right 

column). (a) and (b) are for the sb, (c) and (d) are for the ab WPs. The results in (b) are obtained 

with a separate simulation performed on a horizontal scale of 60 μm. 
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Fig.3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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