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Abstract 

Nonlinear two-photon photoemission electron microscopy is used to image surface 

plasmon polariton (SPP) wave packets excited by an obliquely incident laser pulse (~10 

fs) at a single slit fabricated in a thin silver film. We image the forward propagating 

polarization grating formed by the coherent superposition of the external excitation pulse 

and the SPP wave packet fields.  By systematically varying the coupling slit width from 

sub- to multiple-wavelength scale, we observe a modulated increase of the grating 

intensity, which is phenomenologically accounted for by distinct contributions to the 

forward coupling efficiency from the incident to the SPP waves. Full-wave, vectorial 

finite-difference time-domain (FDTD) simulation of the experiments is in good 

agreement with the experimental observations and explains their origin. In particular, the 

FDTD simulation illustrates detailed spatial variation of the polarization grating as a 

function of the geometry of the slit under excitation by ultrafast laser pulses at an oblique 

incidence. 
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I. INTRODUCTION 

 

Surface plasmon polaritons (SPPs) are electromagnetic modes of metal/dielectric 

interfaces with characteristics of charge density fluctuations within metals and optical 

fields within dielectrics.1, 2 Smooth metal surfaces with nanofabricated asperities such as 

holes,3, 4 ridges5 and slits6-18 can act as elements for coupling, reflecting, and refracting 

SPPs at metal/dielectric interfaces.  The spatial disposition of the coupling structures can 

be arranged to perform specific coherent optical manipulation of SPP waves such as 

focusing, interfering, or waveguiding.19-21 Because the SPP fields can propagate at speeds 

approaching that of light in vacuum and be guided at the nanometer scale in composite 

metal-dielectric nanostructures,22 they have been considered as a potentially 

revolutionary technology for ultra-broadband signal transduction and processing in sub-

wavelength scale optoelectronic circuits,23 and for enhancing the efficiency of light 

harvesting in solar energy applications.24 

At an atomically flat metal/vacuum interface, light incident from vacuum is reflected 

with nearly 100% efficiency through the collective screening response of the free 

electrons in a metal.  Because of momentum mismatch between the external and the SPP 

fields, the coupling of light from vacuum into the SPP mode can occur only through a 

coupling structure that acts as an additional source of momentum. Frequently, the 

momentum is supplied by sub-wavelength scale asperities that exist naturally or can be 

fabricated by a variety of lithographic methods.  Nanometer scale slits carved into smooth 

metallic films are one of the most fundamental structures that can be exploited as light-

SPP couplers.6-14 Even for such simple structures, however, what processes contribute to 

the scattering of the incident field into the SPP mode, as well as what defines the total 

field at a distant point from the coupling structure has been controversial.25-29 Recent 

studies have demonstrated that the efficiency of light-SPP coupling sensitively depends 

on both the width and the thickness of the slit.6-11 In these studies, continuous wave (cw) 

SPP fields are excited at the slit using either back illumination normal to the surface or a 

slit-groove geometry.  Whereas the light-SPP coupling structures have been investigated 

with cw excitation, simulations using ultra-short light pulses in the ~10 fs pulse duration 

range, which span a broad spectral width, have been sparsely reported in the  
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literature.30-32 Considering that SPP lifetimes and propagation lengths span the 

femtosecond temporal and nanometer spatial scales, applications of SPP fields in, for 

instance, plasmonic circuits,33,34 would require precise measurement and simulation on 

the corresponding scales.  Therefore, to assess the function of a single slit coupler in 

broadband SPP wave packet (WP) excitation, it is necessary to describe the fundamental 

physics of the incident and scattered fields at single slit structures subject to the excitation 

with ultrafast pulses at an oblique excitation geometry.34-39 

In this paper, we investigate the SPP WPs excited at single slits formed in an 80 nm 

silver film by 10 fs light pulses with a 65o angle of incidence.  Experimental and 

theoretical studies are focused on the two-photon photoemission electron microscopy 

(2P-PEEM) imaging of the interference pattern between the incident light pulse and the 

excited SPP WPs. The effectiveness of 2P-PEEM imaging combined with femtosecond 

laser pulse excitation for studying nanoplasmonic effects has been established in various 

nanostructures.40-42 In conjunction with experimental results, we utilize analytic wave 

propagation and finite-difference time domain (FDTD) simulations to show that both the 

finite-pulse duration and the oblique incidence angle play a significant role in 

determining the surface polarization interference patterns (polarization gratings).  

Therefore, simulations beyond cw illumination at a normal incidence are required to 

explain the experimental findings. We also show that in addition to Fabry-Pérot 

resonances, oblique incidence introduces new conditions for modulating the SPP 

excitation by varying the slit width. This paper is organized as follows: Section II 

describes the experimental measurements, Sec. III discusses the analytic model and the 

FDTD simulation, and Sec. IV presents and discusses the results. Conclusions are drawn 

in Sec. V. 

 

II. EXPERIMENTAL MEASUREMENTS 

  

The interaction of a near-UV light pulse with a nanostructured Ag film generates an 

SPP WP that propagates at the Ag/vacuum interface. The external light and excited SPP 

WP fields form a polarization grating within the illuminated area with a spatial period 

that reflects their amplitudes and wave vector (k-vector) difference.41,43,44 We utilize 2P-
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PEEM to record such interference patterns with sub-optical wavelength resolution that is 

made possible by photoelectron imaging.  At the highest field-of-view the aberrations of 

the PEEM electron optics limit the resolution to <50 nm.  PEEM creates a spatial image 

of the photoelectron yield resulting from the rectification of the total second-order 

nonlinear polarization excited in the Ag metal film.35,45 The relative amplitude and phase 

between the external and SPP fields, which define the visibility of the polarization 

interference pattern, are established by the geometry of the excitation and the coupling 

structure, as well as the coherent electromagnetic response of the metal film. 

In order to reveal the role of the geometry of the coupling structure, we study the SPP 

fields generated at single slit apertures with design widths ranging from 80 to 1420 nm.  

The structures are imprinted by focused-ion-beam etching of a silicon Si(100) wafer 

substrate. After the lithographic forming, the silicon sample is transferred into an 

ultrahigh vacuum (UHV) chamber, where further processing is performed by surface 

science methods:  first, the native oxide layer is removed from the Si wafer by thermal 

annealing to 1200 K; next, a flat and smooth, polycrystalline 80-nm thick Ag film is 

deposited at 100 K sample temperature by electron beam evaporation;46 and finally, the 

sample is transferred under UHV conditions to the attached PEEM chamber for the 

photoemission imaging measurements. Considering the 30 nm skin depth of Ag, the Ag 

film is grown to sufficient thickness to decouple the SPP field at the Ag/vacuum interface 

from the silicon substrate. All measurements are performed on the same sample 

containing multiple slit structures at room temperature. The slits of different widths are 

translated into the PEEM field-of-view by the attached sample stage.  

Details of the experimental approach for ultrafast PEEM measurements have been 

described elsewhere.35,47 A schematic of the excitation geometry is shown in Fig. 1(a). 

SPP pulses are excited by the second harmonic of a Ti:sapphire oscillator operating with 

a 90 MHz repetition rate; the frequency doubled pulses have ~10 fs duration and 400 nm 

center wavelength with typical energy of ~1 nJ/pulse.  p-Polarized light incident at 65o 

from the surface normal is focused to an elliptical spot with a ~100 μm minor axis on the 

sample. Because the spot size is larger than the field-of-view of the PEEM, the excitation 

can be regarded as being homogeneous.  The coupling slits are oriented with their length 

dimension [z-direction in Fig. 1(a)] orthogonal to the optical plane [xy-plane in Fig. 1(a)].  
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To illustrate PEEM imaging, Fig. 1(b) and 1(c), respectively, show images of a 200 nm 

wide slit sample excited by 4.9 eV photons from an Hg lamp incident from the right, and 

3.1 eV (400 nm), femtosecond laser excitation incident from the left. In both cases the 

angle of incidence is 65 ± 1° from the surface normal. The estimated error in the 

incidence angle, which impacts the polarization grating fringe spacing, reflects the 

precision of the optical alignment into the microscope and the production error of the 

apparatus. Figure 1(b) shows the surface morphology recorded by the PEEM through 

single-photon photoemission. The slit structure is visualized as a dark vertical line; the 

origin of the contrast is the shadow cast by the slit when irradiated by the obliquely 

incident light and projection of electron emission of variously inclined surfaces in the 

surface normal direction. The 2PP image in Fig. 1(c) shows a polarization grating excited 

at the slit coupler that propagates in the forward direction (to the right).  Other than the 

oscillatory structure, there are no high-contrast features such as local hot spots. This 

shows that the Ag film is sufficiently smooth not to support localized plasmon resonances. 

After averaging the same image over the z-direction, the cross-sectional profile in Fig. 

1(d) gives a quantitative measure of the propagation distance dependent 2PP signal 

intensity in the x-direction.     

In order to explain PEEM imaging we examine how incident light pulses excite 

transient surface polarization waves at the Ag/vacuum interface and how these waves 

evolve in space and time.  The components of the total polarization Ptotal excited in the 

sample can be separated into the local and nonlocal contributions. The local contribution 

),(0 txEPlight χε=  is attributed to the complex linear susceptibility ( χ ) of Ag and the 

instantaneous position and time dependent amplitude of the external electric field.  The 

external light field is taken as a Gaussian pulse of 10 fs duration, which is comparable to 

the pulse shape characterized by autocorrelation of two-photon photoemission from a Ta 

surface.35 The nonlocal polarization, PSPP, represents the SPP-WP that is generated by the 

external field impinging on the slit structure; the WP propagates along the Ag/vacuum 

interface according to the corresponding complex dielectric wave vector in the +x 

(forward) and –x (backward) directions [See Fig. 1(a)].  Only the surface polarization is 

considered in the following analytical model and numerical simulations, because the 2PP 

process has high surface sensitivity that is defined by <5 nm electron escape depth.48 
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The photon energy, ω , and the Ag sample work function, Φ , satisfy the relation 

ω < Φ <2 ω ; therefore, photoemission from the surface with 3.1 eV photons occurs 

primarily through a two-photon process that is proportional to the fourth-power of the 

total polarization field.  The spatial and temporal modulation of the 2PP process, which 

was described previously,36 suggests that the measured photoemission yield represents a 

coherent superposition of the Plight and PSPP contributions of nearly equal amplitudes.  

Ergo, in the analytical model we assume the 2PP yield to be proportional to 

)],(),([ 44 txPtxPP spplighttotal += .   

The PEEM objective collects the 2PP signal from the entire field-of-view, which is 

typically 20 × 20 μm, and images the spatial distribution of photoemission current using a 

micro-channel plate (MCP)/phosphor/CCD camera system.  Because electronic detection 

system is much slower than both the excitation pulse duration and the SPP WP dephasing, 

the PEEM images are proportional to a time integral of Ptotal
4 , i.e.,  

                                                       ( ) td)t(x,PxI
-

totalS ′∫ ′=
+∞

∞

4 .                                                    (1) 

The ~11 ns interval between the excitation pulses ensures that each excitation pulse acts 

on the sample independently. 

 

III. THEORY AND SIMULATIONS 

 

A. Analytical model 

 

In this section we introduce an analytical model to establish a qualitative understanding 

of the PEEM imaging of SPP WPs.  When the Plight and PSPP polarization waves overlap 

in space and time, their coherent superposition generates two polarization gratings on 

each side of the coupling slit. The polarization gratings are stationary from pulse-to-pulse, 

because the phase relationship between Plight and PSPP is defined by the physical 

arrangement of the excitation and geometrical design of the coupling structure. 

For simplicity, the model only treats the SPP-WP propagation and imaging; the slit 

coupling structures are assumed to be infinitely narrow and long line sources of SPP-WPs.  

From the coupling point, SPP-WPs are launched in both the forward and backward 
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directions; they travel subsequently at a dkdvg ω=  velocity, which is determined by the 

dispersive and dissipative properties of the interface and the spectrum of the excitation 

field. As the SPP-WPs propagate, they deform and attenuate according to their frequency 

dependent complex propagation wave vector.  Such propagation effects are taken into 

account rigorously in our analytical model, in as much as the SPP-WP spectrum 

replicates that of the excitation pulse. Geometrical effects of the slit structure, such as the 

thickness and width of the slit that define the coupling of SPP WP, are not accounted for. 

These are treated rigorously in the fully vectorial simulation introduced in the next 

subsection. 

Adopting a simplified description of the surface fields by assuming continuous wave 

(cw) excitation, i.e., ignoring the effects of dispersion, we can interpret the gratings as 

interference patterns between the external field and SPP wave with well-defined 

wavelength.  The wavelength of the external λ0=400 nm field projected onto the surface 

plane λx is == θλ sin/0λx 441.35 nm, whereas the wavelength or the SPP wave λSPP  is 

given by the SPP wave vector k SPP′  through the relation kλ SPPSPP ′= /2π . The wave vector, 

]/)1(Re[ ck mmSPP εεω +=′ , is determined by the complex, frequency-dependent 

dielectric function of Ag, mε , and vacuum, which form the interface. At 400 nm, the 

values of εm= -4.10+0.33i, and therefore 25.348=λSPP  nm. We use the Drude model to 

describe the complex dielectric function for Ag ω)Γi(ωω)ε(ε DDm +−∞= 22 , 

where 0246.7=∞)ε( , 1057131 16×= .ωD  rad/s, and 104003.1 14×=Γ D rad/s. This set of 

parameters is optimized to fit the optical constants of Johnson and Christy for bulk silver 

in the spectral range of 330 to 500 nm.49,50  

 Using these parameters we can estimate the spatial modulation intervals of the grating 

patterns for the forward and backward SPP propagation to be λbeat
+ = 1.65 ± 0.05 μm, and 

λbeat
− = 195 ± 1 nm, where we have used )λλ(λ xSPPbeat

11 1−− −± = ∓ . The estimated error includes 

only the uncertainty of the incident angle of light. The forward polarization grating 

pattern is the primary experimental observable for comparison with the analytical model 

as well as the FDTD simulations.  The backward grating pattern is at the limit of the 
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spatial resolution of the PEEM (~200 nm) under the conditions used to capture the 

forward propagation, and consequently, was not scrutinized in quantitative measurements. 

Next we consider the effect of excitation of SPP-WP with the finite duration excitation 

pulse on the polarization grating patterns.  In the following, we use a Fourier analysis 

model to simulate the SPP propagation, which is similar to the procedure in Ref. 36. For 

the pulsed excitation, the light-induced polarization is given by, 

                      2 2
1 0( , ) exp[ ( sin( ) / ) / ]exp[ ( sin( ) / )]lightP x t t x c i t x cη θ τ ω θ= − − − ,              (2) 

where η1 is a constant scaling factor, τ = 2ln2/10  fs is the duration of the Gaussian 

pulse intensity, and 0ω  is the carrier angular frequency.  We assume that the external 

field induces a polarization at the flat surface of the sample that is proportional to its local 

amplitude; the free electrons in Ag screen and reflect the external field instantaneously.  

At the origin, x=0, defined as the edge of the right slit, the external field also couples to 

the SPP modes.  Because the field is delivered in a short pulse, the SPP response is 

described by a WP, 

                                     2 2
2 0(0, ) exp[ / ]exp( )SPPP t t i t iη τ ω ϕ= − + ,                                  (3) 

where φ is the phase of PSPP(0,t) relative to Plight at the point of excitation, and η2 

represents the amplitude. The magnitude of ϕ can be experimentally determined from 

PEEM images. Because positions of beat maxima are determined by the initial phase 

difference between the Plight and PSPP, φ could be estimated from the position of the first 

maximum of polarization gratings, xpeak, as  

( / ) 2peak beatxϕ λ π= ⋅ .                                                  (4) 

The SPP WP propagates along the Ag/vacuum interface according to the dispersion 

relation )()()( ωωω kikk SPPsppSPP ′′+′= , given by the dielectric function that has already 

been defined. Expressing Eq. (3) as a sum over the frequency components composing the 

excitation pulse 2(0, ) exp( )SPP i i i
i

P t a i t iη ω φ= +∑ , where ai and φi are respectively the 

amplitude and the phase of the Fourier component corresponding to angular frequency ωi 

at the point of excitation. Here, we assume that the coupling efficiency and phase change 

of different Fourier components in the original light pulse are the same as the excited SPP 

at x=0 (i.e., the SPP WP retains the same Gaussian temporal profile as the incident light). 



 9

The coupling efficiency and the phase change can be extracted from the first interference 

peak position and height in the experimental data. The range of iω  is defined by the 

spectral range of the 10 fs excitation pulse. To expand the original Gaussian excitation, 

we have used approximately 230 Fourier components. The propagation of the SPP WP is 

then modeled by  

                               2( , ) exp( )SPP i i i
i

P x t a i t iη ω φ′ ′= +∑ ,                                         (5) 

where ])(exp[ xkaa iSPPii ω′′−=′  and ( )i i SPP ik xφ φ ω′ ′= + .34  We note that to the extent that 

the non-retarded, local dielectric function of a sample is known, the time evolution of 

SPP-WPs with any arbitrary distribution of amplitudes and phases can be calculated with 

Eq. (5). The PEEM image is then simulated by substituting Eqs. (2) and (5) into Eq. (1).  

To quantify the coupling efficiency of the external field into SPP-WP, we define β as the 

ratio of the respective amplitudes, i.e., 2 1β η η= . By comparing the observed grating 

patterns with the analytical model simulations, using β as a fitting parameter, we can 

estimate the β values for the measured beat pattern for each slit width w. 

 

B. Numerical simulation 

 

Although the general intensity profiles of the polarization gratings can be understood in 

terms of the interference between lightP  and SPPP , the analytic model provides no 

information on the role of the slit geometry.  The information on the efficiency of 

coupling of the external field into SPP WP is empirically manifested in β, but to interpret 

the slit width dependence of β, we need further theoretical modeling.  In addition to SPP 

excitation at an edge, surface asperities, such as grooves and slits can excite additional 

evanescent and radiative modes (Ref. 9) that can contribute additional terms to Eq. (5), 

and thereby influence the amplitude and phase of the SPP-WP.  Therefore, fully vectorial 

calculations are essential to capture the role of the geometrical effects. 

We perform a fully vectorial, time-dependent calculation using the FDTD method. 

Because the laser spot size far exceeds the total surface area of the slit, we consider a 

two-dimensional (2D) cross section in the plane formed by the incident electric field E 
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and its wave vector kinc, and regard the incoming laser beam as a p-polarized uniform 

plane-wave in the vicinity of 12 μm to each side of the slit. These considerations are 

shown in Fig. 2, which illustrates a schematic of the simulated system. The simulation is 

performed by a home-developed FDTD simulation code, where we have used a recently 

developed total field/scattered field (TF/SF) formalism to rigorously introduce an 

obliquely incident plane-wave into the 2D simulation.51 In Fig. 2, the shaded area 

enclosed by the dashed rectangle is the TF region, whereas the remaining space is the SF 

region. The incident field is introduced at the TF/SF boundary (dashed rectangle) at each 

time step to match the fields in the TF and SF regions. The details of this formulation are 

published in Ref. 51. We point out that in our simulation the incident field distribution is 

obtained by the same setup as in Fig. 2 with the slit removed. This implies that the 

incident field already involves the reflection and refraction at the upper and lower 

interfaces of the Ag slab, thus allowing us to analyze the pure scattering effects caused by 

the slit.52 In its presence, the outgoing scattered field emerges in the SF region and is 

effectively absorbed by a Uniaxial Perfectly Matched Layers (UPML; in between the 

outermost rectangles in Fig. 2) absorbing boundary condition.53  

We have used two types of time profile for the magnetic field component of the 

incident plane-wave: the first is a cw source )sin()( 0 ttH ω= , which is slowly ramped to a 

steady amplitude to avoid a leading wave front with high frequencies; and the second, is a 

Gaussian pulse )sin()/)(exp()( 0
22 ttttH delay ωτ−−= , where τ  is the pulse width as defined 

in Eq. (2), and tdelay=3τ. For both fields λπω 00 /2 c= , and the amplitude of the H-field is 

set to 1 A/m. Separate tests are performed to verify numerical convergence with the mesh 

size of 2=Δx  nm and time step of 2/3.0 ≈Δ=Δ cxt  as. Independent tests show the 

maximum reflection error from the UPML to be ~10−4, which indicates that the outgoing 

waves are effectively absorbed. At the detection line (dashed-dotted horizontal line in Fig. 

2) coincident with the top Ag/vacuum interface, we calculate the 2PP current relevant to 

PEEM experiment by Eq. (1). In FDTD simulations the total electric polarization is 

calculated by PPP yxtotal
22+= .54 The simulation run time is chosen such that Ptotal acquires 

a negligible value at the start and end of the simulation. As the polarization occurs within 

the material, the exact location of the detection line for calculating Ptotal  is placed 1 nm 
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below the top surface, while its location is exactly at the top surface of the slab for 

calculating field components Ex, Ey, and Hz. The transmission through the slit is 

calculated by integrating the Poynting vector along the lower edge of the slit (dotted 

segment in Fig. 2), 

                                                   

.td)dxt(x,H)t(x,E

tddxn)t(x,

td)tT(T

t

t
z

w

0
x

t

t

w

0

t

t
total

0

′∫ ′′∫−=

′∫ ⋅′∫=

′∫ ′=

∧

0

0

S                                             (6) 

In the above, T(t) is the instantaneous transmission at time t, S(x,t) stands for the 

Poynting vector, and n̂  stands for the surface normal unit vector ( ŷ direction in Fig. 2). 

Within FDTD, we have calculated the fields Ex and Hz explicitly as a function of discrete 

time step nt and spatial location (i, j), the integration in Eq. (5) is thus carried out by the 

following expression:  

                                                  ∑ ∑−=
= ∈

N

n sliti
z

n
ix

n
itotal

t

t

tt HET
0

,                                                 (7) 

where the sub- and super-scripts to the right of the vertical bar indicate the discrete space 

and time steps, respectively. In our simulation, it is ensured that at nt = 0, the field values 

are zero. In addition, Nt is chosen to be large such that the integration converges (i.e., the 

field values at the bottom of the slit ring down to a negligible value). A similar numerical 

procedure is described in Refs. 4, 12, and 55. 

 

IV. RESULTS AND DISCUSSIONS 

 

With the methodology developed in the previous section, we proceed to re-examine the 

experimental beat patterns already introduced in Fig. 1. Figures 1(c) and 1(d) show the 

damped polarization grating pattern extending in the x>0 direction from the right edge of 

the slit.  The observed beat wavelength of ~1.6 μm is in good agreement with the 

prediction of λbeat
+ = 1.65 μm considering the PEEM measurement accuracy and the 

uncertainty in the dielectric function of Ag.  The profile of the beat pattern is reasonably 

reproduced by the pulsed excitation model calculation shown in Fig. 1(e).  For both 
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experiment and pulsed excitation simulation, the beat pattern nearly vanishes by x= 6 μm, 

which is considerably shorter than the calculated damping length for the cw excitation 

[dotted line in Fig. 1(e)].  This confinement of the grating near the coupling region results 

from both the damping of SPPP  and the limited overlap of lightP  and SPPP  in space and 

time, as will be discussed in detail.  The backward polarization grating with calculated 

beatλ − =  195 nm (for x<0) that is evident in the simulation, remains unresolved in the 

experimental data; it is responsible, however, for the raised baseline in the –x direction.  

This experimental feature is well reproduced when the simulated result is convolved with 

a suitable window function corresponding to the instrumental resolution (not shown).  

Figure 3(a) shows a series of the experimental polarization gratings for the range of slit 

widths of 80–1420 nm. Overall, the beat intensity increases as the slit width widens, 

indicating an enhancement of the light-SPP coupling efficiency.  To represent this 

general trend, peak intensities of the first beat maxima are plotted as a function of the slit 

width in Fig 3(b).  As marked by arrows, the intensity of the polarization grating is 

modulated with a period of ~200 nm, corresponding to 2/0λλ npeak = , where n is a 

positive integer.  This periodic enhancement of the coupling shows that in addition to the 

overall increase in the coupling efficiency with the slit width, there is an additional 

periodic modulation, which is suggestive of a Fabry-Pérot interference effect. 

Figure 4(a) shows polarization grating pattern intensity profiles selected from the data 

in Fig. 3(a).  These profiles show that in addition to the amplitude increase, the beat 

patterns change in shape as the slit width increases.  The destructive interference minima 

relative to the maxima (the fringe visibility) become progressively shallower with 

increasing width.  The maximum visibility is expected when PSPP ≈ Plight .  Because only 

PSPP depends on the slit width, the observed changes indicate that PSPP is in general equal 

to or larger then Plight within a few wavelengths of the coupling structure.  By contrast to 

the sensitivity of PSPP amplitude on w, the phase of PSPP (ϕ) defined in the Eq. (3) is 

rather insensitive.  The value of ϕ is experimentally determined using the Eq. (4) as 

(0.34 ± 0.03) × 2π.  With this value of ϕ, profiles of the polarization gratings are 

calculated by the analytical model taking only β as a free parameter.  The results of 

calculations are shown in Fig. 4(b). Both changes in the intensity and the shape of the 
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beat patterns are well reproduced, which validates the analytical model.  More 

importantly, both phase and amplitude of PSPP are quantified: As the slit widens from 120 

to 1420 nm, β increases from 0.9 to 2.9.  

There have been both experimental10,25 and theoretical29,56,57 studies analyzing the 

relative phase between the external and SPP fields.  Theoretical analyses predict a π 

phase shift between the normally incident light and the SPP waves launched from slit 

structures in metal films.56,57  In our case, the phase difference between incident light and 

SPP clearly deviates from π, possibly because of the oblique light incidence, which 

changes the excitation condition at the slit.  In addition, the oblique incidence condition 

modifies the slit width dependence of the light-SPP coupling efficiency.  For the case of 

normally incident light, the coupling efficiency was found to be modulated with the 

periodicity close to λ0, providing almost zero coupling efficiency when w = nλ0 (n = 1, 

2, …).56,58  Furthermore, the contribution from Fabry-Pérot resonances was not visible.  

Our results are in strong contrast to these cases: The coupling efficiency increases as the 

slit width widens in the investigated range [dotted line in Fig. 3(b)], and is weakly 

modulated by the Fabry-Pérot resonances. 

The analytical model of Section III.A cannot explain the width-dependent coupling 

efficiency, because the excitation of SPP is assumed to occur at a point source. To 

explicitly take into account the slit width effects, we proceed to discuss the results of 

FDTD simulation introduced in Section III.B, which are reported in Figs. 5-7. 

In the main panel of Fig. 5(a), we plot the spatial distribution of the 2PP signal for a 

slit width of w=200 nm, i.e., 2/0λ . The blue curve shows the time-averaged signal 

)(4 xPtotal  for cw excitation ( 4000 =λ  nm), whereas the red curve shows the time-

integrated signal given by Eq. (1) for the pulsed excitation. Both curves are normalized to 

the value of the first peak to the right of the slit, and only data in the total field region 

(−12.1<x<11.9 μm) are shown. Several interesting features are predicted in Fig. 5(a). 

First, the calculated signal vanishes across the slit (−200<x<0 nm), as expected, because 

the polarization is zero in vacuum. At the left and right walls of the slit, the polarization 

is maximized due to the localization of the electric field at the sharp corners.12,55  
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Second, interference patterns are clearly seen in the variation of the signal as a 

function of x. The interference between the incident wave penetrating within the skin 

depth of the metal and PSPP gives rise to interference patterns to the right and left of the 

slit, with respective lengths similar to λbeat
+ and λbeat

−  predicted by the analytical model. 

We note that both the model and the FDTD calculation predict interference to the left of 

the slit. The backward interference produced by the FDTD (pulsed) calculation is more 

localized than the forward interference, because of different overlap in space and time of 

the counter-propagating and co-propagating light and SPP-WPs, as will be elaborated; 

because the left SPP-WP is sampled over a shorter distance and time than the right WP, 

the beat wavelength is less influenced by dissipation and dispersion.  Nevertheless, the 

peak-to-peak distances start to deviate from the results provided by the model and FDTD 

(cw) results, as indicated by arrow 4. 

The third feature we observe in Fig. 5(a) is the mildly varying envelope modulating 

the interference pattern.  This effect gives rise to the hump at arrow 2 (x=−5.3 μm) and 

the clamping at arrows 5 and 6 (x=9 μm). Additional simulations varying the Ag film 

thickness reveal the predominant cause for the slowly varying envelope is the 

interference between the upper and lower surfaces of the slab, particularly at the two 

walls of the slits where the SPP-WP is initially launched. In Fig. 5(a), the black curve 

shows the interference pattern under the same conditions of the blue curve, except the 

thickness of the slab is 200 nm. We observe that for slab thicknesses 200 nm the 

modulation of the envelope in the interference pattern vanishes. Additional simulations 

(not shown) reveal that the modulation of the envelope in the interference pattern 

vanishes as long as film thickness is larger than 120 nm although previously we have 

assumed that SPP propagations at the upper and lower surfaces are decoupled at 80 nm 

film thickness. Nevertheless, we observe in Fig. 5(a) that for 80 nm film thickness, the 

coupling effect introduces only a mild change of the interference pattern. We further note 

that although the fundamental cause of the slowly varying envelope is the finite thickness 

of the slab, other factors such as the slit width, incident angle, and pulse duration (in the 

case of pulsed excitation) also affect the shape of the slowly varying envelope, especially 

in the backward scattering direction. These effects are beyond the scope of this paper and 

will be addressed in a future publication. 
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Figure 1(e) and 5(a) show that there is considerable difference in the damping of the 

interference patterns between the cw and pulsed excitation cases. This is indeed the case 

when one compares the polarization grating observed by PEEM with femtosecond pulse 

excitation and interference patterns of similar origin that have been observed by near-

field scanning optical microscopy employing cw excitation.4,43,44,59 In measurements 

employing cw-laser excitation detecting linear light scattering processes, the decay length 

reflects mainly the propagation length of the PSPP field.  In the case of PEEM 

measurements using fs-laser as the excitation source, the decay length of the beat pattern 

is diminished both by the optical nonlinearity of the measurement, and by the finite 

overlap in space and time of the SPP and light WPs. 

To further illustrate the dynamics responsible for the interference in the pulsed case, 

we plot in Fig. 5(b) the calculated photoemission signal ),( txI S  and the magnetic field 

),( txH S  as functions of distance at the top surface of the silver slab at a time instance 

after the peak of the incident pulse passes the right edge of the slit. The plot verifies that 

both forward and backward scattered waves form individual WPs. We note in particular 

the different mechanisms for localization of the interference pattern to the left and right 

of the slit: To the left of the slit, the localization occurs because the backward scattering 

SPP wave travels in the opposite direction to the excitation pulse. By contrast, the 

interference pattern to the right of the slit is limited in extent because the forward 

scattering WP travels at a smaller group velocity dkdvg ω=  than the incident WP, and 

hence their spatial overlap gradually decreases. Consequently, the interference pattern 

builds up on a shorter time scale to the left than to the right of the slit. Close inspection of 

the forward and backward scattering WPs in Fig. 5(b) reveals that the leading edge of the 

WP acquires a longer wavelength than the trailing edge. This is consistent with the SPP 

dispersion relation wherein vg is larger for smaller k (or large λ). 

Next we examine the role of the slit width in determining the SPP wave coupling 

efficiency.  The red curve with superimposed dots in Fig. 6(a) shows the FDTD 

calculated interference signal strength I RP
S  of the first peak to the right of the slit as a 

function of the slit width, which clearly reproduces and explains the experimental width 

dependence shown in Fig. 3(b). In the experiment I RP
S exhibits a general increasing trend 
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with increasing w, superimposed by a modulation with maxima at 2/0λnw =  (n being a 

positive integer). The increasing trend of I RP
S  results from constructive interference at the 

right edge of the slit between the incident pulse and the cylindrical wave launched at the 

left wall of the slit (see Ref. 60 for a detailed discussion of the origin of cylindrical 

waves). 

The green curve with superimposed squares in Fig. 6(a) shows that the horizontal FP 

modes have a dominant effect on the backward scattering signal I LP
S  (first interference 

peak to the left of the slit), which shows mainly an oscillation with a periodicity 2/0λ . 

The oscillation is slowly dampened and chirped for w>800 nm because the effective 

horizontal confinement between the two walls of the slit is reduced for a more extended 

cavity. The significant difference in the slit width dependence of I RP
S and I LP

S  is due to the 

combined effects of the geometry of the slit (slab thickness 80=t  nm), the large oblique 

incident angle (65° from the normal), and the finite duration of the pulse.  

The blue curve in Fig. 6(b) shows the total transmission normalized to the slit width 

wT total  as a function of the slit width. A suppression of transmission through the slit at 

2/0λnw =  is clearly seen for w<800 nm. Loosely speaking, this indicates that the FP 

modes, when formed, can efficiently “store” energy in the cavity and couple it into the 

forward and backward scattered SPP waves (rather than transmit the energy through the 

slit).  It is also seen that wT total  continues to increase and reach a constant value for 

λ010>w , where the cavity effect vanishes. 

To further clarify the excitation of horizontal FP modes of the cavity, we plot, in Fig. 7, 

the field distribution in the vicinity of slits of various widths. Panels (a) and (c) 

correspond to the first and third FP modes, while panel (b) corresponds to an anti-

resonant case. We only show the field components Ey and Hz because they entail a 

Poynting vector leading to horizontal cavity modes. In all panels, the tilted field 

distribution inside the slit and the asymmetric interference patterns at both the upper and 

the lower surfaces with respect to the slit center (cf. Fig. 5) arise from the oblique 

incidence of excitation field. Although the resonance condition is not immediately 

deducible from the field patterns, mainly because of the limited confinement by the 80 

nm thick cavity and the oblique incidence, we still observe that Hz at the left edge of the 
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slit, highlighted by the dashed circles, oscillates and reaches its minima [maxima] for slit 

widths 2/0λnw =  [ 2/)
2
1( 0λ+= nw ] for 3≤n . Hz at the right edge of the slit, by 

contrast, does not show a strong modulation with varying slit width, as it depends 

predominantly on the strength of the incident field. These observations correlate with the 

results shown in Fig. 6, where the cavity modes only introduce minor modulation in the 

slit width dependence of I RP
S , whereas they strongly modulate I LP

S . 

 

V. CONCLUSIONS 

 

We utilized two-photon photoemission electron microscopy to image the surface 

plasmon wave packets excited by an ultrafast light pulse at a single slit in silver thin film. 

The PEEM images of the induced surface polarization reveal the coherent interference 

between the incident light pulse and the excited surface plasmon wave packets. By 

investigating a series of slits with different width, experiments with the same incidence 

condition show that the interference signal is enhanced by increasing the slit width from 

sub-wavelength scale (80 nm) to multiple wavelength scale (1420 nm) in addition to the 

enhancement due to the Fabry-Pérot resonances. This effect is accounted for by an 

increase of the forward coupling efficiency within an analytical model involving only the 

incident wave and forward scattered surface plasmon wave. Finite-difference time-

domain simulation of the experimental PEEM imaging is in good agreement with the 

polarization gratings. It also explains the increase of the coupling efficiency as a result of 

the constructive interference between the incident wave and the scattered cylindrical 

wave inside the slit, which is dependent on the oblique incidence angle. Furthermore, the 

simulation results also show the slit width dependence of the backward scattered surface 

wave signal, the transmission through the slit, and the electromagnetic field distribution 

inside the slit, which are difficult to measure in the experiments. This work calls for 

further investigation of ultrafast surface plasmon wave dynamics, for example, the effects 

of other coupling geometries (such as slit arrays or grooves) and incidence conditions 

(such as pulse duration and incident angle), which point to interesting applications such 

as active control of surface plasmons. 
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FIGURES 

 

FIG. 1. (a) The experimental light irradiation geometry and definition of the coordinate 

axes system. w, t, and θ indicate the slit width, the slit thickness (80 nm), and the light 

angle of incidence (65°), respectively. (b) PEEM image of a 200 nm slit taken with Hg-

lamp incident from the right side showing the morphology and position of slit. (c) PEEM 

image taken with 10 fs, 400 nm light pulse excitation incident from the left side. (d) The 

cross section of the PEEM image in (c) after averaging along the z-direction. (e) 

Simulated polarization grating pattern. The dotted line shows the beat pattern calculated 

for cw-light excitation. Calculations in (e) are based on the analytical model of Sec. III A. 

 

FIG. 2. (Color online) Schematic illustration of the FDTD simulation set up. A p-

polarized plane wave is incident at θ=65° from the normal of an Ag thin film of thickness 

t=80 nm. A vacuum slit of width w is placed in the middle of the film. Forward scattering, 

backward scattering, and transmission through the slit are denoted by FSC, BSC, and T, 

respectively. The total field (scattered field) region is inside (outside) the shaded area 

enclosed by the thick dashed rectangle. The two outermost rectangles show the inner and 

outer boundaries of the UPML. The blue, horizontal dashed-dotted and dotted lines 

denote detection lines at the top surface and across the slit at the bottom.  The dimensions 

are not to scale. 

 

FIG. 3. (Color online) (a) Slit width dependence of the polarization grating pattern. (b) 

The red solid line shows the intensity of the first peak of each beat trace. The dotted line 

underneath it shows a generally increasing trend. The blue dotted line shows the same 

data with the intensities converted to magnitudes of the SPP excitation parameter, β. 

Arrows point to slit widths 20λnwn = , which correspond to positions of the local 

intensity maxima. 

 

FIG. 4. (a) Selected profiles of the polarization beat patterns; and (b) the corresponding 

simulations using the analytical model. 
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FIG. 5. (Color online) (a) Main panel: calculated interference patterns at the top surface. 

The red (boldest) curve shows the time-integrated signal Is(x) in the case of Gaussian-

pulse illumination. The blue (black, thinnest) curve shows the time-average signal 

)(4 xPtotal  in the case of continuous wave illumination for Ag film of thickness 80 (200) 

nm. The three interference patterns are aligned to the slit right edge (x=0) and normalized 

to unity at the first peak to the right of the slit. Upper left inset: expanded view near the 

left edge of the slit. Upper right inset: expanded view of the red curve for 3<x<10 μm. 

Arrows and numbers in circles indicate features that are discussed in the text. (b) Top 

surface interference signal ),( txI S  and surface magnetic fields ),( txH S  of the incident 

(dashed curve) and the pure scattered (solid curve) surface waves as functions of x 

distance at t=9.321 fs after the peak of an oblique Gaussian pulse passes the right edge of 

a slit with w=200 nm. 

 

FIG. 6. (Color online) (a) Interference signals at the first peak to the left (green curve, 

with superimposed squares) and right (red curve, with superimposed dots) of the slit as 

functions of the slit width w. (b) Total transmission normalized to the slit width wT total  

(blue, with superimposed asterisks) as a function of the slit width w. 

 

FIG. 7. (Color online) Distribution of Ey and Hz field components (time-integrated values 

of E y
2 and H z

2 ) in the vicinity of the slit for (a) slit width w=λ0/2=200 nm, corresponding 

to the first Fabry-Pérot cavity mode. (b) w=5λ0/4=500 nm, corresponding to a cavity anti-

resonance, and (c) w=3λ0/2=600 nm, corresponding to the third Fabry-Pérot cavity mode. 

A log (linear) color scale is used for E y
2  ( H z

2 ). The Ag slabs are indicated by thick 

dashed gray rectangles. The dashed circles highlight the modulation of H z
2  field at the 

left edge of the slit. 
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