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Abstract

Surface plasmon polaritons (SPPs) are traditionally excited by plane waves within

the Rayleigh range of a focused transverse magnetic (TM) Gaussian beam. Here,

we investigate and confirm the coupling between SPPs and two-dimensional Gaussian

and Bessel-Gauss wave packets, as well as one-dimensional light sheets and space-time

wave packets. We encode the incoming wavefronts with spatially varying states of

polarization then couple the respective TM components of radial and azimuthal vector

beam profiles to confirm SPP polarization-correlation and spatial-mode selectivity.

Our results do not require material optimization or multi-dimensional confinement via

periodically corrugated metal surfaces to achieve coupling at greater extents. Hereby,

outlining a pivotal, yet commonly overlooked, path towards the development of long-

range biosensors and all-optical integrated plasmonic circuits.
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Introduction

Surface plasmons polaritons (SPPs) continue to be a topic for scientific exploration and

technological development since their observation more than one hundred years ago by

Wood.1 Under the appropriate conditions imposed on polarization, energy, and momen-

tum, an optical field can couple to a surface plasmon confined within a subwavelength from

the metal-dielectric interface.2–4 This phenomenon has been particularly exploited for sensor

applications because of the high sensitivity of the resonance condition to the surrounding

medium.5–7 The first criterion for exciting SPPs is that the input optical field be transverse-

magnetic (TM) polarized; no surface modes exist for transverse-electric (TE) polarization.

The second criterion, determined by the SPP dispersion relationship at a metal-dielectric

interface, is given by

kx = kSPP =

(
ω

c

)√
εmεd
εm + εd

(1)

where the complex valued dielectric function of the metal εm and lossless dielectric εd are

expressed as functions of the angular frequency of light ω as εm(ω) = ε′m(ω) + iε′′m(ω) and

εd(ω) = ε′d(ω) and c is the speed of light in vacuum.8 SPPs exist in the plasmonic regime of

a material, and so a further condition is that ε′m(ω) < ε′d(ω); where the noble metals Ag and

Au are excellent conductors exhibiting a large negative real dielectric value.

Often, the Drude model for metals serves as a suitable approximation at longer wave-

lengths away from the plasma frequency; however, frequency dependent material properties

should be characterized with ellipsometry techniques after a sample has been fabricated.

It has been observed that SPPs exhibit longer propagation lengths for low-loss plasmonic

systems.9,10 An incoming TM polarized wavefront that meets the momentum criterion es-

tablished by the SPP dispersion relationship will be excited on the metallic surface at each

transverse position along the wavefront. Importantly, while the majority of reported ex-

periments and models of SPPs assume excitation by either a plane wave or Gaussian in-

tensity distribution, other electromagnetic waves that satisfy the wave equation have been
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explored.11,12

The Christodoulides group previously showed theoretically that SPP excitation by an

Airy beam, which exhibits one-dimensional (1D) diffraction-free propagation, can result in

Airy-SPPs that resist spatial spreading in one transverse direction while freely propagat-

ing along the interface, albeit along a curved trajectory.13 A key insight here is that the

SPP excitation process requires phase matching, and therefore, the resulting surface wave

should retain the attributes of the excitation field. Recently, it has been shown theoreti-

cally that SPPs excited by propagation-invariant space-time (ST) wave packets propagate

at the metal-dielectric interface both dispersion and diffraction free.14 ST wave packets owe

their spatiotemporal propagation invariance, including self-healing, to engineered classical

entanglement; specifically, the nonseparable correlation between the spatial and temporal

frequencies.15–22 So-called striped ST-SPPs have been recently observed experimentally at a

metal-dielectric interface by illuminating a nano-slit for SPP coupling.23

It is clear from these examples that the coherent nature of the SPP excitation process

offers an opportunity to tailor the properties of the generated SPPs. In this work, we continue

this line of investigation by exploring the influence of the input intensity distribution on

the resulting SPPs, for various types of wave packets. Specifically, using a simple metal-

dielectric interface comprising of thin Ag film on glass in a Kretschmann configuration, we

experimentally explore the SPP response for Bessel-Gauss, light-sheet (LS), and space-time

light-sheet (ST-LS) illumination and compare the results to conventional two-dimensional

(2D) Gaussian illumination. Using leakage radiation microscopy,24 where the scattered SPP

response is measured in the far-field, we find that the generated SPPs follow the spatial

distribution of the illuminating field in all cases. As a result, we observe that the SPPs can

extend the full extent of the input illumination field, which is several centimeters for the

ST-LS. In addition, we confirm that illumination by radially or azimuthally polarized vector

beams produces similar effects, modified by the strict correlation between the spatial and

polarization degrees-of-freedom and the requirement for TM illumination. The approach to
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shaping the SPP response presented here is punctuated by the simplicity of our far-field

imaging setup, and the fact that our plasmonic sample requires no lithographic patterning

protocols to achieve spatial shaping of the plasmonic response.

Figure 1: (a) Schematic of the experimental setup for selective SPP excitations into a ho-
mogeneous thin film configuration mounted on a right-hand prism. The total internally
reflected light is imaged on Camera 1 and the scattered SPPs on the metal surface are im-
aged by a 5X/0.12 NA objective on Camera 2. (b) Input intensity profiles of the Gaussian,
Bessel-Gauss, light sheet, and Space-Time wave packets. (c) Tilted cross-sectional SEM of
the planar Ag sample.

Experimental Section

Experimental setup. Figure 1(a) shows a schematic of the experimental setup. SPP

excitation is carried out using a right-angle-prism (Thorlabs, PS913) mounted on a rotational

stage (Thorlabs, XRR1) in a Kretschmann configuration, where a femtosecond-pulsed laser

source, with a Gaussian intensity profile, and operating at a central wavelength of 798.4 nm

is used. The source is converted to exhibit a Bessel-Gauss intensity profile by an Axicon lens

(Thorlabs, AX2520). The 1D LS wave packet is synthesized through the combination of a
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variable mechanical slit (Thorlabs, VA100/M) and a pair of 10-mm focal length 1D cylindrical

lenses for collimation. Details outlining the generation of the ST wave packets are provided

in the Materials and Methods section, and more information is provided in our previous

work.21 We illuminate our samples with an average power of 100 µW for all wave-packets.

The half-wave plate (HWP) in the setup is used to control the incident polarization state

(TE or TM) prior to illuminating the prism. The vortex wave plate (VWP) is implemented

specifically for the generation of radial and azimuthal vector beams. Note that a 30-mm focal

length spherical lens (not shown) is used to focus the Gaussian and Bessel wave packets such

that a beam waist of 200 µm is equal to the width of the 1D LS and the main lobe of the

LS and ST wave packets. We use an sCMOS (Hamamatsu, ORCA Flash C15440-20UP)

denoted by Camera 1, to image the far-field intensity profiles. We capture the reflected

angular spectrum with a 1.5 x 1.5 cm2 aperture power meter (Newport, PD 300-MS). Next,

the scattered light from the SPP waves is imaged by a 5X/0.12 NA objective lens to a CMOS

detector (DMK33UX178, ImagingSource, denoted by Camera 2 in Fig. 1). A flip mirror

is placed after the imaging objective to direct the scattered light of the SPPs into a fiber-

coupled spectrometer not shown (Ocean Insight, HR4000) to measure the spectral content

of the electromagnetic radiation.

Sample preparation. Electron beam evaporation is used to deposit a 30-nm-thick layer of

silver (Ag) onto a cover glass slide that was previously coated with a 3-nm-thick titanium

(Ti) wetting layer. A subsequent 20-nm-thick capping layer of SiO2 is deposited to prevent

oxidation of the surface. Optical thin-film thicknesses are confirmed using profilometry and

cross-sectional scanning electron microscopy (SEM). Figure 1(c) depicts a cross sectional

scanning electron micrograph (SEM) of a fabricated thin film with a slight tilt to view the

surface roughness of the polycrystalline metal. The sample is subsequently mounted to the

right-handed prism with index-matching oil, which is adhered on a rotation mount to sweep

the angle of incidence (AOI). Samples are illuminated at an angle of incidence θi larger than

the critical angle for total internal reflection. This allows for the incoming light to have
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sufficient momentum for coupling to the surface plasmons.

Results and Discussion

Figure 2: Reflected intensity profiles of various input intensity distributions including Gaus-
sian, Bessel-Gauss, light sheet, and ST light sheet, for TM (top) and TE (bottom) excitations.

Wavefronts with spatially uniform polarization and varying intensity distribu-

tions. To confirm the presence of the SPP, we first image the reflected wavefront at an AOI

of 43◦ where the null is centered in the intensity profile as shown in Fig. 2. The reflected

intensity profile reveals a notable polarization dependent null at the center of the wavefront

for only TM excitation (top row of Fig. 2). This is often interpreted as coupling of the input

radiation to the plasmonic system. We confirm this null is not present for TE excitation

(bottom row of Fig. 2). As the AOI deviates from the 43◦ resonant angle, the null hori-

zontally translates along the wavefront. We quantitatively analyze the angular dependence

on the SPP by plotting the reflected angular spectra in supplemental document Fig. S1.

The resulting spectra exhibit asymmetric line shape profiles centered at 43◦ with varying

angular spectral widths. For the Gaussian and the Bessel-Gauss wave packets, we observe
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a minimum reflectance of 18.9% nd 31.5%, respectively. Unlike the Gaussian and Bessel-

Gauss beam distributions, the light sheet and the ST light sheet have comparable modulation

depths (MD) around 42% (see supplemental document Fig. S1). The difference in MD can

be attributed to the unique spatial extent of each wavefront where the 1D wavefronts are

spread over larger areas.

Figure 3(a) shows the far-field radiation patterns at the surface of the Ag surface upon

being subjected to each TM polarized wave packet. It has previously been shown that,

under suitable conditions, this type of leakage radiation microscopy could be used to obtain

reasonable proxies for near-field SPP propagation with the caveat that a direct 1:1 mapping

cannot be obtained with this approach because of information lost in the far-field.25 However,

we find this method attractive for its simplicity and suitability as a relative comparison

among the four waves using the same sample setup. Overall, we observe an SPP-scattered

intensity pattern that follows the incident wavefront. For the 1D LS and ST-LS, we only

display one frame of the scattered SPPs. However, the spatial extent of the SPP follows the

extent of the incident illumination field, which was apodized to 1.5 cm for our experiments.

Figure 3: (a) Experimentally obtained SPP response under Gaussian, Bessel-Gauss, light
sheet, and ST illumination on Ag. (b) Measured radar plot as a function of the polarization-
analyzer angle derived from the resulting scattered SPP for different illumation beams.

Next, to examine and confirm the polarization state of the scattered SPP, we rotate

the polar angle of the LP analyzer in 5◦ increments. For each wave packet, the scattered
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radiation follows a comparable dipole radiation pattern. Figure 3(b) plots the measured

mean pixel intensity as a function of polar angle φ for the Gaussian (purple), Bessel-Gauss

(blue), LS (green), and ST (red) scattered SPPs. We define a degree of linear polarization

(DoLP) by the Stokes parameters DoLP =
S1

S0

, where S1 = I90◦ − I0◦ , S0 = I90◦ + I0◦ , here

I0◦ and I90◦ are the integrated intensity values of images captured with the LP parallel and

perpendicular to the scattered SPPs. We find the Gaussian, Bessel-Gauss, LS, and ST SPP

wave packets to exhibit DoLPs of 0.72, 0.37, 0.56, and 0.60, respectively. Additionally, the

scattered light is directed into a fiber-coupled spectrometer to measure the spectral content

of the electromagnetic radiation. By applying a Gaussian fit to the measured spectra for

both wave packets shown in supplemental document Fig. S2, the spectral FWHM could be

extrapolated. The measured FWHM of the (a) G-SPP and the (b) ST-SPP are ∼8.5 nm

and ∼3 nm centered around 800 and 798 nm, respectively.

Wavefronts with spatially uniform polarization and varying intensity distribu-

tions. In the above, we have excited the SPPs with various intensity distributions, each

possessing a uniform polarized field. Next, we excite SPPs using vector-beam illumination,

which exhibit spatially varying polarization distributions. Standard cylindrical vector beam

wave-packets can be expressed as the superposition of orthogonal Hermite-Gaussian HG01

and HG10 modes

~Er = HG10x̂+ HG01ŷ (2)

~Eφ = HG01x̂+ HG10ŷ (3)

where ~Er and ~Eφ denote radial and azimuthal polarization states, respectively.26,27 Figure

4(a) shows the experimentally observed SPP excitation intensity distributions for both radi-

ally and azimuthally polarized vector Gaussian, vector Bessel-Gauss, vector light sheet and

vector ST SPPs, as illustrated in first row and second rows, respectively. The input states
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of polarization are illustrated in the first column.

Figure 4: Detected SPP response for radially polarized (first row) and azimuthally polarized
(second row) illumination using the vector-beam version of the Gaussian beam, Bessel Gauss,
light sheet, and ST light sheet.

As expected, for all illumination fields, SPP excitation only occurs for the TM component

of the illumination field, which for vector beams are correlated, or ( ‘classically entangled’

(28), with specific spatial modes. Thus, we demonstrate that radially polarized illumination

leads to SPP excitation for the HG10 mode, while azimuthally polarized illumination results

in SPP excitation for the HG01 mode. Note that our illumination approach is without the

use of tight focusing, contrary to typical procedures what is typically done. Indeed, it is

known that focusing radially polarized light with a high-NA objective produces a strong

longitudinal field, which satisfies the polarization condition for SPP excitation.11,12

Figure 5(a) depicts the transmitted intensity as a function of rotation angle of the LP

analyzer measured in 5◦ increments for the radially polarized input Gaussian beam (black)

and the resulting SPP response (red). As expected, the input vector beam shows azimuthal

symmetry with rotation of the polarization analyzer. Conversely, the resulting SPP response

exhibits the familiar HG10 mode that does not rotate with the polarization analyzer and

possesses a DoLP = 0.55. The intensity distribution of the SPP response after passing

through different orientations of the analyzer are depicted in Fig. 5(b). The orientations of

the analyzer are depicted by the white arrows.
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Figure 5: (a) Radar plot comparing the input radially polarized Gaussian vector wave-packet
and its corresponding SPP response. (b) The measured SPP response to the input radially
polarized beam projected along the horizontal, 30◦, 60◦, and 90◦ directions of the polarization
analyzer.

Conclusion

In conclusion, we have employed a series of wave-packets with unique transverse intensity

profiles, namely a Gaussian, Bessel-Gauss, LS, and ST, into a plasmonic system capable of

supporting SPP modes. The thin film configuration enables us to image the leakage radia-

tion with a far-field optical setup. The far-field scattering from the coupled SPP electrons is

visualized and investigated in terms of the spatial extent and scattered polarization. Addi-
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tionally, we use a series of Hermit-Gaussian modes for each wave-packet to selectively couple

to SPPs in regions where the transverse magnetic polarization criterion is met.

Methods and Materials

Space Time wave packet generation

A femtosecond laser (InSight X3, Spectra-Physics) is used to generate a Gaussian beam

with 150 fs pulses at a repetition rate of 80 MHz and an average power of 1 mW. The

excitation wavelength for this study is centered at 798.4 nm, and the laser is spectrally

adjustable between 680 and 1300 nm. The details of the experimental generation for the

synthesis and characterization of the ST light sheets are depicted in our recent paper.21

For the ST-SPPs shown in Fig. 3B, we employ the subluminal regime (vg = c tan θ) with

θ = 44.96◦ corresponds to spectral tilt angles in the range of 0◦ < θ < 45◦. The superluminal

of ST-SPPs corresponds to spectral tilt angles of 45◦ < θ < 180◦, with a positive vg. We

measured the temporal bandwidth of the ST light sheet ∆λ = 2 nm (extracted from the

spectrum of the pulsed laser see Fig. S3 in the supplemental material), the spatial bandwidth

∆kx = 18 rad/mm and the spectral uncertainty δλ= 50 pm with the selected spectral tilt

angle θ = 44.96◦. These parameters are the fundamental factors for preserving the ST

light sheet and avoiding spatial spreading. Indeed, a broader spectrum is needed to protect

a beam with larger spatial bandwidth. Sub-wavelength ST-SPPs can propagate invariantly

for significant distances, according to the theory (24). Figure 3A and 3B shows the differences

between a standard G-SPP and an ST-SPP, both with an initial transverse width of 8 µm

(FWHM).
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