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Abstract: We investigate the dynamic excitation of surface plasmon polaritons (SPPs) using vector
Laguerre–Gauss (LG) beams, which offer unique properties for manipulating the polarization and
spatial distribution of light. Our study demonstrates the efficient coupling of SPPs with LG beams,
characterized by their azimuthal and radial indices (m, p), as well as polarization distribution type.
Numerical simulations reveal that the vector nature of LG beams enables selective excitation of SPPs,
depending on the polarization type of the beam. Experimental verification of our simulations is
achieved using a gold circular Bragg grating and a spatial light modulator that generates vector
LG beams. Leakage radiation imaging demonstrates the potential of vector LG beams for dynamic
SPP excitation and manipulation. This study opens novel ways for the control of SPPs in plasmonic
devices, such as modulators, and nanophotonic circuits.

Keywords: plasmonics; optics modes; structured light; beam shaping; physical optics

1. Introduction

Surface plasmon polaritons (SPPs), surface waves that result from the interaction
between light photons and the collective oscillation of free electrons at the metal/dielectric
interface [1], have been the subject of intensive research in the recent twenty years basi-
cally because they hold the promise of being the next chip-scale technology [2] down to
the nanometer [3] and the subwavelength scale [4]. From the device point of view, the
metal/dielectric interface serves as a channel (i.e., a plasmonic waveguide) that carries
information (i.e., the surface wave). To excite SPPs into plasmonic devices, light illuminat-
ing the interface from the dielectric medium must equal the frequency of the SPPs, and
the component of the wavevector of the incident light parallel to the surface (i.e., kx) must
equal the wavevector of the SPPs (kSPP) [5]. To equal or match these wavevectors, special
arrangements need to be used to obtain equality as the SPP wavevector is larger than that
of the component of the wavevector of incident light. These arrangements provide the extra
wavevector needed for wavevector matching. In addition to the bulky Kretschmann [6]
and Otto configurations [7], many surface arrangements have been proposed to excite SPPs,
such as diffraction gratings [1,8,9], diffraction of surface features [9,10], holes in metals [11],
dielectric waveguides [12–14], and near-field scanning optical microscope probes [15–17].
However, most illumination schemes are carried out with spatially homogeneous polar-
ized light such as linearly, circularly, and elliptically polarized beams. The excitation and
manipulation of SPPs can be extended with incident light spatial amplitude and phase
distributions [18–20], as well as with spatial inhomogeneous polarization distribution such
as that presented in optical vector beams (VBs) [21–24]. The radially vector beam is one of
the most investigated vector beams and has been used to excite and focus SPPs in a bull’s
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eye plasmonic antenna [25] and dark modes in nanorod trimers [26]. Vectorial beams can
be generated via two methods: passive generators that convert the fundamental Gaussian
beams into VBs by using dynamic or geometric phase plates, metasurfaces, and active laser
generators [18]. In addition, interferometric approaches typically combine a superposition
of orthogonal linearly polarized beams to generate VBs [27]. These methods, however, are
designed to generate specific VBs. The use of spatial light modulators (SLMs) is an efficient
way to generate VBs by converting fundamental Gaussian beams [28]. The observation of
optical spin symmetry breaking in plasmonic nanoapertures was demonstrated with VBs
whose phase was modulated by an SLM [20,29]. Active control over the amplitude and
phase of SPPs was also demonstrated with the use of digital SLMs [30–33]. Most of these
schemes, however, used the scalar distribution of the complex beams, namely amplitude
and phase.

In this work, we used spatially varying polarization distribution vector Laguerre–
Gaussian (LG) beams to dynamically excite surface plasmon polaritons in a circular plas-
monic Bragg grating. The vector LG beams, with a spatially inhomogeneous polarization
distribution, were generated through the dynamic conversion of a fundamental Gaussian
beam with an SLM. Novel intensity and polarization patterns were produced through
the SLM, and the excitation of SPPs was experimentally investigated using leakage radia-
tion microscopy (LRM). In addition, we numerically performed a systematic study of the
excitation of SPPs with vector LG beams.

2. Materials and Methods
2.1. Design, Fabrication, and Characterization of the Circular Bragg Grating

The configuration we choose to demonstrate the dynamic control for the excitation of
SPPs is a circular Bragg grating configuration (Figure 1a). When a local radially polarized
part of the vector beam illuminates the circular Bragg grating, the local field is transverse
magnetic (TM) polarized with respect to the edge of the circular grating. This local po-
larization can thus excite SPPs efficiently. The SPPs propagate through the center of the
circular grating and generate a highly focused SPP through constructive interferences [25].
The focusing spot field is enhanced relative to that when a linear polarized beam is used as
an excitation beam. The period of the grating is calculated to fulfill the phase-matching
condition βSPP = k0 sin θ ± 2π

a or the excitation of SPPs, where βSPP = k0nSPP is the SPP
wavevector, and k0 is the wavevector of the incident field. Excitation efficiencies as high
as 0.5 are obtained with such gratings [9]. At a wavelength of λ = 780 nm, the calculated
effective index of the SPP in the air–metal interface in a 50 nm thick gold (Au) thin film is
nSPP = 1.021857 + i0.00135679, and thus the period a = λ/nSPP = 0.764 µm was obtained
(see the Supplementary Materials). The grating thus has a period of a = 0.764 µm with a
duty cycle of 0.5, a thickness of 20 nm, and consists of a number N = 14 concentric rings
(Figure 1). The inner ring has a radius of 20 µm. The circular grating is made of Au and is
patterned on top of a 50 nm thick Au thin film on a cover slide glass substrate. A vector LG
beam is incident from the top of the circular grating at an incident wavelength of 780 nm
and an angle of incidence θ = 0 (Figure 1a). For the sample fabrication, we started with Au
deposition of a thin film of 50 nm via Joule effect evaporation on top of a cover slide. We
then used electron beam lithography (EBL by Raith eLINE) to define the concentric rings.
We used PMMA resist with a thickness of about 180 nm and the following EBL parameters:
electron gun tension 20 kV, aperture 10 µm, and step size 0.0064 µm. After the exposition,
the pattern was developed on an MIBK:IPA (1:3) developer for 60 s. Finally, a second Au
deposition and lift-off process was carried out to define the Au circular Bragg grating with
a thickness of 20 nm (Figure 1b,c).
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Figure 1. Dynamic excitation of surface plasmon polaritons with vector Laguerre–Gaussian beams.
(a) Schematic of the circular plasmonic Bragg grating on gold thin film. The thickness of the grating
and thin film are 20 nm and 50 nm, respectively. The grating consists of 14 concentric rings with a
period of a = 0.764 µm and 0.5 duty cycle. The structure is dynamically excited with vector LG beams
at normal incidence. (b) Optical and (c) scanning electron microscope images of the grating. Zoom
on the grating area. (d) Scheme of the setup for the dynamic excitation of SPPs with vector LG beams.
A spatial light modulator (SLM) is used to form the vector LG beams. Red optical path shows the
path for the Fourier plane.

2.2. Leakage Radiation Microscopy

The setup for the measurement of the dynamic excitation of SPPs is based on the use
of an SLM to generate vector LG beams (Figure 1d). Specifically, we used the Hamamatsu,
Japan, LCOS-SLMX10468 with 792 × 600 pixels and 256 gray levels (8 bits). An input
beam is reshaped with the SLM into the desired vector LG beam [34]. The SPPs’ intensity
distribution near the air/gold interface was directly measured via the leakage radiation
microscopy (LRM) technique. In this technique, the propagating SPPs at the air/gold
interface leak through the Au thin film into the glass substrate due to boundary conditions
and conservation of the in-plane wavevector along two interfaces [35–37]. The leakage
radiation from the SPPs is detected in the far field in both the direct space with the µEye
CCD camera, UI-2210-M and in the Fourier space with the Canon Rebel T5 camera, which
uses two lens to make the object focal plane coincide with the back focal plane (BFP).
The leaked radiation is collected by a large aperture oil immersion microscope objective
(MO2, APO TIRF 100 × NA = 1.49) and an image is taken with a µEye CCD camera. A
removable beam blocker (BB1) was placed close to the BFP of the microscope objective
(MO2) to filter the directly transmitted light passing through the sample and thus to image
only the distribution of the LR. If the beam blocker BB1 is removed, a reference light beam
propagates to the LR image plane and illuminates the CCD camera, which generates a
fringe pattern due to the interference of the reference beam and the LR of the SPPs, as
described by Garcia-Ortiz et al. [38]. To obtain images of the Fourier plane, an afocal
system (L1 and L2 lenses) was placed on one of exit ports of the inverted microscope
that, together with the IL1 lens, allow us the imaging of the back focal plane (BFP) of the
MO2 onto the CCD of a Canon Rebel T5 camera. In this way, it is possible to visualize
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the Fourier plane corresponding to the excited SPPs in the sample. In addition, a beam
blocker (BB2) was placed close to the Fourier plane to eliminate the contribution of the light
transmitted directly through the sample. The angle at which the radiation leaks is given by
sin[θLR(λ)] = Re[nSPP(λ)]/nglass, which is θLR(λ) = 43.8° in our case.

2.3. Vector LG(p,m) Beams

To gain physical insight of our experimental results, we perform numerical simulations
of the excitation of SPPs with vector LG beams with the use of a 3D finite-difference
time-domain (FDTD) method. The vector LG beams are paraxial solutions of the vector
Helmholtz’s equation in cylindrical coordinates [39]. Specifically, these VBs have a spatially
varying polarization distribution with cylindrical symmetry given by [40]:

E(p,m)(r, φ, z) = U(p,m)(r, z)Pm(φ), (1)

where U(p,m)(r, z) is the radial and axial distribution, and Pm(φ) is the inhomogeneous
polarization distribution in the cross-section of the vector beam. U(p,m)(r, z) is given by

U(p,m)(r, z) =

√
2p!

π(p + m)!
1

w(z)
exp

[
−r2

w2(z)

][ √
2r

w(z)

]|m|
L|m|p

[
2r2

w2(z)

]
, (2)

where r is the radial direction, φ is the azimuthal angle, z is the distance from the waist,
p and m are the radial and azimuthal mode numbers, respectively, and the distribution
Pm(φ) is defined as

Pm(φ) =


+ cos(m− 1)φêφ − sin(m− 1)φêr, for type I
+ cos(m + 1)φêφ + sin(m + 1)φêr, for type II
+ sin(m− 1)φêφ + cos(m− 1)φêr, for type III
− sin(m + 1)φêφ + cos(m + 1)φêr, for type IV

(3)

where êφ and êr are the unit vectors along the azimuthal and radial directions, respectively.
The local state of polarization is linear, but there is an azimuthal variation in the polarization
direction. Here, we consider radial p = 0 and azimuthal indices m = [1, 2, 3, 4]. Also, we
consider a wavelength of 780 nm and a beam waist of 30 µm (Figure 2).
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Figure 2. Calculated intensity and polarization distributions of vector LG beams p = 0 and (a) m = 1,
types I–IV, (b) m = 2, types I–IV, (c) m = 3, types I–IV, and (d) m = 4, types I–IV. Scale bar is 25 µm.
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For m = 1, types I and III correspond to azimuthally and radially polarized beams,
respectively. They have an identical amplitude distribution, and the direction of local polar-
ization at each point in the beam cross-section is orthogonal between the two beams [41].
For m = 1, types II and IV correspond to hybrid vector beams [40] with an identical ampli-
tude distribution, and the direction of local polarization is also orthogonal between these
two beams. Only the local polarization perpendicular to the grating edge can excite SPPs.
We followed the code in reference [42] and we implemented the vector LG beams using
Equations (1)–(3) in 3D FDTD solutions via Lumerical with proper cylindrical to Cartesian
coordinate transformations. We fixed the calculation window of size 90 µm in the x and
y axes, and 2 µm in the vertical z axis. Gold was modeled with the permittivity constant
from ref. [43]. The plane of the source vector LG beam was placed 0.2 µm above the surface
of the grating, and a field monitor was placed in the glass substrate, at 30 nm below the
Au/glass interface to simulate the LRM imaging. The data from the field monitor in the
glass substrate were decomposed into a series of plane waves that propagated at different
angles. The plane wave outside the numerical aperture NA = 1.49 was discarded from
the image plane to simulate our experimental setup. In addition, we also kept the data
from the near-field distribution of the SPPs, both amplitude and phase distributions. We
placed three field monitors of sizes 90 µm × 90 µm, 40 µm × 40 µm, and 10 µm × 10 µm to
observe the extend of the SPP fields. Although we used a high NA, the near and far fields
are quite different. To obtain the image in the Fourier space, we used far-field projection,
which projects the field in the far field and takes the spatial Fourier transform. We used the
Fourier-transformed field to plot the image in k-space.

3. Results and Discussion
3.1. Numerical Simulations and Vector LG(p=0,m=1,2,3,4) Beams

We start this section with the results of the numerical simulations of the excitation
of SPPs with vector LG(p,m) beams. We simulated vector beams with radial p = 0 and
azimuthal indices m = 1, 2, 3, and 4. We used the polarization distributions as described
in Equation (3). Each type has an angular dependence of polarization distribution θp(φ),
which is a local angle of the polarization vector. For types I, II, III, and IV, the angular
dependencies are θp = mφ + π/2, θp = −mφ + π/2, θp = mφ, and θp = −mφ, respectively.
In Figure 3, we plotted the distribution of the electric field in the center of the grating for
vector LG(0,[1,2,3,4]) type I to IV beams.

For m = 1, types I and III with θp = mφ + π/2 and θp = mφ correspond to the
well-known azimuthally and radially polarized beams. Hybrid vector beams are obtained
for types II and IV with θp = −mφ + π/2 and θp = −mφ, respectively. Because the
polarization distribution of the vector LG(0,1) beams of type I does not present a local TM
polarization (i.e., polarization vector perpendicular to the grating), SPPs are not excited
(Figure 3a). In contrast, for type III beams, all local polarization vectors are perpendicular
to the grating and, thus, SPPs are excited from all angles (Figure 3c).

For vector LG(0,1) type II beams, maximum excitation of SPPs comes from angles π/4,
3π/4, 5π/4, and 7π/4 rad (Figure 3b) as the angle of the local polarizations are θp = π/4,
θp = −π/4, θp = −3π/4, and θp = −5π/4 rad, respectively, at these angles. Finally, for
type IV beams, maximum excitation of SPPs comes from angles 0, π/2, π, and 3π/2 rad
(Figure 3d) as the angle of local TM polarizations are θp = 0, −π/2, −π, and −3π/2 rad,
respectively, at these angles. It is interesting to note that the electric and magnetic field
lines at the center of the grating follow the local polarization distribution of the incident
field. In the Supplementary Materials, the electric field lines in the center of the grating can
be seen in Figures S3–S6 for types I, II, III, and IV, where the maps represent the absolute
values of the magnetic field.

For m = 3, type I (type III), SPPs are excited from four angles, π/4(0), 3π/4(π/2),
5π/4(π), and 7π/4(3π/2) rad (Figure 3i,k), as the angle of the local polarizations are
θp = 5π/4(0), 11π/4(3π/2), 17π/4(3π), and 23π/4(9π/2) rad, respectively, at these an-
gles. For m = 3, type II (and IV), SPPs are excited from eight angles, π/8(0), 3π/8(π/4),
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5π/8(π/2), 7π/8(3π/4), 9π/8(π), 11π/8(5π/4), 13π/8(3π/2), and 15π/8(7π/4) rad
(Figure 3j,l), as the angle of the local polarizations are θp = π/8(0), −5π/8(−3π/4),
−11π/8(−3π/4), −17π/8(−9π/4), −23π/8(−3π), −29π/8(−15π/4), −35π/8(−9π/2),
and −41π/8(−21π/4) rad, respectively, at these angles. Again, the electric and magnetic
field lines at the center of the grating follow the local polarization distribution of the
incident field.
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Figure 3. Excitation of surface plasmon polaritons with type I–IV vector LG(0,[1,2,3,4]) beams. Distri-
bution of the electric field and magnetic field lines for vector LG(0,m) beams (a) m = 1, type I, (b) m = 1,
type II, (c) m = 1, type III, and (d) m = 1, type IV, (e) m = 2, type I, (f) m = 2, type II, (g) m = 2, type III,
and (h) m = 2, type IV, (i) m = 3, type I, (j) m = 3, type II, (k) m = 3, type III, and (l) m = 3, type IV,
(m) m = 4, type I, (n) m = 4, type II, (o) m = 4, type III, and (p) m = 4, type IV. Scale bar is 500 nm.

As seen in Figure 3, the electric field maps are different for each incident vector LG
beam. The direction of excitation of SPPs follows the vector distributions. For instance, for
incident vector LG beams with m = 1, types II and IV, the polarization distributions present
four local vector directions perpendicular to the circular grating and, therefore, four peaks
can be seen in the electric field maps at θ = nπ/4 with n = 1, 3, 5, and 7 for type II and
θ = nπ/2 with n = 0, 1, 2, and 3 for type IV. The magnetic field lines circulate around each
peak (see the Supplementary Materials). In addition to the electric field maps, we plotted
the magnetic field maps in the Supplementary Materials. In these maps, we overlapped the
electric field lines. Also, in the Supplementary Materials, we plotted the real part and phase
of the z-component of the electric and magnetic field of the excited SPPs in the circular
Bragg grating for each of the incident vector LG(0,m=1,2,3,4) beams for types I to IV. In the
real part and phase of the principal component, we see not only the direction of excitation
of SPPs but also the orientation of the direction of the polarization vector.

3.2. Experimental Results with LRM, Incident Vector LG(p=0,m=1) Beams

An optical microscope image of the Bragg grating in shown in Figure 4a. The two
circumferences represent the inner and outer rings. The inner ring radius is 20 µm. We
particularly focus on the experimental results, and we show the excitation of SPPs with
vector beams LG(0,1) type III (Figure 4b) and I (Figure 4c). We observe the excitation
of SPPs thanks to the extra momentum added by the Bragg grating. We also observe
the propagation of the excited SPPs towards the center of the grating for type III beams,
whereas no excitation of SPPs is obtained for type I beams, as expected.
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Because the CDD camera not only detects the leakage radiation beam but also the
incident beam, an interference pattern is formed due to the interference between the
incident beam and the backward radiated field or leakage radiation. The collection of the
incident field decreases the contrast of the LR images.

As described in Section 2.2, we measured the excitation of SPPs with LRM both in the
direct (see magnified image in Figure 5b,e) and Fourier (Figure 5c,f) spaces.

min

max(a) (b) (c)

LG(0,1) type ILG(0,1) type III

Figure 4. Experimental excitation of surface plasmon polaritons. (a) Optical image of the gold Bragg
grating with a period of 764 nm. The two circumferences represent the inner and outer ring of the
grating. Leakage radiation imaging of the excitation of SPPs with vector LG(0,1) (b) type III and
(c) type I beams. Only type III beams excite SPPs.
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Figure 5. Experimental excitation of surface plasmon polaritons. Type I and III vector LG(0,1) beams.
Experimental distribution of polarization of the incident field types (a) I and (d) III. Leakage radiation
microscopy images of the excitation of SPPs in (b) the direct and (c) Fourier spaces for the type I and
(e,f) for type III beams. Scheme of the incident fields for simulations of type (g) I and (j) III beams.
Corresponding results of the excitation of SPPs in the (h,k) direct and (i,l) Fourier spaces.

In the Fourier space image, the map in a circumference shape confirms the excitation
of SPPs in all kx and ky directions (Figure 5f). A profile along the green line provides a
measure of the propagation length of SPPs [35]. We thus extracted a cross-cut and fitted
with a Lorentz curve, where the reciprocal of the full width at half maximum (FWHM)
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of the Lorentzian gives the propagation length (see the Supplementary Materials). We
obtained a propagation length of 13.04 µm. This value coincides with the calculated one
(see the Supplementary Materials, Figure S1). In Figure 5g–l, we show the results from the
3D FDTD simulations. The scheme of the distribution of polarization used in the simulation
is plotted in Figure 5g for LG(0,1) type I beams and in Figure 5j for LG(0,1) type III beams.
The simulated direct (Figure 5k) and Fourier space images (Figure 5l) coincide with the
measured results.

To further demonstrate the directional control of the excitation of SPPs, we pro-
grammed the SLM to interpose sections (like slices in a circle chart) of vector LG(0,1) type I
and III beams. The section with a local distribution of type III beams is expected to excite
SPPs (Table 1). In Figure 6, we show the experimental results for four different divisions of
polarization distributions, which are named D1 for a distribution for a six-twelfth LG(0,1)
type I beam and a six-twelfth LG(0,1) type III beam (Figure 6a); D2 for a four-eighth LG(0,1)
type I beam and a four-eighth LG(0,1) type III beam (Figure 6b); D3 with a two-quarter
LG(0,1) type I beam and a two-quarter LG(0,1) type III beam (Figure 6c); and D4 with a
one-half plane LG(0,1) type I beam and a one-half LG(0,1) type III beam (Figure 6d).

Table 1. Graphical representation of the experimental incident polarization distributions.
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Figure 6. Excitation of SPPs with combinations of vector LG(0,1) type I and III beams. Scheme of
distributions (a) D1, (b) D2, (c) D3, and (d) D4. The white lines represent the inner and outer grating
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rings. Leakage radiation images of SPPs in (e–h) the direct and (i–l) Fourier spaces for distributions
D1, D2, D3, and D4, respectively. Arrows indicate the sections where leakage radiation was detected.
Insets in (e–h) are magnifications in the center of the grating. Scale bar is 10 µm in (a–h).

As expected, only the local polarization distribution where the polarization vector
is perpendicular to the grating excites SPPs, while the other parts with a vector LG(0,1)
type I beam polarization distribution do not excite SPPs. The selective excitation of SPPs
is more clearly identified in the Fourier space images. In Figure 6i–l, the six, four, two,
and one sections of distributions D1, D2, D3, and D4 are indicated with arrows. We
performed 3D FDTD with distributions D1 to D4 (see the Supplementary Materials). The
discrepancy between experiments and simulations is caused mainly by the misalignment
between the optical axis of the incident beam and the axis of the center of the grating. We
support this statement based on the numerical simulations conducted with an incident
beam with a misalignment of ∆x = −10 µm and ∆x = +10 µm, only along the x-axis (see
the Supplementary Materials). A misalignment towards negative values along the x-axis
will produce more regions of incident type III beam overlapping with the grating and, thus,
excite SPPs (Figure S30g–i in the Supplementary Materials). In contrast, a misalignment
towards positive values will produce a smaller overlapping region of incident type III
beams, which do not excite SPPs (Figure S30j–l in the Supplementary Materials).

This overlapping produces the changes we see in the direct and Fourier space images
relative to the zero-misalignment case shown in Figure S30d–f. The additional lobes seen
in Figure 6i–l are also caused by the excitation of SPPs due to the roughness of the surface.
Indeed, in addition to the momentum needed to excite SPPs with the grating, the extra
momentum needed to excite SPPs can also be obtained by the scattering of the light due to
roughness of the surface, which produce light with wavevectors in all directions [1,44].

4. Conclusions

The use of a spatial light modulator to generate vector LG beams allows us to dynami-
cally excite surface plasmon polaritons in a circular Bragg grating. The unique properties
of vector LG beams, particularly their polarization state, were exploited to selectively
excite SPPs. Optical images both in the direct and Fourier spaces were taken with leakage
radiation microscopy and analyzed, revealing that the excited SPPs gathered in the center
of the grating. Our future research directions include exploring the potential of LG beams
for exciting SPPs in complex geometries.
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