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Abstract: The experimental observation of a one-dimensional evanescent
wave supported by a90° metal edge is reported. Through a measurement of
in-plane momenta, we clearly demonstrate the dimensional character of this
surface wave and show that it is non-radiative in the superstrate. Excitation
conditions, lateral extension and polarization properties of this wave are
discussed. Finally, we explore the effect of the surrounding dielectric
medium and demonstrate that a single edge can sustain distinct excitations.
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1. Introduction

Plasmonic metal structures are amongst the elementary constituents capable of confining elec-
tromagnetic radiation to deep sub-wavelength scale. In this context, geometrical singulari-
ties [1-5] and surface discontinuities [6, 7] are playing a major role at controlling the flow
of surface plasmon polaritons (SPP) by imposing stringent boundary conditions. The under-
standing of SPP interaction with metal edges and contoursis therefore of prime importance for
designing superior plasmonic devices with limited losses. A simple case of a structural nonuni-
formity for aplanar plasmonic component is an edge separating a metal region from adielectric
medium. This problem was theoretically described by Wallis and co-workers for an SPP im-
pinging the edge at normal incidence [8]: depending on the dielectric environment, SPP can be
efficiently radiated out of the end face. Thiswas experimentally confirmed by Dawson et al. [9].
Edges are radiative scatterers and are consequently poor reflectors[10,11]. More recently, Oul-
ton and co-workers developed a robust formalism based on a scattering matrix formulation to
compute this SPP scattering problem [12].

Interestingly however, very few studies focused on the interaction of surface plasmons prop-
agating along a discontinuity. Yet, thisis of fundamental interest to understand how SPPs are
behaving in confined geometries capable of reducing the dimensionality of the excitation [13].
For an SPP parallel to an edge, Weeber et al. observed an oscillatory pattern at the boundary that
was used to explain the formation of plasmonic modes in strip waveguides [6]. Plasmon modes
in these finite-size Au structures was theoretically shown to interact strongly with edges [14]
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probably contributing to the decaying propagation of SPP confined in narrow strips [15].

In this paper, we demonstrate that conical diffraction of an SPP by a planar structural dis-
continuity leads to the excitation of a one-dimensional (1D) evanescent wave. Although not
being an eigen mode of the system, this particular wave needs to be taken into account to fully
understand SPP interactions with surface boundaries. We analyze the wave-vector content of
the 1D wave by Fourier plane imaging and show that it does not radiate in the superstrate. We
interrogate the dimensionality of the wave, its polarization properties and dielectric sensitivity.

2. Samplefabrication

To conduct our experiment, we fabricated a 60nm-thick extended Au gold pad (120 um x 50
um). Theinteresting regions are the edges and the corners at the periphery of the pad. The gold
pad was prepared by e-beam lithography. After developing the exposed PMMA resit, a 60nm
gold layer was thermally evaporated in avacuum chamber (pressure < 1x10~"mbar) at a con-
stant rate of 0.1 nm/s. Finally the sample was then liftoff in awarm trichloroethylene solution.
The gold pad obtained was imaged with a scanning electron beam microscope (SEM) and char-
acterized with an atomic force microscope (AFM). Figure 1(a) displays an el ectron micrograph
of the Au pad termination together with the coordinate system used in this manuscript. The di-
rection of propagation of the surface plasmon is indicated by the white arrow and corresponds
to the positive y-direction. Figure 1(b) shows a cross section of the gold edge obtained by AFM.

glass substrate

(b)

B8 s g8y

Height (nm)

2 4 6 8 10 12 14 16 18 20
Distance (um)

Fig. 1. (color online) (&) SEM image of the termination of a gold pad. The propagation
direction of the surface plasmon is indicated by the arrow. (b) Cross section of the termi-
nation obtained by AFM. The height is 60nm. (c) Three dimensional rendering of the edge
region characterized by AFM. The roughness of the gold film is estimated to be below 2nm
RMS (small debris are visible in the edge vicinity).

The edge is clearly defined by an abrupt change of the height. The roughness of the gold film
was measured at approximately 1.3nm root-mean-square (RMS). Figure 1(c) represents athree
dimensional view of the terminated gold pad and its edge. Small debris are visible near the edge
(up to adistance around 1 um) slightly increasing the roughness to 1.8nm RMS.
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3. Experimental setup and differential method description

3.1. Experimental setup

To measure the interaction of a surface plasmon and a 90° metal corner, We have devel oped
a far-field excitation/detection schemes for exciting and characterizing surface plasmon run-
ning in metal surfaces. By use of high-numerical aperture (N.A.) objectives (N.A=1.49), pho-
tons incident from the glass substrate have enough momentum to excite surface plasmons in
a Kretschmann-like configuration illustrated in Fig. 2 [16, 17]. The position of a small colli-
mated laser beam (diameter<1mm) isdisplaced from the optical axis of an inverted microscope
(Nikon TE2000) to control the angle of incidence on the sample. The lateral displacement of
the beam is chosen such the surface plasmon resonant angle (~ 42°) is centered within the
angular spread brought by the objective lens. The TM-polarization of the beam is adjusted by
a combination of a polarizer and a half-wave plate. Detection of the surface plasmon propaga-
tion properties are determined by |eakage radiation microscopy [18-20]. The sampleis placed
within the excitation spot by means of piezo-electrical actuators (Mad City Labs, NanoBio 100).
Surface plasmon leakage radiations are directed to a beam splitter. Part of the beam is focused
in the image plane of the microscope and provides a mapping of the surface plasmon inten-
sity distribution in the film. An analyser placed in the path provides for a polarization-sensitive
detection. The second part of the beam is passing alens doublet that Fourier-transformsthe sig-
nal. A cameraplaced at the conjugated Fourier plane renders the angular distribution of emitted
light mapping thus the wavevector distribution ky and ky.

gold film

Oil immersion objective

(N.A.= 1.49) 12

waveplate pojarizer

Tube lens

Fourier plane

Analyzer

Image plane

Fig. 2. (color online) Representation of the experimental setup. Surface plasmon are excited
by a high N.A. objective in a Kretschmann-like configuration. Leakage radiation emitted
in the substrate are collected by the same objective and detected by are directed on CCD
cameras conjugated with either the image plane to retrieve the SPP intensity distribution,
or with the Fourier plane to map the wavevector distribution.

3.2. Differential method

The interaction of the surface plasmon with edge during propagation was computed using
the Differential method which is a grating formalism based on Fourier expansion [21-23]. A
schematic view of the geometry is illustrated in Fig. 3. The extended gold region is approx-
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imated by a gold strip of 10 um width and 60 nm tall. We assume in this condition that the
characteristics of the SPP in this single strip is not different with a SPP on an extended gold
film (identical wavevector and propagation length) [7].

The method separates the homogeneous areas (semi-infinite substrate and superstrate) from
the modulated area (Au grating) where the fields are written in a Fourier expansion. The field
in the superstrate (air) and the substrate (glass) can be expressed as a sum of plane waves
(Rayleigh formalism). The differential method outputs the coefficients of the expansion from
which the diffraction efficiencies of the periodic structure can be determined. In our approach,
the grating efficiency is not the primary concern since we are interested at the diffraction by a
single edge. Consequently, the periodicity between Au stripes is intentionally kept large at 20
um to avoid any cross-talk between adjacent structures.

The excitation of surface plasmon in a single stripe is achieved by focussing a monochro-
matic three dimensional Gaussian beam. The finite-size excitation results from a plane wave
decomposition of the Gaussian profile. The decomposition is restricted to a range of angles
around the surface plasmon resonance. The azimuthal angle is adjusted for conical diffraction
such that the on-axis projected component are aligned with the edge (y-direction). The total
field isthen computed in the (x,y) plane at an observation height corresponding to the thickness
of the Au stripe (60nm).

Fig. 3. Schematic view of sample geometry used for the computing the edge interaction
with the differential method. The gold pads are approximated by w=10um wide gold stripe
with thickness h of 60nm. The period of the stripe is 20um. A focused Gaussian beam is
incident at the surface plasmon angle and is aligned with y axis.

4, Resultsand discussion

The Au pad described above is installed on the experimental setup. The corner at the origin of
the coordinate system is placed in the illumination area. Surface plasmon excitation is provided
by the resonant illumination condition (angle) and momentum conversion brought by the corner
(scattering). An image of the leakage intensity distribution is displayed in Fig. 4(a). The Au
pad is delimited by the dashed line and appears as a darker region under a weak bright-field
illumination. The upper right corner of the pad is located in (x;y) = (0;0). The excitation area
is the intensity-saturated region in the image. Note that the maximum of the excitation area
coincides with the edge and does not fully overlap the Au pad. The plane of incidenceisaligned
with the y-axis defining thus a plasmon propagation along y >0 as shown by the arrow in
Fig. 4(a).

The interaction between the SPP and the discontinuity results in a large increase of the in-
tensity at the edge as shown by the profile at bottom of Fig. 4(a). The shoulder at X = —2umis
assigned to the film’'s SPP.

To confirm our observations, we have simulated this edge interaction using the differential
method . Figure 4(b) shows the computed electric field intensity at the metal/air interface for
a situation mimicking Fig. 4(a). The incident beam is a three-dimensional focused Gaussian
beam incident from the substrate at the SPP resonant angle with an azimuth aligned with the
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Fig. 4. (color online) (a) Intensity distribution of the SPP interaction with the edge acquired
by leakage radiation microscopy. The excitationisvisible asasaturated area on the top right
corner of the Au pad. The SPP propagates towards y >0. The intensity profile is taken at
y=34 um (dashed line). (b) Simulation of the electric field intensity displaying the edge
interaction. (c) Fourier imaging of the wave-vector content. The SPP is visible as a bright
arc at kspp = 1.04k,. Its diffraction at the edge leads to aline with a constant k.

edge. In concord with our experimental results, SPP are visible on the Au pad concomitant of a
high intensity localized at the edge [24, 25].

To gain more insight, we recorded the in-plane projection of the wave-vectors. Figure 4(c)
displays a partial view of the Fourier plane limited to the reciprocal space of interest. The
dashed-dotted line indicates the critical wave vector separating the alowed light region from
the forbidden light region [26]. Above that line, light momentum is greater than in free-space
and only evanescent waves can exist. The dotted line denotes our detection limit Kyax = 1.49K,
imposed by our objective. The momentum spread of the focused excitation in Fig. 4(a) is con-
tained within ky = (1.1+0.15)k, and ky = 3-0.25k,. The wave-vectors associated with the SPP

are recognized as a bright arc at kspp = ,/k§+k§:1.04k0. The arc is visible for ky/ko < 0,

because the SPP can only exist on metal surface, i.e. x < 0. The bright contrast of the arc is ex-
plained by the additional momentum obtained by scattering of the incident wave-vectors at the
corner. Its brightness decays for negative kx/ko, because the polarization of the SPP is purely
TM-polarized only for ky/ko = O.

The most interesting feature in Fig. 4(c) is undoubtedly the presence of an horizontal line at
ky = 1.04k,. The line indicates the existence of a large spread of momentum along the ky/ko
axis that spans the complete detection window (ky = +1.07k,) while being constant along the
ky/ko axis at 1.04k,. The discontinuity being along the x-direction, a spread of wave-vectors
is produced along the reciprocal axis. Because the wave-vector on the ky/ko, axis corresponds
to kspp, We attribute this feature to conical diffraction of the SPP at the edge of the Au pad
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under total internal reflection (TIR). The estimated critical angle for surface plasmon TIR at
the Au/air interfaceisarcsin(1/1.04) = 74° [27], clearly below our grazing incidence.

A large distribution of momentum like the one observed along the ky/k;, axis is the conse-
quence of field confinement. In our case, the confinement is taking place at the edge as aready
eluded in Fig. 4(a). It is remarkable to note that this particular Fourier content is indicative of
a one-dimensional (1D) excitation. The nature of a 1D wave imposes two wave-vector com-
ponents to be imaginary [4]. This condition is confirmed in Fig. 4(c) as the momentum of
the wave is entirely located in the forbidden-light region. This situation can be viewed as the
surface plasmon equivalent of a laser beam incident on the hypothenuse of a glass prism at
angle above the critical value. Under TIR, athree-dimensional beam creates a two-dimensional
evanescent wave at the surface reducing thus the dimensionality of the field. We emphasized
that the observed 1D wave is hot an eigen mode of an edge but the result of conical diffraction
of an SPP. Calculated effective indices of edge modes are beyond the detection window of our
instrument [14].

We have confirmed that this particular Fourier signature is characteristic of a SPP running
collinear to a metal edge. Diffraction under normal incidence (propagéation along x) only in-
creases the incident spread of momentum along the k /K, axis (data not shown).

The horizontal line observed in Fig. 4(c) has a finite width along the ky/ko, axis. In a plas-
monic waveguide, this line characterizes the mode sustained by the structure and its width is
inversely proportiona to its propagation length [28]. In our case, the width of the line con-
tains information about the wave-vector content of the incoming SPP: when ky components are
present in the SPP momentum, the width of the line characterizing the 1D wave is increased.
This situation is depicted in Fig. 5(a) showing the profile of the Fourier plane along the ky/ko
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Fig. 5. (color online) (a) Profile of the wave-vector distribution along the ky/ko axis as a
function Ax. Ax=0 at the corner of the pad. (b) Wave-vector distribution showing kspp when
the excitation areais far from the edge. Akgpp defines the complete SPP momentum spread
of projected along the ky/ko axis. okspp isthe FWHM of the SPP at ky/k,=0. (c) Leakage
radiation images for the corresponding Ax values.

plotted for several lateral displacements Ax of the beam along x < 0. The value Ax=0um approx-
imatively coincides with an excitation area centered at the origin. Moving the beam laterally on
the Au pad decreases the width of the Fourier line and shifts it to lower ky/k, values. Thisis
accompanied by areduction of the line intensity (multiplicative factorsin Fig. 5(a)) indicating
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a weaker interaction with the edge for increasing Ax. To understand this position-dependent
width, let us consider the situation where the excitation areais located far away from the ver-
tical edge. The SPP wave-vector content is displayed in Fig. 5(b). The SPP signature appears
asabright arc of circle of on-axis and off-axis wave-vector components superimposed over the
non-resonant contributions of the illumination (homogeneous disk). The lossesin the metal are
responsible for the width dkspp at kx=0. Here §kspp at full-width at half-maximum (FWHM) is
equal to 0.011 and corresponds to kspp = 1/(Ko x dkspp) = 11.3 um. Using the intensity dis-
tribution of Fig. 4(a), we found that the exponential attenuation of the surface plasmon in the
filmis Lspp = 11.7+£ 0.5 um in agreement with the Fourier plane estimation. The attenuation
along the edge is larger than Lgpp With Legge = 8.4+ 0.5um. We explain the shorter extension
at the edge to the additional decay channel brought by the leakage of the 1D wave into the
substrate and by the edge roughness induced by the fabrication process (Fig. 1(c)).

InFig. 5(b), Akspp isthe projection of all kspp 0N the ky/ko axis contained within the incident
wave-vectors spread (Akspp=0.036). When the edge is present and Ax=0, the measured width of
the Fourier lineis 0.031. The corresponding intensity distribution of Fig. 5(c) shows a damped
Ledge- Under this excitation condition, all kspp (on and off-axis components) are sensing the
discontinuity explaining thus why the measured line width is comparable to Akspp. As the edge
leaves the excitation area (Ax <0), the line width decreases to reach 0.01, a value comparable
to Skspp. This narrowing suggests that a limited spread of wave-vectors is diffracted by the
edge. We argue that, for Ax <0, SPP propagation is filtering the interacting kspp by selecting
only those having ky components. For kspp With a non-zero ky component, the ky value must

decrease since kspp = |/kZ + k§ This is confirmed by the displacement of the position of the

line from 1.046k, at Ax=-1.7 um to 1.031k, at Ax=-9.2 um (Fig. 5(a)). Our argumentation is
further supported by the displacement of the edge intensity along the y-direction indicating that
different off-axis SPP components are being diffracted (dashed circlesin Fig. 5(c)).

Because the field profile wraps around the discontinuity [14,29], an electric field component
normal to the edge must be present. Figure 6(a) shows a plot of the intensity taken at the edge
as a function of the orientation of an analyser (A) placed in the detection path. The analyser
is collinear to the TM polarization at 90°. The intensity follows an expected sinusoidal depen-
dence indicating that the largest field component is aligned with the edge. When A is collinear
to the incident polarization P, the intensity distribution (Fig. 6(b)) ressemblesthat of Fig. 4(a).
However, when A is orthogonal, the intensity is reduced down to 15% but is not zero. Look-
ing at the intensity distribution of Fig. 6(c), only the edge interaction is present in the image
and the remaining TE component creating during focusing; the SPP contribution is completely
suppressed under this analyzer orientation. We therefore conclude that there is a component
normal to the discontinuity bearing similarities to the radia cylindrical mode of a nanowire.
We have verified that this depolarization is characteristics of SPP conical diffraction. The in-
tensity diffracted at an edge by an SPP incident along the normal vanishes completely when the
polarizers are crossed (data not shown).

Finally, we interrogated the effect of a dielectric load on the edge interaction. Since the 1D
wave is confined by the metal discontinuity, we anticipate a strong sensitivity when the local
dielectric conditions are changed. To this aim, we evaporated a 24 nm-thick SiO, layer on
the Au pad at different recessed distances d from the edge as shown in the inset of Fig. 7. A
completely covered edge corresponds to d = 0. In this situation, the film SPP is excited at the
AU/SIO; interface with kSS',;,op2 = 1.1k,. Upon diffraction by the edge, the 1D excitation retains
the momentum of the incident SPP (k, = 1.1k,) as observed in the Fourier profile (top pane! of
Fig. 7) and its corresponding il lustration. For arecessed distance d=400 nm, the ky/ko, position
of the 1D waveisnot affected and remainsat 1.1k,. Thisisunexpected sincethe edgeis exposed
to air. We interpret this results using the following argumentation. At awavelength of 780 nm,
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the SPP mode sustained at a Au/air interface by a 400 nm-wide Au strip is below cutoff [6, 7].

Therefore, the only relevant mode excited in the structure is the one at the Au/SIO, at k?bopz.

Normalized Intensity
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Fig. 7. (color online) Profile of the wave-vector distribution along the ky /ko axis for vari-
ous recessed distances d and for a 100 nm-wide SiO,-covered edge (red curve) and their
respective illustrations. Inset: Electron micrograph displaying the 24 nm-thick SIO, layer
covering the Au pad and its recessed distance from the Au edge.

While this mode is essentially confined at the SiO; layer, its field must decay laterally on the
air side of SiO/air discontinuity [30]. Since the boundary condition imposes a conservation of
the ksspop2 wave-vector, the edge is diffracting the decaying component along the x axis of the
AU/SIO, SPP. As the distance d is increased, the SPP at the Au/Air interface can now exist
with a momentum kg‘gpzl.04ko. Because the excitation area is large compared to d, both SPP
modes at k& and ksho? are excited simultaneously. Thisis the case for d=700 nm. Remarkably,

the corresponding profile in Fig. 7 shows that the edge can sustain two distinct 1D evanescent
waves corresponding to the two SPP modes diffracted. By simply modifying the thickness of
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the load, the momentum separation between these two waves can be adjusted. For d=1000 nm,
the laterally decaying contribution of ksSipcr)>2 is vanishing and the Fourier profile peaks at the

a{{p = 1.04k,. We confirmed this argumentation by covering the edge with 100 nm-wide SiO»
strip, leaving the rest of the Au film exposed to air. Here too, the only relevant SPPis kg'gp asthe
modes in the narrow SiO, strip are at cutoff. The wave-vector profile shown in the red curve at
the bottom panel of Fig. 7 confirms that despite the dielectric load, the edge excitation retains
the wave-vector of the Au/air SPP.

5. Conclusions

To summarized, we found that conical diffraction of a surface plasmon by ametal discontinuity
under two-dimensional total internal reflection produces an excitation confined at the edge.
By measuring its intensity and wave-vector distributions with leakage radiation microscopy,
we demonstrate its one-dimensional evanescent character. We found that the dimensionality
can be adjusted by the off-axis wave-vector spread of the incident SPP and its polarization
has two in-plane components. We further demonstrate that an edge can simultaneously sustain
distinct 1D waves separated in momentum space. Furthermore, we found that under certain
condition, these waves are insensitive to the dielectric load of the edge. Although not being
an eigen mode of the edge, the wave-vector and field profile characteristics of the 1D wave
ressembles that of a cylindrical mode of a metal nanowire. We believe that the existence of this
SPP edgeinteraction has to be taken into account for designing plasmonic devices with optimal
geometries. Finally, compared to plasmonic waveguide based on a dielectric load [31], the 1D
wave offers an accessible non-radiative field localization at the edge that can be utilized for
applications where large field gradients are required.
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