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Abstract:

 Nanoscale light fields near nanoplasmonic objects can be highly structured and can contain highly-subwavelength features. Here, we present the results of our search for the simplest plasmonic system that contains, and can be used to control, the smallest such optical feature: an optical singularity. Specifically, we study the field around subwavelength holes in a metal film and look for polarization singularities. These can be circular (C)-points, at which the polarization is circular, or linear (L)-lines, where the polarization is linear. We find that, depending on the polarization of the incident light, two or three holes are sufficient to create a wealth of these singularities. Moreover, we find for the two-hole system that C-points are created in multiples of eight. This can be explained using symmetry arguments and conservation laws. We are able to predict where these singularities are created, their index and the topology of the field surrounding them. These results demonstrate the promise of this plasmonic platform as a tool for studying and controlling fundamental properties of light fields and may be important to applications where control over these properties is required at the nanoscale.
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1. Introduction

Structured light fields, which have long been studied at everyday length scales [1,2,3,4,5,6], are increasingly being identified and studied at the nanoscale. That this transition occurs should not be too surprising, after all, at the nanoscale, we can control optical properties, such as the speed [7,8,9,10] and way [11,12,13] in which light propagates, simply by engineering the structural geometry. What is surprising is how long it has taken for this transition to occur. After all, studies of fine structure in light fields, such as optical singularities, first appeared almost 70 years ago [14,15,16].

Perhaps investigations into the fine structure of nanoscale light fields were delayed because, initially, researchers were more interested in the macroscopic optical properties of nanopatterned materials, rather than their microscopic field structure. Studies of photonic crystal waveguides, where the geometry of a periodic array of holes in a thin semi-conductor layer determines the properties of the optical modes, are a perfect example of this phenomenon. Such waveguides were extensively studied for the way in which they guide light, generating considerable excitement for their ability to both highly confine light and to slow it down [7,8]. Yet, this very same nanopatterning, which controls the flow of light, also imprints a fine structure onto their nanoscale light fields. It is only recently that researchers have begun looking into the structured light fields of photonic crystal waveguides [17] and, through an understanding of this structure, explaining the origins of the macroscopic behavior of the waveguide [18].

One exciting type of structure in light fields, which we will focus on in this work, is the optical singularity and, more specifically, the polarization singularity [3,4]; these are amongst the smallest optical entities: infinitesimally small points in space where an aspect of the polarization of light (such as its handedness or orientation) is undefined and whose surrounding light fields carry a topological index. The recent studies of nanoscale optical singularities have been into the near fields of either highly structured dielectrics, such as photonic crystal waveguides [17,19,20], or the more simple plasmonic systems, such as slits or holes in metal films [21,22]. The latter, in part due to the underlying simplicity of the plasmonic systems, have illuminated key aspects of nanoscale singular optics and, in general, of light-matter interactions on the nanoscale. For example, these studies predict the nanoscale spatial evolution of optical singularities in complex light fields [21] and even offer a glimpse as to how they can be controlled and manipulated through nanoscale geometry [22]. These studies suggest that simple plasmonic systems can be used as a platform to study properties of optical singularities, at the nanoscale.

In this article, we set out to find the simplest plasmonic system where optical singularities can be created and controlled in a robust fashion. We use rigorous electromagnetic theory to numerically model the scattering of surface waves from subwavelength holes in metal films. We find that scattering from two holes, which act as dipole sources of surface plasmon polaritons that predominantly radiate towards each other, is sufficient to create light field distributions that contain polarization singularities. If we rotate the polarization of the incident light such that the scattering of the holes is predominantly in the orthogonal to the line containing the holes, then we find that three holes are required to generate polarization singularities. Finally, as an example, we show how using this simple plasmonic platform, we can create and annihilate singularities simply by changing the hole spacing or the polarization of the excitation beam.



2. Polarization Singularities in Plasmonic Fields

Polarization singularities are, by definition, points where some aspect of the polarization of a light field is undefined. At the nanoscale, these singularities can often be found in highly structured fields that arise, for example, from the interference of the different Bloch harmonics that form the eigenmodes of a photonic crystal waveguide [17,20] or the interference of incident and scattered surface plasmon polaritons (SPPs) from a nanoscatterer, such as a subwavelength hole [22]. If, for example, there are points, typically a line, at which the polarization of light is linear, then the handedness of the polarization ellipse there is undefined. This is called an L-line singularity. Likewise, if at a point, the polarization ellipse is circular, then at that point, its orientation is undefined. This is known as a C-point singularity.

When hunting for optical singularities in structured light fields, it is often simpler to consider the polarization properties of the light field, rather than its amplitude. At any point in space, the polarization of a monochromatic light field on a plane (we will take the x-y plane) of two field components (here, [image: there is no content] and [image: there is no content]) can be described by an ellipse, as shown in Figure 1a.

Figure 1. Plasmonic platform for the study of optical singularities. (a) The polarization ellipse, which can be used to describe the polarization of light in a plane. Here, the lengths of the short and long axes, u and v, are labeled, as is α, the angle that the long axis makes with the y-axis. (b) Sketch of a plasmonic system that we envision can be used to study optical singularities on the nanoscale. Multiple holes, each separated by Λ, are arranged in a line on an optically thick metallic film. Illumination from the bottom side, in this case at normal incidence with [image: there is no content] oriented along y and [image: there is no content] along x, excites dipoles in the holes (in this case, predominately [image: there is no content]), which radiate surface plasmon polaritons (SPPs) on the top surface of the film. We look for singularities in the electric field distributions that result from the superposition of all f the SPP waves. (c) The same system as in (b), but with the incident illumination rotated by 90 degrees, resulting in an initial response of the holes that is dominated by [image: there is no content]. In this case, the holes will predominately launch SPPs in the [image: there is no content] direction.
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This ellipse can be parameterized by ε and α, where:
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Here, [image: there is no content] and [image: there is no content] are the ratio and difference of the field amplitudes and phases, respectively.

The ellipticity, ε, measures the ratio between the short and long axes of the polarization ellipse, ranging from [image: there is no content] to one. When [image: there is no content], the electric field is circularly polarized, with the sign denoting the handedness, while [image: there is no content] corresponds to linear polarization. In the latter case, the handedness of the light field is undefined, giving rise to L-lines.

The orientation of the long axis of the polarization ellipse, α, is measured from the y-axis towards the x-axis, and it ranges from [image: there is no content] to [image: there is no content]. C-points are found where α is undefined, and the orientation of the polarization ellipse is singular. This type of singularity necessarily occurs at positions where the polarization is circular [image: there is no content]. The light fields in the vicinity of C-points carry a topological index,
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This topological index is defined, for a given wave field feature, as the integer number of rotations that the polarization ellipse undergoes as one traverses a closed path C around the feature in a counter-clockwise manner. Because the polarization field is continuous everywhere on the path, the ellipse must return to its original orientation in one full circuit; however, the ellipse is symmetric under 180-degree rotations, giving rise to non-integer indices. In this work, we will search for C-points with a topological charge of [image: there is no content], which come in three generic forms: the star, the monstar and the lemon [23].

As noted above, C-points have been recently observed in a simple plasmonic system, consisting of a single subwavelength hole in a metallic film [22]. In this case, the complex electric field distribution that arises due to the interference of an incident SPP beam, and a wave of SPPs scattered from the hole, can contain many C-points. In this system, however, properties of the C-points, such as their positions, are very sensitive to the properties of the incident beam. Slight changes in the size of the incident beam can, for example, cause the C-point positions to drastically change, making them hard to study.

Here, we propose to use the plasmonic system sketched out in Figure 1b,c to largely decouple the properties of the electric field distribution, and, hence, of the C-points, from the incident light. As shown in this figure, our system consists of an optically thick gold film that is perforated by a number of subwavelength holes. We envision shining a weakly-focused laser beam on the bottom of the sample to: (1) ensure that only light radiated by the holes can be found on the top surface; and (2) ensure that small changes to the incident beam parameters do not affect the resultant field distribution. We then look for C-points in the complex field distribution that results from the superposition of the different scattered SPPs.

An advantage of our plasmonic system is that the nanoscale optical response of such a subwavelength hole is now well understood and can be modeled as arising from in-plane magnetic dipoles [image: there is no content],[image: there is no content] and an out-of-plane electric dipole [image: there is no content], excited at the hole location [24,25]. If these dipoles are known, then the electric field of the SPPs radiated by the hole can be written as [24],
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where [image: there is no content] is the vacuum wavevector of light of wavelength λ, [image: there is no content] and [image: there is no content] are the in-plane and out-of-plane SPP wavevectors, respectively, at the interface of a metal (with complex permittivity ϵ) and air. In Equation (4), [image: there is no content] are the Hankel functions, which account for the circular nature of the radiated SPPs, [image: there is no content] is the displacement from the hole, which is located at [image: there is no content], and [image: there is no content], where φ is the angle between [image: there is no content] and the positive x-axis.
To extend this model to a system with multiple holes, we note that the dipoles that are created at the hole positions are excited by the incident light, according to:



p=αEE[image: there is no content]inc
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where [image: there is no content] is the electric (magnetic) polarizability of the hole, which can be measured or calculated [24]. In this work, we will consider a hole with radius [image: there is no content] nm, for which [image: there is no content] and [image: there is no content], at [image: there is no content] nm. At this free-space wavelength, the SPP wavelength is [image: there is no content] nm. We note that the relative phase of these two polarizabilities is largely independent of hole size, and hence, we expect that small changes in hole size (and possibly shape) will mostly lead to a change in the amplitude of the induced dipoles, and, hence, the scattered field, and not to the shape of the scattered field.
The fields that are incident on the holes, [image: there is no content]inc and [image: there is no content]inc, which excite the dipoles, can be due either to the initial free-space beam that we shine on the holes or the scattered field from one hole that arrives at its neighbor. For the initial excitation, we consider two cases, corresponding to orthogonal polarizations of the initial, free-space excitation beam. If this beam is polarized, such that its magnetic field is oriented along the y-axis (i.e., [image: there is no content]inc=Hy[image: there is no content] and [image: there is no content]inc=[image: there is no content][image: there is no content]), as is shown in Figure 1b, then the initial response of the hole will be dominated by the [image: there is no content] dipole. If we place the holes on a horizontal line at [image: there is no content], then the initial radiation of SPPs will predominately be in the [image: there is no content] direction, and the holes will, in effect, not “see each other”. Conversely, for initial excitation using [image: there is no content]inc=Hx[image: there is no content] and [image: there is no content]inc=[image: there is no content][image: there is no content], the response will be dominated by [image: there is no content], and the holes will predominantly radiate towards each other, as is shown in Figure 1c. In this case, the interaction of the holes cannot be neglected and in this work is accounted for by allowing the scattered field from any hole to act as an additional source term for its neighbors (see the Supplementary Information for more details on the theoretical model and the interaction of the holes).



3. Results and Discussion


3.1. Two Holes

We begin by considering the case shown in Figure 1c, with two holes separated by [image: there is no content]μm and the incident polarization chosen such that [image: there is no content]inc=Hx[image: there is no content], and the holes can interact with each other. The in-plane light field distribution of the SPPs, 20 nm above the gold surface, is shown in Figure 2a, where, in addition to the electric field amplitude, we also show the ellipticity and orientation distributions.

Figure 2. Light field maps for different plasmonic systems. (a) The in-plane electric field amplitude map, along with zoomed in maps of the ellipticity and orientation of the polarization ellipse, for two holes separated by 3.2 μm, with initial excitation [image: there is no content]. In the field amplitude map, we show two curves, [image: there is no content] an ellipse and [image: there is no content] two parabolas, along which we find polarization singularities. In this figure, we see C-points along I only, and we color code them according to their topological charge, with blue being [image: there is no content] and red [image: there is no content]. We also present ε and α maps in a smaller region of the central area around the holes. For ε, we mark the linear (L)-lines with solid curves, while for α, we likewise show the isogyres. (b) α maps, with circular (C)-points marked in solid symbols as in (a), for Λ ranging from 0.70 μm, where we see no C-points, to 4.40 μm, where we see 28 C-points (24 on I and four on [image: there is no content]) in our field of view. The last frame shows the case of [image: there is no content]μm for [image: there is no content] excitation.
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We observe in the field amplitude map that the scattering of SPPs is directional, with most of the light flowing in the ±[image: there is no content] direction, as expected for holes primarily characterized by [image: there is no content] dipoles. Furthermore, in this amplitude map, we observe side lobes, whose angular position is determined by the interference of the SPPs radiated by the two holes. We note that, as shown in Equation 4, the plasmonic field simply decays exponentially with z, and hence, only the amplitude, but not ε or α, of the field distributions shown in these maps depends on height.

We hunt for C-points, in the plasmonic field radiated by the holes, by looking at the α map (Figure 2a, last panel). In this map, we follow isogyres, lines of constant α, shown with black curves, to their intersections, where α is necessarily undefined, and a C-point is found. For the scattering event shown in Figure 2a, we find 16 C-points that are roughly arranged in an ellipse, with the holes at the tip of the long axis. It is interesting that even such a simple system, with only two holes, can contain such a large number of singularities, and it is particularly useful that some C-points can be almost 2 μm away from the holes. Such relatively large separations are desirable, since, near the hole, other fields, such as cylindrical waves [26], can be present, affecting the field distributions.

When we examine the electric field distributions at, and near, the C-points, we find that, as expected, the C-points occur at locations where [image: there is no content] (Figure 2a, middle panel). Moreover, we find the singularities in pairs, where each pair contains one singularity with a topological index (Equation (3)) of [image: there is no content] and one of [image: there is no content], which we mark with blue and red symbols, respectively. Hence, the total topological index of the light field is zero.

Having established that, with just two subwavelength holes, we can create electric field distributions that contain multiple C-points, we set out to test the tunability of our system. We begin by varying the separations of the holes, Λ, from 0.6 to 5.0 μm, and calculating the resulting electric field distributions. In Figure 2b, we show a selection of the resultant α maps, in order of increasing Λ. From these images, it is immediately clear that simply changing Λ can greatly affect the resultant light fields, and in particular, we note that the complexity of the α maps increases with larger hole separations.

Moreover, we observe a dramatic change in the number of C-points that can be found in each map (Figure 2b). For example, for [image: there is no content]μm, we do not find any C-points, while for [image: there is no content]μm, we find eight C-points, and for [image: there is no content]μm, we find 16 C-points, and so on. This trend is summarized in Figure 3, where it is clear that we find plateaus of Λ where the number of C-points present in the electric field distribution is a constant multiple of eight.

Figure 3. Number of C-points in our field of view, for the plasmonic system introduced in Figure 2, as a function of Λ, showing clear plateaus of multiples of eight. Both the C-points found along curve I are shown (in red), as are those along curve [image: there is no content] (in blue).
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Moreover, in all of these cases, the C-points are found on the ellipse described above, which we sketch out in Figure 2a and mark by curve I. The discrete step size (eight singularities) with which C-points appear can be understood as follows: our plasmonic system has two axes of symmetry ([image: there is no content] and [image: there is no content]), which lead to a four-fold symmetry of the scattered SPP fields (as is evident from the consideration of a single hole, in Equation (4)). Hence, we expect that if the singularities are created away from the symmetry axes, as is the case here, they will appear at four locations simultaneously. Moreover, at each position of creation, two singularities with an opposite index must be created; otherwise, either the symmetry of our system or the conservation of the index will be violated. Hence, during a creation event, the symmetry of our system and the conservation of the index dictate that a total of eight new C-points appear. Interestingly, the width of each plateau is [image: there is no content], perhaps because, for multiple holes, this would be the threshold for diffraction orders to appear.



In the α maps presented in Figure 2b and in Figure 3, we observe that something interesting occurs near transitions when the number of C-points increases. The transition is, in fact, not straight from n to [image: there is no content] C-points. Rather, at first, when a transition occurs, several extra C-points appear, which then disappear when the new, [image: there is no content] plateau is reached. For example, when [image: there is no content]μm (Figure 2b, last image in the top row), we observe 20 C-points and not the 16 of the plateau (e.g., [image: there is no content]μm; Figure 2b, first image bottom row). Interestingly, these ‘extra’ C-points are always found outside of the main C-point ellipse, on curve [image: there is no content], as marked in Figure 2a, and first appear far away, at large y values. These extra C-points then move closer and closer to the holes, until after the creation event, when, continuing on curve [image: there is no content], they again move out of our field of view. The creation of C-points will be discussed in more detail, in Section 3.3 below.

Finally, we recall that it is also possible to change the excitation beam, such that [image: there is no content]inc=Hy[image: there is no content], corresponding to the last panel of Figure 2b. In this case, the incident beam will predominantly excite the [image: there is no content] dipole in the holes, and they will not interact. As expected for this incident polarization, SPPs are radiated by the holes predominantly in the ±[image: there is no content] directions. More importantly, in the α maps, an example of which is shown in the last image in the bottom row of Figure 2b for [image: there is no content]μm, we find no C-points. This is true for the entire range of Λ’s that we investigate (from [image: there is no content] to [image: there is no content]μm). That is, two plasmonic holes that, initially, scatter SPPs perpendicularly to the line on which they lie are not sufficient to create electric field distributions that support C-points. Moreover, using a two-hole plasmonic system, it is therefore possible to create and annihilate C-points simply by rotating the polarization of the excitation beam.



3.2. Three Holes

It is, of course, also possible to increase the number of holes in the gold film. We can preserve the symmetry of our system, even as we add holes, by placing the additional holes on the [image: there is no content] line, along with the original two holes. The additional holes act as extra sources of SPPs, both initially or from secondary scattering events in the case of hole-hole interactions, resulting in more complex field distributions. We show examples of such fields (including the amplitude, ε and α), for the case of three holes separated by [image: there is no content]μm, for initial excitation using [image: there is no content] in Figure 4a and [image: there is no content] in Figure 4b.

Figure 4. Light fields around three holes. Field amplitude, ε and α maps for three holes with 3.2-μm separations when the incident response of the holes is dominated by (a) [image: there is no content] and [image: there is no content] dipoles. Both sets of maps clearly contain many C-points.
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In these, we observe that the directionality of the scattering is still determined by the excitation, with SPPs being radiated primarily in the ±[image: there is no content] direction for [image: there is no content] excitation, and vice versa, but that many more side lobes arise in comparison to the field profiles created by the two plasmonic holes (Figure 2a).



Given the increased complexity of the electric field distribution for the three-hole systems, we could expect to find additional C-points therein, relative to the case when only two holes were present. In fact, searching the field maps for both the two- and three-hole systems reveals that this is the case: for example, for the two-hole system with [image: there is no content]μm (Figure 2a), we observed 16 C-points, while for the same Λ, when [image: there is no content]inc=Hx[image: there is no content] (Figure 4a), we now observe 56 C-points. Moreover, we see that when three holes are present, we find C-points at greater distances from the holes, particularly in the [image: there is no content] direction. In essence, the SPPs scattered from the two outer holes can interfere with the field from the middle hole, at relatively large distances directly above (or below, [image: there is no content]) it, to create circular polarized light.

Interestingly and in contrast to the case when only two holes were present, with three holes, we observe C-points even for [image: there is no content]inc=Hy[image: there is no content] excitation, where the holes do not interact. In Figure 4b, for example, we find 24 C-points, which is comparable to the number of C-points found for only two holes under [image: there is no content]inc=Hx[image: there is no content] excitation at this separation. It is clear that, regardless of the excitation field orientation, light fields containing polarization singularities can be created with relatively few such sources.



3.3. Creation and Annihilation of C-Points

The simple way in which our plasmonic system can be used to create light fields that contain polarization singularities, and, more specifically, how nanoscale geometry controls these features, allows it to be used as a platform to study properties of these C-points. As a demonstration, we focus on the creation of C-points and study the evolution of the light fields as new singularities appear due to changes in geometry. Specifically, we consider the situation first shown in Figure 2b and Figure 3, where, near [image: there is no content]μm, new C-points appear.

By [image: there is no content]μm, whose field amplitude and polarization maps we show in Figure 5a, the transition from eight to 16 C-points on curve I has been completed. At [image: there is no content]μm, we observe that the 16 C-points are arranged nicely in an elliptical curve and are found in pairs of opposite charge, where, in each pair, one C-point is found where [image: there is no content] and the other where [image: there is no content]. As we learned, from Figure 2, the new C-points appear near the holes, and so, we now focus on a small area near the leftmost hole, as marked by the red rectangle in the α map (Frame 3) of Figure 5a, and we study the evolution of the light fields, as the C-point pair shown in this volume appears (Figure 5b).

Figure 5. Evolution of the electric field leading to the creation of C-point pairs. (a) The in-plane electric field amplitude map, along with zoomed in maps of the ellipticity and orientation of the polarization ellipse, for two holes separated by 2.7 μm, with initial excitation [image: there is no content]. In the ε and α maps, we mark the locations of the C-points, and for α, we also overlay the color map with vectors aligned along the direction of the long axis. Additionally, the region that contains the two C-points whose creation we investigate is marked in the α map. (b) The spatial evolution of ε and α for [image: there is no content] to [image: there is no content]μm, in the region marked in (a). In all panes, we show the outlines of the holes, which scans through the field of view with the change to Λ. In all panes, we also show the final positions of the two C-points (for [image: there is no content]μm). For [image: there is no content]μm, we mark the location where changes in the α map herald the formation of the C-points, which we subsequently also mark for larger separations. Finally, for [image: there is no content], we also trace out the lines of constant α leading to the singularity, observing that the top C-point is a star singularity, while the bottom C-point is of the monstar variety.
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At hole separations before the appearance of the new C-point pair, for example at [image: there is no content]μm, as shown in the first pane of Figure 5b, we see no points where α is undefined, in our region of interest. At [image: there is no content]μm (second frame, Figure 5b), however, something interesting occurs. This small change of separation, from 2.52 to 2.53 μm, is not enough to cause C-points to appear (at least, not within the resolution of our calculations), but it is enough to cause a point to appear in the α map, where the orientation is somewhat jumbled. We mark this point with a green circle, and as we see from the subsequent frames, it is from this point that the light fields that contain the C-points evolve.

In fact, a further small increase in separation, to [image: there is no content]μm (third frame, Figure 5b), is sufficient to make C-points clearly visible in the polarization maps. We mark these with blue and red circles and note that they carry a topological index of [image: there is no content] and [image: there is no content], respectively, ensuring that the total topological index of the light field is conserved in this creation process. Interestingly, both C-points are formed in regions where [image: there is no content]; that is, although the C-points carry the opposite index, the light fields in their vicinities have only one handedness. This situation remains even for [image: there is no content]μm (fourth frame, Figure 5b), although as Λ increases, so too does the separation between the new C-points.



By [image: there is no content]μm (last frame, Figure 5b), the C-points are well separated and, interestingly, can now be found in regions of opposite handedness. The flip in handedness of the field in the area of the bottom C-point is interesting, because, for this to occur, it seems as though the C-point must cross an L-line; this view is supported by Figure 5b, where up to separations of 2.60 μm, there is no L-line between the C-points, while it is clearly there when [image: there is no content]μm. Such a crossing of a C-point and an L-line is, in fact, not possible, since on the L-line, the polarization of the light is linear and, hence, has a well-defined orientation. Consequently, a C-point cannot be found on an L-line.

A closer look at the evolution of the C-points after their creation, in high-resolution simulations, allows us to determine how the handedness of the bottom C-point in Figure 5b flips. Initially, in the region shown in the figure, we observe two C-points on fields characterized by [image: there is no content]. Outside our field of view, below the y-axis, the situation is reversed, and two C-point on fields where [image: there is no content] were created. The handedness of the field underlying each singularity is, in fact, unchanged as the singularity moves due to a tuning of Λ. Rather, as Λ is increased, the two C-points closest to the y-axis—the one above, in our field of view, and the one below—switch partner singularities. Once this switch occurs, at [image: there is no content]μm, each singularity pair contains fields of both handedness, which are separated by an L-line. We emphasize that, during this rearrangement, no C-points are created or annihilated (further details and images of the way that the C-points switch their partner singularity can be found in the Supplementary Information).

Finally, for the [image: there is no content]μm frame in Figure 5b, we trace the lines of constant α in the vicinity of the C-points to identify the type of singularity. We see that the top singularity is a star-type C-point, identified by the three-fold symmetric straight lines that radiate away from the singularity, while the bottom point is monstar C-point, where, again, three straight lines radiate away from the singularity, though without the three-fold symmetry of the star. Interestingly, when further increasing Λ to, for example, [image: there is no content]μm, we observe that the bottom C-point has transformed from a monstar to a lemon-type C-point (see the Supplementary Information). The evolution of the singularities, from the creation of a star-monstar pair to the subsequent transformation of the monstar to a lemon, confirms earlier predictions of this event [19].




4. Conclusions

In this article, we present a new plasmonic platform that can be used to study polarization singularities in nanoscale light fields: an arrangement of multiple subwavelength holes on optically thick metal films. We show that depending on the polarization of the excitation beam, two or three holes are sufficient to create light fields with C-points. Moreover, we demonstrate that these light fields are intimately linked to the exact geometry of the system and that small changes in the hole separations are enough to create or annihilate many C-points. In fact, in the case of a system of two plasmonic holes, we observe large plateaus of integer multiples of eight C-points in the light fields, with sharp transitions that can contain additional C-points, as a function of the inter-hole separations. Finally, we show that using this system, we are able to study the evolution of the light field during one of these creation transitions. We focus on the transition from 16 to 24 C-points, for two holes, which occurs for hole separations of about 2.5 μm, where we can pinpoint the location where the creation occurs, as well as the type of C-points and the underlying helicities of the local light fields.

In conclusion, our results open up a new system where fundamental properties of light fields can be studied at length scales compatible with near-field microscopy techniques [17,20,27,28]. Moreover, many recent nanophotonic applications, from biosensing using chiral fields [29] to on-chip control of dipole emission [30,31] for quantum optics, rely on highly structured local light fields near nanoscopic structures. In these applications, the fine structure of near fields is used to control the interaction of the nanophotonic structure with a nearby objects, be it a molecule or emitter. Our system, therefore, offers another approach to creating, and studying, such light fields, and may therefore be of interest as a route towards new technologies.






Acknowledgments

This work is part of the research program of the Foundation for Fundamental Research on Matter (FOM), which is part of the Netherlands Organisation for Scientific Research (NWO). This work is supported by the EU FETproject “SPANGL4Q”and was also funded by the ERCAdvanced Investigator Grant (No. 240438-CONSTANS).



Author Contributions

N.R. originally conceived of the idea for this project, which was subsequently developed by all authors. A.dH. and N.R. carried out the numerical modeling and interpreted the results with the help of all authors. All authors contributed to the writing of the manuscript.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
Leach, J.; Dennis, M.R.; Courtial, J.; Padgett, M.J. Knotted threads of darkness. Nature 2004, 432, 165. [Google Scholar] [CrossRef] [PubMed]

	2. 
Bouwmeester, D.; Irvine, W.T.M. Linked and knotted beams of light. Nature Phys. 2008, 4, 716–720. [Google Scholar]

	3. 
Nye, J.F. Natural focusing and fine structure of light: Caustics and wave dislocations; Institute of Physics Publishing: Bristol, UK, 1999. [Google Scholar]

	4. 
Dennis, M.R.; O’Holleran, K.; Padgett, M.J. Singular optics: Optical vortices and polarization singularities. Prog. Opt. 2009, 53, 293–363. [Google Scholar]

	5. 
Freund, I. Optical Möbius strips in three-dimensional ellipse fields: I. Lines of circular polarization. Opt. Commun. 2010, 283, 1–15. [Google Scholar] [CrossRef]

	6. 
Freund, I. Optical Möbius strips in three-dimensional ellipse fields: I. Lines of linear polarization. Opt. Commun. 2010, 283, 16–28. [Google Scholar] [CrossRef]

	7. 
Krauss, T.F. Slow light in photonic crystal waveguides. J. Phys. D: Appl. Phys. 2007, 40, 2666–2670. [Google Scholar] [CrossRef]

	8. 
Baba, T. Slow light in photonic crystals. Nature Photon. 2008, 2, 465–473. [Google Scholar] [CrossRef]

	9. 
Sandtke, M.; Kuipers, L. Slow guided surface plasmons at telecom frequencies. Nature Photon. 2007, 1, 573–576. [Google Scholar] [CrossRef]

	10. 
Yang, L.; Min, C.; Veronis, G. Guided subwavelength slow-light mode supported by a plasmonic waveguide system. Opt. Lett. 2010, 35, 4184–4186. [Google Scholar] [CrossRef] [PubMed]

	11. 
Lin, D.; Fan, P.; Hasman, E.; Brongersma, M.L. Dielectric gradient metasurface optical elements. Science 2014, 345, 298–302. [Google Scholar] [CrossRef] [PubMed]

	12. 
Yu, N.; Capasso, F. Flat optics with designer metasurfaces. Nature Mater. 2014, 13, 139–150. [Google Scholar] [CrossRef] [PubMed]

	13. 
Minovich, A.; Klein, A.E.; Janunts, N.; Pertsch, T.; Neshev, D.N.; Kivshar, Y.S. Generation and near-field imaging of Airy surface plasmons. Phys. Rev. Lett. 2011, 107, 116802. [Google Scholar] [CrossRef] [PubMed]

	14. 
Braunbek, W.; Laukin, G. Einzelheiten zur Halbebenen-Beugung. Optik 1952, 9, 174–179. [Google Scholar]

	15. 
Boivin, A.; Dow, J.; Wolf, E. Energy flow in the neighborhood of the focus of a coherent beam. J. Opt. Soc. Am. 1967, 57, 1171–1175. [Google Scholar] [CrossRef]

	16. 
Nye, J.F.; Berry, M.V. Dislocations in wave trains. Proc. R. Soc. Lond. A 1974, 336, 165–190. [Google Scholar] [CrossRef]

	17. 
Burresi, M.; Engelen, R.J.P.; Opheij, A.; van Oosten, D.; Mori, D.; Baba, T.; Kuipers, L. Observation of polarization singularities at the nanoscale. Phys. Rev. Lett. 2009, 102, 033902. [Google Scholar] [CrossRef] [PubMed]

	18. 
Sukhorukov, A.A.; Ha, S.; Desyatnikov, A.S.; Lavrinenko, A.V.; Kivshar, Y.S. Slow-light vortices in periodic waveguides. J. Opt. A Pure Appl. Opt. 2009, 11, 094016. [Google Scholar] [CrossRef]

	19. 
Schoonover, R.W.; Visser, T.D. Polarization singularities of focused, radially polarized fields. Opt. Expr. 2006, 14, 5733–5745. [Google Scholar] [CrossRef]

	20. 
Rotenberg, N.; le Feber, B.; Visser, T.D.; Kuipers, L. Tracking nanoscale electric and magnetic singularities through three-dimensional space. Optica. in press.

	21. 
Schouten, H.F.; Visser, T.D.; Gbur, G.; Lenstra, D.; Blok, H. Connection between phase singularities and the radiation pattern of a slit in a metal plate. Phys. Rev. Lett. 2004, 93, 173901. [Google Scholar] [CrossRef] [PubMed]

	22. 
de Hoogh, A.; Rotenberg, N.; Kuipers, L. Optical singularities in plasmonic fields near single subwavelength holes. J. Opt. 2014, 16, 114004. [Google Scholar] [CrossRef]

	23. 
Nye, J.F. Lines of circular polarization in electromagnetic waves. Proc. R. Soc. Lond. A 1983, 389, 279–290. [Google Scholar] [CrossRef]

	24. 
Rotenberg, N.; Spasenović, M.; Krijger, T.L.; le Feber, B.; García de Abajo, F.J.; Kuipers, L. Plasmon scattering from single subwavelength holes. Phys. Rev. Lett. 2012, 108, 127402. [Google Scholar] [CrossRef] [PubMed]

	25. 
Rotenberg, N.; Krijger, T.L.; le Feber, B.; Spasenović, M.; García de Abajo, F.J.; Kuipers, L. Magnetic and electric response of single subwavelength holes. Phys. Rev. B 2013, 88, 241408. [Google Scholar] [CrossRef]

	26. 
Liu, H.; Lalanne, P. Microscopic theory of the extraordinary optical transmission. Nature 2008, 452, 728–731. [Google Scholar] [PubMed]

	27. 
Bek, A.; Vogelgesang, R.; Kern, K. Apertureless scanning near field optical microscope with sub-10 nm resolution. Rev. Sci. Instrum. 2006, 77, 043703. [Google Scholar] [CrossRef]

	28. 
Rotenberg, N.; Kuipers, L. Mapping nanoscale light fields. Nature Photon 2014, 8, 919–926. [Google Scholar]

	29. 
Hendry, E.; Carpy, T.; Johnston, J.; Popland, M.; Mikhaylovskiy, R.V.; Lapthorn, A.J.; Kelly, S.M.; Barron, L.D.; Gadegaard, N.; Kadodwala, M. Ultrasensitive detection and characterization of biomolecules using superchiral fields. Nature Nanotech 2010, 5, 783–787. [Google Scholar]

	30. 
Mitsch, R.; Sayrin, C.; Albrecht, B.; Schneeweiss, P.; Rauschenbeutel, A. Quantum state-controlled directional spontaneous emission of photons into a nanophotonic waveguide. Nature Commun. 2014, 5, 5713. [Google Scholar] [CrossRef] [PubMed]

	31. 
Le Feber, B.; Rotenberg, N.; Kuipers, L. Nanophotonic control of circular dipole emission. Nature Commun. 2015, 6, 6695. [Google Scholar] [CrossRef] [PubMed]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
0 IE,, siane 1-1 ellipticitye ~ 1-37C angle a in
| e | S —

L —

position x

positiony

) -in orientation angle a 3T

ellipticity € 1

position x

position y





nav.xhtml


  photonics-02-00553


  
    		
      photonics-02-00553
    


  




  





media/file3.png
position x

position x

| Ein pl: | 1-1 ellipticity € 1 ‘%T[ angle a %n
|| ES— |

position y
[, e 1-1  elipticitye  1-3T  anglea  im
[ [ — |

position y





media/file0.png





media/file1.png





media/file2.png
# singularities

25 T L T T
o curvel
L o curvell 1

2

o






