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Abstract. We investigate an architecture where a plasmonic vortex excited in a gold surface
propagates on an adiabatically tapered magnetic tip and detaches to the far-field while carrying a well-
defined optical angular momentum. We analyze the out-coming light and show that, despite generally
high losses of flat magnetic surface, our 3D structure exhibits high energy throughput. Moreover, we
show that once a magneto-optical activity is activated inside the magnetic tip a modulation of the total
power transmittance is possible.

1. Introduction

Recently, structured optical beams became a subject of an intense research [1], due to numerous potential
applications they offer in the fields of super-resolution imaging [2], optical tweezing [3], nanomanipulation
[4] and telecommunications [5]. A special interest is dedicated to investigation of the interaction of
structured light with metallic nanostructures, resulting in Surface Plasmon Polaritons (SPPs) carrying angular
momentum (AM) [6-13]. These surface confined electromagnetic distributions are generally defined by a
field singularity surrounded by a helical phase front, referred here as plasmonic vortices (PVs). The
singularity strength is termed the topological charge of a vortex, and defined by the phase ramp acquired in
one round trip about the singularity center. This charge is proportional to the orbital AM (OAM) carried by
the field [9]. PVs are usually generated by coupling propagating vortex beams to the plasmonic mode on a
metal surface by using center-symmetric coupling structure, known also as plasmonic vortex lenses (PVLs)
[9]. A PVL generally comprises of periodic spiral or circular grooves or slits milled in the metal [6-9, 12—
18]. The total AM of the resulting PV carries contributions from both the incident OAM and the additional
OAM introduced by the coupling structure. Some more complex architectures proposed both coupling of
light into a PV and then coupling of the propagating PV to the far-field, generating a scattered beam carrying
non-zero orbital AM [6,8,15,16,18,19]. In this case, the PV generated by interaction of the incident light with
a PVL can be modulated in the near-field and then scattered into free space by a proper decoupling structure.
Most of the proposed systems utilized scattering as a primary coupling mechanism [6,16,19]. Although, it
was shown that the latter method provides a way to abruptly modify the mode's AM it demonstrates a very
low transmittance efficiency and not pure polarization state [19]. Recently we have experimentally
demonstrated an efficient PV coupling to the free space by means of a single-layer PVL structure via
adiabatically tapered gold tip at its center [6]. We have shown that by properly shaping the nanotip geometry
the PV excited at the spiral structure can be coupled to far-field distribution carrying well defined OAM.
Nevertheless, these effects can be solely controlled by the properly designed 3D shape of the tip and by the
illuminating beam parameters. Various practical applications in nanophotonics require fast external control
of the emerging beam characteristics. In this regard magnetoplasmonic devices draw a very promising route
to active nanophotonics, since an externally applied magnetic field can alter the plasmonic response leading
to novel and unexpected effects [20-29]. Obviously the main requirement of these devices is to be fabricated
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from the material that has both good plasmonic and magnetic properties, for instance nickel or cobalt [22,
23]. Here we demonstrate an architecture where a plasmonic vortex excited by a PVL milled in a gold
surface propagates on an adiabatically tapered magnetic tip and detaches to the far-field while carrying a
well-defined OAM. We analyze the light transmittance and show that despite generally high losses of flat
nickel surface our 3D structure exhibits relatively high energy thoughput providing optimistic forecast for
active magnetically-driven photonics.

2. Numerical simulations

In Fig. 1(a) we depict a scheme of the proposed structure, which comprises a multiple-turn spiral slit
milled on a 300 nm gold film deposited onto a 100 nm Si;N, membrane and a conical metallic tip located
exactly at the center of the spiral. In this work the tip is made of nickel and cobalt. We first assume zero
magnetic field or magnetization within the magnetic tip, thus the dielectric constant of nickel and cobalt is
given by a single complex scalar. In the last part we assume that a magnetic field is applied along the tip (z-
direction) [30, 31]. Three main parameters define the tip shape, namely its height (%), aperture angle (a),
and curvature radius at the basis (7.). The curvature radius at the tip apex is kept fixed to 20 nm throughout
the paper. It is worth mentioning that the fabrication technique developed in previous works [6] enables to
faithfully reproduce the designed structure proposed here.

Fig. 1. (a) Scheme of the PVL. The geometrical parameters of the spiral slits are slit width = 200 nm, period= 763 nm, gold
thickness = 100 nm, Si;N, thickness = 100 nm. The nickel tip has #=6.5 um; a=15° and r=1.57 pm. (b) Calculated z-
component of the electric field propagating along the tip.

We analyze the case of a circularly polarized plane-wave impinging normally from the Si;N, side. As
has been described elsewhere [7-9,14], the electric field component locally orthogonal to the slits efficiently
couples to the SPP mode of the metal-air interface. The plasmonic wavefronts launched by each spiral
constructively interfere (the spiral period is Aspp) producing a PV radially propagating towards the PVL
center. In the absence of the tip, the PV confined by the spiral grooves forms a standing wave, giving rise to
the characteristic Bessel interference pattern [6]. The z-component of the electric field, in cylindrical
coordinates, is proportional to J(ksppr)exp(-kxz) exp(il@), where kspp is the wave vector of an SPP

propagating on a flat gold-air interface, J; is the /th order Bessel function of first kind and « =\/k.,, —k, ,

where ky=2wJ, is the wave vector of light in vacuum. It can be shown that the PV carries an orbital OAM
quanta of /i where [ is the PV topological charge, given by / = m + s; with the incident spin number s; = £1
corresponding to the right hand and left hand circularly polarized light, respectively, and m defining the
topological charge of the spiral [7-9,14]. When the conical tip is present at the PVL center the surface
confined electromagnetic mode may couple to the guided mode propagating along the tip upwards. In [6] we
compared the behaviors of the PV with / = 1 excited on two structures having similar conical tips but with
different curvature radius at the basis. We have shown that in the case of the negligible curvature radius
(r.—0) most of the energy is reflected back while a small fraction of the incoming energy is scattered to the
far-field from the tip base. By increasing of the curvature radius at the tip basis (in our design r. = 1.57 um)
the scattering diminishes and the mode is smoothly guided towards the top of the tip, and the spiral phase-
fronts of the PV propagate on the tip almost without the losses (see the £, component of the plasmonic field
simulated by the COMSOL Multiphysics® software in Fig. 1(b)). The smoothed tip in this configuration
perfectly matches between the PV and the corresponding plasmonic mode of the conical waveguide. This
guided mode experiences gradual acceleration due to a local increasing of the effective index, and at some
height, where its momentum matches the one of the free-space radiation, it detaches to the far-field. This has
been demonstrated, both by means of finite element simulations and experimental measurements for a gold
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PVL and tip [6]. Here we replace, the gold tip with a magnetic one, made of nickel or cobalt. The use of a
magnetic material implies potentially interesting effects turning our metal structure into an optically active
device by applying an external magnetic field. In the following part we compare the behavior of the
previously investigated gold structure with a similar structure where the tip is completely, or partially made
of a magnetic material.

Figure 2 reports the |E| maps for the PVs with /=0, 1, 2 and 3 for a tip made of nickel. As can be seen,
the behavior is similar with respect to the gold tip reported in [6]. For / = 0 the PV propagates to the end of
the tip and is almost perfectly reflected back, which can be deduced by observing the interference pattern
along the metal surface. This is the only mode that experiences an increasing of the effective index and slows
down along the tip giving rise to the mode localization at the tip apex. For / = 1 our nickel tip nicely guides
the PV to the tip apex where it beams out as a perfect Gaussian source. For higher / (I > 1), the PVs are
efficiently decoupled to the free space in lower points and characteristic doughnut shaped distributions are
expected in the far-field.

025mmm 125 O025mmmm 5 0.25 |5 0.25 W |5

Fig. 2. |[E| maps in case of a smoothed conical nickel tip illuminated by a PV with the indicated / values.

A smooth connection of the tip base insures almost lossless coupling of the plasmonic mode at the surface to
the mode guided at the cone. The only losses in the system are attributed to the plasmonic absorption in the
metal. By replacing the gold with nickel we introduce higher ohmic losses, however as can be seen in Fig. 2
the system still produces relatively efficient beaming. In Fig. 3(a) we summarize the PV total power
transmittance as a function of / for various configurations comprising Au, Ni and Co tip. The transmittance
efficiency spans from 10% for / = 1 PV and up to 35% at / = 5. In a comparison with the transmittance
efficiency of the recently proposed holey PVL (5%) [19] our device shows a clear improvement while
keeping the ability of far-field AM beaming.

In order to better investigate the transmittance efficiency of a Ni tip we performed the simulations where
the tip is only partially covered with Ni. In Fig. 3(b) the transmittance of our structure for the cases of / =0
and / = 1 are reported as a function of the height (y) of Au (see the inset of Fig.3(b)). As expected the
transmittance increase rapidly when the Au coverage grows. The last point corresponds to the situation when
only the final 1.5 pm of the tip apex are covered with the nickel. As recently discussed [6, 31], the tip profile
we presented was optimized to maximize not only the transmittance, but also the polarization contrast. The
latter was defined as Q = 1 — P./P_, with P, and P_ being the light powers decoupled by the tip with right and
left circular polarization state, respectively. Here we want to study this behavior when the Au tip is replaced
by a magnetic one. Plots of Q are reported in Fig. 3(c) and (d). As expected, due to higher losses, Q values
with the magnetic tips are lower respect to the case of a gold tip. This can be explained by a plasmon
depolarization due to the high losses imposing short coherence length. To be specific, the calculated
coherence length of a plasmonic wave on a flat magnetic is ~3 pm, which is roughly a half of the total cone
length. As can be seen in Fig. 3(b) Q increases with the PV / order due to the corresponding detachment
height decrease. The Q drops again for the PV with / = 4 due to a broad spatial divergence of the beam and
an additional scattering from Au slab/magnetic tip interface.
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Fig. 3. Comparison of the far-field transmittance (a) and polarization contrast Q (b) obtained from the magnetics tip compared with
data obtained with a gold nanostructure [6]; Tip transmittance (c) and Q (d) when the magnetic material covers the upper part of the
tip starting from a height denoted by y (see the insets). Computation from y = 0 nm (the whole tip is covered by Nickel) to y = 5000
nm (only the upper 1.5 pum of the tip is covered by Ni or Co).
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Fig. 4. Magnetic modulation of the total power transmittance for /=0 and 1.
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Finally, we study the effect of the application of an external magnetic field. In this case the dielctric tensor of
the magnetic material is no more diagonal [30,31]. In Fig. 4 we show the magnetic modulation of the total
power transmittance for the cases / = 0,/ for both Co and Ni tip, and for the cases where only the final 1.5
pwm of the tip apex is covered with the magnetic material. The magnetic modulation is defined as [2*(T(+H)-
T(-H))/ (T(+H)+T(-H))]. As it can be seen the modulation is below 1% in all the cases. It is worth noticing
that, while in the Ni case covering just the tip apex gives a smaller modulation for both the values of the
topological charge considered here, in the Co case the modulation is higher for / = 0 when we cover only the
tip apex with the magnetic material. Moreover, for / = /, in the Ni case we have almost zero modulation if
we cover only the tip apex, while in the case of a pure Ni tip we observe a modulation of almost 0.6%. In the
Co case we do not observe a huge change if we have a pure Co tip or a gold tip covered with Co only on the
apex. This latter case is interesting because one can use a tip made of pure gold and cover it only in the apex
with the magnetic material, thus retaining the good transmittance efficiency (>50%) while maintaining a
magnetic modulation functionality. To improve the modulation one can use magnetic materials with a strong
magneto-optical activity, such as CoFeTb [31]. The proper design of the system, however, should consider
simultaneously optimizing the magnetic and the plasmonic properties of the material. Using these
considerations the conical tip structure can be further optimized.

3. Conclusions

In summary, we studied a plasmonic vortex lens structure capable of coupling a circularly polarized light to a
plasmonic vortex and efficiently transmitting it to the far-field by means of a smoothed-cone magnetic tip
placed at its center. As for the case of Au tip, the large curvature radius at the cone basis was shown to play a
crucial role in enabling an adiabatic coupling of the plasmonic vortex propagating on the flat metal surface to
the plasmonic modes of the metal tip, whose tapering, in turn, enables an adiabatic match to the propagating
waves in free space. The higher losses related to the use of a magnetic material lead to lower transmitted
power to the far-field although the beaming is preserved. Changing the configuration by partially covering a
Au tip with Ni or Co (on the tapered) can increase significantly the efficiency of the structure. Finally, this
particular design shows interesting behaviours when the polarization contrast is evaluated. Finally the
magneto-optical modulation effects shown here, once an external magnetic field is applied, suggest
intriguing active optical phenomena.
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