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We present a method for exciting surface plasmon polaritons (SPPs) caused by a magnetic field

component perpendicular to the direction of slit. The excitation mechanism is based on the spatially

oscillating induced current along the edges of the slit under obliquely incident electromagnetic waves. Our

finding distinguishes itself from previous mechanisms based on transverse electric fields and unveils the

missing point of the SPP-excitation problem in a nanoslit. The use of a magnetic field for SPP excitation

can be highly efficient and even comparable to that with an electric field, so that their composition can

lead to selective unidirectional excitation.
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Light scattering by metallic structures to excite surface
plasmon polaritons (SPPs) has attracted significant interest
due to their proven potential in nanophotonics [1]. Since
the discovery of extraordinary optical transmission (EOT)
[2], the fundamental physics underlying this has been
extensively researched, resulting in a large body of theo-
retical work and practical suggestions [3–7]. The pursuit of
understanding the basic physics has prompted researchers
to focus on elemental subwavelength structures such as an
isolated single hole or slit [3–5].

For the slit excitation problems, most previous research
has focused on the mechanism of SPP excitation with the
incident electromagnetic waves having electric fields per-
pendicular to the slit. This is because the SPPs are basically
collective oscillations of free charges on a metal surface
and we thus need an electric field component which is
parallel to the direction of propagation of the SPPs (normal
to the slit edge) [5–9]. On the other hand, little attention has
been paid to the response of a parallel electric field (or
perpendicular magnetic field) to the slit, since this state
does not have any electric field normal to the slit. Since
there is no electric field component to accumulate charge
across the slit, previous explanations such as electric di-
poles cannot be immediately applied.

However, as we will see, under certain conditions, SPPs
can be excited via an incident electromagnetic field that
has no electric component normal to the slit. In this situ-
ation, the magnetic induction current is the origin of the
SPP excitation. On the role of the magnetic fields in metal
structures, our work is different from those on the magnetic
polaritons [10]. The magnetic polaritons are based on the
(effective) negative permittivity mainly induced from the
periodicity of the artificial ‘‘magnetic atom’’ rather than on
the SPP itself. The purpose of this Letter is, with the well-
known electric dipole excitations, to provide a comprehen-
sive understanding of the SPP excitation mechanism from

a single subwavelength metal slit: our contribution
reveals the role of a magnetic induction current in SPP
excitation.
For the role of magnetic induction or a magnetic field,

we focus on the spatially changing phase profile of a
magnetic field caused by an oblique incidence, which
creates sinusoidal induction currents along the slit direc-
tion. In this Letter, we present an analytic model that
sequentially connects the induction currents to the surface
charge distribution and the amount of SPP excitation. The
proposed model is then confirmed by both a rigorous
numerical analysis [11] and an experimental proof.
Interestingly enough, the excitation efficiency of the
SPPs from perpendicular magnetic fields is comparable
to that from conventional perpendicular electric fields.
An experimental comparison is done by observing the
interference characteristics of both SPPs, which finally
leads to the unidirectional launching method of SPPs con-
trolled by polarization modulation.
We consider a single slit in a metal film, illuminated

obliquely by a monochromatic plane wave [Fig. 1(a)].
Here, the plane of incidence is parallel to the direction
of the slit (on the y-z plane). Regardless of the polar-
ization state, the directions of excited SPPs propagating
away from the slit edges are oblique [Fig. 1(a)] so as to
match the momentum conservation relation of kSPP ¼
ky= sin�SPP, where ky ¼ 2�=�y ¼ 2� sin�inc=�, kSPP ¼
k0½ð"air"metalÞ=ð"air þ "metalÞ�1=2. Here, " denotes the rela-
tive permittivity and �SPP is the launching angle of
SPPs measured from the normal direction of the slit
(� x-direction).
Without any loss of generality, we decompose the inci-

dent electromagnetic waves into two orthogonal polariza-

tion states: TM [magnetic field ( ~H) is normal to y-z plane]

and TE (electric field ( ~E) is normal to y-z plane], as shown
in Fig. 1(a). To prevent unwanted effects such as
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Fabry-Perot resonance inside the slit, we assume a half-
infinite thickness for the metal in a theoretical analysis. We
also assume that the slit width is sufficiently thin so there is
no guided mode excited by the TM incidence.

Let us begin with the case of TM incidence [Fig. 1(b)].
Considering oblique incidence, the protrusion of incident
magnetic fields into the nanoslit has sinusoidal oscillations
with the period �y. Such oscillations can generate a

y-directional induction current ~JTM at the metal surface
on the slit wall.

In this picture, the slit walls can be regarded as double
parallel wires of which the effective dimension for one side
is depicted as a shadowed region in Fig. 1(b). Assuming the
currents are uniformly flowing in the effective region, these
parallel wires could be replaced by a line distribution of
periodically oscillating magnetic dipole sources located at
the center of slit. The magnitude of this can be expressed as
(see the Supplemental Material [12])

j ~mj ¼ j ~JTMj�
�y

2�
l2z ; (1)

where � and lz denote the skin depth from the surface of
the slit wall and the effective penetration depth from the
surface of the slit walls, respectively.

By assuming that the amplitude of the magnetic field
induced by ~m is equal to that of the protruding incident
magnetic fields near the slit edge, we have a direct relation

between the incident magnetic field ~Hinc and ~JTM as ~JTM ¼
ð�=�Þ ~Hincð1� rpÞ expðikyyÞŷ, where rp is the Fresnel

reflection coefficient for p polarization [13], and � ¼
4�2ðw=2Þ3=ð�yl

2
zÞ, where w is the width of the slit. Note

that the magnitude of � is approximately in the order of
unity for the case of a subwavelength slit.

With ~JTM at the slit wall, it becomes possible to obtain
the magnitude of the oscillating charges near the slit
edge from the charge conservation relation as (see the
Supplemental Material [12])

�TM ¼ �

2�c
k0��Hincð1� rpÞ sin�inc expðikyyÞ; (2)

where c is the speed of light in free space. This result
indicates that, even though there is no charge accumulation
between the slit gaps, there exist an amount of oscillating
charges near the slit edge caused by TM incidence.
For TE incidence [Fig. 1(c)], the amount of the induced

surface currents can be obtained as ~KTE¼ ~Hinccos�incð1�rsÞ
expðikyyÞx̂, by using the surface boundary condition ~KTE ¼
n̂� ~Hinc directly at z ¼ 0 plane. From this, we can obtain
accumulated surface charge densities at each side of the
slit as

�TE ¼ � �

i2�c
Hincð1� rsÞ cos�inc expðikyyÞ: (3)

The plus and minus signs associated with the charge density
are for the left (x < 0) and right (x > 0) sides of the slit,
respectively.
This sign difference, which is not shown in Eq. (2),

denotes the fact that the polarities of the charges at
each side of the slit are opposite. Therefore, from
Eqs. (2) and (3), the parity of the oscillating charges near
the slit edge is symmetrical for TM incidence but anti
symmetrical for TE incidence.
In Fig. 2(a), the ratio of the accumulated surface charge

densities j�TM=�TEj and the phase difference �’ ¼
ffð�TM=�TEÞ are compared with the amplitude and phase
ratio of the surface electric field calculated from a full
numerical method of rigorous coupled wave analysis
(RCWA) [11], respectively. The match for the entire range
of incidence angles shows that the oscillation of surface
charges is directly related to the amount of excited SPPs, as
has been confirmed in the literature [3–5].
The symmetrical and antisymmetrical charge distribu-

tions shown in Eqs. (2) and (3) generate SPPs that possess a
symmetrical and antisymmetrical field profile for TE and
TM incidence, respectively. These characteristics are
shown in Fig. 2(b). In Fig. 2(b), the fields radiating from
the electric and magnetic dipoles using Green’s function
formulation [14,15] based on our analysis are compared
with the numerical results (RCWA). Here, we use a mag-
netic dipole source for the TM incidence obtained by
simply adding the phase term in Eq. (1) as expressed in
~m ¼ j ~mj expði2�y=�yÞx̂, whereas the electric dipole

source ~p used for TE incidence is obtained directly from
Eq. (3) by ~p ¼ �TEwx̂. The calculations were performed at
2 nm above the half-infinite metal with the following
condition: � ¼ 532 nm, "air ¼ 1, "Ag ¼ �10:19þ 0:83i,

and w ¼ 100 nm. For further descriptions of Green’s func-
tion analysis, see the Supplemental Material [12]. As can

FIG. 1 (color online). (a) The configuration of the system
studied. The SPP field distributions are illustrated on the metal
surface. The incident wave vector of the plane wave is always
laid on the y-z plane so it does not break symmetry with respect
to the slit structure. The surface currents ( ~J), accumulated
charges, and induced dipole moments ( ~m, ~p) are illustrated for
(b) TM wave and (c) TE wave incidence.
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be seen from these results, the analytical calculations based
on our dipole model are in excellent agreement with the
numerical results.

Since charge and field parity induced by the TE and TM
incidences are opposite, as shown in Fig. 2, the resulting
excitations of SPPs for each side of the slit for these two
polarizations will operate in opposite ways. As illustrated
in Fig. 3(a), if we illuminate a light with a superposed
polarization state of TE and TM, the surface charges near
the slit can be accumulated only for one side, whereas
those for the other side would be canceled. If we precisely
match the amplitude and phase of the incident light, uni-
directional excitation of SPPs can be achieved. This can be
satisfied if the incident polarization state follows the con-
dition expressed in the Jones vector [16]: ðATE; ATMÞ ¼
½j�TMj;�j�TEj expð�i�’Þ� (left-side enhancement for
the þ sign). Therefore, it is possible to compare the
excitation efficiency of SPPs caused by TM and TE polar-
ization states (which are proportional to j�TMj and j�TEj,
respectively) by finding the condition for unidirectional
launching. According to the results shown in Fig. 2(a),
the phase difference for the induced charges between TE
and TM cases is found near the value �’ ¼ ��=2, which
produces a unidirectional condition near the circularly
polarized light when the condition j�TMj ’ j�TEj is
satisfied.

To validate our analysis, an experimental demonstration
of the unidirectional excitation of SPPs was carried out.
The intensity of the transmitted field captured by a charge-
coupled device (CCD) at unidirectional launching condi-

tions is shown in Figs. 3(b) and 3(c). In the insets,
we show the RCWA results which are done at the opti-
mized unidirectional launching condition of ðATE; ATMÞ ¼
ð1;þ1:09ff77�Þ and ðATE; ATMÞ ¼ ð1;�1:09ff77�Þ for
Figs. 3(b) and 3(c), respectively. We use a green laser
source (� ¼ 532 nm) with an incidence angle of �inc ¼
50�. Other geometrical parameters such as the slit width,
slit length, and the thickness of the metal (Ag) substrate are
fixed at 200 nm, 25 �m, and 120 nm, respectively. These
values are designed to provide the ratio of induced charge
j�TMj=j�TEj so as to have a unity value at �inc ¼ 50�. To
illuminate the appropriate polarization state for unidirec-
tional launching, we use half-wave and quarter-wave re-
tarders for generating arbitrary polarization states, which
are precisely measured by means of a polarimeter module
(Thorlabs PAN5710VIS) before illuminating the sample.
In this experiment, the finite thickness of the metal

film is unavoidable in contrast to the analytical results.
Moreover, it is quite difficult to perfectly separate the
reflected near-field from the incident plane wave.
Therefore, we measured the transmitted fields from the
slit with finite thickness. However, all the conditions
were carefully designed so as to maintain the physics
laid out in the theoretical analysis. For analytical simplic-
ity, the slit width was chosen to cut off any guided mode for
TM incidence and the thickness of the metal was chosen to
be thicker than the skin depth to avoid any couplings
between the SPPs at the upper and lower surfaces.
However, for the efficient generations of ~m, non-negligible
~Hinc is needed in the slit. Therefore, the slit width and the
thickness of the metal are chosen to ensure that a sufficient

amount of ~Hinc leaks into the slit via attenuating protrusion

FIG. 3 (color online). (a) Schematic diagram for the unidirec-
tional launching of SPPs done by the composition of TM and TE
incidences. Experimental CCD image for unidirectional condi-
tion: (b) right-handed (RCP) and (c) left-handed circular polar-
ized (LCP) light incidence with �inc ¼ 50� provides left and
right side SPP excitation, respectively. Insets show the respective
simulation results for the Ez field profile along x-z plane at
optimized unidirectional conditions.

FIG. 2 (color online). (a) Incident angle dependent ratios of
induced charge densities (dotted line, theoretical) and Ez fields
(solid line, numerical). (b) The Ez field profiles at an incident
angle of 50� from numerical (lines) and analytical (Green’s
dyadic function, markers) methods. The amplitudes of the data
are normalized in order to achieve a clear comparison.
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of the cutoff modes. As a consequence, it can be assumed
that the magnetic dipoles for exciting the SPPs at the
bottom surface of the metal film are induced simply by
the incident field at that location.

To find the unidirectional launching condition and its
efficiency, we plotted the unidirectional ratio (U) in Fig. 4
with the variation in the polarization ellipticity �. In the
numerical result and the experiments, U is defined as the
ratio of the intensity of the SPPs excited on the left-side of
the slit (jELj2) compared to that for the right-side (jERj2).
We also compared these results with the analytic form

U ¼ j�TMATM � �TEATEj2
j�TMATM þ �TEATEj2

; (4)

where the numerator and denominator denote the amount
of excited SPPs at the left and right side of the slit,
respectively.

By gradually changing the polarization state through
TE, RCP, TM, LCP, and back to the TE state, the results
show that the highest unidirectional ratio is obtained near
the RCP state, whereas the inverse peak is located near the
LCP state as predicted by our analytic model. We used the
magnitude of �TM and �TE based on Eqs. (2) and (3),
whereas their phases were extracted from the numerical
results, since the phase of the oscillating charge can be
perturbed by multiple reflections inside the finite thickness
of the metal slit. However, these phase perturbations have
no effect on the location of the peaks, but do affect their
sharpness. The location of the peaks is only sensitive to the
ratio of the amplitudes j�TM=�TEj.

It can be expected from Eq. (4) that it is necessary to
satisfy the condition j�TM=�TEj ¼ 1 to create the unidirec-
tional launching condition near the RCP and LCP states.
Therefore, from Fig. 4, we also know that the scale of the
excitation efficiency of SPPs caused by TM incidence is

comparable to that caused by TE incidence, which con-
stitutes experimental proof of our findings.
In conclusion, we proposed a mechanism for the excita-

tion of SPPs in a metallic nanoslit by the oblique incidence
of light with a perpendicular magnetic field. The origin of
this excitation is the sinusoidal variation of the induction
current near the slit edges. Remarkably, the excitation effi-
ciency of the excited SPPs by TM incidence is sufficiently
strong that it approaches the level of that by TE incidence.
Furthermore, a novel unidirectional launching mechanism
of SPPs has been suggested and demonstrated by experi-
ment. This type of unidirectional launching also has its own
impact, since it efficiently guides the SPP without symme-
try breaking in neither geometry nor incident momentum.
The selective launching of SPPs from either side of the slit
can be achieved by simply changing the polarization state of
the incident field. We expect that our study will be helpful
for developing amore complete understanding of the nature
of SPPs.We also anticipate that the proposed unidirectional
SPP launching scheme can be utilized in various types of
plasmonic switching devices.
This work was supported by the National Research
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