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Plasmonic vector vortex created by coupling vector vortex beam to microstructure on metal dielectric interface
has attracted great interests in the research field of nanophotonics. However, the complicated polarization of
incident vector beam and the excitation way of plasmonic waves based on the fixed microstructure give rise to
big challenges in controlling plasmonic vector vortex mode with arbitrary order in a real-time and dynamically.
Here, we solve this scientific problem by generating multi-channel plasmonic vector vortex with integer- and
fractional-order using the principle of mode extraction along with optical pen. Without changing the polarization
state of incident vector beam, plasmonic vector vortex mode in each channel is extracted directly from a high-
order vector vortex beam based on the principle of mode extraction. The number, position, amplitude and phase
of plasmonic vector vortex mode can further be arranged in an arbitrary manner with the aid of optical pen on
the gold film. This work presents a flexible method of tailoring complicated plasmonic field on a metal film,
which may offer new possibilities for the applications of plasmonic tweezers, Raman imaging etc.

1. Introduction (PVV) induced by a m-order VVB on the surface of metal film has also

attracted great interests in recent decades [8-10]. Because of the

Vortex is an intrinsic morphological feature of waves that exists
widely in nature. In classical optics, vector vortex beam (VVB) is the
vectorial form of optics vortex, which can be considered as the super-
position of two left and right circularly polarized beams with inverse
optical vortices [1]. A polarization singularity is therefore formed in the
center of VVB. Normally, there are two kinds of propagable VVBs; one is
m-order VVB; another is m + 0.5-order VVB with +0.5 topological
charge [1,2]. Here, the orders m, m 4+ 0.5 relate to the inherent topo-
logical charge of both circular polarized beams, and m is an integer.
Although VVB is created by two vortex beams, the unique polarization
state of VVB gives rise to peculiar properties [3,4], thereby motivating a
wide-range of applications in optics, including vectorial Doppler effect
[5], optical communication [6], advanced lasers [7].

Besides the above interesting researches, plasmonic vector vortex
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dominant longitude component of surface plasmon polariton (SPP) field,
PVV provides new possibilities in the field of nanophotonics, thereby
giving rise to wide-range of applications, including particle manipula-
tion [11-13], optical imaging [14-16], sensors [17] and plasmonic
surface-enhanced Raman scattering [18]. For example, massive energy
densities can be achieved by the plasma resonance between metal film
and metal particle when focusing 0- and 1-order VVB, namely radially
and linearly polarized beam [13,19,20]. Strong optical force can
therefore be obtained, which is demonstrated to be a powerful tool to
trap metal particle [11,12] and rotate metal nanorod [13]. Moreover,
taking advantage of these massive energy densities, Raman signal can
also be enhanced in the application of plasmonic surface-enhanced
Raman scattering [18] and Raman imaging [15,16]. Besides being of
applied interests in optics, PVV plays a vital role on many attractive
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fundamental researches as well, including optical spin-to-orbital plas-
monic angular momentum conversion [20,21], optical transverse spin
[22], photonic skyrmions [23].

Despite these valuable researches, PVV cannot be manipulated easily
like its scalar counterpart, namely plasmonic vortex [23]. As a scalar
vortex on the surface of metal film, plasmonic vortex with arbitrary
topological charge can simply be achieved using a well-designed meta-
surface [24,25], a ring coupler [26,27], and a high numerical aperture
(NA) focusing configuration [28]. However, unlike plasmonic vortex,
PVV is related to the polarization of incident vector beam instead of its
scalar vortex phase. That is, once the order of incident VVB is deter-
mined, PVV coupling on the metal film cannot be adjusted any more
[10]. For this reason, one can only obtain a particular order of PVV mode
at a time. For example, PVV array with order 1 can be created using a
Dammann grating along with an incident 1l-order VVB [29,30].
Although the topological charge of each PVV can be adjusted at will by
the parameter of Dammann grating, the polarization mode of each PVV
is merely determined by the incident 1-order VVB, thereby possessing
only an identical PVV mode with the order 1 in the array [30]. Is it
possible to create multiple PVV channels, where each channel can be
adjusted individually? If so, one can achieve multiple PVV modes with
not only tunable topological charge, but also, more importantly,
adjustable order. However, to the best of our knowledge, such multi-
channel PVV modes have not been realized so far.

In this paper, we solve this scientific problem by creating multi-
channel PVV with integer- and fractional-order using the principle of
mode extraction along with optical pen. When focusing an incident VVB
in a high-NA focusing system, ring-shape SPPs can be induced on the
surface of gold film, thereby interfering together to form a PVV mode in
the center of excitation ring. Because the ring-shape SPPs are induced by
the incident VVB, the phase of SPPs has a one-to-one correspondence
with that of incident VVB. By merely adjusting the phase of incident
high-order VVB, one can not only extract PVV with arbitrary order in
each channel (different polarization mode) directly and individually
using the principle of mode extraction, but also control the number,
position, amplitude and vortex phase of PVV at will using the optical pen
[31]. This work demonstrates the dynamic control of multi-channel PVV
with different order and vortex phase, which may offer promising ap-
plications in many scientific studies, such as optical imaging [14-16],
dynamic plasmonic tweezers [11,13], etc.
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Fig. 1. Schematic of SPPs excitation system. An incident m-order VVB modu-
lated by the pupil filter P and a Mask is focused by an oil immersion lens. The
focusing m-order VVB can therefore be coupled into ring-shape SPPs (green
arrows) on the gold film, which further interfere with each other to form multi-
channel PVV modes in the center of the excitation ring. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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2. Theoretical model

Fig. 1 shows the schematic of dynamically controlling multi-channel
PVV with integer- and fractional-order. Here, the entire SPPs excitation
system is composed of a three-layer structure system and a high-NA
focusing system. For the former one, the three-layer structure system
consists of a gold film sandwiched between air and glass substrate. For
the latter one, an oil immersion lens in the high-NA focusing system is
utilized to couple incident VVB into ring-shape SPPs so that the wave-
vector of the incident light beam matches with that of SPPs on the gold
film. In this case, the refractive index of the immersion oil is equal to that
of the glass substrate.

2.1. Excitation of SPPs using a m-order VVB

In the first process, a collimated incident m-order VVB modulated by
a pupil filter (P) and a mask is focused by an oil immersion lens in Fig. 1.
When the focused VVB passes through the three-layer system, most of
the light beams are reflected by the gold film, and only two kinds of light
beams are retained on the gold film. One is the transmission light beam;
another is the ring-shape SPPs, which are induced by the incident VVB
within the resonance angle of glass- gold-air system. Here, pure SPPs can
easily be obtained on the gold film by eliminating the transmission light
beam using a mask in Fig. 1. According to the Fresnel formula, p- and s-
components of incident vector beam possess different transmittances
when passing through the three-layer system. Thus, ring-shape SPPs can
be expressed as [2,30]

Evypy = T,T,, [t,cos(m — 1)ge, + tsin(m — 1)ge, ] 1)

Here, T, denotes the transmission of pupil filter P, which is derived in
Section 2.3. Ty, is the transmittance of the mask before the oil immersion
lens. m is the order of incident VVB. ¢ represents the azimuthal angle.e,
and e, are the unit vectors in the radial and azimuthal directions, and
can be expressed as [3]

e, = cosge, + singe, 2)

e, = — singe, + cosgpe, 3)

respectively.e, and e, are the unit vectors in the x and y directions,
respectively.

In Eq. (1), t, and ¢; are the transmittances of the p- and s-components,
respectively, which can be calculated as

[p12[p23exp(ik22d>

4
1 + rp1arposexp(i2ka.d) ()]

t, =

_ tntsexp(ika:d)
1 + ryarasexp(i2k,.d)

(5)

s

where t,; and tg; are the Fresnel transmittance coefficients for the p- and
s-components at the i/j interface. r,; and ry are their counterpart
reflection coefficients. i,j = 1, 2,3 denote the glass, gold film and air in
Fig. 1, respectively. d and ky, are the thickness of gold film and the z-
component wavevector on the gold film, respectively.

2.2. Intensity of Multi-channel PVV

In the second process, ring-shape SPPs in Eq. (1) is created by the
incident m-order VVB within the resonance angle of glass-gold-air sys-
tem. As shown in Fig. 1, ring-shape SPPs indicated by the green arrow
are further propagating toward the center of SPPs ring, thereby inter-
fering together to form multi-channel PVV on the gold film. Mathe-
matically, based on the Debye vectorial diffraction theory, the electric
field in the center of SPPs ring can be expressed as [3]
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where A is a normalized constant; ¢ is the convergent angle; a =
arcsin(NA/n; ) represents the maximum convergent angle of 6. NA is the
numerical aperture of oil immersion lens. nj, ny, n3 are the refractive
indexes of glass, metal and air in the focusing space, respectively. The
incident wavenumber k = 27/4, and 1 is the wavelength of the incident
m-order VVB. p = (rcos¢,rsing, z) denotes the position vector of an
arbitrary point (r,¢,z) in the focal region. The unit vector s=
( —sinfscosqp, —sinf3sing, cosfs) implies the direction of wavevector,
where

65 = arcsin (n—l sinH) (7)
n3

Io(0) denotes the electric amplitude of the incident m-order VVB, which
can be expressed as [32]

1o(0) = J,(2B,sind/sina)exp|— (f,sind/sina)’] )
Here, the ratio of the pupil radius to the incident beam waist
Py = 1.5in this paper. J; (o) is the Bessel function of the first kind with
order 1.
The transmittance of the mask before the oil immersion lens can be
expressed as

T, =

{ 0 0<0<p ©

1 p<O<a

where the blocking angle of the mask f is determined by the excitation
angle of SPPs.

In Eq. (6), V represents the propagation unit vector of the incident m-
order VVB right after having passed through oil immersion lens. Ac-
cording to the electric field of ring-shape SPPs in Eq. (1), V can be
written as [2,32]

V = cos(m — 1)@V, +sin(m — 1)pV,, (10)

where V, and V,, are the electric vectors of e, and e,, respectively, and
can be written as

V, = [tycosfcos(p — ¢)  trcosbsin(p — ¢) t;sinG]T 1)

V, =1[-sin(p —¢) cos(p—¢) 0] 12

Here, the transmittance coefficients for the p- and z-components in
the focal region 4, = T, t; = 71,t,, respectively, where 7, =

n2 — n3sin®d/n%cosd and 7, = m, /ns.
Eventually, the intensity of multi-channel PVV with integer- and
fractional-order can be obtained using I = [E[%.

2.3. Derivation of pupil filter P in Eq. (6)

In classical optics, I- and [ + 0.5 order VVB are two propagable VVBs,
which can be expressed as [2]

- | cos(lp + @)
Einieger = |: sin(l(p + 400) v

cos[(I+0.5)p + ¢,

sin[(I+ 0.5)p + ;] as

Efractional = exp(:I:OSlgo) |:
Here, ¢, is an angle that rotates the polarization state of entire [- and
[+ 0.5 order VVB. For example, radially polarized beam can be obtained
with | = 1 and ¢, = 0, while its orthogonal counterpart, namely
azimuthally polarized beam, is achieved with [ =1 and ¢, = 0.5x.
As mentioned above, multi-channel PVV with tunable integer- and
fractional-order is created using only a single light beam, namely m-
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order VVB. This physical process involves two important principles in
optics, namely the principle of mode extraction [32] and the optical pen
[31], respectively. For the former one, mode extraction conveys an
important physical idea that arbitrary polarization modes can be
extracted directly from a single vector beam. Based on this principle,
PVVs with integer- and fractional-order link to different symmetrical
petal-like phases in Fig. 2. Specifically, the petal number for integer-
order PVV is 2|m—1, while that of fractional-order PVV is
2|m — 1+ 0.5|. Here, = 0,41, +2... In this case, the phase for PVV with
integer- and fractional-order can be expressed as [2,32]

¢; = Phase{cos|[(m — l)p + ¢,]} 15)
¢ = Phase{cos[(m — [+ 0.5)p + @,]} £ 0.5¢ (16)
respectively.

As shown in Fig. 2, mode extraction is responsible for the control of
PVV mode, while the channel information, such as amplitude, phase,
number and position, are adjusted by the optical pen. As demonstrated
in Ref [31], optical pen is developed based on the compensation of
optical path difference, which can be expressed as

N
v, = Phase{ ZPF(si,xj7yj7zj75j)} a7
j=1

Here,X;,y;, z; indicates the positions of the j-th channel of PVV on the
gold film. s; and §; control its amplitude and phase, respectively. N is the
number of multi-channel of PVV.

Finally, the overall phase of pupil filter P for multi-channel PVV can
simply be obtained by Q, = ¢;; + ,. That is, the transmission of pupil
filter P can be simplified to

T, = exp(iQ,) 18)
3. Results and analyses
3.1. Transmittance of the mask

Fig. 3 shows the Dependence of Fresnel coefficient upon the

2
|6
the wavelength of incident m-order VVB A = 532 nm and the thickness of

gold film d = 50 nm. The numerical aperture of oil immersion lens NA =
1.49. The refractive indices of glass, gold and air n; = 1.518, ny =

|*. Here,

2
S|t

convergent angle 6 for the p-, z- and s-components ‘t;
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Fig. 2. Optical information of pupil filter P. Pupil filter P in Fig. 1 contains two
important information in optics: one is the principle of mode extraction, which
is responsible for switching PVV mode with integer- and fractional-order;
another is the optical pen, which can adjust the number, position, amplitude
and phase of PVV modes on the gold film.
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Fig. 3. Dependence of Fresnel coefficient upon the convergent angle 6. Here,
the blue solid line, red dot line and yellow dash line present |t;|% |&|% |&|%
respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

0.54386 + 2.2309i, and ng = 1, respectively. In principle, the s-
component of incident VVB cannot excite SPPs on the gold film.
Therefore, both p-, z- components of SPPs in Fig. 3 come from the p-
component of incident VVB in Eq. (1). The relationship 7, > 7, implies
that PVV created on the gold film is dominated by the 2- components of
SPPs. In addition, according to ¢, in Eq. (4), both p-, 2z- components
possess an identical resonance angle with about 40° < < 60°. For this
reason, to eliminate the transmission light beam on the gold film, the
blocking angle of the mask # = 40° in Eq. (9). In the following simu-
lations, we take the incident m = 30-order VVB as an example to extract
multi-channel PVV on the gold film in Fig. 1. Note that the unit of length
in all figures is the wavelength A and the intensities of PVV are
normalized to be a unit value.

3.2. Switching PVV mode using mode extraction

Fig. 4 presents an example of switching PVV mode at will on the gold
film. PVVs with the order of —0.5, —2.5, 3 and 6 in Fig. 4 (b, g, 1, q) are

[ —
———

/%
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induced by a m = 30-order VVB with the phases in Fig. 4 (a, f, k, p),
respectively. Fig. 4 (c, h, m, r) and (d, i, n, s) are their corresponding
longitudinal and transverse components. The polarization of inherent
modes within the incident m = 30-order VVB that correspond with PVVs
in Fig. 4 (b, g, 1, q) are shown in Fig. 4 (e, j, o, t), respectively, and can be
expressed as in Equations (13, 14) with ¢, = 0. According to the prin-
ciple of mode extraction, different kind of phase links to different order
VVB, thereby inducing PVV mode with integer- and fractional-order on
the gold film. Specifically, in term of integer-order PVV mode, one can
link the phase ¢; in Eq. (15) with the inherent polarization mode within
the incident vector beam, namely [-order VVB mode. In this case, PVV
modes with the order [ = 3, 6 in Fig. 4 (1, q) can be obtained on the gold
film using the phases in Fig. 4 (k, p). In term of fractional-order PVV
mode, the inherent polarization mode of [ + 0.5-order VVB can be
achieved by the phase ¢; with I =1 + 0.5 in Eq. (15) as well. However,
due to the polarization discontinuousness along the x axis, see Fig. 4 (e,
j), I+ 0.5-order VVB cannot maintain in free space. For this reason, PVV
with [ + 0.5-order cannot be created on the gold film. To maintain the
polarization of [ + 0.5-order VVB in free space, the polarization dis-
continuousness along the x axis must be compensated by the phase jump
of vortex phase +0.5¢ in Eq. (16). In this way, the phase ¢sinEq. (16)is
also symmetrical like that of integer order VVB in Eq. (15), as shown in
Fig. 4 (a, f, k, p). That is, one can simply obtain PVV modes with the
order I + 0.5 using the phase ¢ in Eq. (16). Here, the petal number 2|M|
in Fig. 4 implies the order of PVV, where M = for integer-order PVV and
M =1+ 0.5 for fractional-order PVV. From above, the polarization mode
of PVV is merely controlled by the phase of incident m = 30-order VVB.
That is, without having to change the incident m = 30-order VVB, one
can switch the order of PVV dynamically by merely adjusting its phase.

Fig. 4 not only verifies that PVV can be switched at will by a
particular phase, but also opens new ways to control the channel in-
formation of PVV with the aid of optical pen. Taking 2-order PVV as an
example. As shown in Fig. 5, one can simply create a 2-order PVV mode
on the gold film by extracting the 2-order VVB mode from the incident m
= 30-order VVB using the phase in Eq. (15) with [ = 2. The mode of 2-
order PVV can be tuned freely by the parameter ¢, where ¢o = 0, 0.25x,

NN AR
V11777

{77 =

Ve

Fig. 4. Switching PVV with integer- and fractional-order using mode extraction. PVVs with the order of —0.5 (b), —2.5 (g), 3 (1) and 6 (q) are extracted from a m =
30-order VVB by the phases in (a, f, k, p), respectively. Subfigures (c, h, m, r) and (d, i, n, s) are their corresponding longitudinal and transverse components. The
polarizations of inherent modes within m = 30-order VVB that correspond with PVVs in (b, g, 1, q) are shown in (e, j, o, t), respectively.
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0.5x, 0.75r for Fig. 5 (e, £, g, h), respectively. Therefore, the petal-like
intensity of PVV mode in Fig. 5 is rotating along with the parameter
@0, which is indicated by the green arrow. Beside the adjustment of PVV
mode, its trajectory can also be controlled by the optical pen. Specif-
ically, as shown in Fig. 5, PVV with the order of 2 can not only rotate
with the parameter ¢, but also move from the start point in (-3, —3) to
the final point in (3, —3) on the gold film by changing the phase from
Fig. 5 (a) to Fig. 5 (d). The white arrow implies the trajectory of PVV.
Generally, the phase of a light beam can be adjusted in a real-time and
dynamically by a phase-only spatial light modulator (SLM). For this
reason, as time goes by, one can achieve tunable polarization mode of
PVV with arbitrary moving trajectory on the gold film.

3.3. Creation of multi-channel PVV modes

As shown in Fig. 2, pupil filter P contains two critical information of
manipulating PVV modes. One is the mode extraction, which is the
fundamental principle for the switch of PVV mode; another is the optical
pen, which is responsible for the channel control of PVV modes.
Therefore, we can not only switch a single PVV modes at will, but also
create multi-channel PVV modes on the gold film. By comparing with
that of plasmonic focus array in Ref [29,30], we firstly create 1-order
PVV mode with 3 x 3 channels in Fig. 6(f). Here, Fig. 6 (k) shows
their topological charges. The polarization mode of PVV in each channel

“Vector PVV mode
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Fig. 5. Control of PVV channel using optical pen.
With the aid of optical pen, PVV channel can be
manipulated in a real-time and dynamically.
Here, 2-order PVV moves from the start point in
(-3, —3) to the final point in (3, —3) on the gold
film by changing the phase from (a) to (d). The
white and green arrow imply the trajectory of
PVV and the polarization state of 2-order PVV
with ¢, respectively. Here, (a, €) ¢o = 0; (b, f) o
= 0.25m; (¢, &) @o = 0.5m; (d, h) ¢o = 0.75x. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

possess an identical polarization property like that created by a radially
polarized beam with a Dammann grating [29,30]. Note that Dammann
grating is a special solution of optical pen [31]. Therefore, the phase of
incident m = 30-order VVB in Fig. 1 can be considered as the super-
position of ¢; and a Dammann grating, see Fig. 6(a). By adjusting the
parameter of Dammann grating realized by optical pen, the topological
charge of each 1-order PVV mode can be altered symmetrically like that
of Dammann grating, see Fig. 6 (g, h). Their corresponding phases are
shown in Fig. 6 (b, c), respectively. Although the topological charge of
vortex phase in each channel can be adjusted freely, their orders remain
the same. For this reason, we call these plasmonic focuses in Fig. 6 (g, h)
as scalar plasmonic vortex. Their topological charges are shown in Fig. 6
(1, m), respectively.

Based on the principle of mode extraction, we convert the above
scalar plasmonic vortices in Fig. 6(g, h) into their vector counterparts,
namely 3 x 3 PVV modes with integer-order in Fig. 6(i) and fractional-
order in Fig. 6(j). Here, Fig. 6 (d, e) are their corresponding phases of
incident m = 30-order VVB, respectively. Their corresponding orders are
denoted in Fig. 6(n, o). It should be emphasized that PVV with I + 0.5
order in Fig. 6 (j) is achieved with a stable [ + 0.5 order VVB. According
to Eq. (14), an optical vortex must adhere to the polarization of [ + 0.5
order VVB mode so that its polarization state can maintain stably in free
space, and PVV with fractional-order can be obtained on the gold film.
That is, fractional-order PVV modes also possess an identical optical

Fig. 6. PVV mode with 3 x 3 channels.
o Uniform 1-order PVV mode with 3 x 3
channels in (f) are created by the phase (a),
which can be considered as the superposition
of ¢; with [l = 1 in Eq. (15) and a Dammann
grating. (k) represents the topological charge
of (f). By adjusting the parameter of Dam-
mann grating realized by optical pen in Eq.
(17), 3 x 3 scalar plasmonic vortices are
0 obtained by the phases (b, c), the topological
charges of which are shown in (I, m),
respectively. Using the phases (d, e), both 3
1 x 3 scalar plasmonic vortices in (g, h)
convert into 3 x 3 PVV modes with integer-

and fractional-order in (i, j). Their corre-
sponding orders are shown in (n, o),

respectively.
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vortex with + 0.5 topological charge in Fig. 6(j). Similar symmetry of
topological charge in Fig. 6 (m) can therefore be realized by overlapping
+ 0.5 topological charge with the orders in Fig. 6 (0), which is the reason
why we correspond the topological charge distribution in Fig. 6 (m) with
that of Fig. 6(0). In addition, the total intensity of scalar plasmonic
vortices in Fig. 6(g, h) created by Dammann grating is equal with that of
uniform plasmonic focuses in Fig. 6 (f). As the topological charge in-
creases, the energy density of scalar plasmonic vortex decreases. That is,
the intensity of each scalar plasmonic vortex is different from each other
because of the different topological charge. However, this disadvantage
can be overcome by adjusting the parameter s; of optical pen in Eq. (17).
That is, with the aid of optical pen, one can not only adjust the polari-
zation mode of PVV at will, but also the amplitude of each PVV modes
individually, see Fig. 6 (i, j).

To further verify the versatility of multi-channel PVV modes, Fig. 7
presents multi-channel PVV modes with controllable shape. As shown in
Fig. 7 (b, e), integer- and fractional-order PVV modes with the shape of
square and “N” are generated by modulating the incident m = 30-order
VVB with the phases in Fig. 7 (a, d). Their corresponding orders can be
found in Fig. 7 (c, f), respectively. In Fig. 7 (c), the polarization mode of
each PVV is adjusted by the parameter ¢, where ¢ = 0.25x for point A,
E; ¢o = 0.57 for point B, F; ¢ = 0.75x for point C, G; ¢y = = for point D,
H. The topological charges of —0.5-order PVV modes are + 0.5 for point
E, G (green box); —0.5 for point F, H (blue box), respectively. In Fig. 7
(£), o = -0.25x for the PVV modes in the pink boxes, and ¢y = 0 for the
other modes. Due to the polarization rotation of [ + 0.5-order VVB in free
space, | + 0.5-order PVV possess an additional angle 7=+40.25x in the
center of SPPs excitation ring on the gold film [33]. In case of + 0.5
topological charge, 7=+0.25x. In case of —0.5 topological charge, 7 =
-0.25x. For example, the polarization mode of PVV with [ + 0.5 order on
the gold film can be obtained by ¢ = ¢o + T, where ¢g = 0.5z for point E
and ¢g = 0.25x for point F, see Fig. 7 (b).

4. Discussion

In the following, we would like to discuss the differences between
our work and previous researches. Normally, multiple plasmonic focuses
are created on the metal film by an incident vector beam modulated by a
Dammann grating [29,30]. For example, multiple plasmonic bright fo-
cuses, namely 1-order PVV in this paper, can be created by focusing a
radially polarized beam couple with a Dammann grating, while petal-
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like plasmonic focuses can be achieved by a linearly polarized beam,
see Ref [30]. Here, the number and position of plasmonic focuses are
controlled by the Dammann grating, and the polarization mode of each
plasmonic focus is determined by the polarization state of incident
vector beam. Therefore, all plasmonic focuses in the array possess an
identical polarization property that relates to the polarization state of
incident vector beam. So far, multiple PVV modes with different order
have not been achieved yet in the research field of nanophotonics.

By contrast, our work conveys an important physical idea. That is,
arbitrary inherent polarization modes within a light beam can be
extracted directly using a particular phase based on the principle of
mode extraction, as shown in Fig. 8. That is, without having to change
the incident vector beam in Fig. 1, one can not only switch the inherent
polarization mode of m = 30-order VVB at will, but also create multiple
inherent polarization modes in free space with the aid of optical pen.
Each inherent polarization mode can induce a PVV mode with a
particular order and amplitude in a prescribed position on the gold film.
In this way, multi-channel PVV modes with integer and fractional-order
are realized accordingly, see Fig. 8. More importantly, the polarization
and channel information of PVV mode in each channel can be adjusted
individually in a real-time and dynamically, which is the most advan-
tage of our work over that of the previous studies.

In conclusion, we have theoretically demonstrated dynamic control
of multi-channel PVV modes with integer- and fractional-order using the
principle of mode extraction along with optical pen. Based on the
principle of mode extraction, inherent polarization mode of m = 30-
order VVB can be extracted freely. PVV mode with adjustable integer-
and fractional-order can therefore be switched at will by the SPPs
excitation of inherent polarization mode on the gold film. More inter-
estingly, the switch of single PVV mode can further be extended to the
adjustment of multi-channel PVV modes with optical pen. That is, by
merely adjusting the phase of incident m = 30-order VVB, the order of
PVV mode can not only be adjusted at will, but also the number, posi-
tion, amplitude and phase of each PVV channel are manipulated flex-
ibly. This work demonstrates the simultaneous creation of multi-channel
PVV modes with integer- and fractional-order on the gold film, which
may find valuable applications in the research field of nanophotonics.
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