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We investigate the dynamic quantities: momentum, spin and orbital angular momenta (SAM and OAM), and their
conversion relationship in the structured optical fields at subwavelength scales, where the spin—orbit interaction (SOI) plays
a key role and determines the behaviors of light. Specifically, we examine a nanostructure of a Ag nanoparticle (Ag NP)
attached on a cylindrical Ag nanowire (Ag NW) under illumination of elliptically polarized light. These dynamic quantities
obey the Noether theorem, i.e., for the Ag nanoparticle with spherical symmetry, the total angular momentum consisting of
SAM and OAM conserves; for the Ag NW with translational symmetry, the orbital momentum conserves. Meanwhile, the
spin-to-orbital angular momentum conversion is mediated by SOI arising from the spatial variation of the optical potential.
In this nanostructure, the conservation of momentum imposes a strict restriction on the propagation direction of the surface
plasmon polaritons along the Ag NW. Meanwhile, the orbital momentum is determined by the polarized properties of
the excitation light and the topography of the Ag NP. Our work offers insights to comprehend the light behaviors in the
structured optical fields in terms of the dynamic quantities and benefits to the design of optical nano-devices based on
interactions between spin and orbital degrees of freedom.

Keywords: orbital angular momentum, spin angular momentum, spin—orbit interaction of light, silver

nanowire
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1. Introduction

Nowadays, the spin—orbit interaction (SOI) of light has
attracted great attention in optics, owing to its fundamental
physical significance and potential applications in novel pho-
tonic devices.!'~!7! It turns out that most of conventional opti-
cal processes, such as propagation, reflection, focusing, scat-
tering, are associated with the SOI, [>7-18:191 although they have
very weak manifestation, and are often neglected in traditional
macroscopic geometrical optics. For example, in the spin Hall
effects of light, 13291 the SOI deviates photons with opposite
spins—left-handed or right-handed circularly polarized light
(LCP or RCP)—propagating in different directions with a trans-
verse subwavelength shift when they are incident on the inter-
face of different media. While in nano-optics, by engineer-
ing SOI using metamaterials, geometrical phases, and plas-
monic nanostructures at subwavelength scales, it was demon-
strated that spin-related optical phenomena induced by SOI are
more distinct than those occurred in macroscopic optics. In
the subwavelength-sized structured optical fields, the propa-
gation direction of light varies rapidly with the variation of the
medium permittivity and permeability, which leads to the spin
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change due to the correlation of the electric field E and the
wavevector k by the transversality condition k- E(k) = 0. In
most cases, the SOI effects are described in terms of the elec-
tromagnetic field quantities, which represent the wave proper-
ties of light. When concerning the SOI, it is also reasonable
to use the dynamic quantities, such as momentum, spin and
orbital angular momenta (SAM and OAM), to describe the be-
haviors of light in structured optical fields, which can better
clarify the physical processes as does in the electron counter-

21221 gave a detailed theoretical

parts. Recently, Bliokh et al.!
derivation about the representation of these dynamic quanti-
ties in the canonical Minkowski approach,?*! which is very
valid to describe structured optical fields in dispersive inho-
mogeneous media. Therefore it is of significance to present a
specific structured optical field for revealing the behaviors of
the dynamic quantities.

Here we present a prototypical nanostructure constructed
by a spherical Ag nanoparticle (Ag NP) attached on a cylin-
drical Ag nanowire (Ag NW) under illumination of ellipti-
cally polarized light. A clear picture shows that the conver-
sion of spin-to-orbital angular momentum occurs through the

*Project supported by the National Key R&D Program of China (Grant Nos. 2017YFA0205700, 2015CB932403, and 2017YFA0206000) and the National
Natural Science Foundation of China (Grant Nos. 21790364, 11374023, 61422501, 11674012, 61176120, 61378059, 6097701, and 61521004).

fCorresponding author. E-mail: linf@pku.edu.cn
fCorresponding author. E-mail: zhyfang@pku.edu.cn
© 2020 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

067301-1


http://dx.doi.org/10.1088/1674-1056/ab862a
mailto:linf@pku.edu.cn
mailto:zhyfang@pku.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 29, No. 6 (2020) 067301

SOI arising from the spatial variation of the optical potential.
Due to the symmetry of the nanostructure, the total angular
momentum consisting of SAM and OAM conserves under the
spherical symmetry; the orbital momentum conserves under
the translational symmetry. The conservation of momentum
imposes a strict restriction on the propagation direction of the
surface plasmon polaritons along the Ag NW.

2. Results and discussion

In subwavelength-scale structured optical fields, the
Dirac-like form of Maxwell equations is more appropriate to
describe the dynamical behaviors of light, which is!®!

c(&-f))d)—l—BV(D:i%dJ, (1)

where the term in the left hand side of this equation corre-
sponds to Hamiltonian H; c is the speed of light in vacuum; ¢
is the complex two-level state vector of the electric and mag-
netic fields, ® = \/(40) ! [V&E/ioH] ; &; (i=1,2,3)
and B are the Dirac matrices, &; is the spin-1 Pauli operator,
representing the photonic SAM; p is the momentum operator
—1V; V is the optical potential contributed by the optical me-

dia, V= ( : 58 0 . In analogy with the electric po-

1—
tential, the gradient of wlﬁch leads to the electric SOI, the opti-
cal SOI described by the term & - p in this equation arises from
the spatial variation of V', which at the subwavelength scale
leads to the greater magnitude of the gradient of V. The large
gradient of V' produces a non-negligible SOI related term if
equation (1) is expanded in a specific physical system, which
makes a significant spin-to-orbital conversion.

& R

Fig. 1. (a) Schematic of a spherical Ag nanoparticle with the radius
of 100 nm under illumination of circularly polarized light. The inci-
dent light propagates along the z-axis, the wavelength is 671 nm. Under
(b) LCP and (c) RCP illumination, P° and S of the scattering light
displayed at the x—y plane crossing the spherical surface. The origin
locates at the center of the sphere. 7 is the radial vector. The red color
in the sphere represents the positive charge distribution, and the blue
the negative charge distribution. The black (green) arrows indicate the
direction of PO (S).
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Based on Eq. (1), the local dynamical quantities of the
electromagnetic field involved can be derived, including the
orbital (or canonical) momentum density P©, orbital angular

momentum density L, and spin angular momentum density
§I21,22]

PO — (&]-iV|®) = ﬁlm [E*.(V)E+H* - (V)H],(2)

L=rxPO, (3)

= (P|a| D) = %Im[E* xE+H*xH|. %)

Firstly, we consider a spherical Ag nanoparticle with the
radius of 100 nm under illumination of a circularly polarized
light, as schematically shown in Fig. 1(a). All simulations are
based on finite element method (FEM), using commercial soft-
ware package COMSOL Multiphysics.
tion is described by a Gaussian beam (wavelength A = 671 nm,

The incident excita-

waist @y = 1.2 um). The optical constants for Ag are taken
from Johnson’s work.!?*! The simulations use the scattering
At the wavelength 671 nm of the in-
cident light, the localized surface plasmon resonance (LSPR)

boundary conditions.

occurs for this Ag NP, and the resonance scattering light car-
rying SAM and OAM takes on the SOI characteristics, espe-
cially in the near field. Figures 1(b) and 1(c) show the P°
and S distributions around the x—y cross section of the sphere
under illumination of left-handed and right-handed circularly
polarized light, respectively. Considering the spherical sym-
metry of the system, P© and S uniformly clockwise and an-
ticlockwise surround the spherical surface in the near field,
respectively. In terms of the definition of OAM in Eq. (1),
if taking the spherical center as the coordinate origin, we can
obtain a value of L. The helicity of L has the same direction
compared with the incident light SAM. Due to the difference
between the optical dielectric medium of the Ag NP and air,
o[l —g(r)],

which results in the SOI effect. Here, the polarizability o of

there exists a optical potential difference, V' (r) =

the spherical Ag NP can be considered to be isotropic and uni-
form, therefore the optical potential V'(r) is spherically sym-
metric. The total AM density J in this system is written as

J=L+S=rxP°+8. ®)

Taking into account the Hamiltonian H with spherically sym-
metric V(r), we have [J,H] =0, i.e., J commutes with H,
which means that J is conserved. In the incident light, there
is only S, with L = 0. Therefore, the OAM in the scattering
light is converted from the incident SAM by means of the SOI.

As schematically shown in Fig. 2(a), the Ag NP is placed
on the middle of a cylindrical Ag nanowire , which has a radius
of 60 nm and a length of 6 um. The gap between them is 5 nm.
Under illumination of a circularly polarized Gaussian beam in
z direction, from the medium polarization point of view, the
opposite charges generate at the two sides of the small gap,
which leads to a very strong field enhancement, called gap
plasmon resonance that is much strong than the LSPR for the
single Ag NP.[>3] From the dynamic point of view, the optical
potential undergoes a drastic variation in the very small gap
space, which results in a giant SOI effect, and the very large
PO appears in the gap. As shown in Figs. 2(b;) (LCP) and
2(c1) (RCP), PP in the gap is much larger than that at other

067301-2



Chin. Phys. B Vol. 29, No. 6 (2020) 067301

parts around the Ag NP, the direction of which depends on the
helicity of the incident light. Qualitatively, PO is also much
larger than the corresponding S, which means that a greater
amount of the incident SAM is converted to OAM due to the
strong SOI effect. Define & the angle between P© and the NW
axis (+y); 6 = 171.1° for LCP [Fig. 2(b;)], and 6 = 8.9° for
RCP [Fig. 2(c;)], which are almost opposite in direction. Due
to the strong gap plasmon resonance, the coupling between Ag
NW and Ag NP occurs in the gap, which excites the surface
plasmon polaritons (SPPs) propagating along the Ag NW. The
direction of the SPPs depends on P in the gap.

(a) (c1)
Z y Tk i g R t 1.0
0.8

T_’y
T 0.6
(b2) Y 0.4
rirswra E\tf '
(c2) 0.2
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Fig. 2. (a) Schematic of a spherical Ag nanoparticle with the radius
of 100 nm attached on a cylindrical Ag nanowire with the radius of
60 nm and the length of 6 pm under illumination of circularly polarized
light. The incident light propagates along the z-axis, the wavelength is
671 nm. Under (b;), (bs) LCP and (c), (c2) RCP illumination, P° and
S of the scattering light displayed at the x—y and y—z planes crossing the
spherical surface. The direction of PO is relative to the Ag NW axis.
The color in the Ag NW represents the electric field of SPPs propagat-
ing along the NW. The intensity meter is shown at the right.

Only considering the Ag NW, it is cylindrically symmet-
ric, the optical potential presents the form of V' (p), where p is
the polar coordinate in x—z plane. In y-direction along the NW,
V(p) is translationally invariance. Taking into account the
Hamiltonian A with cylindrically symmetric V' (p), we have
[PyO,H] =0, i.e., P}Q is conserved. The direction of P© in
the gap is more close to the axis of the cylindrical Ag NW (+y
or —y), the more amount of excited SPPs propagates in this
Ag NW direction. In Figs. 2(by) and 2(c,), respectively, the
greater amount of SPPs propagate along —y direction (left side
of the NW) for LCP illumination, while the greater amount of
SPPs propagate along +y direction (right side of the NW) for
RCP illumination.

As mentioned above, the PO direction in the gap is
mainly governed by the incident light helicity. By changing
the ratio of different helicities in the incident light, we can vary
the PO direction, and then adjust the amount of SPPs propa-
gating along one side of the Ag NW. For this purpose, we use
elliptically polarized light to illuminate the above Ag NP and
NW system. The complex electric field of this incident light
can be written as

0 0 . .
E(r)=Ey (CESinz + % cos 261¢> e1kz7 6)

where Ej is the light amplitude, the angles 8 and ¢ determine
the polarization state.
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Fig. 3. The incident light is elliptically polarized, with (a;) (6,¢) =
(140°,90°); (by) (120°, 90°); (c1) (60°, 90°); (d1) (42°, 90°). (a2), (b2),
(c2), and (dy) show the corresponding direction of PO relative to the
Ag NW axis. The color in the Ag NW represents the electric field of
SPPs propagating along the NW.

Through simulation and comparison, we choose four dif-
ferent elliptically polarized light, as shown in Figs. 3(a;),
3(b1), 3(c1), and 3(dy), (6, ¢9) = (140°, 90°); (120°, 90°); (60°,
90°); (42°, 90°), with gradually increasing RCP component
and decreasing LCP component in the incident elliptically po-
larized light. As shown in Figs. 3(ay), 3(b>), 3(c2), and 3(dy),
the resultant PO is the vector sum of P]? induced by the LCP
component and PY induced by the RCP component. At (6, ¢)
= (42°, 90°) [Fig. 3(d)], PO is almost parallel to the Ag NW
with § = 4.8°, pointing to the right side of the NW. Therefore,
the maximum amount of SPPs propagating to the right side of
the Ag NW can be obtained. Here, we define the directionality
of SPPs on the Ag NW as
o
e[+l
where ¢4 and c_ correspond to the average power flows along
the right side and left side of the Ag NW, respectively. The D
values are 0.26, 0.40, 0.83, and 0.90, corresponding to the four
different elliptically polarized incident light, respectively. In a

D= @)

similar way, by increasing the LCP component and decreasing
the RCP component in the incident elliptically polarized light,
the opposite result can be obtained, which is the maximum
amount of SPPs propagating to the left side of the Ag NW.

(a1) (b1) (c1)

\!(-L,w--l 1.0

b 0.8
? (Q)_H \'(-'L,u‘--ll 0.6
“‘ (P -z rETrIIT 0.4
(dy) 0.2
T T (el . 7 % I I I 1 0

Fig. 4. The Ag NPs on the middle of NW are ellipsoids. (a), (by), (c1),
and (d;) are four different ellipsoids, with the three semi-axes labeled
on each ellipsoid, the unit is nm. (az), (bz), (c2), and (d) show the
direction of PP relative to the Ag NW axis. The color in the Ag NW
represents the electric field of SPPs propagating along the NW.

The topography of the Ag NP can also affect the direc-
tion of PO in the gap. Without loss of generality, the Ag NP

067301-3



Chin. Phys. B Vol. 29, No. 6 (2020) 067301

is changed from the aforementioned sphere to an ellipsoid, as
shown in Fig. 4. Under RCP illumination, the polarization P
of the ellipsoid can be expressed as

(04% 00 E() axEO
P=aFE; = 0a O iEy | = iayE() , (8)
0 0 a 0 0

where E is the incident electric field amplitude, ¢; is the po-
larizability in the i (= x, y, z) direction. Due to the anisotropic
polarizability for the ellipsoid, i.e., 0 # o, the incident RCP
light transforms into elliptically polarized radiation. There-
fore, as the aforementioned analysis, 6 = 40.0°, 17.8°, 4.2°,
2.4°; D =0.33,0.49, 0.50, 0.84 for the different ellipsoids, as
shown in Figs. 4(ay), 4(bs), 4(c2), and 4(d,), respectively.

100 nm

Fig. 5. (a) Scanning electron microscope image of a Ag NP attached
on almost the middle of a Ag NW. The inset shows the shape of the Ag
NP. The excited light is incident on the Ag NP. (b)-(g) Optical micro-
graphs of the scattering light at the two ends of the NW under different
polarized conditions. The polarized angles (6, ¢) are (b) (—140°, 90°),
(c) (—90°, 90°), (d) (—41°, 90°), (e) (140°, 90°), (f) (90°, 90°), (g)
(41°, 90°). The arrows indicate the scattering light spots. The scale
bars indicate 2 pm.

In experiments, chemically synthesized Ag NWs and NPs
were deposited simultaneously on a silicon substrate. By seek-
ing under scanning electron microscope, we obtained a desired

sample showing that a NP adhered on almost the middle of a
NW [Fig. 5(a)], where the NP roughly has a spherical shape
with the diameter of about 120 nm [inset of Fig. 5(a)], the NW
is 140 nm in diameter and 10.3 pum in length. We focused a
laser beam with the wavelength of 671 nm through a 100x
objective (N.A. = 0.9) on the Ag NP. The helicity of the el-
liptically polarized light was obtained by adjusting a polarizer
and a quarter-wave plate mounted in the light path. The exact
values of the helicity were determined by a Thorlabs TXP5004
polarimeter. The excited SPPs propagated along the NW, and
were converted back to free-space scattering light at the two
distal ends which were collected by the same objective; and
the optical images were recorded by a CCD detector mounted
on the optical microscope. As shown in Figs. 5(b)-5(d), the
elliptically polarized angles (6,¢) are altered from (—140°,
90°), (—90°, 90°) to (—41°, 90°), the light spots indicated by
the arrows become gradually weak at the lower end of the NW,
indicating that P© is more and more pointing to the upper
end. As expected, by changing the helicity sign of the ellipti-
cally polarized incident light [Figs. 5(e)-5(g)], the angles are
(0,¢) =(140°,90°), (90°,90°), and (41°, 90°), the light spots
at the upper end of the NW become gradually weak. The ex-
periment demonstrates that the helicity of the polarized light is
able to control the direction of the surface plasmon polaritons
on the Ag NW, which is consistent with the simulation results.

3. Conclusion

In summary, we have investigated the evolution of mo-
mentum, spin and orbital angular momenta, and their SOI in
the structured optical fields that are creased by a spherical Ag
NP attached on a cylindrical Ag NW. It is found that in the case
of a spherical symmetric Ag NP, the conservation of angular
momenta (including SAM and OAM) is obeyed; in the case of
a translational symmetric Ag NW, the conservation of momen-
tum is obeyed. Spin-to-momentum conversion is mediated by
the SOI which arises from the spatial variation of the optical
potential. The helicity of the polarized light is able to control
the direction of the orbital momentum PO at the gap between
the Ag NP and NW, which can govern the propagation direc-
tion of SPPs excited on the Ag NW based on the conservation
of momentum. The behavior analysis of the dynamic quan-
tities in the structured optical fields offers a new approach to
assist the design of optical nano-devices.
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