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The canonical formulation of the spin angular momentum (SAM) of light has been suggested recently as
an extension of the Abraham-Minkowski controversy. However, experimental substantiations of the
canonical SAM for localized fields have not been reported yet. We directly probe the locally distributed
canonical SAM tailored by a plasmonic nanostructure via the valley-polarized photoluminescence of the
multilayer WS2. The spectrum-resolved measurement details the spin-selective Raman scattering and
exciton emission beyond the conventional manner of employing circularly polarized paraxial waves.
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Light carries both orbital and spin angular momenta. In
the paraxial limit, the helical spatial distribution of the
wavefront and the degree of circular polarization (DoCP)
correspond to the orbital and spin parts of the classical
angular momentum of light, respectively [1–3]. The spin
angular momentum (SAM) of light plays a crucial role in
various light–matter interactions and their application. The
selection rules of electromagnetic transitions in atoms,
molecules, and condensed matter feature the conservation
of the total angular momentum, including the optical SAM
[4–6]. Molecular chirality [7] and magneto-optic effects
[8,9] are inevitably related to the SAM of light. The
circularly polarized light beam can cause mechanical
spinning motion of an object [10]. Thus, it is essential
to understand the electromagnetic SAM and how it trans-
fers to its electronic, magnetic, molecular, or mechanical
counterparts. Moreover, a number of interesting studies
have been conducted based on the interaction between the
SAM of light and the nanophotonic platform [11–15]. The
optical analog of the spin Hall effect [16–18] and manipu-
lation of electromagnetic waves [19–21] have been
reported recently.
The typical representation of the angular momentum of

the electromagnetic fields propagating paraxially in the free
space (Jtyp ¼ ε0

R
x × ðE ×BÞd3x ¼ ε0

R ðE ×BÞd3xþ
ε0
R P

3
i¼1 Eiðx ×∇ÞAid3x ¼ Styp þLtyp) allows us to dis-

tinguish the orbital and spin components, considering the
analog to the quantum mechanical orbital angular momen-
tum operator. However, the integral evaluation of the total
angular momentum, depending on the choice of the origin
of the coordinates, is inherently incapable of considering
the spatial distribution and density of the electromagnetic
angular momentum, particularly in the presence of matter
[22,23]. In addition, except for the case of free-propagating
paraxial waves, both the integrated orbital and spin angular
momenta do not obey the well-known commutation rule in

the analog to the quantum mechanical operators [24]. The
discussion on electromagnetic momentum, both linear
and angular, has a long history, the so-called Abraham-
Minkowski controversy [25,26]. Recently, the concept of
the canonical angular momentum, an alternative to the
typical representation, has been suggested, accompanied by
theoretical self-consistency [26–28]. The canonical form of
the angular momentum of light, derived from the intro-
duction of the dual symmetry to the electromagnetic field
tensor, is free from the issues of the typical representation
that cannot determine the SAM for structured or localized
light or address the intrinsic distinguishment of the optical
angular and spin momentum.
However, direct and experimental probing of the canoni-

cal angular momentum and its local distribution that an
optical nanostructure is ready to create has not been
demonstrated thus far. Only a few reports have examined
the validity of the canonical angular momentum limited
to light propagating in the free space or existing in the
interface between two homogeneous dielectric media [29].
Recently, two-dimensional transition metal dichalcoge-
nides have been found to have the possibility of featuring
the SAM carried by not only the free-propagating circularly
polarized light [6,30–32] but also the optical modes of
nanophotonic waveguides and metamaterials [33–35] in
their photoluminescence (PL), based on valley-selective
excitation and valley-polarized emission. In this study, we
have experimentally demonstrated that the valley-polarized
PL of the multilayer WS2 can directly probe and image the
canonical SAM distribution carried by a structured, local-
ized electromagnetic field. We employed a plasmonic-
connected V-shaped gold nanostructure array that provided
the local field distribution, tailored to the wavelength scale
with linearly polarized incident light. The spectrum-
resolved measurement informs us of the interaction proper-
ties of the Raman scattering and exciton emission with the
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canonical SAM. Further, we addressed the SAM per unit
electromagnetic field energy to quantify the probability that
a single photon takes the positive or negative spin with
respect to the normal of the multilayer WS2 plane.
The canonical SAM density is determined as follows:

Scan ¼
1

4π
Im½εE� ×Eþ μH� ×H�: ð1Þ

As illustrated in Fig. 1(a), an optical nanostructure
induces and distributes the canonical SAM density of light
around its territory. Even for the incidence of the linearly
polarized light that, by itself, does not carry any canonical
angular momentum, the optical nanostructure that provides
a phase difference between the orthogonal components of
the induced fields results in a localized, nonzero SAM. The
geometric configuration and material composition (metals or
dielectrics) of the optical nanostructure determined the
direction and strength of the canonical SAM density vector,
depending upon the position. The multilayer WS2 flake acts
as a probe for the local density of the canonical SAM.
Conventionally, valley-selective excitation and valley-
polarized emission caused by the broken symmetry between
the K and K0 valleys lead to valley-polarized PL, under the
excitation of circularly polarized light. In this study, we
realized the ability of valley-polarized PL to probe the
vertical component of the locally distributed canonical SAM
induced by the optical nanostructure of interest.
We examined the valley-polarized PL of the employed

multilayer WS2 flake at room temperature under resonant
excitation of left-handed circularly polarized light
[Fig. 1(b)]. The degree of valley polarization of the PL
from multilayer WS2 flakes has been reported to be higher
than 0.7 at room temperature [36–38]. Meanwhile, the PL
of the monolayer WS2 exhibits a valley polarization degree

of only ∼0.5, even at the cryostat temperature, owing to the
significant intervalley scattering [37,39]. Based on a scan-
ning confocal microscope setup with a 594-nm-wavelength
laser incident from the substrate side (see Fig. S1 in the
Supplemental Material [40]), we verified that the selected
multilayer WS2 flake supports PL with a high degree of
valley polarization, which is up to ∼0.81 at the peak
wavelength of the exciton emission (i.e., 620 nm). We
scanned and evaluated the total intensity of the valley-
polarized PL depending on the position [Figs. 1(c) and 1(d)].
The average degree of valley polarization of the total PL is
∼0.51 over the area (black rectangle) where the plasmonic
nanostructure array will be located, supporting an excellent
spatial uniformity with a standard deviation of only ∼0.061
appropriate for measuring the canonical SAM distribution.
Plasmonic nanostructures provide an excellent test plat-

form to create and probe a locally distributed canonical
SAM. In this study, we employed a connected V-shaped
gold nanostructure and its array. Figure 2(a) shows the
spatial distribution of the calculated canonical SAM density
in a single unit cell, including the connected V-shaped gold
nanostructure. Two gold rods with the length and width
of 760 and 80 nm, respectively, were connected at a right
angle. The upper and lower rods generate surface plasmon
polariton fields supporting the canonical SAM of the
positive (þz) and negative (−z) vertical components,
respectively, under the illumination of an incident light
linearly polarized along the y axis. Figure 2(b) shows the
canonical SAM density distribution over the array (left) and
its expected distribution considering the blurring effect of
the employed objective lens realized by the convolution
with the Airy function of the full width at half maximum of
330 nm (right). According to the periodic arrangement of
the unit cells, the stripes of the positive and negative
canonical SAM appear repeatedly. As shown in Figs. 2(c)

FIG. 1. (a) Schematic of the local distribution of the canonical SAM generated by an optical nanostructure and probed by the valley-
polarized PL of the multilayer WS2. (b) Typical valley-polarized PL spectrum of the employed multilayer WS2 flake under the
planewave 594-nm-laser excitation of the left-handed circular polarization. In the spectrum, the DoCP of the A exciton emission is
∼0.83. (c,d) Measured distributions of the left- and right-handed circularly polarized PL (c) and the DoCP (d) over the multilayer WS2
flake under the left-handed circularly polarized excitation. Scale bar, 10 μm.
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and 2(d), we fabricated the array of connected V-shaped
gold nanostructures in a 50-nm-thick gold film, and then
we placed it onto the selected multilayer WS2 flake on the
glass substrate (see Fig. S2 in Supplemental Material [40]).
The multilayer WS2 flake in Fig. 2(d) is identical to that
shown in Figs. 1(c) and 1(d).
Figures 2(e) and 2(f) show the measured intensity dis-

tributions of PL in the left- and right-handed circular
polarization states, respectively. Coupled with the plasmonic
V-shaped gold nanostructure array, the electromagnetic field
of the 594-nm-wavelength incident laser generated a spa-
tially inhomogeneous distribution of the canonical SAM,
which was probed in terms of the DoCP of the valley-
polarized PL of the multilayer WS2 flake. The PL signals
were also collected by the objective lens at the substrate side
and coupled with an optical fiber connected to a single-
photon avalanche photodiode. We note that the collection
efficiency of the PL at the glass (n ¼ 1.414) substrate side is
significantly higher than that in the air (n ¼ 1) superstrate.
The PL in the left- and right-handed circular polarization
from the point of view of the observer in the substrate side
corresponds to the probing of the positive and negative
canonical SAM, respectively. The repeating stripe pattern of
PL appeared in agreement with the theoretical prediction,
and the intensity maxima related to the positive and negative
SAM alternated exactly with each other.

The difference between the left- and right-handed
circularly polarized PL intensity distributions corresponds
to the spatial distribution of the vertical component of the
canonical SAM density, as shown in Fig. 2(g). In agree-
ment with the simulated expectation in Fig. 2(b), the
multilayer WS2 successfully probed the canonical SAM
distribution on the plasmonic nanostructure as it is. The
DoCP of the measured PL provides information on the
canonical SAM per unit energy, which ultimately describes
the probability that the vertical component of the canonical
SAM of a single photon or polariton will be measured as
positive or negative. Retaining the degree of valley polari-
zation (η) of the PL of the multilayer WS2 flake, we used
the following equations to connect the measured intensities
of the left- and right-handed circularly polarized PL (ImLCP
and ImRCP) and the probabilities of the positive and negative
canonical SAM (Cþ and C−)."

ImLCP
ImRCP

#
∝

"
1þη
2

1−η
2

1−η
2

1þη
2

#�
Cþ
C−

�
; ð2Þ

Cþ − C−
Cþ þ C

¼ ImLCP − ImRCP
ηImLCP þ ηImRCP

¼ 1

η

ImLCP − ImRCP
ImLCP þ ImRCP

¼ 1

η
DoCP:

ð3Þ

FIG. 2. (a) Calculated distribution of the vertical component (Sz) of the canonical SAM density generated by the connected V-shape
gold structure under the planewave incidence, linearly polarized along the y axis; scale bar, 200 nm. (b) Calculated canonical SAM
distribution over the nanostructure array (left) and expected valley-polarized PL distribution considering the diffraction by the objective
lens (right). (c) Scanning electron microscope image of the fabricated connected V-shape gold nanostructure array; scale bar, 1 μm.
(d) Optical microscope image of the measured sample. The V-shape gold nanostructure array (the white box) entirely overlays the
multilayer WS2 flake (the area below the white dashed line); scale bar, 2.5 μm. (e),(f) Measured PL intensity distributions with the left-
(e) and right-handed (f) circular polarization states. The step size of scanning is 166.7 nm. The green dashed lines guide the positions of
the nodes of PL for comparison; scale bar, 1 μm. (g) Measured canonical SAM distribution; scale bar, 1 μm. (h) Measured (black) and
calculated (red) Cþ − C− depending on the position along the y axis.
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Figure 2(h) shows the probability difference extracted
from the measured DoCP depending on its position along
the y axis. The black curve and the error bar are the mean
and standard deviation of the measured data, respectively,
obtained over 6 μm along the x axis for the given y
position. Here, we employed the degree of valley polari-
zation (i.e., 0.51), as measured in Fig. 1(d). The condition
Cþ þ C− ¼ 1 provided the probability of each positive and
negative vertical projection of the SAM. The obtained
Cþ − C− of ∼0.19 corresponds to the probability of
∼0.595 (∼0.405) that a photon or polariton takes the
positive (negative) vertical component of the SAM. The
solid red curve is the simulated canonical SAM density,
normalized by the energy density of the in-plane electro-
magnetic field components divided by its angular fre-
quency [28]. This unitless quantity corresponds to the
expectation value of the probability of the vertical compo-
nent of the SAM, ðCþ − C−Þ=ðCþ þ C−Þ. The simulated
result excellently meets the mean of the experimental
measurement within 1 standard deviation. We note that
the carrier doping possible to occur very near the metal-
WS2 interface might affect the local valley polarization,
but its effect on the results and analyses of the vertical
component of the canonical SAM density distribution in
the employed plasmonic structure is insignificant (see
Fig. S3 in the Supplemental Material [40]).
The spectrum-resolved measurement provides further

information on howdifferent emission processes contributing
to the total PL, such as Raman scattering and exciton
emission, with the canonical SAM. Figures 3(a) and 3(b)
show the PL spectra of the left- and right-handed circular
polarization states, respectively, depending on the position
along the white dashed lines in Figs. 2(e) and 2(f). We also
plotted the typical PL spectra of the left-handed circular
polarization at the positions of the positive and negative
canonical SAMs, respectively [Fig. 3(c)]. The PL of the
multilayerWS2 flake consists of two Raman scattering peaks
(i.e., the well-known E1

2g and A1g modes) and wideband A
exciton emission [41,42]. The E1

2g- and A1g -mode Raman
scattering peaks are at the wavelengths of 606.3 (341.5) and
608.8 nm (409.3 cm−1), respectively. TheA exciton emission
with a broad spectral distribution around 620 nm dominated
the total PL intensity in Fig. 2(g), compared to the Raman
scattering emissions of sharp spectral peaks.
To visualize the dependency of the two Raman scattering

and exciton emissions on the canonical SAM, we plotted
the intensities of the three spectral peaks depending on the
position along the y axis [Fig. 3(d)]. Notably, the E1

2g-mode
Raman scattering exhibits opposite behavior to that of the
A exciton emission. The cross-polarized emission behavior
in terms of the SAM indicates that the off-diagonal terms
dominate in the Raman scattering tensor [43]. On the other
hand, the A1g-mode Raman scattering did not show a clear
polarization dependence as compared to the others. It has
been reported that the Raman scattering modes in the WS2
mono- or multilayer can be co-polarized or cross polarized

depending on the intrinsic doping level, operating temper-
ature, and excitation condition [44–47]. We expect that the
use of Raman scattering peaks will allow measurements of
a variety of wavelengths, depending on the choice of the
excitation laser. In addition, tailored local canonical SAM
distribution in a structured nanophotonic bath results in
the rise to the engineering of spin-selective or polarized
transitions beyond the conventional manners of employing
circularly polarized paraxial waves.
To substantiate the results of probing the canonical SAM

density and its local distribution, we conducted a control
experiment in which the WS2 multilayer was replaced with
a thin layer of dye molecules without a spin-selective
excitation or spin-polarized PL character as shown in
Fig. 4(a). We employed the Texas Red dye molecule with
the excitation and emission spectra maximized at wave-
lengths of ∼595 and ∼620 nm, respectively, which well
matched the wavelengths of the resonant excitation and
exciton emission of the WS2 multilayer. The control
experiment examines whether the PL from the emitter,
coupled to the employed plasmonic nanostructure, is
accompanied by an artificial change or perturbation in
the DoCP. By removing the probability of artificial polari-
zation state changes, we verified the role of the valley-
polarized PL of the WS2 multilayer, as a probe of the
canonical SAM density. Figures 4(b) and 4(c) show the
measured intensity distributions of PL in the left- and
right-handed circular polarization states, respectively. Any
spatial change in the polarization-resolved PL intensity
associated with the canonical SAM distribution was not

FIG. 3. (a),(b) Measured PL spectra of the left- (a) and right-
handed (b) circular polarization depending on the position along
the white dashed lines in Figs. 2(e) and 2(f), respectively. (c) PL
spectra at two different y positions indicated by the white dashed
lines in (a). (d) The stack plot of the PL intensities of the A
exciton and Raman scattering of the A1g and E1

2g modes depend-
ing on the position along the y axis as the canonical SAM
essentially changes. Stack offset is 30 counts.
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observed. Only a few vertical stripes along the alignment
direction of the connected V-shaped gold nanostructures
were observable. The measured PL distributions in the left-
and right-handed circular polarization states were almost
identical; their differences did not show any significant
features [Fig. 4(d)].
In summary, we experimentally demonstrated probing of

the canonical electromagnetic SAMby employing the valley-
polarizedPLof themultilayerWS2. The plasmonic connected
V-shaped nanostructure distributes the canonical SAM at the
wavelength scale under linearly polarized excitation. The
high uniformity of the valley-polarized PL of the employed
multilayer WS2 flake allows high-quality imaging of the
canonical SAMdistribution. The control experiment employ-
ing the thin layer of dye molecules with spin-independent PL
solidifies the capability of the multilayer WS2 to truly probe
the canonical SAM.TheDoCPof themeasured PL enables us
to quantitatively examine the SAM per unit of electromag-
netic energy. We expect that the rigorous consideration of the
canonical SAM will become increasingly important in
various investigations and applications dealing with spin-
selective transitions from an electromagnetic field to elec-
tronic or mechanical entities and vice versa.
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