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Abstract:

The emergence of two-dimensional transition metal chalcogenide materials has sparked an
intense activity in valleytronics as their valley information can be encoded and detected with the
spin angular momentum of light. We demonstrate the valley-dependent directional coupling of
light using a plasmonic nanowire-WS; layers system. We show that the valley pseudospin in
WS, couples to transverse optical spin of the same handedness with a directional coupling
efficiency of 90+1 %. Our results provide a platform for controlling, detecting and processing

valley and spin information with precise optical control at the nanoscale.

One Sentence Summary:

Valley-dependent directional emission is successfully demonstrated at room temperature through

spin-orbit coupling with a plasmonic nanowire.


mailto:L.Kuipers@tudelft.nl

Valleytronics and nanophotonics provide powerful routes to address the heating problem in
electronics by offering an alternative to information transport with the charge of electrons (1, 2).
Valley pseudospin provides an additional degree of freedom to encode and process binary
information in matter, analogous to the spin degree of freedom. The emergence of two-
dimensional transition metal dichalcogenides (TMDs) layers provide a versatile materials
platform for both optoelectronics (3) and valleytronics (4-9). These materials have direct
bandgaps consisting of two (energy-degenerate) valleys at the corners of the Brillouin zone
(labeled K and K’). The spin and valley information in TMDs can be optically addressed and
detected using the spin angular momentum of light, due to their valley-dependent optical
selection rule (7, 8, 10-12). However, the relatively short lifetimes (< 10 ps) of valley-polarized
excitons limit logical processes and the spatial transport of valley information (2). While valley
information is difficult to transport in realistic material systems, particularly at room
temperature, photons are ideal information carriers due to the normally small light-matter
interaction. Nanoscale coupling of valley pseudospin to photonic degrees of freedom is desirable
for on-chip integrated valley devices.

The spin angular momentum as a degree of freedom of light at the nanoscale offers the
ability to influence and exploit light-matter interactions. In highly confined light fields,
transverse optical spin angular momentum (t-OSAM) results from the spin-orbit interaction of
light (13-25). This t-OSAM provides a robust one-to-one relation between the handedness of
optical spin and the propagation direction of a photonic mode—so called spin-momentum
locking—due to their time reversal symmetry. The information of spin angular momentum can be
directly transferred to the direction of light and vice versa. Recently, t-OSAM-dependent

directional coupling of light with near-unity efficiency has been successfully demonstrated



experimentally using various photonic structures e.g., optical fibers (13-15), metal surfaces (16-
18), metasurfaces (26), semiconductor waveguides (20, 21), or microdisks (22).

We demonstrate a room-temperature chiral-coupling interface between the transverse
optical spin of a plasmonic nanowire mode and the valley pseudospin of tungsten disulfide
(WS,), which provides robust valley-polarized directional emission. The resulting coupling
between the photonic path and valley-spin in TMD materials and the metallic nature of the
waveguide should enable applications in valley-chiral networks, valley-gates, and quantum
photonic devices.

Our configuration for a chiral valley-photon interface (Fig. 1A) consists of a combination
of a few layer TMD and a single silver nanowire. The evanescent fields of the plasmonic guided
modes possess t-OSAM perpendicular to the TMD layers. The population of excitons in the two
different valleys K and K’ can be directly controlled by a circularly polarized excitation laser.
The radiative decay of a valley-polarized exciton is associated with a circular transition dipole,
which emits valley-dependent circularly polarized light. This circular transition dipole couples to
the plasmonic eigenstate with the same handedness of its local transverse optical spin. Due to
this chiral coupling between the circular nature of the emission dipole of the valley-polarized
exciton and the local direction-locked transverse optical spin, emission from the different valleys
couples to plasmonic modes propagating in opposite directions (Fig. 1B) when the transverse
optical spin is maximal. To obtain a high degree of valley polarization, we exploit the high spin-

valley coupling strength and spin-layer locking effect of WS, (27, 28). The degree of valley
polarization is denoted by R, =(l, —1,.)/(Ic +1.), wherel, and |,. represent the

photoluminescence (PL) intensity from K and K’, respectively. The number of WS, layers is

identified through their optical contrast in a microscope image and their PL spectrum (Fig. S1).



The results presented here are based on a WS; flake consisting of five layers. Its polarization-
resolved spectrum, measured in the absence of the silver nanowire (Fig. 1C), reveals a measured
Py = 0.7 at room temperature. Figure 1D depicts an optical microscopy image of one of the
samples and a collected photoluminescence image mostly from the indirect bandgap. The two
bright spots at each end of the waveguide demonstrate that emission is coupled to the guided
modes of the plasmonic nanowire. Through the chiral coupling, the valley information is
converted to the propagation direction of the mode to which the exciton coupled: the plasmonic
mode itself has no overall optical spin (Fig. S2). Under local excitation at the center of the silver
nanowire, directional emission from the TMD layers is investigated by measuring light scattered
at the ends of the wire.

To quantify the magnitude of the t-OSAM near a silver nanowire, we performed
numerical calculations with a finite difference eigenmode (FDE) solver (Fig. 2A). The guided
plasmonic mode exhibits strong evanescent fields at the glass-nanowire interface, i.e., exactly at
the position of WS; layers. Due to the strong transverse confinement and the plasmonic nature of
the modes, a large longitudinal (x-direction) component of the electric field is present. The x and
y component of the electric field have comparable amplitudes and are roughly +90 degrees out of
phase: the modes exhibit a large t-OSAM. The local sign of the local t-OSAM has a one-to-one
relation with the propagation direction of light and the position with respect to the mirror plane

of the geometry (y-direction). We calculated the density of the t-OSAM as a function of position
in the x-y plane, which corresponds to the Stokes parameter S;=—2 Im(EXEy*) I(E?+ Eyz) (20)

(Fig 2B). The plasmonic guided modes of infinite length nanowires locally have a t-OSAM
density near unity. The sign of the transverse optical spin on either side of the nanowire is

opposite as expected from symmetry considerations. Clearly, when the propagation direction of



the mode is reversed, so are all the signs of the helicity everywhere. These results are
qualitatively summarized in Fig. 2C that demonstrate that the handedness of optical spin is
determined by a combination of y position and propagation direction.

We simulate the emission from one valley in WS, near a finite-length plasmonic
nanowire with the three-dimensional finite-difference time-domain (FDTD) method. The
polarized valley emission is described with a circular dipole. Figure 2D depicts the position-
dependent directionality (Do) of the emission of a left-handed circular dipole in the x-y plane. It
is calculated from the light transmitted (T, and Tg) to the left and right ends of the wire,

D, (%, y) = (T (% Y) =T (X, ¥)) /(T (X, ¥) + T (X, ¥)) . The first thing to note is that the circular
dipole emission is preferentially coupled to a propagating mode with appropriate sign of optical
spin (compare Figs. 2B, C). The second thing to notice is that a high degree of directionality is
obtained, which is opposite in sign when exciting on either side of the nanowire. A standing-
wave-like pattern is visible along the wire caused by a small reflection at the end of the finite
length nanowire (7 um) wire. Please note that the high value of directionality of 0.91 is still
observed despite the presence of the low-amplitude counter-propagating mode which tends to
reduce the t-OSAM and the directionality (20). To properly describe the experiment, merely
calculating the directionality is insufficient: actual coupling of the emission to the guided modes

is also required, Figure 2E depicts the normalized, position-dependent coupling strength,

Ko (6 Y) = (TG Y) + T (X, ¥)) /(T (X, ¥) + T2 (X, Y)) e - Combining Do and o results in the
chiral coupling coefficient iqaiey-patn that describes how well emission from a specific valley
couples to a one single direction of the light path: &, (X Y) = Dy (X, Y) i (X, Y) . The

calculated avaney-patn (Fig. 2F) shows that the experimentally obtained directionality will be

dominated by emitting dipoles located close to the nanowire.
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Far-field microscopy is used to verify the chiral valley-photon interface formed by
directional coupling of WS, excitons to plasmonic nanowires. Valley-polarized excitons are
locally excited at the middle of the silver nanowire (x=0) for different y-positions with a close-to
diffraction-limited focal spot of a suitably polarized 594 nm laser. Note that the free-space
focused laser light cannot couple to the plasmonic guided mode due to momentum mismatch
(Fig. S3). An optical bandpass filter (620-630 nm) is used to predominantly collect the exciton
emission for each excitation position. Raw data is presented in Figures 3A and 3B for right- and
left-handed circular excitation polarization, respectively. The large central spot in each image is
caused by exciton emission not coupled to the plasmonic nanowire. Comparing the images in
Fig. 3A and 3B to Fig. 1D it is clear that the intensity of the spots at the end of the wire have a
lower intensity relative to the central excitation spot. This decrease is caused by the fact that Fig.
1D is dominated by the emission from the indirect transition in the near infrared where the
propagation losses are significantly less than at 620-630 nm where the direct exciton emission
occurs (Fig. S3A). In the line traces the emission coupled to the nanowire shows up as clear
peaks (shoulders) on top of a background caused by the excitation spot. Already in this raw data,
the valley-controlled directional emission is visible to the “naked eye”: for a given combination
of handedness and excitation position, an asymmetry is obvious in the intensity of the spots at
either end of the nanowire. The asymmetry of emission is reversed when either the excitation
spot is moved to the other side of the nanowire or the polarization handedness of the excitation is
flipped.

The PL intensity scattered at the left and right nanowire ends is used to quantify the
valley-dependent directionality as a function of y. The extracted I, (y) and Ir(y), the peak

intensities after subtracting the background arising mainly form the excitation spot, reflect the



amount of exciton emission that is coupled to the left- and right-propagating plasmonic modes,
respectively (see Fig. S4 for our subtracting method). The dotted curves in Fig. 3C and 3D
denote the total guided PL intensity (I_(y) +Ir(y)) as a function of the excitation position. They
indicate that the excitons only couple to plasmonic modes when |y| < ~500 nm. We then
determine the experimental directional coupling efficiency ey

Koo (V) = (1L(Y) = 1o () /(1_(Y) + 1, (y)) (Fig. 3C, 3D). We observe a clear directional coupling:

for left-handed excitation and centered above (y<0) and below (y>0) the nanowire, the exciton
emission couples to plasmonic eigenstates propagating from right to left and left to right,
respectively. When the handedness of the excitation is flipped so do the propagation directions of
the plasmonic modes. The measurements display exactly the trends observed in the calculations.
For symmetric excitation, i.e., excitation on the symmetry axis of the system at the center of the
nanowire xeyp IS zero, as expected. A small offset in directionality, caused by a small
displacement of the excitation spot with respect to the middle of the nanowire in combination
with propagation losses, was subtracted from the measured result (Fig. S5). A more quantitative
description and comparison with calculations will be presented below. The measurements have
been reproduced for a number of plasmonic nanowires and WS, flakes with different layer
thicknesses (Fig. S6). In all cases, a strong directionality was observed.

Measurements performed for different excitation polarizations and emission wavelengths
confirm that the directional emission is caused by valley-dependent chiral coupling to the
plasmonic modes. The direction in the CCD camera image of the luminescence perpendicular to
the length of the nanowire is dispersed in wavelength using a grating. This configuration
provides position-dependent PL spectra along the wire from which we can determine «ey, for

different wavelengths (Fig. 4). Figure 4C demonstrates that an equal mix of K and K’ excitons,



generated by using a linear polarized excitation light, displays no directionality, while for the
same nanowire K or K’ excitons separately (Figures 4A, B) display valley-controlled
directionality. Note that the maximum ey, in Fig. 4A and 4B (~0.17) are lower than the value we
observed in Fig. 3 of 0.35. This is caused by the decreased signal to noise ratio, resulting from
the fact that the wavelength dispersed image could, by its very nature, not resolve any spatial
information along the y-direction (Fig. S7). Figures 4D-F show that the indirect bandgap
emission, which does not exhibit valley polarization, does not display any directionality,
regardless of position or excitation polarization. Together these results demonstrate that all
experimentally observed directionality is attributable to valley-controlled chiral coupling to
plasmonic modes.

Comparison of the experimental and the calculated results reveal two differences. First,
the experimental directionality profile is spatially smeared out. Secondly, the magnitude of ey IS
less than maximum in the calculations. In part this is caused by obvious experimental limitations,
e.g. a finite excitation spot size and background noise: both decrease the experimental maximum
of the directionality and the finite excitation spot size also spatially smears out the pattern.
However, the reduction in directionality is also caused by the finite Py of the WS, system itself.
The valley-to-valley hopping (29) would actually flip the direction in which the plasmonic
modes are launched. Therefore, the effective directionality with a finite Py, would be a simple
product of xaiey-path and Py. These experimental matters are readily taken into account to
properly compare our realized chiral valley-photon interface to the ideal simulated interface:

[Kvalley— path * R/ ] ® PSF

[k, +20]® PSF

K (Y) =



where x

walley_par 1S the calculated chiral valley-path coupling coefficient for perfect circularly

polarized dipole, P, is the measured degree of valley polarization (0.7), and p is an unpolarized

background noise relative to the maximum signal and represents a heuristic decrease of chiral
coupling. To account for the effect of the finite size of the excitation region, we convolute the
calculated signal with the point spread function (PSF) estimated from the experimental data (Fig.

S8, S9). We obtain excellent agreement between fit and data for p =0.009+0.005 (gray lines in
Fig. 3C, D). With a reduction of directionality as D,/(1+2p/x,, ) the fitting procedure reveals

that the experimental valley-to-path coupling efficiency including background noise is as high as
0.90£0.01. The quality of the fit yields a number of important conclusions. First, because the
experimentally determined point spread function is sufficient to explain the broadening of the
directional coupling efficiency, exciton diffusion does not significantly affect the experiment.
Second, any effect of the plasmonic nanowire on the polarization of the excitation focal spot is
negligible. Lastly and most importantly, the chiral valley-to-path coupling is only limited by the
magnitude of the transverse optical spin of the plasmonic nanowire modes. Thus, we have been
able to realize a room temperature interface between the valley pseudospin of WS, and the
propagation direction of nanowire plasmonic modes with a fidelity as high as 0.9.

Our results show that the efficient coupling of valley-polarized excitons in WS; to the
transverse optical spin of plasmonic nanowire modes result in valley-photon direction locking
with high fidelity. The high valley-spin coupling strength of WS, and high transverse optical
spin density in plasmonic modes provides a chiral valley (spin)-photon interface at room
temperature and without the necessity of external magnetic fields. It is important to note that due
to the one-to-one relation between optical path and the local transverse optical spin, the

propagation direction of the guided light can also be exploited to transfer the valley degree of



freedom to other valley devices on a chip through suitable, localized breaking of mirror
symmetry again exploiting the transverse optical spin of the mode, but now to excite.
Realization of such an interface presents a platform for both fundamental studies and wide range

of exciting applications of chiral photonics and chiral quantum optics.
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Fig. 1. Valley-controlled directional coupling of light (A) A conceptual illustration of directional
emission of a valley-polarized exciton in WS,. The valley pseudospin and photon-path are
coupled by means of spin-orbit coupling of light. (B) A schematic sketch of the band diagram of
WS; and its optical selection rules depending on the valley index. The two opposite-handed
circularly polazired emissions from each valley would couple preferentially to mode propagating
in opposite directions. (C) Polarization-resolved emission spectrum of WS,, measured without a
silver nanowire, at room temperature excited by a left-handed circularly polarized laser beam at
594 nm. Red and blue spectra indicate left and right handed circularly polarized emission,
respectively. (D) Image of a fabricated WS,-silver nanowire coupled system (top). WS, emission

coupled to the plasmonic waveguide mode and scattered at the ends of the nanowire (bottom).

The scale bar indicates 5 um.
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Fig. 2 Numerical modeling of the transverse spin angular momentum of light (A) Cross-sectional
electric field distribution of the plasmonic guided mode. (B) Density of transverse optical spin,
I.e. Stokes parameters Sz, of the in-plane (x-y plane) electric field component. (C) Illustration of
the distribution of handedness of elliptical polarization, optical spin, which is depending on both

the position and propagation direction. (D) Directionality of circularly polarized dipole emission,

D,(X,Y), as a function of its position. (E) Normalized coupling strength of circularly polarized

dipole source to the plasmonic guided modes, &, (X, Y) (F) Chiral coupling coefficient indicating
how efficient circular dipole in one valley couples to a one direction of the guided mode,

Kalley - path (X' y) = DO (X’ y) " Kot (X’ y) .
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Fig. 3 Experimental demonstration of valley-controlled directional emission. (A and B)

PL intensity (a.u.)

Fluorescence images of the emission of valley-polarized excitons (log scale; top) and line cuts of

the intensity profiles (linear scale; bottom) along the silver nanowire under left- (A) and right-

(B) handed circularly polarized-excitation. The intensities at the excitation regions were

deliberately saturated for clarity of the images. The length of the silver nanowire is ~7 um. (C

and D) Measured directional coupling efficiency, (I,

—15)/(I_+1g), of the guided emission as

a function of the position of the excitation laser with the left- (C) and right- (D) handed circular

polarization. Gray lines represent fitting results using the calculated directional coupling

efficiency. Purple dotted lines correspond to the total PL intensity measured from the ends of the

nanowire as a function of the excitation position.
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Fig. 4 Direct observation of directional emission induced by valley-path coupling of the valley-
polarized exciton. The emission from the valley-polarized excitons shows directional emission
which depends on both the position of excitation and the handedness of the circularly polarized
laser (A, B), while the transition of the indirect bandgap has a non-directionality for both
handednesses of the circularly polarized laser (D, E). A linearly polarized laser excitation leads

to zero valley polarization so that both the exciton- (C) and indirect band- (F) transition exhibit

no directionality. R, indicates the degree of valley polarization, B, = (I, —1,.)/(I, +1,.).
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