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Valleytronicsis a promising candidate to address low-energy signal

transporton chip, leveraging the valley pseudospin of electrons as a new
degree of freedom to encode, process and store information'”. However,
valley-carrier nanocircuitry is still elusive, because it essentially requires
valley transport that overcomes three simultaneous challenges: high
fidelity, high directionality and room-temperature operation. Here we
experimentally demonstrate a nanophotonic circuit that can route valley
indices of aWS, monolayer unidirectionally via the chirality of photons.
Two propagating modes are supported in the gap area of the circuit and
interfere with each other to generate beating patterns, which exhibit
complementary profiles for circular dipoles of different handedness. Based
onthe spin-dependent beating patterns, we showcase valley fidelity of
chiral photons up to 98%, and the circulation directionality is measured
tobe 0.44 + 0.04 at room temperature. The proposed nanocircuit can not
only enable the construction of large-scale valleytronic networks but also
serve as an interactive interface to integrate valleytronics®~, spintronics®°

and integrated photonics

"2 opening new possibilities for hybrid

spin-valley-photon ecosystems at the nanoscale.

Unidirectional transport of information carriers is essential for
modern information and communication technology and has been
realized for acoustic waves™, radio frequency signals® and quantum
bits'. Particularly in electronics, the gyrator that only allows radio
frequency signals to exit through the port directly after the one they
enter is among the most fundamental elements to construct elec-
tronic networks". Recently, the valley pseudospin of electrons, as a
new degree of freedom (DOF), has been harnessed as an information
carrier, potentially exhibiting higher processing speed, lower power

consumption and less heat production than conventional electron-
ics. However, the short lifetimes of excitons and valley polarization,
aswellas the low mobility of valley materials, have seriously hindered
the transport of the valley DOF (refs. *), let alone the unidirectional
circulation of valleys.

One way to overcome the valley transport problem is to convert
thevalley indices of excitons into the chirality of photons'®2°, which can
propagate over along distance. The previously reported approaches
employing spin-momentum locked waveguides have achieved the
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Fig.1|Schematic of the nanopheotonic circuit. a, lllustration of the nanocircuit
enabling the directional routing of K and K’ valleys. The width and height of
the waveguide are w =240 nmand £ =100 nm. The thickness of the SiO, film s
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g=20nm.b, An atomic force microscopy image of a fabricated circuit sample.
c,d, Spin-resolved TPL spectra for abare WS, monolayer under o+ (c) and o- (d)
excitations.
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Fig.2|Principle of valley preservation. a, Thereal parts of effective
wavevectors for GM1and GM2 at different wavelengths. The cross-section £,
distributions of GM1and GM2 are plotted on the right. Scale bar, 500 nm. b,
Normalized electric field intensity distributions in the gap of the waveguide

x dipole @630 nm

‘ne

y dipole @630 nm

e o+ dipole @810 nm

o—dipole @810 nm =

f FVP @810 nm

-

excited by x-and y-polarized dipoles at 630 nm. c,e, Normalized electric field
intensity distributions for o+ and - dipoles at wavelengths of 630 nm (c) and
810 nm (e). Scale bars, 100 nm. d,f, Calculated FVP profiles (FVP = (|E,.|* - |E,|*) /
(IE,.I*+ |E,_1») at wavelengths of 630 nm (d) and 810 nm (f).

separation of valley indices® . However, they cannot be utilized for
valley circulation, because the two valleys are separately transferred
to two counter-propagating waveguide modes and hence the valley
DOF is lost for a single waveguide, leaving no space for the further
processing. Apparently, the key to realizing the function of valleytronic
gyratorsisto preserve the valley DOF during photon propagation, that
is, photons corresponding to different valleys are conveyed towards

a single optical fibre without mutual disturbance. This can then be
exploited for valley circulation.

Asillustrated in Fig.1a, the nanocircuitis based on hybrid WS,-in-gap
waveguides composed of TiO, nanowires separated from a gold surface
byananoscale SiO,gap,and aWS, monolayer is sandwiched between the
goldsurface and the SiO, layer. Two-dimensional transition-metal dichal-
cogenides, such as MoS, and WS,, have been considered as promising
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Fig.3 | Demonstration of directional valley router. a,d, Simulated electric
field intensity distributions of the valley router when excited by a o+ (a) or o-
(d) dipole at 630 nm. Scale bars, 1pm.b,e, Captured TPL images of the valley
router when excited by afocused pump laser of g+ (b) or o— (e) polarization.

Scale bars,1pum. The zoomed-inimages of output ports A and B are shown on

theright. ¢,f,g, TPL spectra measured from ports A and B for o+ (c), o-a.u. (f) or
linearly polarized a.u. (g) excitations a.u. h, Experimental and theoretical VSs as a
function of the rotation angle ¢ of the QWP. The error bars indicate the standard
deviation of multiple measurements. i, Time sequence of measured VS for the
binary code of ‘E".

materials for valleytronics due to their electronic structures support-
ing two degenerate yet inequivalent valleys at the K and K’ points of the
Brillouin zone* 2, The nanocircuit can be mass produced by nanofabrica-
tion processes (see ‘Sample fabrication’in the Methods and Supplemen-
tary Fig.1). The atomic force microscopy and optical microscopy images
of nanocircuit samples are shown in Fig. 1b and Supplementary Fig. 2,
respectively. A Ti:sapphire femtosecond laser at 810 nm wavelength is
utilized to excite the two-photon luminescence (TPL) of the WS, mon-
olayer. The pump power is about 22 mW before illuminating on the WS,
monolayer, corresponding toapower density of 0.7 MW cm™ Governed
by the valley-dependent optical selection rule, excitons at the K’ valley,
once pumped fromthe ground state to the 2p, state through the absorp-
tion of two o+ fundamental photons, will experience an interexciton
relaxationfromthe2p, tothelsstateand thenemitao+photonat 630 nm
wavelength”. Similarly, K valley excitons pumped by two-photon o-excita-
tionwillgenerate o—- TPL emission. This non-linear selectionruleis experi-
mentally verified by spin-resolved TPL spectrameasured fromabare WS,
monolayer (Fig. 1c,d), where the helicity of TPL basically follows that of the
excitationlight. Thevalley polarizationP,= (/,,~1,.)/ (/,, +1,.) ismeasured
tobe 0.38 and -0.34 for o+ and o- excitations, respectively, where/,, and
I,_arethe TPLintensities of o+ and o— polarizations, respectively.

When a WS, monolayer is integrated into the hybrid waveguide,
its TPL emission will couple to the waveguide mode with the emission
rate modified by the Purcell effect®>*. The unique nanowire-on-mirror
waveguide configuration enables a class of hybrid modes strongly con-
fined in the gap area beneath the TiO, nanowire, known as gap modes
(GMs)*. GMs are formed by the near-field coupling between the guided
photonic modes of the nanowire and the surface plasmon polaritons of
thegoldsurface®, characteristic of both strong mode confinement and
alarge propagationdistance. The propagation distance is measuredin
Supplementary Section 2. At the resonant wavelength of TPL (about
630 nm), two propagating GMs are supported (Fig. 2a). The first-order
GM (GM1) exhibits symmetric mode profiles as revealed by the £, field
distributions, while the second-order GM (GM2) presents antisymmet-
ricprofiles (Fig. 2a). If anx-polarized electric dipole emitting at 630 nm
is positioned at the centre of the gap area, it can only launch GM1 due
tosymmetry, while ay-polarized dipole can only excite GM2 (Fig. 2b).

When in-plane o+ and o- circular dipoles are considered, corre-
spondingto thecircularly polarized TPL emission from K’and K valleys
of the WS, monolayer, GM1and GM2 are simultaneously excited. Owing
to the existence of a wavevector mismatch Ak = kg, — kgu, between
the two GMs, a beating pattern is created by mode interference, with
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Fig. 4| Unidirectional valley circulation among multiple channels. a-d,
Schematicillustrations (a,b) and measured TPL images (c,d) of the circuitry
enabling the unidirectional routing of valley information. The routing is counter-

clockwise for K’ valley excitons (a,c) and clockwise for K valley excitons (b,d).
Scalebars,1pm.

abeatinglength /=2m/Ak =1,261 nm, whichis consistent with simula-
tionresults (Fig. 2c). The beating pattern exhibits complementary field
distributions for the o+ and o— dipoles. Photons appearing at point
A exclusively originate from the o+ dipole, while photons emergent
at point B on the other side come from the o— dipole. In this way, the
valley pseudospin of electrons is converted to the chirality of beat-
ing waveguide modes, and the fidelity of valley preservation (FVP),
quantitatively evaluated by FVP = (|E,.|> - |E,-1?) / (IE,.]* + |E,.|*), can be
up to 98%, close to the perfect value of 100% (Fig. 2d). Such ahigh FVP
is maintained during mode propagation. It should be noted that the
coexistence of propagating GM1 and GM2 is a prerequisite for valley
preservation. Ifthe pump wavelength of the electric dipole is switched
to 810 nm, the propagation of GM2 is prohibited. As aresult, the modes
launched by o+ and o- dipoles display similar profiles of GM1 (Fig. 2e),
leading to the FVP being approximately equal to zero after a short
distance of propagation (Fig. 2f).

The valley preservation in the WS,-in-gap waveguide makes pos-
sible the selective routing of valleys. We construct a one-to-two valley
router withone input channel and two output channelsinterconnected
by a triangular structure (Fig. 3a). If K’ valley excitons are excited in
the middle of the input channel, the launched waveguide mode will
be routed to the output channel B, because the generated beating
profiles have the electric field predominantly distributed on the lower
side of the waveguide when enteringinto the triangle. The valley-path
selectivity defined by VS = (I,—15) / (I, + Iy), is simulated to be —0.92 (see
‘Numerical simulations’ inthe Methods), where/, and I; represent the
opticalintensities flowing into channels A and B (Supplementary Fig.
4), respectively. In the experiments, a pump laser is passed through
alinear polarizer followed by a quarter-wave plate (QWP) and then
focused onto theinput channel by a100x objective (see ‘Optical char-
acterization’ in the Methods and Supplementary Fig. 5). The pump
wavelength is 810 nm and the pump power is 22 mW, corresponding
to a power density of 0.7 MW cm™ This results in g+-polarized pump
lightinducing o+-polarized TPL emission from WS,. The direct coupling
between the incident fundamental wave and the hybrid waveguide is
prohibited by momentum mismatch (Supplementary Fig. 6). As shown
in Fig. 3b, the experimental results reproduce well the simulations,
where the output port Bis considerably brighter than port A. Suchan
intensity contrastis more clearly revealed by the TPL spectracollected
fromthe two ports (Fig. 3c). The VSis measured to be -0.46 + 0.03. The
quantum efficiency of TPL emission from the nanocircuits is measured

and analysed in Supplementary Section 6. On the contrary, if o— TPL
emission is generated in the same position by o- excitation, the gen-
erated waveguide mode will be routed to channel A, as confirmed by
simulation and experimental results (Fig. 3d-f). The VS in this case is
measured to be 0.44 + 0.04. Such a large VS remains approximately
stable for different pump intensities as shown in Supplementary Fig. 9.

The discrepancy between simulated and measured VSs is mainly
attributed to the finite excitation spot. The pumped valley excitons
have different intensities inside the excitation spot, while their path
selectivities are also position dependent. Therefore, the effective
selectivity measured from the two ports is a weighted average of the
local selectivities with weights determined by the local intensities of
excitons. The effective selectivity is calculated to be around -0.51 and
+0.51 for o+ and o- excitations (see Supplementary Section 5), respec-
tively. In two-dimensional transition-metal dichalcogenide monolayers,
phonon-assistedintervalley scattering canlead to mixing of valley states,
whichseriously deteriorates the performance of valleytronic devices? .
However, the close similarity between our measured valley selectivity
and the calculated value (without considering intervalley scattering)
implies that this effect has negligibleimpact on our system.Inour case,
the hybrid waveguide forms ananocavity in the gap area with ultrasmall
mode area and high Purcell factor. The effective mode areas A . of GM1
and GM2 are calculated to be 1.24 x 10* nm? and 1.47 x 10* nm?, respec-
tively, equivalent toA,*/32and A,%/27, where A, is the vacuum wavelength.
Thus, the radiative exciton lifetime of WS, is largely reduced, while the
valley polarization lifetime is almost unchanged. As aresult, valley exci-
tonsare coupledto GMs through near-field non-radiative energy trans-
fer,before the valley depolarization process occurs. Detailed analysis is
includedin Supplementary Section 8.

Whenalinearly polarized excitationis utilized, the Kand K’ valleys
are equally addressed, leading to nearly identical TPL signals from
ports Aand B (Fig. 3g). Furthermore, the excitation polarization canbe
continuously changed through the rotation angle ¢ of the QWP. Then,
the VS approximately follows the relationship VS = 0.45 x sin(2¢) as
shownin Fig.3h. The dependence of VS on the geometric parameters
ofthe hybrid waveguideis discussed in Supplementary Section 9. Spe-
cifically, the extreme values of VS (-0.46 and +0.44), corresponding to
the valley pseudospin of electrons (K’ and K), can be harnessed as the
binary digital elements of ‘0’and ‘1’ to encode information. As a proof
of concept, we have realized the encoding, transport and decoding of
the word ‘LOVE’ as recorded in Supplementary Video 1. The retrieved
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VS values for the capital letter ‘E’, whose ASCII and binary codes are
‘069’ and ‘01000101, respectively, are plotted in Fig. 3i.

Based on the nanocircuit, we further demonstrate the func-
tion of valleytronic gyrators. As illustrated in Fig. 4a, K’ valley infor-
mation loaded at one channel of the circuitry can only transport
counter-clockwise to the next channel (1~ 2,2 > 3,3 > 1), while the clock-
wise circulationislargely prohibited. Onthe contrary, the transport of K
valley informationsolely follows the clockwisesense (1> 3,3>2,2~>1)
asshowninFig.4b.Such valley-dependent circulationis experimentally
demonstratedinFig.4c,d. When o+ excitationis applied to channel1to
pump K’ valley excitons, the valley-carried optical signal obtained from
port2isconsiderably stronger thanthat from port 3. However, if the o+
pump lightisilluminated onchannel 2, the induced waveguide modeis
notrouted back to channel 1, but routed to channel 3. Such circulation
directionisreversed for K valley excitons under o- excitation. The circu-
lation directionality CD = (I.-1..) / (I. + I..) is calculated and indicated in
Fig.4c,d, where/.and /. arethe optical energies flowinginthe clockwise
and counter-clockwise directions, respectively.

In summary, we have reported a nanophotonic circuit to achieve
the preservation and unidirectional circulation of the valley DOF, where
a WS, monolayer is integrated into the gap area formed between TiO,
nanowires and a gold film. Although the valleytronic functionalities
showcased in this work are still at early stage, our proposed nanocir-
cuit paves a never-explored avenue towards large-scale valleytronic
networks. Moreover, it sheds new light on integrating valleytronics,
spintronics and photonics on chip, enabling possibilities for hybrid
spin-valley-photon systems.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Numerical simulations

All the simulations in this work are conducted using Lumerical FDTD
software. The dielectric constant of TiO, is taken from spectroscopic
ellipsometry data, while the permittivity of gold is taken from ref. **.
The dielectric constant of SiO, is set as 1.42. Perfectly matched layer
boundary conditions are employed to encircle the whole circuitry
structure. The width and height of the waveguide are set asw =240 nm
and h =100 nm. The thickness of the SiO, filmis g =20 nm. The central
equilateral triangle has a side length of 1 um. For simulating valley
routing, a circular electric dipole is positioned 2 nm above the gold
filmandlocated 1 umaway from the entrance of the triangle to emulate
the TPL emission of WS, excitons. Amesh size of 4 nm x4 nm x 2 nmis
utilized in the gap area.

Sample fabrication
The fabrication process of the nanophotonic circuit is illustrated in
Supplementary Fig.1. A 60-nmthick Au filmwitha 5-nmthick Cradhe-
sionlayerisfirst deposited onaquartz substrate using electronbeam
evaporation. WS, monolayers grown on asapphire substrate (SixCar-
bon technology, Shenzhen) are then transferred to the Au film with
the help of polydimethylsiloxane (PDMS) and dilute HF solution. The
PDMS s placed upside down over the WS, monolayers on the sapphire
substrate and then diluted HF (2 vol%) solutionis dripped into the gap
between the sapphire surface and the PDMS layer to etch the sapphire
surface for 10 min. After that, deionized water is dripped into the gap
anditisrinsed three timesin order to remove the residual HF solution.
The PDMS-WS, can be naturally lifted off from the sapphire substrate
and WS, monolayers are transferred to the PDMS. With the help of a
home-built motorized transfer stage, WS, monolayers are transferred
to Aufilm under the microscope. Then, a20-nm thick SiO, filmis depos-
ited onto the WS,/Auinterface using electron beam evaporation.
TiO, nanowires are patterned using electron beam lithography.
The polymethyl methacrylate (PMMA, 950,000 molecular mass) resist
isspin-coated onto the SiO, film ataspin speed of 4,000 r.p.m. to give
a300-nm thick PMMA layer. The PMMA is then baked at 150 °C for
180 s to remove residual stress and solvent. After that we pattern the
resist using electron beam lithography (Raith 150, electron accelera-
tion voltage 20 kV) and develop it in solutions (AR 600-56, Allresist
andisopropylalcohol, Aladdin) to remove the exposed resist. Then, a
100-nmthick TiO, filmis deposited using electron beam evaporation.
Finally, the remaining PMMA resist is removed using acetone and only
the TiO, nanowire is left.

Optical characterization

Asillustrated in Supplementary Fig. 5,a mode-locked Ti:sapphire fem-
tosecond laser centred at 810 nm (Vitara Coherent, 25 fs and 80 MHz)
is used as the excitation source. The polarization is adjusted using a
QWP (WPQO5M-808, Thorlabs). A home-built optical system is used
to measure the TPL signal emitted from WS, monolayers. The funda-
mental beam is focused using an objective (100x and 0.9 numerical
aperture, Olympus) to generate a small size of focal spot. The emitted
signal is collected by the same objective lens and separated into two
channels by abeamsplitter. The channels are respectively directed to
a complementary metal-oxide semiconductor camera (Prime 95B,
Photometrics) and a spectrometer (Acton 2500i with Pixis CCD cam-
era, Princeton Instruments). A 720 nm short-pass filter and a 600 nm
long-passfilter are respectively introduced before the complementary
metal-oxide semiconductor camera and the spectrometer, in order
to filter the reflected fundamental beam and extract the TPL signal.

For the spin-resolved photoluminescence measurement, the emitted
TPLssignalis extracted using a Glan-laser polarizer (GT10-A, Thorlabs)
witha QWP (WPQW-VIS-4M, OptoSigma) at the visible band before the
spectrometer.

Data availability

The raw data underlying the graphs of this paper are available via
Figshare at https://figshare.com/articles/dataset/RAW_data_for_
NNANO-22061298A.rar/20515695. Further data that support the find-
ings of this study are available from the corresponding authors upon
reasonable request.
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