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Abstract: We investigate the interaction between a monolayer of WS, and a chiral plasmonic
metasurface. WS, possesses valley excitons that selectively couple with one-handed circularly
polarized light. At the same time, the chiral plasmonic metasurface exhibits spin-momentum
locking, leading to a robust polarization response in the far field. Using a scattering formalism
based on the coupled mode method, we analyze various optical properties of the WS, mono-
layer. Specifically, we demonstrate the generation of circular dichroism in the transition metal
dichalcogenide (TMD) by harnessing the excitation of surface plasmon polaritons (SPPs) in the
metasurface. Moreover, we observe the emergence of other guided modes, opening up exciting
possibilities for further exploration in TMD-based devices.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Transition metal dichalcogenides (TMDs), such as MoS,, WS,, and MoSe;, have garnered
significant attention due to their unique electronic, optical, and mechanical properties [1-7].
TMDs consist of atomically thin layers held together by weak van der Waals forces. The
monolayers of these materials exhibit fascinating characteristics that make them highly desirable
for a range of applications [8,9], including electronics [10], optoelectronics [11,12], energy
storage [13] and sensing [14]. Furthermore, circularly polarized light is particularly relevant in
this context, as it enables the selective excitation and manipulation of the characteristic valley
excitons of the TMDs [15-17].

On the other hand, plasmonic metasurfaces have demonstrated a wide range of applications
[18-20] such as sensing [21] or imaging [22,23]. Chiral structures, in particular, have emerged due
to their capacity to manipulate and control the polarization of light waves [24-30]. Furthermore,
they can exhibit spin-momentum locking (SML), which refers to the coupling between the
polarization and momentum of the light waves involved [31]. The SML of the metasurface
enables a particularly compelling application in the field of valleytronics [32-37], where the spin
angular momentum of emitted light can be used to excite and detect valley excitons selectively.

Significant advancements have been reported in recent years for achieving enhanced valley
polarization or circular dichroism (CD) in TMD materials through the application of electrical,
magnetic, and optical bias [38—43]. These developments primarily involve encapsulated TMD
monolayers or the integration of TMD materials with plasmonic or dielectric metasurfaces and
waveguides. In this work, as proof of concept, we study the system composed of a WS, monolayer
over a chiral plasmonic metasurface composed of rotated dimples to analyze the CD induced in
the WS,. Finally, we show that guided modes can enhance the CD in the presence of a dielectric
spacer between the TMD and the metasurface. Unlike SPPs, these modes have a transverse
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electric (TE) field, but we observe that mutatis mutandis, its excitation satisfies the 3-step model
derived in [44].

2. Theoretical description

We consider a WS, monolayer deposited over a chiral plasmonic metasurface, with a dielectric
spacer in between (see Fig. 1(a)), which is based on [32]. As in the experiments in Ref. [32], the
metasurface is characterized by a periodic array of N = 6 rectangular dimples step-wisely rotated
with a winding number of n,, = 1/2, which is the number of complete 27 rotations along the
whole unit cell. The unit cell (see Fig. 1(b)) is periodically repeated in both i, and i, directions.
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Fig. 1. a) Scheme of the system studied in the article, with the corresponding defining
magnitudes. b) Unit cell with N = 6 and n,, = 1/2. Based on [32].

We use the coupled-mode method (CMM) to derive the system’s electromagnetic (EM) fields.
This method has been extensively employed to study EM properties in plasmonic arrays [44—47].
The CMM expands the EM fields in plane waves in the free space regions and waveguide modes
inside the dimples and finds the electric field amplitudes by adequately matching the EM fields at
the interfaces. The excitation of our system consists of an electromagnetic plane wave impinging
our metasurface with an in-plane wavevector kin = k", + k;"ﬁy and an incident polarization 0.
The goal is to compute the coefficients associated with the Bragg orders, which define the EM
fields in the different regions.

We do not present the full equations resulting from the CMM method, as they have been given
in a similar structure without the TMD in [44]. The effect of the 2D material is straightforwardly
included by considering an additional interface and satisfying the in-plane magnetic field
discontinuity that arises due to the conductivity .

The accuracy of the CMM relies on the number of considered Bragg modes in the simulations.
In our particular case, we have considered 21 modes in the i, direction and 3 modes in the i,
direction, being Gy = 2r/(6L) i, and Z}y = 2r/L i, the reciprocal lattice or Bragg vectors of the
unit cell [48]. We have checked that adding more Bragg modes introduces less than 1% variation
in the obtained results.

We treat the metallic structure using the surface impedance boundary conditions (SIBC)
approximation, which considers the actual dielectric constant of the metal €, (via the Lorentz-
Drude model [49]) and the penetration of the EM fields into the metal slab through the surface
impedance z; = 1/vey + 1, which leads to the exact dispersion relation of SPPs in a metal-
vacuum interface. The semi-infinite region above the 2D material and the dielectric spacer
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is characterized by the dielectric constants € and €4, respectively. Finally, the 2D material is
characterized by its 2D conductivity @. We obtain it from the experimental dielectric constant
ep [50] through @ = wr(ep — 1)/(Ai), where w is the width of the 2D material (w =~ 1 nm),
A is the wavelength of the EM fields and Gaussian units have been used. Moreover, we fit the
conductivity to remove the background, which is associated with sample imperfections and can
be decreased by, for instance, encapsulating the TMD between graphene monolayers [51,52].
Once the EM fields are computed, we obtain the total absorptance of the system as Ay = (W, —
Wrer)/Wine, where Wi, and W, are the incoming and reflected EM energy fluxes, respectively,
calculated via the integration of the Poynting vector over an x — y plane in the semi-infinite regions
above the 2D material. The reflectance is R = Wr /Wiy = 1 — A7. The absorptance of the WS,

monolayer depends on the conductivity tensor ‘@’ and the in-plane electric field E at the 2D
material, integrated over the x — y plane: Ays, = ( f ;*E dx dy) [ Wine = ( f E*“@Edx dy) [ Wine.

In the linear polarization basis ‘@’ is diagonal, with diagonal components equal to .

Associated with them, we also analyze the circular dichroism and the g-factor: CD =
A;;VSZ — Ays,» CDporm = CD/(A;;,S2 + A;VSZ), g = R* — R, and guorm = g/(R* + R7). The
superscripts refer to the spin of the incoming plane waves 0" = +, and we will work with both
normalized and not-normalized magnitudes.

For definiteness, the geometrical parameters considered in this paper are as in Ref. [32]: each
dimple has a short side a = 80nm, a long side b = 220nm and a depth d = 60 nm, and the
distance between the centers of nearest dimples is L = 480 nm (in both i, and iy).

3. Circular dichroism in WS,

To analyze the quantities described in the previous section, we range both the energy w and the
momentum k" of the incoming plane wave.

In Figs. 2(a-d), we observe the well-known behavior of both the metasurface and the TMD
monolayer. In the upper region of the A% figures, we identify the large absorption of gold
at 1 ~ 500 nm. Moreover, the four absorptance figures present plasmonic parabolic features
provided by the metasurface. The SML, produced by the rotation of the dimples along the unit
cell, is also noted through the selective excitation of the left and right SPPs (which depend on
the spin 0" = + of the incoming plane wave, respectively [32,44]). The influence of the WS,
monolayer is also seen in all absorptance figures. Both exciton bands are apparent: The A-exciton
band appears at w =~ 2.03 eV, and the B-exciton band at w = 2.4 ¢V. Besides, in Figs. 2(c,d), we
observe the interplay between the A-exciton band from the WS, monolayer and the SPPs through
the absorptance enhancement at the band’s crossing points.

The same metasurface was previously studied in [44], showing that spin-momentum locking
is an approximate symmetry. The symmetry breakdown arises because the EM plane waves
are transversal with respect to their momentum, while the interaction with the surface presents
symmetries with respect to the metasurface normal. Consequently, when circularly polarized light
is projected onto the planar surface, it transforms into an elliptical polarization state comprising
a combination of + spin states, spoiling the SML effect. This is not apparent in the contour plots
in Fig. 2 because of their limited resolution. However, if we cut Fig. 2(a) at fixed energy, we
would observe two small absorptance peaks at the k7 for which plasmon with the opposite spin
states appear.

Figures 2(e,f) show the computed CD and the CD,,,,,,,. We observe a different absorptance in
the WS, depending on the incident spin ™. Notice that, without the chiral metasurface, the
K valley would preferentially absorb + light (in fact, it would only absorb + light at normal
incidence) and the same for the K’ valley with respect to + light, but this would lead to CD = 0.
The non-zero CD in the TMD monolayer induced by the chiral plasmonic array is maximal
when the spin-momentum-locked SPPs are excited. In Fig. 2(e), around the A-exciton band,
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Fig. 2. (a,b) Total absorptance of the system for o = +, respectively. (c,d) Absorptance of
the WS, monolayer for o =4 respectively. (e) Circular dichroism. (f) Normalized circular
dichroism. (g) g-factor. (h) Normalized g-factor. For all the plots, we have considered a
distance & = 10 nm between the metasurface and the WS;, above the 2D material ¢ = 1
(vacuum), and a spacer dielectric constant €; = 2.5, which corresponds to the typical SiO,
spacer.

we observe a difference in absorptances of ~ 0.06, which is significant considering that the
typical absorptance in that band is ~ 0.3. Besides, in Fig. 2(f), the plasmonic parabolas present
|CDyorm| = 0.5, which implies that the WS, absorptance for one polarization is three times larger
than for the opposite.

In Figs. 2(g,h), we represent g and g,,,n. Their behavior is inverse to those of CD or AJ;'
because they are associated with the reflectance R*. For example, g0, at the rightmost parabola
is positive because the chiral metasurface reflects the + light while — light excites an SPP
and is thus partially absorbed. In general, g, is mainly determined by the chiral plasmonic
metasurface, not being strongly affected by the presence of the TMD.

These results are just proof of how a chiral plasmonic array can induce CD in a 2D material. The
circular dichroism or other quantities could be optimized by changing geometrical parameters such
as the distance between the dimples, their size and depth, the distance between the metasurface
and the 2D material, or the dielectric constant of the spacer, among others.

4. Influence of the TE waveguide modes

The second main result of this article is developed in this section, where we show that the spacer
can induce the existence of a set of guided modes with imprinted chiral properties from the chiral
holey surface.

In Figs. 3(a-c), we represent A7. for three different distances between the metasurface and
the WS, monolayer, 4. The SPPs parabolic branches are excited at lower incident energies as &
increases. At the same time, we observe the appearance of new parabolas for larger 4. These are
the emerging guided modes (white box). Besides, in Figs. 3(d-i), we represent A;Vsz and CD for
the three different /4’s to prove that a larger absorption in the monolayer does not imply a larger
CDinit.

To understand the origin of these guided modes, Fig. 4 renders A7. for three different situations,
sketched above the plots. Figure 4(a) is the same as Fig. 3(c). Figure 4(b) is computed by
removing the WS, from the top of the dielectric spacer. Figure 4(c) considers the TMD, but
with the region above the WS, also having dielectric constant € = 2.5. These modes already
appear in Fig. 4(b) when no WS, monolayer is present. Besides, only the SPPs are excited if the
semi-infinite superstrate is considered to have the same dielectric constant of the spacer, even if
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Fig. 3. (a,b,c) Total absorptance, (d,e,f) WS, monolayer absorptance, and (g,h,i) circular
dichroism, considering ¢ = 1, ¢ = 2.5 and o™ = 4. For different distances from the
metasurface to the WS, monolayer: (a,d,g) & = 30nm, (b,e,h) h = 60nm, and (c.f,i)
h = 90 nm. The white (black) box highlights the guided (plasmonic) modes.

we consider the presence of the WS, layer. Thus, the guided modes are due to the presence of the
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Fig. 4. Total absorptance, considering ; = 1, ¢; = 2.5, h = 90 nm and o™ = +. For the
different structures above each contour plot: (a) With the WS, monolayer (same as Fig. 3(c)),
(b) Without the WS, monolayer, and (c) With the WS, monolayer and ¢; = 2.5. The white
(black) boxes highlight the guided (plasmonic) modes.
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spacer and not to the TMD (although the 2D material slightly affects the required energy for their
excitation).

These spacer-induced guided modes are TE-polarized. To show how this changes the
polarization response of the considered structure, we represent in Fig. 5 the total absorptance of
the system A for four incident polarizations. Figures 5(a,b) also show that the SML holds for the
guided modes. However, for linearly polarized light with o™ = TM (see Fig. 5(c)), absorptance is
enhanced at the central plasmonic parabola but vanishes for the guided mode, agreeing with the
known TM character of SPPs. Complementarily, for o = TE (see Fig. 5(d)), we observe just the
opposite: an enhancement for the central parabola of the guided mode and a substantial reduction
for the corresponding SPP. Using the analogy of the SPPs, this confirms the TE character of these
guided modes.

0.25

0.2

0.15

k& (um1) K (pm™t)

Fig. 5. Total absorptance, considering i = 90 nm and €; = 2.5. For incident polarization:
@oc"=+,(0b)c" =—,(c)c" =p=TM, and (d) o™ = s = TE. The triangular white
box highlights the guided TE-guided mode parabola.

Through Figs. 4 and 5 we have shown that the guided modes are confined and TE. However, a
visual representation of the field and polarization profiles can prove this point beyond any doubt.
For this, we have computed several field distributions in Fig. 6. We have decided to represent the
zeroth (see Fig. 6(a)) and first (see Fig. 6(b)) components of the Stokes vector in real space: Sy
and S, respectively, which encapsulates the total amplitude and difference between the TM and
TE polarizations for the in-plane electric field. This is: Sy = |E,|*> + |Ey|2 and S| = |E,|? - |Ey|2,
which indicates whether the electric field is transverse (S <0) or longitudinal (S;>0), considering
that the resonant in-plane momentum component points along i,. Therefore, a larger Sy and a
negative S distribution in the spacer region would confirm the confinement and that the electric
field generated by the resonance is TE, respectively. In Fig. 6, we represent the z — x plane, fixed
at y = 240 nm (middle of dimples) and impinging normally to our system with a plane wave
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with energy 2.28 eV and TE polarization, i.e., just in the guided mode resonance. x covers the
unit cell length, whereas z goes from z = 90 nm (metal surface) to z = —300 nm (free-space
region), crossing z = 0 nm where the WS, monolayer is placed. From S is seen that the modes
are confined, whereas, from Sy, one can check that the light is mostly TE.
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Fig. 6. Field distributions: (a) Zeroth component of the Stokes vector Sy, and (b) First
component of the Stokes vector S;; considering & = 90 nm, €; = 2.5, incident polarization
o = 5 = TE, incident energy w = 2.28 ¢V and impinging normally to the metasurface.
Both components are normalized with respect to the maximum value of S.

Note that the modified SML rules, developed in [44] to address the resonant excitation of
plasmons, also apply to these guided modes when slightly modified to incorporate their TE
nature properly. Scattering under resonant excitation can be understood as a three-step scattering
process. First, the incoming plane wave picks up grating momentum to excite the SPP/guided
mode, ending with polarization dictated by the SML rules. In the second step, this polarization is
projected onto TM/TE polarization states due to the linear polarization of the confined modes.
Lastly, the SPP/guided mode outcouples via another SML process. Both in- and out-coupling
processes can be “normal” (maintaining the polarization) or “chiral” (which reduces or increases
the plane wave spin when the geometric momentum k,, associated with the rotation of the
dimples, is added or subtracted).
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Fig. 7. (a) Circular dichroism. (b) Normalized circular dichroism. We have considered
h =90nmand ¢; = 2.5.
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To conclude, in Fig. 7, we represent the CD and CD,,,,,, considering & = 90nm, ¢ = 1 and
€; = 2.5. The TE-guided modes also induce circular dichroism in the WS, monolayer. We notice
|CD| =~ 0.04 around the A-exciton band and |CD,,,,,,| ~ 0.3 when we excite one of these modes.
These magnitudes are not as large as those Figs. 2(e,f) but demonstrate inducing chiral behavior
in the WS, monolayer through the TE-guided modes, and the possibility to use the spacer layer
to enhance this phenomenon further.

5. Conclusion

We have presented a way to obtain circular dichroism in transition metal dichalcogenides using
chiral plasmonic metasurfaces. Additionally, a transverse electric waveguide mode has been
observed and demonstrated to cause CD in TMDs. This work is a proof of concept in a
non-optimized structure; CD values are expected to be substantially higher after optimization
over the whole range of parameters. In particular, after optimization, the transverse electric
character of the guided modes is expected to couple them better than SPPs to the TMDs.

Our characterization of the 2D material is simple, only based on its permittivity tensor. By
changing this tensor into the circularly polarized basis, we can easily split the full TMD optical
behavior into the K and K’ valleys components. This allows us to study the different valley
phenomena with our simple formalism. However, magnitudes such as the valley contrast or the
valley-selective circular dichroism would still require considering the inter-valley scattering to
embrace the exciton dynamics, which has been proved to be essential in the analysis of TMDs
[32,53,54].

The findings presented here pave the way for further exploration in the field of chiral optics
and valleytronics. Indeed, the induced circular dichroism in TMDs may have applications in
areas such as chiral sensing, imaging, and quantum information processing [6,15,55-58].
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