
PHYSICAL REVIEW B 105, 035426 (2022)

Field/valley plasmonic meta-resonances in WS2-metallic nanoantenna systems:
Coherent dynamics for molding plasmon fields and valley polarization
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We theoretically study spin-valley quantum coherence dynamics in a hybrid system consisting of a monolayer
of transition metal dichalcogenide (WS2) and an Ag nanoantenna. For this we map the time evolution of the Bloch
and Stokes vectors to investigate, respectively, the dynamics of valley excitons and the states of polarization of
plasmon near fields. The results show the formation of two types of collective resonances in the time domain, i.e.,
valley and field plasmonic meta-resonances (VPMR and FPMR). VPMR is shown as a coherently time-delayed
ultrafast rotation of the Block vector. FPMR, on the other hand, occurs as an abrupt change in the near-field
polarization of the Ag nanoantenna. The “time of occurrence” (resonance time) of such meta-resonances can
be tuned using the intensity and polarization of the laser field responsible for the excitation of the system. Our
results show that FPMR can decorate near fields of the Ag nanoantenna at different locations with various types
of coherent-field dynamics with nanoscale spatial resolution. VPMR, on the other hand, offers an avenue to
control the spin-valley states of transition metal dichalcogenide monolayers using minuscule changes in the
intensity and polarization of the incident light.
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I. INTRODUCTION

Recent investigations have shown monolayers (MLs) of
transition metal dichalcogenides (TMDs) can offer unique
material platforms for the investigation of a broad range of
device applications and scientific endeavors. In such materi-
als time reversal symmetry and inversion symmetry breaking
impose certain electronic spin orientations (valley index) at
specific points at the edge of the Brillouin zone (K and K ′
valleys). Therefore, in addition to direct band gaps, high ab-
sorption coefficients, and very large spin-orbit coupling, they
support excitons associated with certain spin-valley configu-
rations of electrons and holes, i.e., K excitons (K-exc) and K ′
excitons (K ′-exc) [1–5]. A key feature of the K and K ′ valleys
is that they support chiral optical selection rules [6]. As a
result, they can be addressed individually, providing a unique
opportunity for application of spin-valley degrees of freedom
of electrons for information processing [4]. These properties,
combined with their atomically thin thicknesses, have also
made TMD MLs promising candidates for the development of
solar cells, photodetectors, light-emitting diodes, phototran-
sistors, and the investigation of coherent processes [1,7–10].
Heterostructures consisting of two crossed deposited TMD
MLs, graphene, and single TMD MLs are being utilized for
nonvolatile memory cells [11], lasers [9], and large-scale two-
dimensional electronics [12]. Hybrid structures consisting of
TMD MLs and metallic nanoantennas have also presented
a unique area of research for the generation of coherent
intervalley dynamics [13–16], Rabi splitting [17–20], the
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control of polarization and emission of TMD MLs [21,22],
the enhancement of second harmonic generation [23],
and gain without inversion [24]. Recently, such structures
were used to design TMD photodetectors with superior
sensitivities [25,26].

TMD MLs provide spin-valley degrees of freedom acces-
sible by right and left circularly polarized (RCP and LCP)
light [27,28]. In this paper we utilize such spin-dependent ex-
citations to investigate the formation of valley/field plasmonic
meta-resonances (PMRs) in systems consisting of a WS2 ML
and a Ag nanorod [Fig. 1(a)]. PMR was originally introduced
in hybrid systems consisting of metallic nanoparticles and
semiconductor quantum dots in Ref. [29]. Such a resonance
occurs in the time domain when an incident laser beam with
a time-dependent amplitude reaches such a hybrid system.
PMR is the result of dynamic self-modulation of polarization
and field. It appears as a sudden transition in the density
of excitons and plasmonic properties of metallic nanoparti-
cles [29,30]. The outcome of these processes is coherently
induced time delay in the exciton population and the total
field experienced by the quantum dots. PMR has been studied
for sensing applications [31–33], fast optical switching pro-
cesses [34,35], and dynamic rectification [36].

To study valley/field PMRs we consider the interaction
of a laser field with a WS2-metallic nanorod (NR) system,
as shown in Fig. 1(a). For the valley PMR (VPMR) the dy-
namics of spin-valley polarization and exciton population are
inspected. By tracing the K valley Bloch vector, we show
that VPMR occurs as an upheaval of changes in the exciton
concentration and the field experienced by the TMD ML as
a function of time. These changes are translated into ultrafast
variations in the direction of the Bloch vector. We show that

2469-9950/2022/105(3)/035426(9) 035426-1 ©2022 American Physical Society

https://orcid.org/0000-0002-5043-5032
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.105.035426&domain=pdf&date_stamp=2022-01-24
https://doi.org/10.1103/PhysRevB.105.035426


SEYED M. SADEGHI AND JUDY Z. WU PHYSICAL REVIEW B 105, 035426 (2022)

FIG. 1. (a) Schematic illustrations of the WS2-NR system inter-
acting with either a linearly or circularly polarized laser. Electronic
structures of the spin-polarized valley (b) K-exc and (c) K ′-exc in
the presence of the NR, respectively. The NR has semimajor (as) and
semiminor (bs) axes, and it is separated from the WS2 ML by D.

such processes strongly depend on the polarization of the
incident laser field, offering a unique avenue for coherent
control of the spin-valley polarization.

Field PMR (FPMR), on the other hand, is a space-time
domain resonance of the near-field properties, occurring close
to the NR [Fig. 1(a)]. We analyze the ellipticity and Stokes
vectors of such a field, demonstrating FPMR not only is spin
valley dependent but also strongly depends on the location.
Therefore, under the condition that VPMR occurs, for a point
right in the middle of the NR [Fig. 1(a), point A] FPMR
does not happen. However, as one moves away from the
midpoint, the polarization axis of the field starts to rotate
as the Stokes parameters are changed from about 100%Q
(vertical polarization) to about 100%U = 1 (L+45 linear po-
larization). At a critical location (point B), FPMR happens
as an abrupt change in the polarization axis from L+45
to about L−45 (100%U = −1), i.e., 90◦ counterclockwise
rotation.

The outcomes of this paper could be useful for sensor ap-
plications wherein one is interested in conformational changes
in biological molecules and their chiral properties. The re-
sults may also be useful for fast optical and optoelectronic
nanoswitches with nanoscale spatial resolution. One expects
such devices to be able to convert environmental or opti-
cal field variations into coherent spin-valley dynamics with
clear signatures in the emission of TMD MLs. Moreover,
VPMR and FPMR may offer unique opportunities to control
spin-valley polarization using polarization of incident light.
Additionally, the system considered in this paper can support
the transfer of quantum coherence from one valley (K) to
another (K ′) [37].

II. COHERENT INTERACTION OF VALLEY-POLARIZED
EXCITONS WITH PLASMONS

We consider an Ag NR with semimajor and semiminor
axes of as and bs placed on the surface of a WS2 ML with
a center-to-center distance of D [Fig. 1(a)]. The material sur-
rounding them is assumed to have dielectric constant ε0. The
WS2-NR system interacts with a laser field considered to be
either RCP or linearly polarized. In the case of the former
only the K valley of the WS2 ML is excited, while for the
latter both the K and K ′ valleys are excited. The way such a
system interacts with the RCP laser was already reported [37].
Therefore, in the following we highlight the treatment of the
interaction of a linearly polarized light with the WS2-NR
system. For this, note that the electric field of the laser field
can be represented by the following:

E = E0(t ) cos(ωt )êx. (1)

Here ω is the frequency of the laser, E0(t ) is its time-
dependent amplitude, and êx is the polarization unit vector
along the x axis [Fig. 1(a)]. We approximate the shape of
the NR as a spheroid with polarizability γ given by γ =
[εm(ω) − ε0]/{3ε0 + 3κ[εm(ω) − ε0]}. Here κ is the depolar-
ization factor of the spheroid when the incident electric field
of the laser is polarized along the x axis. It is given by

κ = 1 − e2

e2

[
1

2e
ln

(
1 + e

1 − e

)
− 1

]
, (2)

where e =
√

1 − 1/q2 and q = as/bs. Additionally, we de-
scribe Ag with the local dynamic dielectric function εm(ω) =
εIB(ω) + εD(ω), which is a combination of the contribution of
d electrons [εIB(ω)] and s electrons [εD(ω)] [38].

Considering the optical transition selection rules of the
WS2 ML, the laser field can be decomposed into RCP (σ+)
and LCP (σ−) components:

E = 1√
2

E0(t ) cos(ωt )(ê+ + ê−), (3)

where ê− and ê+ refer to the unit vectors in the LCP and
RCP bases, respectively. Considering this, under the dipole
approximation the interaction Hamiltonian associated with
K-exc and K ′-exc can have the following form:

Ĥint = − 1√
2

(p+ · EK + p− · EK′ ). (4)

Here p+ = μ+ê+, p− = μ−ê−, EK = EK ê+, and E′
K =

EK ′ ê− [39]. μ+ and μ− are the dipole moments associated
with the σ+ and σ− transition components, i.e., K-exc and
K ′-exc [Figs. 1(b) and 1(c)]. EK and EK ′ refer to the fields ex-
perienced by K-exc and K ′-exc, respectively. They are given
as

EK = E+
exc + E+

plas + Eplas
KK + Eplas

KK ′ + EK−K ′ (5)

and

EK ′ = E−
exc + E−

plas + Eplas
K ′K ′ + Eplas

K ′K + EK ′−K . (6)

In these equations E+
exc = E−

exc = 1√
2εeff

E0(t ), where εeff =
εML/ε0 and εML is the screening dielectric function of the
WS2 ML. These terms represent the external field experienced
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by K-exc and K ′-exc. The second terms in Eqs. (5) and (6)
refer to the field experienced by K-exc and K ′-exc via direct
excitation of the plasmons by the external field. In regard to
these contributions, note that the NR considered here is not
chiral and the external field is polarized along the x axis.
Considering its frequency and the values of as and bs in this
paper, this field can primarily excite only the longitudinal
mode of the NR. Having these in mind, we have

E+
plas = E−

plas = SαPNR√
2εeff D3

. (7)

In this equation PNR = γ asb2
s E0(t ), referring to the polariza-

tion of the NR. Sα is polarization factor determined by the
direction of the polarization of the laser field with respect to
the axis that passes through the NR and is perpendicular to the
plane of the WS2 ML [Fig. 1(a), z axis] [29]. Since this field
is polarized along the x axis, we set Sα equal to −1.

The Eplas
KK and Eplas

K ′K ′ terms in Eqs. (5) and (6) refer to the
self-induced field of K-exc and K ′-exc via interaction with the
NR. Eplas

KK ′ , on the other hand, represents the field experienced
by K-exc via the plasmons excited by K ′-exc. Eplas

K ′K is the field
experienced by K ′-exc via the plasmons generated by K-exc.
The fields generated by K-exc and K ′-exc have σ+ and σ−
polarization states, respectively. Therefore,

Eplas
KK + Eplas

KK ′ = S2
αγ asb2

s

ε2
eff D

6
(P+

K + P−
K ′ ), (8)

where

P+
K = 1

2μ+ρK
0,+, P−

K ′ = 1
2μ−ρK ′

0,−. (9)

Since the NR is not chiral, the off-diagonal density matrix el-
ements associated with such transitions are equal, i.e., ρK

0,+ =
ρK ′

0,−. Assuming μ+ = μ−, we have

Eplas
KK + Eplas

KK ′ = S2
αγ asb2

s

ε2
effD

6
μ+ρK

0,+. (10)

Similarly, for the case of Eq. (6) we have the following:

Eplas
K ′K ′ + Eplas

K ′K = S2
αγ asb2

s

ε2
effD

6
μ−ρK ′

0,−. (11)

Note that Eqs. (10) and (11) suggest that coherent superposi-
tion of the fields of the K and K ′ excitons generates a linearly
polarized field acting on the NR.

The last terms in Eqs. (5) and (6) refer to direct interaction
between K-exc and K ′-exc. Previous reports have suggested
attractive interaction between optically active excitons of op-
posed spins [40]. Other reports argued that the attractive
part of the exciton-exciton interaction, similar to the van
der Waals interaction between atoms, is strongly reduced in
two-dimensional systems compared to the bulk. Therefore,
the short-range repulsive part of the Pauli repulsion domi-
nates [41,42]. In this paper we ignore these terms since we
deal with ground state excitons [43].

After applying the rotating wave approximation, Eq. (4)
can be written as

Ĥint = − 1√
2

(μ+EK a†
+a0 + μ−EK ′b†

−b0) + H.c. (12)

Here a†
+ (b†

−) and a0 (b0) are the creation and annihilation
operators for K-exc (K ′-exc) and ground states [Figs. 1(b)
and 1(c)]. Introducing 
K (K ′ )

nor as the coherently normalized
Rabi frequency of K-exc and K ′-exc, one can rewrite this
equation as

Ĥint = h̄
K
nor (ρ)a†

+a0 + h̄
K ′
nor (ρ)b†

−b0 + H.c. (13)

Here


K (K ′ )
nor (ρ) = 


K (K ′ )
eff + ηρ

K (K ′ )
0,+(−), (14)

where 

K (K ′ )
eff = 


K (K ′ )
0 (1 + Sαγ asb2

s
D3 ) and 


K (K ′ )
0 = μ±E0(t )

2
√

2h̄εeff
re-

fer, respectively, to the Rabi frequency of the WS2 ML in the
presence of pure plasmonic effects (no coherent effects) and in
the absence of the NR. We consider the structural parameters
of the NR such that its longitudinal plasmon peak happens
at a wavelength similar to those of the K-exc and K ′-exc.

Additionally, η = S2
αγμ±asb2

s

ε2
eff D6 , and 1

τF
= Im[η]. τF refers to the

timescale of the Forster resonant energy transfer (FRET) from
K-exc and K ′-exc to the NR in the absence of quantum coher-
ence. Here since we consider μ− = μ+, the rates for K-exc
and K ′-exc are the same.

Considering Eqs. (12)–(14), we can find the density matrix
that governs the dynamics of excitons in the WS2-NR system
(ρK,K ′

). Within our assumptions, however, the Hamiltonians
for K-exc and K ′ are independent of each other [Eq. (13)].
Therefore, the density matrices for K-exc (ρK ) and K ′-exc
(ρK ′

) are governed by the following:

dρK (K ′
)

dt
= − i

h̄

[
H0 + HK,(K ′ )

int , ρK (K ′ )(t )
] + [£ρK (K ′ )]damp.

(15)
Here [£ρK (K ′ )]damp refers to the damping terms, HK

int =
h̄
K

nor (ρ)a†
+a0 + H.c. and HK ′

int = h̄
K ′
nor (ρ)b†

−b0 + H.c. H0 in
Eq. (15) refers to the Hamiltonian of the WS2 in the absence
of interaction with the laser field and the NR.

In our treatment for damping [£ρK (K ′ )]damp, when D is
large, we consider the energy (
i j) and polarization (γi j)
relaxation rates of K-exc and K ′-exc in a phenomenological
way [i and j = 0, + (−)] [44,45]. When the WS2 ML and
the NR are close to each other (small D), the polarization
dephasing rates associated with K-exc and K ′-exc transitions
can be influenced by the coherent processes [46]. For the case
of K-exc, for example, this leads to

γt = γ0,+ + �K
eff , (16)

where �K
eff = 1

τF
(ρK

0,0 − ρK
+,+) and γ0,+ = 
0,+

2 + γp is the de-
polarization rate of K-exc in the absence of the NR. Here γp

refers to the pure decoherence rate of K-exc and K ′-exc.
Considering these, the density matrix equations for K-exc

in the WS2-NR system have the following form [47,48]:

ρ̇K
0,0 = −2Im

[

K

effρ
K
+,0

] + �K
F + 
0,+ρK

+,+, (17)

ρ̇K
+,+ = 2Im

[

K

effρ
K
+,−

] − �K
F − 
0,+ρK

+,+, (18)

ρ̇K
+,0 = −[

i�K
eff + γt

]
ρK

+,0 − i
K
eff

(
ρK

0,0 − ρK ′
+,+

)
. (19)
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FIG. 2. Variations of (a) ρK
+,+, (b) Re[ρK

+,0], and (c) Im[ρK
+,0] as a function of time for different values of the laser intensity [legend in (a) is

in W/cm2] when the laser is right circularly polarized. (a′)–(c′) refer to the cases when the laser field is linearly polarized along the x axis. The
inset in (c) shows the variation of the intensity of the laser field with time when I0 = 53.19 W/cm2. The color-coded circles in (b) refer to the
sampling times used in Fig. 3. The times associated with these circles are indicated below each circle (in ns).

Here �K
F = 2|ρK

+,0|2/τF , and �K
eff is the effective detuning of

the K-exc transition from the laser field given by

�eff = h̄ωK − Re[η]
(
ρK

0,0 − ρK
+,+

) − h̄ω. (20)

Here ωK is the frequency of K-exc, i.e., the 0 → |+, K〉
transition [Fig. 1(b)]. Note that Eq. (16) is an important rela-
tion, suggesting coherent renormalization of the polarization
dephasing rate and the possibility of suppression of quan-
tum decoherence. The latter refers to the case wherein the
contribution of the energy transfer �K

eff to the overall dephas-
ing process γt is reduced as the term ρK

0,0 − ρK
+,+ becomes

small.
Note also that the dipole approximation for excitons can

be insufficient in cases when the sizes of quantum emitters
are comparable with the cavity mode volumes [49–51]. For
such cases one may require considering position-dependent
exciton-plasmon coupling as the spatial distributions of ex-
citonic and photonic quantum states become important [50].
In the systems considered in this paper, however, the
plasmon field modes of the NR have a relatively large
volume, and the exciton-plasmon coupling does not fall
within the category of the strong-coupling regime. Consid-
ering these and the fact that the thickness of the TMD ML

is very small, we ignored higher-order multipolar exciton
transitions.

III. VALLEY-PLASMONIC META-RESONANCES

Simulations were carried out by solving Eqs. (17)–(19)
numerically using ordinary differential equation solvers of
MATLAB R2021A. For the initial conditions the values of ρK

0,0
were set to 1, and the rest were zero. To implement this
we consider the transition energies of K-exc and K ′-exc of
WS2 MLs (h̄ωK and h̄ωK ′) to be 2.006 eV, and the radiative
lifetimes 
i j are about 1.5 ns [19,52]. We also considered
μ− and μ+ equal to 1.12 e × nm [19]. In the absence of
the NR the linewidths of K-exc (hγ0,+) and K ′-exc (hγ0,−)
were set to 20 meV [52]. Such linewidths, which correspond
to the room temperature condition, were reached by setting
γp = 2.5 ps−1. Additionally, the thickness of the WS2 ML
is considered to be ∼0.6 nm [20], and its dielectric constant
εML is ∼13.7 [53]. For the Ag NR we assume as = 9 and
bs = 4 nm, and ε0 = 3.61 (SiN). This leads to a plasmon peak
very close to the K and K ′ valley transitions. The value of D
is set to 5.5 nm. The following results are for K-exc. Similar
results can also be obtained for K ′-exc.
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Figure 2 shows the results for variations of ρK
+,+ and ρK

+,0
as a function of time for different values of the laser intensity
I0. The results (thick solid line) show that for RCP and I0 =
53.19 W/cm2, ρK

+,+ closely follows the field time dependency
[Fig. 2(c), inset]. As I0 becomes smaller, however, the results
suggest the formation of a delay in reaching the maximum
value of ρK

+,+. This becomes quite evident when I0 = 40.84
W/cm2 with a delay of about 90 ns (dashed line). For I0 =
40.41 W/cm2 the delay increases to 237 ns (dash-dotted line),
and for I0 = 40.12 W/cm2 it becomes infinite (dotted line).
Figures 2(b) and 2(c) show the corresponding dynamics of
the real and imaginary parts of the polarization. In the case
of Re[ρK

+,0], after the delay its absolute the value decreases,
while in the case of Im[ρK

+,0] the opposite occurs. Note that
when the distance between the TMD ML and the NR D is very
large, one sees only the chiral optical transitions of the TMD
ML, including its near-band edge excitonic absorption. Under
this condition the NR mostly supports features associated with
its localized surface plasmon resonances (LSPRs).

Figures 2(a′)–2(c′) show the corresponding results when
the incident laser field is linearly polarized along the x axis.
Note that in contrast to the case of RCP, here both the K and K ′
valleys are excited by the laser field. The results show that for
the range of the laser intensity considered for the case of RCP,
no significant time delay is generated (thick solid, solid, and
dashed lines). In other words, ρ+,+ and ρ+,0 closely follow
the time dependency of the incident laser field. For such a
polarization the delay starts to occur at much lower intensity.
The dotted lines in Figs. 2(a′)–2(c′) show the results when
I0 = 33.29 W/cm2. Note that the stepwise sharp changes seen
in Fig. 2 also depend on the type of TMD materials, as they
may have different dipole moments, refractive indices, etc.

The sudden changes in the exciton population of polar-
ization seen in Figs. 2(a)–2(c) refer to VPMR. The physics
behind these results can be understood considering the coher-
ent dynamic interplay between exciton band filling, linewidth
normalization, and plasmonic-induced line shift. Before the
laser reaches the system, the near field of the NR strongly
blueshifts the K valley transition and broadens its linewidth
via FRET [29,54]. Keeping in mind that the laser field is con-
sidered to be resonant with the K-exc, these processes hinder
the interaction of the laser with the WS2-NR system. As the
step-rise amplitude of the laser field reaches this system, exci-
tation occurs much more intensely. This causes a reduction of
�K

eff and �K
eff via band filling [Eq. (20)], allowing the laser to

become more resonant with the WS2 transition. This in turn
enhances the excitation processes and further suppresses �K

eff
and �K

eff . Such a process leads to a delay in the response of
the system to the laser field; that is, VPMR is formed. The
results shown in Fig. 2 suggest strong spin-valley dependency
of VPMR, as the variation of the incident laser polarization
leads to dramatically different results.

To analyze the formation of VPMR further we study the
evolution of the Bloch vector associated with the K valley
with time. For this, note that the density matrix of the K valley
can be written as follows:

ρK (t ) =
(

cos2
(

β(t )
2

)
e−iφ(t )cos

(
φ(t )

2

)
sin

(
β(t )

2

)
eiφ(t )cos

(
φ(t )

2

)
sin

(
β(t )

2

)
sin2

(
β(t )

2

)
)

,

(21)

where

φ(t ) = tan−1

(
Im

[
ρK

+,0

]
Re

[
ρK

+,0

]
)

, (22)

β(t ) = cos−1
(
ρK

0,0 − ρK
+,+

)
. (23)

Considering these equations, the unit Bloch vector of the K
valley can be given as rK (t ) = (u, v,w), where

u(t ) = cos[φ(t )] sin[β(t )], (24)

v = sin[φ(t )] sin[β(t )], (25)

w = cos[β(t )]. (26)

Figure 3(a) shows the results for the rotation of the valley
Block vector when the incident laser light was right circularly
polarized and I0 = 40.84 W/cm2 [dashed lines in Figs. 2(a)–
2(c)]. For this we consider a time period that includes VPMR.
As shown in Fig. 2(b) (color-coded circles), this period starts
from 159 ns (m) and ends up at 201 ns (n). The numbers
below each circle at the top of Fig. 2(b) refers to the sampling
time in nanoseconds. Figure 3(b) shows a close-up view of
the rotation of the Block vector seen in Fig. 3(a). Here arrow
m refers to the state before the transition associated with the
VPMR happens (159 ns), and arrow n represents the state after
this transition (201 ns).

Note that, as shown in Fig. 3(a), the state of the sys-
tem before the laser reaches the system is along the w axis
(vector G). Therefore, the overall dynamics include a sudden
transition from the state characterized by vector G to a state
shown by vector n. This is followed by the rotation of vector m
to vector n when VPMR occurs. The results in Fig. 3(c) show
the case when the incident laser polarization becomes linear
while I0 = 40.84 W/cm2. The results indicate that under the
time sampling considered in Fig. 3(b) rK undergoes a sudden
transition from the ground state (vector G) to state n.

IV. FIELD-PLASMONIC META-RESONANCES

A key aspect of this paper is the prediction of the forma-
tion of PMR in the near-field properties of the NR (FPMR).
Intuitively, one expects the field around the NR to present
dynamics similar to that of the excitons. Our results, however,
show this happens only at certain locations. To study FPMR,
note that the total electric field at a given point around the NR
in the x-z plane [for example, points A, B, and C in Fig. 1(a)]
can be written as E(r, θ ) = Ez(r, θ )êz + Ex(r, θ )êx, with êz
and êx referring to the unit vectors along the z and x axes,
respectively [Fig. 1(a)]. Each component of this field can be
written as Ei(r, θ ) = Ei

NR + Ei
app, where i = x and z and Ei

NR

and Ei
app are, respectively, the fields generated by the NR and

the applied field at a given location designated by (r, θ ). As
shown in Fig. 1(a), here r refers to the distance of this location
from the center of the NR, and θ is its angle with respect to
the z axis. Ez

NR and Ex
NR can be given as follows:

Ez
NR(r, θ ) = −[1 − 3 cos2(θ )]ENR(r), (27)

Ex
NR(r, θ ) = 3 sin(θ ) cos(θ )ENR(r), (28)
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FIG. 3. Variation of rK as a function of time in the Bloch sphere when I0 = 40.84 W/cm2. (a) shows the results when the incident light
is right circularly polarized. (b) shows a close-up view of the process seen in (a). (c) presents the results when the incident light is linearly
polarized. Other specifications are the same as those in Fig. 2. The curved dashed arrows are used as a guide for the eye of the rotation of
Bloch vectors. G in (a) and (c) refer to the state of the system in the absence of the laser. In the legend of (b) the numbers in parantheses show
the times associated with each vector (ns).

where ENR(r) = γ asb2
s

εor3 [E0 − μ+ρK
+,0

εeff D3 ]. Since we consider the ap-
plied field is along the x axis, Ex

app = E0/2ε0, and Ez
app = 0.

Note that Ez and Ex can be complex. Additionally, as
noted in Ref. [55], for evanescent waves in which fields
cannot necessarily be described by two orthogonal field com-
ponents, one needs to use modified Stokes parameters. In
our case, however, because of the symmetry, we consider
S0 = E∗

x Ex + EzE∗
z , S1 = ExE∗

x − EzE∗
z , S2 = ExE∗

z + EzE∗
x ,

and S3 = i(ExE∗
z − EzE∗

x ). Here S1/S0 refers to the domi-
nance of x to z linear polarization, S2/S0 refers to that of
+45◦(L+45) to −45◦ (L−45) linear polarization, and S3/S0

refers to that of right to left circular polarization. Here L+45

and L−45 refer to the linear polarization cases in which the
axes of polarization make angles of 45◦ and −45◦ with respect
to the x axis, respectively.

Figures 4(a)–4(d) show the results for Ez versus Ex (po-
larization ellipses) under the conditions of Fig. 2 considering
I0 = 40.84 W/cm2 and RCP. For this we scan variations of Ez

and Ex over the time period that VPMR occurs [between 159
and 192 nm, as highlighted in Fig. 2(b)]. The scans are carried
out in different locations along the x axis. In Fig. 1(a) these
positions are shown with solid circles on the top edge of the
NR. Each of these locations is indicated with certain values
of r and θ . The results show that when θ = 0◦ (point A),
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FIG. 4. Dynamics of the polarization ellipses of the NR near field at (a) θ = 0◦, (b) π/6, (c) π/5, and (d) π/4. Here (a′)-(a′′), (b′)-(b′′),
(c′)-(c′′), and (d′)-(d′′) show, respectively, the close-up views of variations of polarization ellipses in (a), (b), and (c). Here I0 = 40.84 W/cm2,
the laser is RCP, and other specifications are the same as those in Fig. 2.
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FIG. 5. Variation of S1 (triangles), S2 (circles), and S3 (squares)
with time at (a) θ = 0◦, (b) π/6, (c) π/5, and (d) π/4. Here I0 =
40.84 W/cm2, the laser is RCP, and other specifications are the same
as those in Fig. 2.

the coherently normalized plasmon field remains mostly lin-
early polarized along the z axis with some small degree of
ellipticity [Fig. 4(a)]. The results in Fig. 5(a) confirm this
because the normalized Stokes parameters S2 and S3 are about
zero, while S1 ∼ −1. Figures 4(a′) and 4(a′′) show the details
of the polarization ellipses for this case. Here ellipses 1–6 are
associated with sampling times of 159, 179, 188, 190, 191,
and 192 ns, respectively.

As seen in Fig. 4(b), for θ = π/6 the polarization of the
field rotates by about 45◦. In Fig. 5(b) this can be seen as
the increase of S2 to about unity (circles), i.e., forming nearly
L+45 polarization. Figures 4(b′) and 4(b′′) show the details of
the evolution of the polarization ellipses shown in Fig. 4(b),
indicating no significant changes in the shapes of these el-
lipses. For θ = π/5 [point B in Fig. 1(a)], we note a sudden
rotation of the polarization at 192 ns. Figures 4(c′) and 4(c′′)
show that up to this time, ellipses become mostly larger. At
192 ns, however, a sudden rotation by about−90◦ happens
(ellipse 6). As seen in Fig. 5(c), these results demonstrate
the formation of FPMR at this specific position. This process
can be seen as the value of S2 changes from nearly 1 to −1
(circles). For higher values of θ the amplitudes of field start

to diminish because within the dipole approximation of the
NR, the distance between the center of the NR and the point
of interest (point C) increases [Figs. 4(d)–4(d′′)]. Figure 4(d)
shows that under this condition, the polarization is nearly
L−45; that is, the polarization axis is −45◦ with respect to the
x axis. Note that the ellipse associated with 201 ns [point n in
Fig. 2(b)] is very similar to that at 192 ns (dashed ellipses);
therefore, they are not shown.

To further explore FPMR in Fig. 6 we show the corre-
sponding variations of the Stokes vector as a function of time.
Here, similar to the case in Fig. 4, this is done for the range of
time in which VPMR occurs, i.e., the time between points m
and n indicated in Fig. 2(b). For θ = 0◦ the vectors are mostly
aligned along one direction [Fig. 6(a)]. In this figure vector
m occurs at 159 ns, and vector n occurs at 201 ns. When
θ = π/6, the results show an overall rotation of these vectors
[Fig. 6(b)]. For θ = π/5, however, the formation of FPMR
can be seen as a sudden rotation of the Stokes vector at 192 ns
[Fig. 6(c)]. At 201 ns, indicated by vector m, the system has
already undergone the transition. For θ = π/4, no significant
variation in the Stokes vectors can be seen [Fig. 6(d)]. Note
that in Fig. 6, for continuity purposes, we also show Stokes
vectors at two more times, i.e., 221 ns (g) and 322 (h).

The results shown in Fig. 4 refer to the case when the
incident light was right circularly polarized. If we keep the in-
tensity of the light unchanged, i.e., 40.84 W/cm2, but consider
it to be linearly polarized, the results become quite different.
As shown in Fig. 7, under this condition, the near field is
more linearly polarized than in the case of RCP when θ = 0◦
[Fig. 7(a)]. As θ increases, its ellipticity increases significantly
without any significant rotation [Fig. 7(b)]. A further increase
of θ forms a linear polarization after a counterclockwise rota-
tion [Figs. 7(c) and 7(d)]. Under this condition, as θ increases,
the axis of the polarization undergoes more rotation, while its
amplitude decreases. These results can be associated with the
phase/amplitude relation of the electronic field components
along the x and y axes. The phase difference between these
components is influenced by various contributions to the near
field at a given location. They include the incident field, the
field generated by the plasmons directly generated by the laser
field, and the field caused by the dipoles of TMD MLs.

Compared to the cases studied in systems consisting
of quantum dots and metallic nanoantennas [29], PMR in
TMD-NR systems offers much richer physical processes and
applications. This, in particular, is related to the spin-valley
configurations of excitons supported by TMD MLs. Selective
chiral excitation of the K and K ′ valleys in such materials

FIG. 6. Variation of the Stokes vector with time for (a) θ = 0◦, (b) π/6, (c) π/5, and (d) π/5. All conditions are the same as those in
Fig. 4. g and h refer to Stokes vectors at 221 and 322 ns, respectively.
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FIG. 7. Dynamics of the polarization ellipse of the NR near field at (a) θ = 0◦, (b) π/11, (c) π/9, and (d) π/5 when the incident field is
linearly polarized along the x axis. Here I0 = 40.84 W/cm2, and other specifications are the same as those in Figs. 2(a′)–2(c′).

allows one to generate spin-valley-dependent PMRs which
can be controlled uniquely by the polarization of the incident
laser field. The plasmonic intervalley coupling in TMD-NR
systems allows one to control coherent transfer from one val-
ley to another [37], offering the prospect of coherent switching
processes between valleys. On the other hand, the atomically
thin monolayer TMD allows stronger exciton-plasmon cou-
pling, which in turn benefits the formation of efficient PMR.
Note that the most prominent limiting factor for PMR is the
rate of quantum decoherence of K and K ′ valley polarizations.
The impact of this is scaled against the strength of exciton-
plasmon coupling. For the structural parameters considered in
this paper, when the dephasing time becomes shorter than 400
fs both VPMR and FPMR start to smear out.

V. CONCLUSIONS

We studied plasmonically induced coherent intervalley dy-
namics generated by the interaction of circularly and linearly

polarized laser fields with a hybrid system consisting one
ML of WS2 and an Ag NR. Our results predicted the for-
mation of two types of resonances, called here valley/field
plasmonic meta-resonances. VPMR provides coherent control
over the spin-valley states of the TMD ML, while FPMR
depicts the impact of VPMR in the near field of the NR. Our
results showed that FPMR occurs as a sudden variation of the
states of polarization of the near field. Spin-valley and field
resonances discussed in this paper may have applications in
quantum state control of TMD materials, sensors, and light-
emitting devices.
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