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We theoretically study formation of gain without inversion and resonant enhancement of refractive index
with suppressed absorption in a system consisting of a monolayer of transition metal dichalcogenide (WS;)
and a metallic nanoantenna. We show that these processes happen when the hybrid system interacts with a
right-circularly polarized laser beam, allowing quantum coherence transfer to happen from the K to K’ valley.
Our results show that the quantum coherence transfer can convert the K’ valley into a conjugated system wherein
the real and imaginary parts of its polarization become similar to the imaginary and real parts of the K valley
polarization, respectively. This allows the maximum refractive index in the K’ valley to occur as the absorption
becomes zero. We characterize the conjugated valley system by inspecting the evolution of its Bloch vector as the
incident laser frequency varies. The theoretical approach includes density matrix formalism while considering a
pure dephasing rate that represents the fast decay of exciton valley polarization in transition metal dichalcogenide

monolayers.
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I. INTRODUCTION

Recently, interaction of monolayers (MLs) of transition
metal dichalcogenide (TMD) with localized surface plasmon
resonances (LSPRs) of metallic nanoantennas (mANTS) has
been investigated intensivel. It has been shown that hybridiza-
tion of excitons associated with the K and K’ valleys (K-exc
and K’-exc) with LSPRs can lead to interesting results. These
include generation of coherent intervalley dynamics [1-4],
valley Rabi splitting, dressed states, exciton polaritons [5-8],
and enhancement of second harmonic generation [9]. Re-
cent reports have also demonstrated control of the absorption
and emission of TMD MLs via hot electrons [10], chiral
plasmonic hybridization [11], and valley-polarized directional
emission [12]. It is shown that interaction of plasmonic spiral
rings and TMD MLs allows one to use optical spin states
to control the plasmonic emission enhancement [13]. Ad-
ditionally, interaction of plasmonic chiral metasurfaces with
valley-polarized excitons can also support control of the emis-
sion spectra of TMD MLs in the far field [14]. Moreover,
strong chiral exciton-plasmon coupling in TMD-LSPR sys-
tems can be used for spin-selective excitation of directional
flow of polaritons [1]. In terms of device applications, re-
cently, hybrid systems consisting of TMD MLs and mANTSs
have been used for high performance photodetectors [15]. Ad-
ditionally, superposition of the LSPRs of mANTs with those
of WS, and MoS, nanodomes are used for surface-enhanced
Raman spectroscopy with high sensitivities [16,17].

Recently, we showed that when a system consisting of a
ML of WS, and a mANT interacts with a right-circularly
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polarized (RCP) (o) laser field [Fig. 1(a)], quantum co-
herence can be transferred from one valley (K) to another
(K’) [18]. A prime impact of this process was shown to
be coherently induced handedness and plasmonic control of
the valley quantum coherence. The main mechanism behind
the quantum coherence transfer in the WS,-mANT system
is formation of plasmonically mediated coherent intervalley
coupling. Such a coupling is generated via direct excitation
of K-exc and LSPRs by the o laser field. Although it is not
influenced directly by such a field, the K’ valley can be excited
coherently by the fields of K-exc and LSPRs, and by their
phase-correlated mixing. Under these conditions, polarization
and population can be transferred from the K to K’ valley with
a given phase relation [18]. The plasmonically mediated co-
herent intervalley coupling can also lead to coherently driven
transfer of energy from the WS, ML to the mANT, offering
coherent control of plasmon excitations in the mANT.

The intervalley quantum coherence offers a unique way of
transfer of not only energy (excitation population) but also
polarization and phase from one valley to another. Such a pro-
cess is different from intervalley carrier relaxation, wherein
the valley population transfer occurs via incoherent carrier
scattering. The objective of this paper is to show that in a
system, as shown in Fig. 1(a), when the K valley is excited
by a o laser field, the intervalley quantum coherence transfer
can transform the K’ valley into a quantum conjugated system.
In such a system, under certain conditions, the real (imagi-
nary) part of K'-exc behaves as the imaginary (real) part of
K-exc. As a result, while the K valley polarization follows its
standard features dictated by the intrinsic material properties
of the TMD ML, the K’ valley supports gain without inver-
sion (GWI) and resonant refractive index enhancement with
zero absorption. These processes happen under quite different
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FIG. 1. (a) Schematic illustration of the WS,-mANT system in-
teracting with a right-circularly polarized laser field (o). (b) Optical
excitation with the WS, ML via a circularly polarized light. (c) Quan-
tum coherence transfer from K-exc (|K, +)) to K'-exc (|K’, —)) via
the plasmons of the mANT. Here {1, |} and {{, 1}* refer, respec-
tively, to spin valley state of K valley and the valley conjugate system.

coherent preparation conditions than those adopted for atomic
and solid state systems [19-22]. We study the evolution of the
Bloch vectors associated with the K and K’ valleys, demon-
strating the distinct polarization phase information that each
vector can carry at different frequencies of the laser field. The
type of GWI predicted in this paper may support efficient
transfer of energy from the mANTSs to TMD MLs [23]. The
results presented in this paper are obtained considering the
strong dipolar excitations in mANTSs [24] and exciton valley
polarization lifetime as short as 400 fs. This is in accord with
recent observations of the polarization dephasing rate at room
temperature [25-28].

II. THEORY

The system considered in this paper includes a silver (Ag)
mANT with a length of 2a, and width and hight of 2b;, placed
on the surface of a WS, ML [Fig. 1(a)]. The center-to-center
distance between mANT and the ML is d. The materials
surrounding these are assumed to have dielectric constant &g.
The WS,-mANT system interacts with a RCP laser field (o),
E = Ey(t) cos(wt )&,. Here w is the frequency of the laser,
Ey(t) is its time-dependent amplitude, and € is the polariza-
tion unit vector for RCP. To be able to address the plasmon
resonances of the mANT analytically, we approximate the
shape of the mANT as a spheroid with polarization (y) given
by y = [em(w) — €0l/[380 + 3k (e (@) — &9)]. Here « is the

depolarization factor of the spheroid when the incident laser
field is polarized along a,, and the dielectric function of the
metal (g,,) includes both interband transition and Drude ef-
fects [29].

Interaction of the oy laser with the TMD ML directly ex-
cites K-exc. Intervalley quantum coherence transfer, however,
can lead to the excitation of K’-exc. To see this, consider
ai and b’ are the creation operators for K-exc (|K, +)) and
K’-exc (|K’, —)), respectively [Fig. 1(c)]. ap and by, on the
other hand, are the annihilation operators for their ground
states (]0)). u4+ and p_ are the dipole moments associated
with the o and o_ transition components, i.e., K-exc and K’-
exc, respectively [Fig. 1(c)]. They are considered to be equal.
Under these conditions, the interaction terms for the K and K’
valleys are given by HX = —u, Exa’ ag +c.c. and HX X =
—/L_EKr,Kb:_bo + c.c., respectively. Here Ex and Ek g are the
fields experienced by the K and K’ valleys in the presence
of the laser field. The former includes direct interaction of
the laser field with the K valley (EZ.). Because of the valley
selection rules, this term does not exist for the K’ valley.
Since the mANT is also excited by the o field, Ex and Ex g
include fields generated by direct excitation of the LSPRs, i.e.,

EJaS and E s respectively. The prominent terms in Ex and

Eg k', however, are the K-valley self-induced field (E,P;];S) and

K-valley induced field in the K’ valley (E,‘;lf}?). These terms are
given by the following:

EP™ —Gpte,, EP% =cGPfe, (1)
Siya;bf
262.d°
polarization or coherent term of the density matrix of the
K valley (%), et = em/€0, Wherein ey, is the screening
dielectric function of the WS, ML, representing the external
field experienced by K-exc. S, is a polarization factor deter-
mined by the direction of the polarization of the laser field.
Since this field propagates perpendicular to the plane of the
WS, ML, i.e, parallel to the z axis, we have S, = —1.

E,gk;; is the key parameter for transfer of intervalley quan-
tum coherence from the K to K’ valley. Its presence suggests
that the density matrix associated with these valleys are, re-
spectively, given by [18]

where G =

and P = pypf, + c.c. Here pf , is the

. i
= —E[Ho + HE o8] + [Lo" Jdamp )
and

P = — 2 [Ho+ Hi S o5 K]+ 1L Kl 3)
Here H, is the Hamiltonian of the WS, ML in the absence of
the laser field. A key feature highlighted by these equations
is the fact that equation of motion of K’-exc is driven by the
K-exciton. This can be seen considering the interaction terms
in Egs. (2) and (3) expressed in the following [18]:

HiIIft = thor(p)ai—LaO + H.c. (4)
Hi = hi K (p)blbo + Hee. )
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Here QK" refers to the coherently normalized Rabi frequen-
cies of K-exc and K’-exc, given by

Q)=+ 008 . QK ()= +ni0f . ©)

Here QK = QK(1 4 3ably ok — ok Sabi - 4nq
qu«) = %ﬁ:m are, respectively, referring to the Rabi
frequencies associated with the K and K’ valleys in the
presence of pure plasmonic effects (no coherent effects)
and in the absence of the mANT. Additionally, in the above
equations 4 = Gl 4.

Note that these equations are obtained using &, = %5 (& +
iéy), wherein & and &, are polarization units along the x
axis and y axis [Fig. 1(a)]. Additionally, we considered the
frequency of the laser such that it can only excite the primary
longitudinal plasmonic mode of the mANT. [LpX ldamp and
[LpX K ]4amp in Egs. (2) and (3) refer to the damping rates
of K-exc and K’-exc, respectively, which are introduced in a
phenomenological way.

Considering these, the density matrix equations for K'-exc
in the WS,-mANT system have the following forms [30,31]:

pogt = —2m[QE KT+ E Tl ()
pX K = 2m[ QK pK K] — =K K oK K ()
PE I = —[insE + v ]eX ¢ — ik~ 9)

Here 8" = (péf OK - pf/;K), AQ;’K is the effective detuning of
the K'-exc transition from the laser field, and 3% "is the valley
polarization dephasing rate. They are given by

ASK = hog — Re[Gu 185K —hw  y X =y + ASK.

(10)
Here wg is the frequency of K'-exc and Aff/f‘K =
Im[Gu,18%". yX =T/2+y, is the polarization dephasing
rate of the K'-exc in the absence of mANT. Here v, refers to
the pure dephasing rate of such excitons caused by various
processes, including exciton exchange interaction [32-34],
scattering with impurities, etc. I' represents the energy re-
laxation rate of K'-exc. The term Zf’K in Eqgs. (7) and (8)
refers to the energy transfer from K’-exc to the mANT, gener-
ated by intervalley quantum coherent coupling. It is given by
Ef’K =2Im[Gu4+ pfbK p(lf/;K ]. To obtain the set of equations
for K-exc, one needs to replace superscripts K’ with K and
subscripts (—, 0) with (+, 0), and (—, —) with (4, +) [18].
Note that, in general, quantum emitters can interact with
each other via dipole-dipole coupling [35,36]. In the for-
malism presented in this paper, the interaction between the
WS, ML and the mANT were treated within the dipole-
dipole approximation. Since the concentration of the excitons
were considered to be low, however, the dipole-dipole in-
teraction between excitons were ignored [37]. When the
concentration of the excitons increases, however, the val-
ley polarization decays faster via the stronger impact of the
exciton-exciton scattering [32].

III. QUANTUM CONJUGATE VALLEY

For simulation, we consider u_ = ;. = 1.12 ¢ x nm, and
the linewidths of K-exc and K’-exc are about 20 meV [7,38].
This corresponds to y X = 2.5 ps™!, approximately depict-
ing room temperature linewidth of emission of WS, MLs [38].
The K- and K’-exc transition energy (hwg ) is considered
to be 2.006 eV and their radiative lifetimes is assumed to
be 1.5 ns [39]. Additionally, for the Ag mANT, we assume
a; =9 and by = 4nm, and g9 = 3.61 (SiN). This leads to a
longitudinal plasmon peak very close to fiwg and hiwg . In
terms of dielectric constant of the WS, ML, we consider
emL ~ 13.7, which is the static in-plane dielectric constant
of the WS, ML [40]. The thickness of WS, ML has also
been shown to be ~0.6nm [8]. Note quantum coherence
transfer can be limited by the intervalley scattering processes,
as they can cause incoherent transfer of population from
one valley to another [32,34]. Recent reports have shown
the timescales of such processes are between tens of fs to
a few ps [32,33]. In the formalism adopted in this paper,
we included the impact of such scattering processes in the
loss of valley polarization via y,. Also note that WS, MLs
supports two sets of excitons (A and B). The energy difference
between these excitons, however, is about 390 meV [41].
The range of variations of the photon energy of the laser
considered in this paper is 100 meV, around the central en-
ergy of exciton A. Therefore, its interaction with exciton B is
insignificant. The following results were obtained considering
numerical solutions to Eqs. (7)—(9) under quasi-steady-state
conditions.

We start with the results for K-exc. Figure 2 shows varia-
tions of the real and imaginary parts of Pf,w and the values
of pf’ 4 and E{E as a function of the laser frequency [A, =
h(wg' x — w)] when the intensity of the incident laser is
45 W/cm2 and d is varied. For d = 30 nm, the impact of the
mANT is relatively small and Re[p¥ ] and Im[p¥ ;] mostly
follow the standard features of a driven two-level system
[solid lines, Figs. 2(a) and 2(b)]. The results for d = 15nm
show parts of Im[pf’o] becomes negative [Fig. 2(b), line
1], suggesting GWI. This continues further until the Im[p;]
becomes quite dispersive for d = 10 and 7 nm [Fig. 2(b"),
lines 2 and 3]. These results are similar to those obtained
in systems consisting of a quantum dot and a mANT. In
Ref. [23], in particular, this process was associated with the
transfer of energy from the mANT to the QD. The results
in Fig. 2(b) suggest a much more efficient GWI generation.
This is the result of the atomically thick nature of the WS,
ML and larger dipole moments, which offer a much stronger
exciton-plasmon coupling.

The results for pf, + [Figs. 2(c) and 2(c)] also indicate
the expected impact of the near field of the mANT, which
increases the excitation rates of K-exc. E{E in Figs. 2(d) and
2(d") show the rate of the coherently driven energy transfer
from the WS, ML to the mANT. This rate increases with the
decrease of d. Figure 2(d’) indicates that for d = 7 nm this
leads to formation of a doublet (line 3) [18]. A key feature
of this process is that it is driven by the quantum coherence.
The presence of GW1 at certain wavelength range where X is
significant may suggest exchange of energy between the TMD
ML and the mANT.
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FIG. 2. Variations of the real [(a) and (a’)] and imaginary parts
of Pf,o [(b) and (b))], p4 4+ [(c) and ()], and =X [(d) and (d')] as a
function of the laser frequency (A;). The legends show the values
of d. Lines 1, 2, and 3 in (a’)—(d’) refer to d = 15, 10, and 7 nm,
respectively.

The results presented in Fig. 2 happen via direct interaction
of the o laser field with the K valley. Although such a laser
does not directly interact with the K’ valley, the presence
of the mANT and formation plasmonic-induced intervalley
quantum coherence can transfer polarization and phase to this
valley. To see this, Fig. 3 presents the results for Re[,of’bK ]
[Figs. 3(a)-3(c)], Im[pf/o, K] [Figs. 3(a")-3(c’)] as a function
of Ay, for different values of d (circles). Comparing these
results with those associated with Pf,o (solid lines) suggests
significant differences between the K’ and K valley polariza-
tion. For d = 30nm, we can see the real part of K'-exc as
a function A, is spectrally similar to that of the imaginary
part of K-exc [Figs. 3(a) and 3(a)]. On the other hand, the
imaginary part of K’ is similar to the real part of K-exc. For
the case of d = 20 nm, this picture is repeated, although the
amplitudes become more comparable [Figs. 3(b) and 3(b')].
For d = 7nm, optical responses associated with K-exc and
K’-exc become similar [Figs. 3(c) and 3(¢’)].

The results presented in Fig. 3 suggest that for specific
values of d, the K’ valley becomes a conjugate system. Un-
der these conditions, Im[pfbK ] becomes quite dispersive at a

%107
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meV)

FIG. 3. Variation of the real and imaginary parts of pX ; and X _/(‘)K
as a function of the laser frequency (A ) when d = 30 [(a) and (a')],
20 [(b) and (b")], and 7 nm [(c) and (c)]. All specifications are the
same as those in Fig. 2.

wavelength wherein Re[,of:bK ] is maximum. This is in contrast
to what is seen for the case of the K valley wherein maximum
of Im[p_’fqo] happens when the value of Re[pfﬁo] becomes
zero. Dispersive absorption features, similar to those predicted
in Figs. 3(a’) and 3(b’), have been studied in atomic systems
extensively in the past [42,43]. In such systems, however, nor-
mally one is required to prepare coherent conditions that allow
quantum interference to suppress absorption while offering
large refractive index. Different schemes, including employ-
ment of three-level systems with use of an auxiliary field, have
been used to prepare atomic systems for zero absorption with
a high refractive index [19]. Such processes have also been
studied in three-level intersubband systems in quantum wells
[44.,45]. The results presented in Fig. 3, however, suggest a
different picture wherein no auxiliary field is needed. Instead,
the zero-absorption with high refractive index is generated by
a circularly polarized light in the K’ valley. The dispersive
feature seen in Figs. 3(a") and 3(b") may be associated with
the competition between GWI and absorption driven by the
quantum interference effects, although in a system quite dif-
ferent from atomic systems [46].

The results for the real and imaginary parts of the nor-
malized Rabi frequency and ,05'7 in the K’ valley are shown
in Fig. 4 (circles). For very large d, wherein the impact of

the plasmon is ignorable, i.e., Qg .~ Qy, we expect ;.
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FIG. 4. Variations of Re[Qf'K/] (a)—(c), Im[Qf*’('] (a)—(c’), and p¥ _ and p’_(ff( (a”)—(c") as a function of the laser frequency (A ;) when
d =30 (a), 20 (b), and 7 nm (c). All specifications are the same as those in Fig. 2.

to be real and QKX = 0. As d becomes smaller, however,

QKK starts to rise while QX becomes complex. Figures 4(a)
and 4(a’) show that when d = 30 nm, the normalized Rabi
frequencies become frequency dependent with significant dif-
ferences in the K (solid lines) and K’ valleys (circles). The
results indicate that Re[QK ] and Re[Q2X.K] have similar
functionalities up to d = 20 nm [Figs. 4(a) and 4(b)], although
the former is much larger than the latter. For d = 7 nm, how-
ever, they become quite different [Fig. 4(c)]. On the other
hand, Im[QK ] and Im[QX K] seem to have opposite signs
[Figs. 4(a’) and 4(b’)] and comparable values. When d =
7nm, however, Im[QX K] forms a doublet around Ay = 0
[Fig. 4(c/)]. Additionally, the results show that as d decreases
the magnitudes of the real and imaginary parts of QX and
QnK(;;K are increased. This again indicates the impact of plas-
mon near fields. These results indicate that the phases of
effective electric fields that drive K and K’ valleys are quite
different. Therefore, although the K’ valley is not directly
excited by the laser, K'-exc can be driven by K-exc with

certain phase relation.

The results in Figs. 4(a”)—4(c”) show variation of pfy n

(solid lines) and pf_K (circles) as a function of Ay, for d =
30, 20, and 7 nm, respectively. The results show that for large
d one expects to get a negligible value for pf/_K [Fig. 4(a”)].

As d increases, pf,K (circles) starts to catch up with pfy n
[Fig. 4(b”)]. For d = 7 nm they become similar. These results
suggest coherent excitation of K’'-exc via plasmonic inter-
valley coupling. They also show how enhancement of the
normalized Rabi frequencies can lead to overall enhancement
of the population of K-exc and K’-exc. It is important to
emphasize that the population in the K’ valley (pff ) is the
result of intervalley quantum coherent transfer.

IV. EVOLUTION OF BLOCH VECTORS

To further analyze the exciton states in the K and K’ val-
leys, we study the evolution of the Bloch vectors associated
with these valleys as a function of A ;. For this, note that the
density matrix in the K’ valley [Eqgs. (7)—(9)] can be written as
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FIG. 5. Evolution of the Bloch vector associated with the K’ valley (r¥ "KY as a function of A, ford = 30 (a), 20 (b), and 7 nm (c). (a')—(c')

depict the dispersion of rX in the Bloch sphere, respectively.

follows:
KK _ ( cos?(%) e ®cos %)sin(%)) an
P N ei‘z’cos(%)sin(%) sinz(g) '
Here
(m[pX] e /
¢ = tan : <W§:Z’(] , B=cos ! (p(g(,dK - pf,lf) (12)

Considering these, the unit Bloch vector in the K’ valley is
given by r® X = (u, v, w), wherein

u= cos(¢)sin(f), v=sin(¢)sin(@), w=cos(d). (13)

For the corresponding unit Block vector associated with the K
valley (r*) we follow similar relations but using pX.

The results in Figs. 5(a)-5(c) show the evolution of rX X
as a function of A,. Figure 5(a) shows that with the variation
of Ay, the direction of XX does not change significantly.
This can be further seen in Fig. 5(a’), wherein we show this
vector in the Bloch sphere. Lack of dispersion of this vector
can be associated with the fact that the amount of coherently
transferred excitation to K’ is not significant for d = 30 nm
[Fig. 4(a”), circles]. For d = 20 nm, the situation is more or
less similar, except for A, close to zero, wherein we see a
ripple in the direction of rX"X [Fig. 5(b)]. This leads to some
limited amount of spread in the Bloch sphere [Fig. 5(b’)]. The
reason for the ripple can be found in the results for pf,K
shown in Fig. 4(b”), wherein we see a rise in the value of
this parameter around Ay, ~ 0. For d = 7nm, the situation
changes dramatically. Here we can clearly see strong variation
of rX"X with A, [Fig. 5(c)] and its significant dispersion in
the Bloch sphere [Fig. 5(c’)]. Note that these results show that
a quarter of the Bloch sphere, bounded by u = {—1, +1} and
w = {0, 1}, is the accessible region for r&" X,

The vectors seen in Fig. 5 are color coded based on the
values of the K’ valley polarization phase or ¢ [Eq. (12)]. This
plays an important role in distinguishing the unique features
of the K and K’ valleys. To explain this, in Fig. 6 we plot
variations of ¢ as a function of A, (circles) for the case of
Fig. 5(c), i.e., d = 7nm. Figure 6 also shows the projection
of the Bloch vectors seen in Fig. 5(c) on the plane defined by
the horizontal axes of this figure. The purpose of Fig. 6 is to
show the correlation between the color of each vector and with
the value of ¢ for different values of Aj,. The results of this
figure allow one to allocate certain phase information with the
Bloch vectors shown in Fig. 5. Positive ¢’s are indicated with
greenish colors, while negative ¢’s are indicated with bluish

-100 -50 0 50 100

A, (meV)

12(

FIG. 6. Projection of the Bloch vectors shown in Fig. 5(c) on the
plane defined by its horizontal axes. Circles show the values of ¢ as
a function of Aj,.
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FIG. 7. Close views of dispersion of r¥"¥ [(a), (c)] and r¥ [(b),
(d)] under the same conditions as Fig. 5 for d = 30 [(a), (b)] and
d = 20nm [(c), (d)].

colors. Large negative values lead to darker blue and large
positive values adopt pear color.

Figure 7 shows close views of the spread of rX and rX"X
for d =30 nm [Figs. 7(a) and 7(b)] and d = 20 nm [Figs. 7(2")
and 7(b")] as A, is varied. The results show that in the case of
K’ valley [Figs. 7(a) and 7(c)], the dispersion of rX"X seems
to be far less than the case of rX [Figs. 7(b) and 7(d)]. This
is simply the result of higher population excitation in the case

of K valley which increases the values of W. Additionally,
the spread of rX"X seems to more symmetric than that of
rX. This can be related to the fact that K’ valley polariza-
tion for A >0 meV is closely conjugate of polarization for
Ajp <0 meV. This feature happens much less in the case of
K valley. For the case of d = 7 nm, the distinctive features of
rXK and rX, as expected from Figs. 3(c) and 3(c’).

V. CONCLUSIONS

We studied state of polarization of excitons in K and K’
valleys in a system consisting of a WS, ML and a Ag mANT.
The results showed that when such a system interacts with
a laser field that selectively excites K valley (o polariza-
tion), the coherent intervalley exciton-plasmon coupling and
quantum coherence transfer can transform the K’ valley into
a conjugate system. In such a system, the real and imaginary
parts of the polarization behave as imaginary and real parts
of polarization in the K valley, respectively. We showed for-
mation GWI as the primary property of the K’ valley in the
absence of the standard requirement of coherent preparation.
The Bloch vectors associated with K and K’ valleys depict
different phase information.
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