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Effective Modes for a Strongly Coupled Quantum
Emitter-MoS, Nanodisk System

Zhao-Shi Deng, Ling-Yan Li, Chun-Lian You, Yu-Wei Lu

Abstract—We present an effective modes theory for studying
the strong light-matter interaction and better understanding the
non-Markovian dynamics of a quantum emitter (QE) coupled to
two-dimensional materials. Specifically, we investigate the spon-
taneous emission of a V-type QE in close proximity to a MoS,
nanodisk. The non-Markovian population dynamics is observed
and found linked to the initial states, indicating that the coupled
system enters the strong-coupling regime. The effective modes
analysis shows that though a dozen of resonant modes appear in
the photonic density of states, only a few modes have significant
contribution to the population dynamics. Our work demonstrates
the effective modes theory as a powerful tool to explore and optimize
the quantum states control of QE by two-dimensional materials.

Index Terms—Quantum optics, light-matter interaction, quan-
tum electrodynamics, nanodisk.

I. INTRODUCTION

OCALIZED surface plasmons supported by plasmonic
L nanostructures can dramatically alter the photonic density
of states and cause a significant enhancement of the light-matter
interaction [1], [2]. The enhanced light-matter interaction has
potential applications ranging from nanoscale coherent light
source [3], [4], biological nanoprobe [5], [6] to advanced quan-
tum technologies, such as ultrasensitive quantum sensing [7].
Therefore, a lot of experimental and theoretical research works
have been devoted to studying the strong coupling between the
quantum emitters (QEs) and various metallic nanoparticles [8],
[9], [10]. To achieve the strong coupling, QEs are often placed
near the structures since light is confined in the sub-wavelength
region around the metallic surface [11], [12], [13], [14], [15],
[16], [17]. Besides the metallic nanoparticles, two-dimensional
(2D) materials, such as graphene disk [18], [19], [20] and
molybdenum disulfide nanodisk (MoS2) [21], [22], [23], [24],
emerge as another promising platform for tuning light-matter
interactions into the strong-coupling regime with the advantages
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of in situ control and unprecedented degree of freedom [25],
and demonstrating the compelling applications like the infrared
photodetector [26] with extraordinary optoelectronic properties
and integrated neuromorphic hardware [27].

Recently, extensive theoretical works have also been done
to extend the cavity quantum electrodynamics (cQED) concept
to study the strongly coupled plasmon-QE hybrid system at
nanoscale, and demonstrated some interesting phenomena like
the quantum interference effect due to the anisotropic Purcell ef-
fect of 2D materials [28], [29], [30], [31]. However, to the best of
our knowledge, a simple and physically transparent picture of the
coherent energy exchange between the QE and the 2D materials
is still lacking, due to the broadband and non-Lorentzian Purcell
factor. The complicated optical response of 2D materials leads
to the failure in directly applying the cQED treatments into such
hybrid systems, since the 2D materials cannot be considered
as a conventional Lorentzian resonantor. The effective mode
theory describes the plasmon-QE interaction in the language of
cQED where the creation and annihilation operators no longer
have a continuous spectral dependence. Instead, the complicated
plasmonic response is reconstructed by a set of separated, lossy
field operator associated with the respective resonance peaks of
given structure. The connection between the effective modes and
the original quantization is well defined, so that all the required
parameters in the effective models can be easily obtained from
the Green’s tensor of the system [28], [29].

In this work, we study the population dynamics of a V-type
QE strongly coupled to a MoSs nanodisk by developing an ef-
fective multi-mode approach, which can precisely approximate
the complicated response of MoS, by a dozen of Lorentzian
cavity modes. Subsequently, the quantum dynamics of the hybrid
system is described by an effective model in full analogy with
multi-mode Jaynes—Cummings Hamiltonian. We show that our
method can successfully capture the non-Markovian dynamics
of strongly coupled QE-MoS; system.

II. THEORY

The quantum system we study is depicted in Fig. 1, which
consists of a V-type QE closely located to a MoSy nanodisk
with radius R. The origin of the coordinate system is chosen
at the center of nanodisk, and the plane of nanodisk lies in the
zy plane. A QE with two degenerate excited states |1), |2) and
one ground state |0) is located at distance z from the surface of
nanodisk. The transition frequency between the two degenerate
excited states and the ground state is characterized by wg, where
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Fig.1. Schematic of the hybrid system we study. The radius of MoS2 nanodisk
is R =30nm. A V-type QE with two degenerate excited states is placed at
rqg = (0,0, z). The transition frequency of two excited states of the V-tpe QE
is characterized by wo, the decay rate of two excited states of the V-type QE is
denoted as vg.

the energy of ground state |0) has been set to zero. The dipole
moment can be written as d;g = de_ and dyy = de,, where
er = (1/v/2)(e. + ie,) denotes the right- and left-rotating unit
vectors, and d is taken as a real number [32].

The Hamiltonian of the system is given by

400 . R
H=Y ﬁ(wo—%) a}i—i—/dr/ dwhwtl, (r) - £, (r)
0

i=1,2

i=1,2

+oo
|:(A7i0/ dwdi() . EI (I'd) + HC] s (1)
0

where the atomic operator 6;; = |i) (| with |i)(i = 1,2) being
the two excited states of QE located at r,. f'w is the bosonic
annihilation for the electric field of MoS> nanodisk, which is
represented by a continuum of harmonic oscillators. In (1), the
first term stands for the energy of the V-type QE and the decay
rate o of the two excited states. The second term refers to
the energy of vacuum electromagnetic field, and the last term
describes the QE-electromagnetic field interaction, where the

electric field operator B (r) is given by

B (r ):i,/h“z/dr/ Im [, (r')] Gy, (rg, ') £, (r')
W d <0 2 w w \td, w )
(2)

where &/ (r') denotes the complex dielectric function of MoSs
nanodisk. w is the angular frequency and c denotes the speed of
light in the vacuum. G, (r4, r') denotes the classical electromag-
netic Green’s tensor with frequency w at r; and a point source
located at r'. Taking into account the electrostatic approxima-
tion [20], the total Green’s tensor for the MoSs nanodisk is given
as GOry, ') = GO (rg, 1) + GI¥(ry, '), where G2 (r4,1’)
is the homogeneous part and GI"(r4, ') is the induced part
associated with the interaction between the QE and the MoS,
nanodisk.

For studying the spontaneous emission and considering the
one-excitation approximation, the wave function of our system
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at time ¢ can be written as

[(t)) = c1(t)e ™0 1; @) + ca(t)e 0" [2; )
—|—/dr/dwC (r,w,t) efi“’t\O;lr,w), 3)

where [n';a) = |n') ® |a), with |n')(n’ = 0, 1, 2) stands for the
quantum states of the QE, and |a)(a = &, 1,,) denotes the
photon states of the system. |1;&) (|2;2)) represents that
the QE is in the excited state |1) (]2)) and there is no photon
in the system, while |0; 1, ) indicates that the QE has returned
to the ground state and there is one photon in the system with
energy hw. The elementary excitation of the light field is defined
through the action of the bosonic vector field operator on the
vacuum state £ (r)|@) = [1,.).

A. Induced Electrostatic Green’s Tensor

In the following, we develop the effective modes theory based
on Green’s function to describe the hybrid system. We first give
the calculation method of Green’s function. In our model, the
QE is located at the center of the MoSs nanodisk, rqy = (0,0, z),
thus the induced part of the Green’s tensor is given by [21], [33]

00 2n+2
. - VTR 12/ R
G" (rara) = —553 ZC; (z,w) | \/(Z/R)2+1]
n=0

b

“)

)

: g [VG/RP+1-2/8]""
> ch (zw) >
V(z/R)*+1

&)

where the minus (plus) sign applies to z >0 (z <0) in
(5). The ¢l (z,w) (I =0,1) represents the expansion coef-
ficients with [ =0 and [ =1 denoting the dipole moment
of the QE are along z- and x-orientations, respectively. In
fact, the expansion coefficients c!,(z,w) form a vector ¢! =
(c(z,w),ch(z,w), ..., e (z,w))T satisfying the solution of the
matrix equation which can be expressed as [19]

wo(w)
[ (WK —w?G] ! = i D'd’, (6)
where Q3(w) = —iwowmos, (w) /260 R with oyos, (w) given in

(12). The matrices D!, G* and K' have the form:

Oghk

K] ?
al 0g00k0 | 1 1 5
*TRI(I+1)2 8 (1+29+3)(1+2¢+2)(I+2¢+1) "
. ! 5
4(0+2¢+2) (I +2¢+ 1) +2¢)
1 : 5
8(I+2k+3)(l+ 2k +2)(I + 2k + 1) ©*FD
3)
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(_1)k7q+1
w4k —q)? =1 ({+k+q+1/2)({+ k+q+3/2)
)
whereq,k =1,2,3... forl =0andq,k =0,1,2... forl = 1.

Then, d%« are the components of the vector d!,which are given
by

L _
qu—

1 1 ! (1,0) 9 r3
dk:(2k+2)ﬁ drP " (1 —2r?) 372
0 |2+ (z/R)’]
(10)
1
49 = 2(2k + 1)%/ dr P (1—2r%) - —o
’ 1242/ R)’]
(11)

where P,il’o) is the Jacobi polynomials.

B. MoSs Conductivity

From 2 (w), it can be seen that in order to obtain the Green’s
function we need to acquire the MoSs conductivity. The optical
response of the MoS» nanodisk is described through its surface
conductivity, called onos, . Taking into account the interaction
of light with the lowest energy A and B excitons [34], the MoS,
nanodisk surface conductivity is given by [22]

dagcv?

OMoS, = (12)

—1
TaZ,w k:ZAB Ej — hw — ihy
where «y is the fine structure constant; a., = 0.8 nm stands for
the exciton Bohr radius. iy4 and hyp are the damping param-
eters with hyqa = 0.5 meV and hyp = 1.1 meV; E4 = 1.9eV
and Fp = 2.1 eV are the exciton energies. Also, v stands for a

velocity parameter, and we use v = 0.55 nm/fs [35], [36].

C. Localized Exciton Mode Quantization and Effective Model

The photonic density of states of MoSs nanodisk presents
multi-resonance [34] as Fig. 2 shows. Accordingly, we propose
an effective multi-mode model to study the quantum dynamics
of strong light-matter interaction between the QE and the MoS
nanodisk [37], [38]. The coupled QE-MoS, nanodisk system
can be described as a V-type QE coupled to NV localized exciton
(LE) modes supported by the MoS» nanodisk [23] with different
coupling strength, while there is no interaction between the LE
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Fig.2. Comparison of the exact and the fitting photonic density of states r(w)
fora V-type QE located 2 nm away from a MoS» nanodisk of radius R = 30 nm.
Each coupling parameter g,, (w) is also plotted. (a) The multi-Lorentzian model
used for fitting covers all the LE,, mode for u;f) = 1. The vertical black and
dashed lines correspond to the QE wg = 1.94892¢eV for ,ug? = 1. (b) Same
as (a) but for ug{) = —1, The vertical black and dashed lines correspond to the
QE with wy = 1.92128 eV for 7 = —1.

is the raising operator of excited state |2), with the transition
electric dipole moments dyg. 7 is compact index notation,
which can be interpreted as a spatial coordinate under a column
coordinate system description. ZA)S) and 5%2) are the two new
bosonic field operators of LE; mode (n-th LE mode) of MoS»
nanodisk, as a function of the coupling between the field and
excited states |1), |2) of the V-type QE, respectively [39]. w5 and
~s are the corresponding resonance frequency and decay rate,
respectively. gﬁj 9 (j = 1,254 = 1, 2) is the coupling strength for
the interaction between the excited state |¢) of QE and the electric
(59)

modes. Therefore, the effective Hamiltonian of hybrid system field of LE7 mode. The specific expressions of g™ are given

takes the same form as multi-mode Jaynes—Cummings model, by
which is given in (13), shown at the bottom of this page. (11 (1) 14
The [75_1) = |1)(0] is the raising operator of excited state |1), gn = =9n (4
with the transition electric dipole moments dg. &5_2) = [2)(0] g%”) = g}) g,%z), (15)

Ha=h (wo - z%) (611 + Ga2) + ; h (wﬁ — [?) ([,7(31)%5%1) + 13%2”13%2))
—iny (gg”i)g)&(j) A Ay [ O Py (O P D H.c.) . (13)
n
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2
0% = 1= [u] 9, (16)
3 =0, (17
where g( ) and g( ) are the coupling strength for the interaction

between the excited states |1), |2) of the QE and the electric field
of LE; mode when the excited states |1), |2) are assumed to
exist individually, respectively. ug{)
and is given by

stands for the mode overlap

usy = (—1) (18)

For nanodisk structures, the plasmon eigenmodes can be clas-
sified by angular momentum / and contain a subset of radial
indexes n to describe the various types of modes in radial
constraints [40], which we can obtain 72 = (I, n). For the hybrid
systems studied in this paper, the mode overlap takes a value
of either ,uél) =1or u(n) —1, corresponding to when the
angular momentum is / = 0 or [ = 1 in our model, respectively.
Now, we can take n instead of the compact index n under the
condition that ug—{) =1lor ug? =—1.

Therefore, we can express the effective multi-mode Hamilto-
nian ((13)) in the matrix form in the basis { |1, @), |g, 11), .. .,
9. 1), |2, ) }281, [37]

He =
. 1 1 1
—i % e g ay 0
g’ Li—ip 0 0 P
s N : g§2> :
. . . . 0
e 02 o2 A —2“7” g§3>
0 g & 9% —i%
(19)

where A\,, = w, — wy is the detuning between the LE,, mode
and the QE.

III. RESULTS AND DISCUSSION

In this section, we discuss the population dynamics of the
coupled system. We first find and determine all the frequencies of
plasmonic resonance in MoSs nanodisks. Then we use a multi-
Lorentzian model to derive the coupling strength g,, for each
LE,, mode. Finally, we present the results for the excited states
of the V-type QE and partial LE,, modes for two initial states
and various transition frequency.

The MoSs, nanodisk supports LE modes at the resonance
frequencies w!, obtained by numerically solving the equation

wh) Jwh, = 2ieg R/},

where ¢! denotes the disk geometry eigenmodes which corre-
spond to the plasmon resonances in individual 2D nanodisk [19],
[41]. The ¢! is obtained numerically by solving the equation

OMos; ( (20)
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TABLE I
PARAMETERS OF MULTI-LORENTZIAN MODEL

u(a) _ “<ﬁ) -1

21 21
n ,(eV) gn(eV) T (eV) w, (eV) gn(eV) Ta(eV)
1 1.93017  0.00678  0.000499 191119  0.001542  0.000477
2 1.94758  0.01176  0.000532 1.93914  0.006956  0.000515
3 1.95885  0.01387  0.000566 1.95353  0.009204  0.000550
4 1.96648  0.01419  0.000594 1.96289  0.010126  0.000582
5 1.97187  0.01350  0.000614 1.96933  0.009865  0.000607
6 1.97585 0.01226  0.000627 1.97396  0.009231 0.000627
7 1.97887  0.01075  0.000631 1.97743  0.008235  0.000638
8 1.98125  0.00896  0.000617 1.98011 0.007210  0.000646
9 1.98316  0.00669  0.000564 1.98244  0.005897  0.000621
10 198472  0.00316  0.000327 1.98397  0.004578  0.000608
11 1.98602  0.01728  0.003245 1.98539  0.001958  0.000148
12 1.98659  0.011246  0.002991

which is give by

el = ¢l Glel . Q1)

To determine the coupling strength g,, for each LE,, mode,
we introduce a multi-Lorentzian model for the photonic density
of states [30]

w) =Y lgn(w)”

w2

= Tl ——d - Im[G (rq,rq,w)] - d,

(22)

7= % is the coupling parameter. w,,

can be obtained from the (20) depending on the vaule of ugl).

According to the dipole moment of the V-type QE and the (22),
it can be seen that g,(ll) is equal to gg). Thus, we can evaluate

the values of coupling strength and decay rate through d = dg.
The mode overlap takes the value as ,u( "= 1 corresponding
to Y, |gn(w)|* = de Im[G¥" (rg,rq)] - dby, and the
mode overlap takes the value as ugl) = 1 corresponding to
S 19 ()2 = 5z oo - Im[GE (ra,a)] - do.

We consider a dlpole moment of d =24D of the V-type
QE placed at rqg = (0,0,2nm) from the MoS, nanodisk with
radius R = 30 nm, and then we can obtain the parameters of the
multi-Lorentzian model by simple curve fitting. The obtained
parameters are listed in Tabel 1, the fitting results are presented
in Fig. 2.

Finally, we discuss the population dynamics for the excited
states of the V-type QE and partial LE,, modes. In the following
study, we consider that the QE excited states have a decay rate
of 79 = 0.05 meV [21]. For the effective Hamiltonian (19), we
define the right and left eigenvectors |TI% ) and [TIZ ), respec-
tively, with Heg [IT2) = A, [IT2) and HI |TIL) = A7, |TIL).
The eigenvectors satisfy the relation (IIL |I1Z) = §,,,. The
eigenvectors can be written as [42]

where ¢, (w) =

N
5 = mo|1)|2) + > malg)|1n) + me2(2)|@),  (23)
n=1
N
) = —m[1)]2) + > malg)|1n) — mis[2)|@), (24)
n=1
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The population dynamics of the excited states of QE and the partial LE,, modes with high population. (a) ,LL(n) =1, wp = 1.94892 eV, with the initial

VIIe) +/Z12)12). © ul) =

—1, wg = 1.92128 €V, with the initial state

[1bese(0)) = |1)]@). (d) Same as (c) while the initial state is |te(0)) = \/;1 )@) + \/;|2)|Z). The inset shows the same dynamics as the main panel but for
t <0.5 ps. In all figures, the QE with decay rate yg = 0.05meV is located 2 nm away from a MoS»> nanodisk of radius R = 30 nm.

where the expansion coefficients mg, m,(n=1,2,...,N)
and m2 are the values of the elements of the normalized eigen-
vector |I1Z) in the basis {|1,9), g, 11),..., |9, 1n), |2, 2)}7T,
which are also called the Hopfield coefficients [43], [44]. Ac-
cordingly, the wavefunction of at time ¢ is written as

N
Cea()|1)|2) +Ce2(1)12)|2) + Y Cu(t)

n=1

|ttt (t)) = 9)|1n)

N+-2

Z TIm IHv{Deiikmt'
m=1

The estimation of the coefficient 7,, depends on the ini-
tial state of the system. We consider two initial states,
[tbesr(0)) = |1)|@) for QE excited state |1) and the superposi-

tion state |tegr(0)) = \/g|1>|®> + \/g|2>|®> For the former
case, the coefficient n,,, is expressed as 7, = (IIL, | ¥err (0)) =
—mgy, and the wavefunction is written as |ier(t)) =
ZNH N | TLE Y= #mt = Zﬁj —moy |TIE )e~#mt The time
evolution of the excited state |1) and |2) are given

by [Cer(t)? = | (1, @[tee(t)) |* = | SN 12 mZ e !> and

Cea()]? = | (2, 8[dbesr(1)) 2 = | 2T mormoae ™12, re
spectively. On the other hand, the population of nth

(25)

LE mode is expressed as |C,(t)]? = (0, 1,|ter(t)) |> =

| Zﬁj mo1mye~*mt|2, where A,, denotes the eigenvalue of

the effective Hamiltonian, which is given by
A = Wm — i’y—m,

5 (26)

where we takem = 1,..., N 4 2 for LE modes N = 11 and 2.

While for the «case of superposition state as
the initial state, we obtain the coefficient 7, =
(TI5, | esr (0 \/> M1 — f moz, and the wavefunction

is expreesed as  |er(t)) = N2y JIIE Yemitmt —

N+2 ( mel — \/;mog) |HR> M’”t ‘We
obtaln the time evolution of the excited states |1) and
2) as [Ca(D) =1 (1 2ldur(t)) > = 31 XLl (mor +
moz)more”*m 2 and  [Cea(t)* = | (2, @[t (1)) |* =
%|Zﬁ+f(mo1 + M2 )moze”?mt|2, respectively. While the
population of LE,, modes is |C,,(t)|* = | (0, 1,,|[vee(t)) |* =
1 ZN+2(m01 + mog)mye” *mt|2,

In Fig. 3, we present the population dynamics of a V-type
QE and LE with transition frequency wy = 1.94892eV|[21].
The population evolution of |Cey(t)|?, |Ce2(t)|? and partial
LE,, modes for initial state |¢er(0)) = |1)|@) are shown in

can
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Fig. 3(a) for time ¢ < 3 ps.The population dynamics exhibits
evident oscillation, a strong characteristic of non-Markovian
dynamics. It can be seen that the population of the initial state
[1efr(0)) = |1)|@) decays rapidly within about 50 fs. Specif-
ically, we observe that the oscillation of population transfers
between the excited states |1) and |2), indicating that the V-type
QE couples to LE,, modes supported by the MoSs nanodisk.
The excited states population of the V-type QE decays to about
20% of its initial value within the first 3 ps and remains a
period of time. Furthermore, we find that the LE,, LE, and
LE;; modes primarily govern the population transfer between
the states of the QE and the nanodisk. The inset in Fig. 3(a)
shows that the effective mode have the same oscillation period
as the excited state population of the QE. We thus observe the
multiple channels energy transfer process. The energy transfer
direction are from initial state |1) to effective modes (LE5, LE3,
LE4, LE5 and LEq;), and then from LE effective modes to QE
states |1) and |2).

In Fig. 3(b), the time evolution of |Ce1(t)|?, |Ce2(t)|?, and

|
partial LE,, modes with initial state |¢e(0)) = \/g 11)|2) +

\/g |2)|@) are shown during the first 3 ps. It can be seen that

the evolution of |Cy(¢)|? is equal to |Cea(t)|? at any time.
We note that the population of the V-type QE states |1) and
|2) decays totally within about 3 ps. Moreover, we observe
that the energy transfer between the QE and nanodisk mainly
occurs in the LEs, LE3, LE4, LE;s and LE;; modes. Com-
pared to Fig. 3(a), there are more effective modes taking the
lead in the energy transfer process. Under with initial state

[er(0)) = /3 1)12) +
of the QE and effective modes exhibits the characteristic of
higher-frequency oscillation. In addition, the channel of the
energy transfer is either from the two upper states of the QE to
effective modes or the reversible process as shown in the inset of
Fig. 3(b).

Lastly, we consider the case of the V-type QE with transition
frequency wy = 1.92128 eV[21]. The population dynamics of
a V-type QE and LE is presented in Fig. 3(c) and (d). Under
these conditions, we obtain N = 12 from (22) and numerically
time evolution |Ce1 (¢)|2, |Cea(t)|? and |C), (¢)]2. InFig. 3(c), we
show the population evolution |Cey (¢)|?, |Cea(t)|?, and partial
LE,, modes with initial state |1e(0)) = |1)|@) during the first
3 ps. The strong non-Markovian character can be observed in
the inset of Fig. 3(c). We find that the oscillation of population
transfer between states |1) and |2) decreases over time. The
result indicates that the V-type QE interacts with the nth mode.
The excited states population of the V-type QE decays to about
30% of its initial value within the first 3 ps. Furthermore, we
notice that the energy transfer between the QE and nanodisk
mainly occurs in the LE; and LE;2 modes. Compared to Fig.
3(a), we find that the effective modes (LE3, LE4, LE{5) have
a lower amplitude and oscillation frequency, which leads to a
smooth change of population during the dynamics of QE at early
stage. In addition, the population dynamics of QE exhibits the
small oscillation and longer oscillation period during the first
0.5 ps due to the relatively weak coupling to the effective modes.

\/g |2)|2), the population dynamics

IEEE PHOTONICS JOURNAL, VOL. 15, NO. 1, FEBRUARY 2023

In Fig. 3(d), we present the time evolution of |Cey(t)|%,
|Ce2(t)|?, and partial LE,, modes with initial state [t)(0)) =

\/g|1>\®> + \/g|2)|®> during the first 3 ps. We also notice
the non-Markovian characteristic in the population dynamics of
the V-type QE. We note that the population of the V-type QE
states |1) and |2) decays rapidly with high-frequency oscillation
and completely decreases within about 7 ps (not shown here).
Moreover, we notice that the energy transfer between the QE
and the nanodisk mainly occurs in the LE3, LE; and LE;o
modes. In contrast to the results shown in Fig. 3(c), the effective
modes (LE3, LE4 and LE;5) have higher frequency and larger
oscillation amplitude, leading to a more rapid decay of QE within
the first 3 ps. Furthermore, during the first 3 ps, the QE decay
presented in Fig. 3(b) is more drastic compared to Fig. 3(d). The
reason is that both the number and oscillation strength involved
in the energy transfer from the effective modes to the QE are
larger.

IV. CONCLUSION

In conclusion, we study the population dynamics of a QE
near a MoS, nanodisk with different initial states based on the
proposed effective multi-mode model. An effective Hamiltonian
for the hybrid system is derived from our model, which is in the
same form as the multi-mode Jaynes—Cummings model, and
thus corresponding to the conventional cQED description. By
quantifying the photonic density of states of MoS, nanodisk
through a multi-Lorentzian model, we can determine the pa-
rameters of the effective Hamiltonian to investigate the quantum
dynamics of the system in the manner of cQED. We find that
oscillatory population dynamics between the two excited states
of the V-type QE, which clearly exhibits the non-Markovian
feature. We also find that the energy transfer between the V-type
QE and the LE,, modes associated with different initial states.
For spontaneous emission process with OE initially in one of the
excited state, the resultant decay of QE population is observably
slower than that of QE initially in the superposition state since
the latter case involves more effective modes that contribute to
the coupling of QE to MoS, nanodisk and these effective modes
have higher frequency and greater oscillation. We believe that
the proposed effective multi-mode model can provide insight
into the strong light-matter interaction between the QE and the
2D materials and is helpful to develop the advanced quantum
technologies.
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