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In this paper, starting from a quantum master equation, we discuss the interaction between two
negatively charged Nitrogen-vacancy color centers in diamond via exciton-polaritons propagating
in a two-dimensional transition metal dichalcogenide layer in close proximity to a diamond crys-
tal. We focus on the optical 1.945 eV transition and model the Nitrogen-vacancy color centers as
two-level (artificial) atoms. We find that the interaction parameters and the energy levels renor-
malization constants are extremely sensitive to the distance of the Nitrogen-vacancy centers to the
transition metal dichalcogenide layer. Analytical expressions are obtained for the spectrum of the
exciton-polaritons and for the damping constants entering the Lindblad equation. The conditions
for occurrence of exciton mediated superradiance are discussed.

I. INTRODUCTION

Nitrogen-vacancy color centers (NV-centers) are fasci-
nating artificial atoms in diamond, with electronic tran-
sitions in the visible spectral range[1–3]. Nowadays they
can be implanted with atomic precision in nano-diamond-
layers as thin as 5 nm [4]. One type of NV-centers in
diamond is the charged neutral NV0 one [5, 6]. There is,
however, the possibility of producing negatively charged
NV-centers both chemically [5–7] or, more interestingly,
using an external gate [8]. This latter possibility brings
extra tunability to the charge control of these structures.
The NV-center shows an electron paramagnetic ground
state and an optically excited state. The energy ground
state of the charged NV-center forms a spin triplet (due
to two electrons sitting on the vacancy) which due to
spin-spin interaction is split into two energy levels sepa-
rated by ∆gs = 2.87 GHz [2] (see bottom panel of Fig.
1). The exploration of these energy levels for quantum
optics [9] and for quantum computation has already been
considered [10]. In addition to these low energy levels,
there is a high-energy state (energy difference of 1.945
eV; see Fig. 1) which is at the origin of the pinkish color
in diamonds [1]. Negatively charged NV-centers also ac-
quire an electric dipole moment [1]. This has its origin
on the localized nature of the electronic wave-function.
The negatively charged NV-centers, coupled electrically,
can act as interacting quantum bits (qubits) useful in
quantum computation [11].

Among the many applications of NV-centers we un-
derline their high sensing capability of extremely weak
magnetic fields with high spatial resolution [2, 12], their
application in quantum computation [11, 13, 14] and in
quantum nanophotonics [15], and, more recently, their
use as a microscopy tool for characterizing field effect
transistors made of two-dimensional materials [8] as well
as in superconducting materials [16]. Applications to
metrology have also been demonstrated [17].

It is well known that quantum emitters can interact

with each other via electromagnetic radiation [18]. When
in the presence of a metallic surface capable of support-
ing surface-plasmon-polaritons (SPPs), the interaction
between atoms, via this special type of electromagnetic
mode, can be tuned by changing the distance and relative
orientation of the electric dipole moment of the atoms
[19, 20], and, more importantly, changing the thickness of
metallic film in the vicinity of the diamond layer [21–23].
Indeed, we can even take the limit of vanishing thickness
of the metallic layer using doped graphene as the plas-
monic material in the proximity of the diamond layer.
Graphene supports SPPs in the mid-IR which can medi-
ate interactions between neighboring atoms (or artificial
atoms for the same matter) [24]. Surface plasmons polari-
tons are not the only existing kind of polaritonic surface
waves. Other types of this kind of waves are phonon-
polaritons, propagating at the surface of polar dielectric
materials, such as hexagonal boron nitride [25] or silicon
oxide [26].

Recently, a new kind of surface polariton has been pro-
posed in Ref. [27]: exciton-polaritons supported, at low
temperatures, by two-dimensional semiconducting tran-
sition metal dichalcogenides (TMDs) - MX2 with M =
Mo, W and X = S, Se, Te. These polaritons, as in the
case of SPPs, form when the real-part of the dielectric
function is negative. This happens in a small energy
window occurring close to the bare exciton energy, in the
visible spectral range. The energy levels of negatively
charged NV-centers can also occur in the same spectral
range (they are color centers). Therefore, it is conceivable
that two negatively charged NV-centers, when positioned
in close proximity to a two-dimensional layer of a TMD,
can strongly interact via exciton-polaritons. In addition
to the aforementioned interaction, the energy levels of
the NV-centers are also renormalized by the interaction
mediated by the polaritons.

:::::
Also,

::::::::
spin-spin

:::::::::::
interactions

::::::
among

:::::::
distant

:::::::::::
NV-centers

:::::
may

::::
also

::::
be

:::::::::
mediated

:::
by

::::::::::::::::
exciton-polaritons

:::
[28]

:
.

In this work, we will derive a quantum master equa-
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Figure 1. System considered in this paper: Two NV-centers
each carrying an electric dipole moment µj (arrows), associ-
ated with the optical transition of 1.945 eV, are embedded in
a diamond slab with a dielectric constant ε1. The slab is on
top of a single layer of a TMD, and the whole system is on
top of a dielectric with dielectric function ε2 (the value of ε2
allows the tuning of the exciton frequency). Each NV-center
is at a distance zi from the TMD layer and is separated from
one another by a distance ρ. On the right panel we depicted
the crystal structure of diamond carrying a NV-center: ni-
trogen (orange) and vacancy (pink). In the bottom panel,
the energy diagram of a NV-center is depicted together with
the different mechanisms leading to the energy-levels spiting
(adapted from Ref. [9]). The transition we will be considering
is the optical transition of 1.945 eV.

tion, also termed optical Lindblad equation in the con-
text of quantum optics [29, 30], to study the physics
of NV-centers coupled to TMD exciton-polaritons. The
coupling to exciton-polaritons generates couplings be-
tween the different NV-centers, renormalization of NV-
centers energy transitions and also open collective de-
cay paths.The structure of the paper is the following: In
Sec. II, we present the model Hamiltonian used to de-
scribe the coupled NV-center/exciton-polariton, as well
as the quantum master equation that governs the NV-
centers, and express the NV-centers transition energy
shifts, exction-polation mediated couplings and dissipa-
tors in terms of exciton-polariton Green’s functions. In
Sec. III, we discuss how these different parameters de-
pend on the separation between the NV-centers and on
their dipole orientations. We also analyze the possibil-
ity of observing superradiance mediated by the exciton-
polaritons. In Sec V, we summarize the main conclusions
of the work. An appendix with some derivation calcula-
tion details is present at the end of manuscript.

II. MODEL

We consider that a TMD monolayer, supporting
exciton-polaritons, is located at the z = 0 plane. The
optical conductivity of the two-dimensional TMD is de-
noted by σ(ω). The NV-centers are above the TMD
layer, z > 0. We describe the NV-centers as two-level
systems embedded in a dielectric medium with constant
ε1, for which we take the dielectric constant of diamond.
The two NV-centers are located at positions ri, with the
index i = 1, 2 labeling the NV-center. The TMD has
underneath, z < 0, a different dielectric medium, with
dielectric constant ε2, which we take as vacuum. The
system is depicted in Fig. 1.

A. Hamiltonian

We model the coupled system of TMD exciton-
polartions and NV-centers with the modified version of
the Dicke model where the NV-center two-level systems
are coupled to a multimode boson field, the exciton-
polarion field [31–34]. Explicitly we have the Hamilto-
nian

H = HNV +Hex-p +Hint, (1)

where HNV, Hex-p, and Hint are, respectively, the Hamil-
tonian for the NV-centers, TMD exciton-polaritons, and
NV-centers/exciton-polariton interaction. We model the
NV-centers as two-level systems, such that HNV reads:

HNV =

2∑
i=1

1

2
~ω0σ

z
i , (2)

with ~ω0 the energy difference between the two energy
levels of the NV-centers, σzi the z Pauli matrix, writ-
ten in the basis {|e〉i , |g〉i}, where e and g refer, respec-
tively, to the excited and ground state of NV-center i.
The TMD exciton-polaritons are modeled as independent
bosons governed by:

Hex-p =
∑
q

~ωqa
†
qaq, (3)

where ~ωq corresponds to the energy dispersion relation
of the exciton-polaritons with momentum q, whose ana-
lytical expression will be given later, and a†q (aq) cor-
responds to the creation (annihilation) of an exciton-
polariton of momentum q. Finally, the interaction be-
tween exciton-polartions and NV-centers is modeled in
the dipole coupling approximation and reads:

Hint =

2∑
i=1

Eex-p(ri) ·
(
µiσ

−
i + µ∗i σ

+
i

)
, (4)

where µi the electric dipole moment (associated with the
optical transition and whose absolute maximum value is
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about 1.5 D, as measured from the Stark shift [35, 36]; see
also [37]) of the NV-center i, and σ±i are raising/lowering
operators, represented in the {|e〉i , |g〉i} basis as

σ+
i =

(
0 1
0 0

)
, σ−i =

(
0 0
1 0

)
, (5)

Eex-p(r) is the exciton-polariton eletric field operator,
which is written as

Eex-p(r) =
∑
q

(
Eq,ex-p(r)aq + E∗q,ex-p(r)a†q

)
, (6)

with Eq,ex-p(r) the exciton-polariton electric field mode
function. Following [38], the exciton-polariton mode
function for the considered structure is given by [38, 39]:

Eq,ex-p(r) = i

√
~ωq

2Aε0Nq
eiq·x

·


(
iqq −

q
κ1,q

ẑ
)
e−κ1,qz, z > 0(

iqq + q
κ2,q

ẑ
)
eκ2,qz, z < 0

, (7)

where r = (x, z), with x an in-plane two dimensional
vector, A is the area of the system, ε0 is the electric per-
mittivity of vacuum, κn,q is an out of plane momentum
defined as:

κn,q =
√
q2 − ω2

qεn/c
2, (8)

with c the speed of light and εn the dielectric constant of
the medium; Nq is a mode length, that originates from
the normalization of the mode in a dispersive medium.
Its exact form is provided in Appendix B.

B. Exciton-polariton dispersion relation

We will now specify the dispersion relation of the
exciton-polaritons. This depends on the optical prop-
erties of a monalayer semiconducting TMD, which are
described in terms of its optical conductivity, σ(ω). The
optical conductivity is related to the susceptibility, χ(ω),
via the relation [40]

σ(ω) = −idωε0χ(ω). (9)

where d is the monolayer thickness and ε0 is the vacuum
permittivity. At low temperatures and for frequencies
close to the exciton, the susceptibility is accurately mod-
eled by the formula [27]:

χ(ω) = χbg − fex
ω2

ex

ω2 − ω2
ex + iω

(
γnr
2 + γd

) , (10)

where ωex is the exciton’s energy, fex is the exciton os-
cillator strength, which describes the coupling of the ex-
citon to the electric field, γnr and γd are, respectively,

the non-radiative and dephasing decay rates, and χbg is
a background contribution to the susceptibility (which
takes into account higher energy transitions). Notice
that all this parameters are device dependent. In Ta-
ble I, we report typical values which we will use here-
inafter. For positive frequencies close to ωex and weak
losses (γnr, γd � ωex) the susceptibility is generally ap-
proximated by

χ(ω) ' χbg −
1

2
fex

ωex

ω − ωex + i
(
γnr
2 + γd

) . (11)

For the considered structure, Fig. 1, the condition that
determines the exciton-polariton energy dispersion is [43,
44]:

ε1
κ1,q

+
ε2
κ2,q

+ i
σ(ω)

ε0ω
= 0, (12)

where, once again, ε1 and ε2 the media above and below
the TMD layer, respectively, and σ(ω) is the optical con-
ductivity of the TMD. Inserting Eq. (9) into Eq. (12),
one clearly sees that a solution for the exciton-polariton
dispersion is only possible when the real part of the sus-
ceptibility is negative. Considering the parameters given
in Table I, we obtain the susceptibility depicted in Fig. 2.
The energy window where exciton-polaritons may be ex-
cited, for the chosen parameters, is 1.940 eV up to 1.965
eV. Within this energy range the polaritons will present
an energy dispersion relation defined implicitly by Eq.
(12). When the media above and below the TMD are
the same it is possible to obtain an exact analytical solu-
tion for the energy dispersion. However, when they are
not, the problem can only be solved exactly numerically.
If we consider κ1,q ' κ2,q ' q, that is, if we consider the
polariton’s momentum to be much bigger than that of a
photon with the same energy, a condition easily fulfilled,
an approximate analytical solution for q(ω) can be found:

q(ω)≈ −ε1 + ε2
dχ(ω)

(13)

In Fig. 2 we present the exciton-polariton spectrum ob-
tained with this expression. We observe that the spec-
trum is only defined in the small spectral window where
the real part of the susceptibility is negative. We further
note that although the spectrum is defined over a small
range of energies, it covers a wide range of momenta.
From the comparison of the polariton spectrum with the
light-line, we observe that the polariton momentum is
significantly larger than that of a photon with the same
energy, justifying the approximation made in Eq. (13).

III. LINDBLAD EQUATION

In this section we will determine the Linblad equation
for the NV-centers and express the different terms that
enter it in terms of exciton-polariton Green’s function.
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~ω0 (eV) µ (D) ~ωex (eV) fex γnr (meV) γd (meV) d (nm) χbg

1.945 1.5 1.94 0.39 1.99 0.04 0.65 15

Table I. Parameters used throughout this work. The energy ~ω0 corresponds to the energy difference between the NV-center
levels (Ref. [35]). The parameter µ (Ref. [35]) corresponds to the magnitude of the electric dipole moment (which we consider
to be the same for both dipoles). ~ωex corresponds to a typical energy of the A-exciton energy in a TMD (Ref. [41] reports a
similar value for WS2 on SiO2 for a temperature of T = 4 K). d is the effective thickness of a monolayer TMD (Ref. [42]). The
parameter χbg corresponds to the background contribution to the susceptibility, that we considered as a free parameter whose
value was chosen in order to observe the desired phenomena. The values for the oscillator strength, fex, the non-radiative decay
rate, γnr, and dephasing rate , γd, refer to WS2 and were taken from [27], for a temperature of T = 4 K.

1.92 1.94 1.96
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1
Figure 2. (Left) Real and imaginary parts of the suscep-
tibility according to Eq. (10). We observe a resonance at
the exciton energy ωex = 1.94 eV. The real part of the sus-
ceptibility is negative in a small interval from approximately
1.940 eV up to 1.965 eV (shaded region). Only in this spectral
region does the monolayer TMD support exciton-polaritons.
(Right) Exciton-polariton dispersion relation ωq using the ap-
proximate expression given in Eq. (13) and the susceptibility
presented in the left panel. The spectrum is only finite in
the energy window where Reχ is negative. The polariton’s
momentum is much bigger than that of a photon for a given
energy, which agrees with the argument used prior to Eq.
(13). The parameters of Table I were used.

Tracing out the exciton-polariton degrees of freedom,
we obtain the Lindblad equation for the reduced density
matrix for the NV-centers in the Schrödinger picture (de-
tails of the derivation are provided in Appendix (A)):

ρ̇(t) = − i
~

∑
i

1

2
(~ω0 + ∆i)σ

z
i +

∑
i 6=j

gijσ
+
i σ
−
j , ρ(t)


+

1

~
∑
i,j

γij

(
σ−j ρ(t)σ+

i −
1

2

{
σ+
i σ
−
j , ρ(t)

})

+
1

~
∑
i,j

γ̃ij

(
σ+
j ρ(t)σ−i −

1

2

{
σ−i σ

+
j , ρ(t)

})
. (14)

In the above equation ∆i is the so called Lamb shift,
representing the correction to the transition energy of
the NV-centers, gij are couplings between the NV-centers
mediated by the exciton-polaritons, γij and γ̃ij are dis-
sipation coefficients. For a bath in thermal equilibrium

and using the quantum fluctuation-dissipation theorem
it is possible to express all these quantities in terms of
the Green’s functions of the exciton-polaritons. The elec-
tric field retarded/advanced Green’s function for exciton-
polaritons is defined as

D
R/A
αβ (t; ri, rj) = ∓ i

~
Θ (±t)

〈[
Eαex-p(t, ri), E

β
ex-p(0, rj)

]〉
R
.

(15)
where 〈...〉R represents the quantum thermodynamic av-
erage over the isolated reservoir degrees of freedom of
the bath, and greek indices run over spatial coordinates.
Making a Fourier transform in time, DR/A

αβ (ω; ri, rj) =∫
dteiωtD

R/A
αβ (t; ri, rj), we obtain

D
R/A
αβ (ω; ri, rj) =

∑
q

2ωq

~
Eαq,ex-p(ri)

(
Eβq,ex-p(rj)

)∗
(ω ± i0+)

2 − ω2
q

.

(16)
The above expression assumes that exciton-polaritons
have an infinite lifetime. This is a good approximation
at low temperatures, when losses due to coupling of ex-
citons to phonons are very small [45]. Elastic scattering
due to impurities is also small (in Sec. V we discuss the
role of disorder in more detail). In terms of these Green’s
functions, the different coefficients in Eq. (14) are given
by

∆i = P
∫
dν

2π
[1 + 2b(ν)]

µ∗i,αAαβ (ν; ri, ri)µi,β

ω0 − ν
, (17)

gij = µ∗i,αDαβ(ω0; ri, rj)µj,β , (18)

γij = [1 + b(ω0)]µ∗i,αAαβ (ω0; ri, rj)µj,β , (19)

γ̃ij = b(ω0)µ∗j,αAαβ(ω0; rj , ri)µi,β , (20)

where repeated greek indices are summed over, P
∫

de-
notes the Cauchy principal value of the integral, and

Aαβ (ω; ri, rj) = i
[
DR
αβ(ω; ri, rj)−DA

αβ(ω; ri, rj)
]
(21)

is the electric field exciton-polariton spectral function,
and

Dαβ(ω; ri, rj) =
1

2

[
DR
αβ(ω; ri, rj) +DA

αβ(ω; ri, rj)
]
(22)

is the hermitian part of the Green’s function, which can
be written in terms of the spectral function as

Dαβ(ω; ri, rj) = P
∫
dν

2π

Aαβ (ν; ri, ri)

ω − ν
. (23)
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For the rest of this work, we will focus on the zero temper-
ature case. In that case one has limT→0 b(ν) = −Θ(−ν),
such that limT→0 [1 + 2b(ν)] = sign(ν) and b(ω0) = 0, for
ω0 > 0. Therefore, we conclude that in the zero temper-
ature limit γ̃ij = 0.

We notice that the form of Eqs. (17)-(20) remains valid
if we consider coupling of the NV-centers to the all the
electromagnetic degrees of freedom, instead of only the
polariton mode. In that case, DR/A

αβ (ω; ri, rj) would be
the full electromagnetic Green’s function. For a lin-
ear medium, the full electromagnetic Green’s function
can be obtained from the classical Maxwell’s equations,
as the response function to a point dipole. Replacing
the full DR/A

αβ (ω; ri, rj) by the exciton-polariton contri-
bution amounts to a polariton-pole approximation to the
Green’s function, as shown in Appendix (C). This is a
good approximation if the exciton-polariton frequency is
close to ω0 and if the NV-centers are in close proximity
to the TMD.

A. Evaluation of the effective couplings and decay
rates

Now that we have obtained both the energy window
where polaritons may be excited and their dispersion re-
lation we can move on to the explicit calculation of the
parameters γij , ∆i and gij . Starting with γij and recall-
ing Eqs. (19) and ((16)), we obtain

γij =
2π

~
∑
q

δ (ω0 − ωq)µ∗i ·Eq,ex-p(ri)E
∗
q,ex-p(rj) · µj ,

(24)
Using the previously presented definitions for the mode
functions Eq,ex-p(ri), converting the sum into an integral,
performing the angular integration, and finally using the
δ−function to compute the remaining integral we find:

γij =
2π

~
q0

2π

~ω0

2ε0Nq0

(
∂ωq0

∂q

)−1

×

× e−κ1,q(zi+zj)Mij(q0, ρ), (25)

where in the reference frame where the dipoles are sepa-
rated along the x direction:

Mij(q, ρ) = µ∗i,xµj,x

(
J0 (qρ)− J1 (qρ)

qρ

)
+ µ∗i,yµj,y

J1 (qρ)

qρ
+ µ∗i,zµj,z

q2

κ2
1,q

J0 (qρ)

+
(
µ∗i,xµj,z − µ∗i,zµj,x

) q

κ1,q
J1(qρ). (26)

For zero separation, one obtains the simpler form

Mij(q, 0) =
1

2

(
µ∗i,xµj,x + µ∗i,yµj,y +

2q2

κ2
1,q

µ∗i,zµj,z

)
.

(27)

To compute the explicit forms of the ∆i and gij we
can proceed in a similar way to what we have done with
the γij , the main difference being that we no longer find
closed expressions for these parameters. While for the γij
we had a δ−function that allowed us to compute the in-
tegrals in a completely analytical way, for the ∆i and gij
we will have to compute one of the integrals numerically.
Recalling Eqs. (18) and (16), we obtain:

gij = P
∫
dqq

2π
e−κ1,q(zi+zj) ωq

2ε0Nq
×

×
[

1

ω0 − ωq
− 1

ω0 + ωq

]
Mij(q, ρ), (28)

and for the ∆i:

∆i = P
∫
dqq

2π
e−κ1,q(zi+zj) ωq

2ε0Nq
×

×
[

1

ω0 − ωq
+

1

ω0 + ωq

]
Mij(q, 0), (29)

whereMij(q, ρ) is defined as before
In Fig. 3 we present the plot of γii as a function of θ

and γij for different dipole configurations as a function
of ρ and θ. In Fig. 3 (a) we depict γii as a function
of the angle the dipole makes with the z axis. We ob-
serve that this parameter takes its minimum value when
the dipole is parallel to the TMD plane, and the maxi-
mum value when it is perpendicular to it. Moreover, we
also note the sensitivity of γii to the dipole–TMD sep-
aration. Small increases on this parameter produce sig-
nificant changes in the final result; as the separation to
the TMD plane increases the magnitude of the exciton-
polariton induced decay rate diminishes exponentially,
in agreement with the analytical expressions previously
found. In Fig. 3 (b) we plot γ12 as a function of ρ/λp,
where λp = 2π/q(E0) ≈ 37 nm, for two parallel dipoles
in the x−z plane with different angles with respect to the
z-axis. We start by noting that, as expected from the dif-
ferent elements ofMij , the parameter γ12 presents an os-
cillatory behavior accompanied by a magnitude decrease
as ρ increases. Mathematically, this is a consequence of
the Bessel functions that appear after the angular inte-
gration has been performed leading to a spatial decay
proportional to 1/

√
ρ at large distances, where ρ is the

distance between NV-centers. Physically, this is a conse-
quence of the two-dimensional nature of the polaritons.
Furthermore, we observe that γ12 is bigger when both
dipoles are aligned along the z axis, although the differ-
ence between the different orientations becomes negligi-
ble for distances greater than one polariton wavelength.
Finally, in Fig. 3 (c) we plot γ12 as a function of ρ/λp,
only this time we consider one dipole to be aligned along
the z axis, while the other is placed on a plane parallel to
the x−y plane with different φ angles. We first note that,
just as in the previous case, γ12 presents a decaying and
oscillatory behavior as ρ increases. Moreover, we note
that γ12 is symmetric when the dipole is aligned along
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a. b. c.

d. e. f.

Figure 3. Interaction parameters, energy shifts, and damping constants for different configurations of the system. In panel (a)
we depict γ11 as a function of θ, the angle the dipole makes with the z axis, for three different NV-center–TMD separations. In
panel (b) we depict γ12 as a function of ρ/λp, where ρ is the in-plane distance between the NV-centers, and λp is the polariton
wavelength for an energy ~ω0; in the present case we have λp ≈ 37 nm. We consider that both dipoles lie in the x-z plane, with
an angle with the z-axis given by θ = 0, π/4 and π/2 as depicted in the panel. In panel (c) we show γ12 as a function of ρ/λp,
for the configurations shown in the panel: with one dipole along the z axis while the other lies in the x− y plane (aligned along
x, y and −x axes). In panels (d), (e) and (f) show ∆i and g12 for the same dipole orientations as in panels (a), (b) and (c). In
all plots, the NV-centers were assumed to be at a distance z = 2 nm from the TMD. The parameters of Table I were used.

the positive or negative x direction, and it vanishes when
it is aligned along the y direction, that is, when the dipole
is aligned perpendicularly to the direction connecting the
two dipoles.

The plots of ∆i and g12 as a function of θ, the an-
gle the dipole makes with the z axis, and ρ for differ-
ent dipole configurations are depicted in Figs. 3 (d),
(e) and (f). Without surprise, we observe that these
quantities present a similar behavior to γij . There are
two aspects worthy of consideration. (i) Similarly to γ12

and for not to small separation, g12 decays asymptoti-
cally as as 1/

√
ρ, being roughly in phase opposition to

γ12. (ii) The magnitude of ∆i is of the order of 25 µeV,
corresponding to a small energy renormalization of the
NV-centers. Comparing the exciton-polariton mediated
interaction, g12 which decays with ρ−1/2, with the elec-
trostatic dipole-dipole interaction, which decays as ρ−3,

we conclude that the exciton-polariton interaction dom-
inates for ρ & λp/10.

IV. EXCITON MEDIATED SUPERRADIANCE

As noted in Sec. II, our model is a modification of
the Dicke Hamiltonian. The modifications are two fold:
(i) only a small number (two) of radiant NV-centers are
considered; (ii) there is more than one bosonic mode,
labeled by the in-plane momentum q. Except for these
differences, the model should also present superradiance.
The figure of merit allowing to characterize superradiance
is [24]:

Γ =
γ11 + γ12 + γ21 + γ22

γ11 + γ22
. (30)
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Figure 4. Superradiance and subradiance in the two-coupled
NV-centers system. Three orientations of the two electric
dipole moments relatively z−axis are considered. The pa-
rameters are the same as in Fig. 3.

It is known that when Γ > 1 the system shows superra-
diance (in the opposite regime, the system is subradiant,
that is, the emission of coherent radiation is suppressed).
In Fig. 4 we depict the figure of merit Γ. It is clear that
depending on the relative position of the two emitters
regions exist in space with Γ > 1. This result lays down
the basis for discussing the N−emitters problem.

V. CONCLUSIONS

In this paper we have described the dynamics of two
NV-centers, hosted by a diamond, coupled to the exciton-
polaritons supported by a monolayer TMD substrate,
within the framework of a Lindblad equation. We ex-
pressed the exciton-polarion induce dipole-dipole inter-
action, energy shifts and decay rates of the NV-center
two-level systems in terms of a Dyadic Green’s function
of the exciton-polariton. We have computed this lat-
ter quantity using the modes of the exciton-polaritons
alone. We have found that as a consequence of the two
dimensional nature of the exciton-polaritons the afore-
mentioned parameters decay in space as ρ−1/2. This de-
cay would be stronger with the distance if damping had
been considered thus limiting the range of the interaction
between two NV-centers. Naturally, the intensity of the
exponential decay is tied up to the intensity of the dis-
order. For small disorder we do not expect an important
effect within distances of the order the exciton-polaritons
wavelength. An estimation of magnitude of disorder on
the calculated parameters can be estimated computing
the quantity f = exp[−q′′(ω)d], where d is the distance
between the two NV-centers and q′′(ω) is the imaginary
part of the exciton-polariton wavenumber. For the num-
bers given in Table I and for d = λp/2 we find f ' 0.5.
Therefore, the magnitude of the parameters represented

in the figures would be half of what they are for the given
d.

Our results indicate that TMD exciton-polariton me-
diated super and subradiance can be observed for NV-
centers in diamonds separated by up to 100 nm. These
theoretical predictions can be validated experimentally
by photoluminescent spectroscopy [46].

Our methods and results are not restricted to NV-
centers in diamond, but can be extended to color centers
in other materials, such as quantum emitters in hexag-
onal boron nitride (hBN), which have an electric dipole
moment in excess of 2.1 D, that is stronger than for a NV-
center in diamond (smaller values of µ ∼ 0.9− 1.1 D for
emitters in hBN have also been reported [47, 48]). Thus,
this work opens the door for the study of quantum optics
devices fully built with van der Waals heterostructures.

ACKNOWLEDGEMENTS

B.A. and N.M.R.P acknowledge support by the
Portuguese Foundation for Science and Technology
(FCT) in the framework of the Strategic Funding
UIDB/04650/2020. B.A. further acknowledges support
from FCT through Grant No. CEECIND/02936/2017.
N.M.R.P. acknowledges support from the European
Commission through the project “Graphene-Driven Rev-
olutions in ICT and Beyond” (Ref. No. 881603, CORE
3), COMPETE 2020, PORTUGAL 2020, FEDER and
the FCT through project POCI-01-0145-FEDER-028114.

Appendix A: Details on the derivation of the
Lindblad equation

Here we will provide some details for the derivation of
the Linblad equation. To derive the Lindblad equation
that governs the NV-center degrees of freedom we will
treat the TMD exction-polariton field as a bath which is
coupled to the NV-centers via Hint To study the system’s
dynamics. The full density matrix of the coupled NV-
centers/polaritons, χ(t), obeys the following equation in
the interaction picture [49]:

χ̇I(t) = − i
~

[Hint,I , χI(0)]

− 1

~2

∫ t

0

[Hint,I(t), [Hint,I(t
′), χI(t

′)]] dt′, (A1)

which is easily obtained from the usual equation of mo-
tion for density matrices. The derivation of the Lindblad
equation for the density of matrix for the NV-centers in-
volves a series of hypothesis and approximations. First,
within the Born approximation, it is assumed that at
the density matrix can be written as the product of the
density matrix of the NV-centers, ρ(t), and the time inde-
pendent density matrix of the exciton-polariton bath, R,
i.e. χ(t) = ρ(t) ⊗ R. This hypothesis ignores the initial
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correlation between the two systems and assumes that
the perturbation to the bath is small. Next, within the
Markov approximation, one replaces χI(t′) ' ρI(t) ⊗ R
and takes the limit t→∞ in the integration in the second
term of Eq. (A1). These simplification is justified if the
characteristic time of the bath is much shorter than the
characteristic time of the system, which leads to a loss

of memory and Markovian behavior. Finally, within the
post-trace rotating wave approximation, only energy con-
serving terms are kept. Applying these approximations
to Eq. (A1) and tracing out the degrees of freedom of the
exciton-polariton bath, and returning to the Schrödinger
picture, the equation of motion for the NV-center density
matrix is given by [50]

∂ρ(t)

∂t
=− i

~

∑
i

1

2
~ω0σ

z
i +

∑
i,j

∑
s=±

µsi,αSαβ(sω0; ri, rj)µ
s̄
j,βσ

s
i σ

s̄
j , ρI(t)


+

1

~
∑
i,j

∑
s=±

µsi,αγαβ(sω0; ri, rj)µ
s̄
j,β

(
σs̄jρ

S
I (t)σsi −

1

2

{
σsi σ

s̄
j , ρ

S
I (t)

})
, (A2)

where µ+
i,α = µ∗i,α, µ

−
i,α = µi,α, s̄ = −s, and

Sαβ(ω; ri, rj) = P

∫
dν

2π
[1 + b(ν)]

Aαβ (ν; ri, rj)

ω − ν
, (A3)

γαβ(ω; ri, rj) = [1 + b(ω)]Aαβ (ω; ri, rj) , (A4)

with Aαβ (ν; ri, rj) the electric field spectral function. Using the fact that Aαβ (ω; ri, rj) = −Aβα (−ω; rj , ri), it is
easy to see that the dissipators in the main text are given by

γij = µ+
i,αγαβ(ω0; ri, rj)µ

−
j,β , (A5)

γ̃ij = µ−i,αγαβ(−ω0; ri, rj)µ
+
j,β . (A6)

We will rewrite the terms involving Sαβ(sω0; ri, rj) by separating the terms with i 6= j and i = j. For the term
with i 6= j, we write∑

i 6=j

∑
s=±

µsi,αSαβ(sω0; ri, rj)µ
s̄
j,βσ

s
i σ

s̄
j =

=
∑
i 6=j

µ+
i,αSαβ(ω0; ri, rj)µ

−
j,βσ

+
i σ
−
j + µ−i,αSαβ(−ω0; ri, rj)µ

+
j,βσ

−
i σ

+
j

=
∑
i 6=j

µ+
i,αSαβ(ω0; ri, rj)µ

−
j,βσ

+
i σ
−
j + µ−j,βSβα(−ω0; rj , ri)µ

+
i,ασ

−
j σ

+
i . (A7)

Using the fact that
[
σ+
i , σ

−
j

]
= 0 for i 6= j, we can write∑

i6=j

∑
s=±

µsi,αSαβ(sω0; ri, rj)µ
s̄
j,βσ

s
i σ

s̄
j =

∑
i 6=j

gijσ
+
i σ
−
j . (A8)

where

gij = µ+
i,α [Sαβ(ω0; ri, rj) + Sβα(−ω0; rj , ri)]µ

−
j,β

= P

∫
dν

2π

µ+
i,αAαβ (ν; ri, rj)µ

−
j,β

ω0 − ν
= µ+

i,αDαβ (ω0; ri, rj)µ
−
j,β . (A9)

For the term with i = j we write∑
i

∑
s=±

µsi,αSαβ(sω0; ri, ri)µ
s̄
j,βσ

s
i σ

s̄
i =

∑
i

µ+
i,αSαβ(ω0; ri, ri)µ

−
i,βσ

+
i σ
−
i + µ−i,αSαβ(−ω0; ri, ri)µ

+
i,βσ

−
i σ

+
i . (A10)



9

Noticing that

σ+
i σ
−
i = |e, i〉 〈e, i| (A11)

σ−i σ
+
i = |g, i〉 〈g, i| (A12)

We can then write ∑
i

∑
s=±

µsi,αSαβ(sω0; ri, ri)µ
s̄
j,βσ

s
i σ

s̄
i =

1

2
∆̃iσ

0
i +

1

2
∆iσ

z
i , (A13)

where σ0
i = |e, i〉 〈e, i|+ |g, i〉 〈g, i|,

∆i = µ+
i,α [Sαβ(ω0; ri, ri)− Sβα(−ω0; ri, ri)]µ

−
i,β

= P

∫
dν

2π
[1 + 2b(ν)]

µ+
i,αAαβ (ν; ri, ri)µ

−
i,β

ω0 − ν
, (A14)

and

∆̃i = µ+
i,α [Sαβ(ω0; ri, ri) + Sβα(−ω0; ri, ri)]µ

−
i,β

= P

∫
dν

2π

µ+
i,αAαβ (ν; ri, ri)µ

−
i,β

ω0 − ν
= µ+

i,αDαβ (ω0; ri, ri)µ
−
i,β . (A15)

If the NV-centers are equal, we have ∆̃1 = ∆̃2, and therefore, this term only leads to a global shift in energy, which
can therefore be ignored.

Appendix B: Mode length and Green’s function

In this appendix we give further insight on the deriva-
tion of the mode length and Green function presented in
the main text.

Following Ref. [38], the mode length is defined as:

N(q) =

∫
A∗q(z)·

(
ε̄r(z) +

ω

2

∂

∂ω
ε̄r(z)

)
·Aq(z)dz, (B1)

where:

εr(z) = ε̄d(z) +
iσ̄(ω)

ε0ω
δ(z), (B2)

with ε̄d(z) the dielectric function tensor of the different
layers composing the system, σ̄(ω) the conductivity ten-
sor of the TMD and:

Aq(z) =

{
u+

1,qe
−κ1,qz z > 0

u−2,qe
κ2,qz z < 0

where:

u±n,q = i
q

q
∓ q

κn,q
ẑ. (B3)

Noting that the conductivity tensor only couples to the
in-plane degrees of freedom, and observing that the ex-
citon conductivity can be written as:

σ(ω)

ε0ω
= −idχbg + i

dfex
2

ω2
ex

ω2 − ω2
ex

, (B4)

where the imaginary part of the susceptibility χ(ω) was
discarded, we find:

N(q) =
ε1
2

κ2
1,q + q2

κ3
1,q

+
ε2
2

κ2
2,q + q2

κ3
2,q

+
iσ(ω)

2ε0ω
+

i

2ε0

∂σ(ω)

∂ω

=
ε1
2

κ2
1,q + q2

κ3
1,q

+
ε2
2

κ2
2,q + q2

κ3
2,q

+

+
1

2
dfex

ω4
ex(

ω2
q − ω2

ex
)2 + dχbg. (B5)

The vector potential operator for the exciton-polariton is
therefore, written as

Aex-p(r) =
∑
q

(
Aq,ex-p(r)aq + A∗q,ex-p(r)a†q

)
(B6)

where

Aq,ex-p(r) =

√
~

2Aε0ωqN(q)
×

× e−κ1,qzeiq·x


(
iqq −

q
κ1,q

ẑ
)
e−κ1,qz, z > 0(

iqq + q
κ2,q

ẑ
)
eκ2,qz, z < 0

(B7)

The electric field operator for the exciton-polariton is
then given by Eq. (6), with Eq,ex-p(r) = iωqAq,ex-p(r).
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Appendix C: Exciton-polariton Green’s function as
a polariton-pole approximation

In this appendix we will show how the exciton-
polariton Green’s function emerges as a polariton-pole
approximation to the full electric field Green’s function.
For the structure considered in this work, the Green’s
function can be written as (for zi, zj > 0):

DR(ω; ri, rj) = DR,0(ω; ri, rj)

+
1

A

∑
q,λ

eiq·(xi−xj)DR
λ (ω;q, zi, zj), (C1)

where DR,0(ω; ri, rj) is the Green’s function for the field
in vacuum and DR

λ (ω;q, zi, zj) is the reflected Green’s
function for the λ = s, p polarization. These are given by

DR
λ (ω;qi, zi, zj) = −µ0ω

2 i

2kz,1
rλe

ikz,1(zi+zj)e+
λ,1 ⊗ e−λ,1,

(C2)
where kz,n = iκn, e±λ,n are polarization vectors and rλ
reflection coefficients for the λ = s, p polarizations. Fo-
cusing on the p-polarization, we have

e±p,n =
q

kn
ez ∓

kz,n
kn

q

q
, (C3)

rp =
ω2ε2
κ2
− ω2ε1

κ1
+ i

ε0
ωσ(ω)

ω2ε2
κ2

+ ω2ε1
κ1

+ i
ε0
ωσ(ω)

(C4)

with k2
n = ε1ω

2/c2. At the exciton-polariton dispersion
relation, rp has a pole. Let us expand the Green’s func-

tion around this pole. Defining

dq(ω) =
ω2ε2
κz,2

+
ω2ε1
κz,1

+
i

ε0
ωσ(ω), (C5)

the exciton-polariton dispersion relation is defined by
dq(ωq) = 0. Expanding dq(ω) around ωq and keeping
only the imaginary part of σ(ω), we obtain

dq(ω) ' ∂dq(ω)

∂ (ω2)

∣∣∣∣
ω=ωq

(
ω2 − ω2

q

)
, (C6)

where

∂dq(ω)

∂ (ω2)

∣∣∣∣
ω=ωq

=
ε1
(
q2 + κ2

z,1

)
2κ3

z,1

∣∣∣∣∣
ω=ωq

+

ε2
(
q2 + κ2

z,2

)
2κ3

z,2

∣∣∣∣∣
ω=ωq

+
i

ε0

∂ (ωσ(ω))

∂ (ω2)

∣∣∣∣
ω=ωq

, (C7)

which we recognize to be nothing, but the mode length,
Nq. Therefore, we obtain the polariton-pole contribution
to reflection coefficient

rp '

[
−

2ω2
qε1

κz,1

]
ω=ωp

1

Nq

1

ω2 − ω2
q

(C8)

approximating the full Green’s function by its polariton-
pole contribution, we obtain

DR(ω; ri, rj) '
1

A

∑
q,λ

eiq·(xi−xj)e−κ1(zi+zj) 2ωq

ω2 − ω2
q

ωq

2ε0Nq

[
i
q

q
− q

κ1,q
ez

]
⊗
[
−iq

q
− q

κ1,q
ez

]
, (C9)

which coincides with Eq. 16 of the main text.
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