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Vacuum Field Photonic Trap for Excitons

Massimo Gurioli

The spectral and spatial dependence of the resonant Lamb shift of an exciton
inside a photonic vacuum field landscape is considered to predict an optical
dipole potential generated via virtual photons quantum fluctuations. This
trapping potential can be exploited for exciton self-positioning in electric field
hotspots at the nanoscale in view of quantum electrodynamics effects. By non
Hermitian decomposition of the electromagnetic Green tensor in terms of
quasi normal modes, the resonant part of the Lamb shift is expressed as Fano
profile strictly interlinked to the Purcell enhancement of the exciton radiative
lifetime. This approach explains how to tailor the depth of the vacuum
photonic potential in several possible scenarios.

1. Introduction

In view of the development of future quantum technologies in
semiconductor platforms, one of the main building blocks is cer-
tainly tailoring and controlling of the spontaneous emission of
localized excitons.[1,2] This is of utmost importance for quantum
cryptography, quantum sensors, quantum communication, and
quantum computing. Such applications rely on themanipulation
of an exciton, acting as an artificial atom and on the exploita-
tion of the quantum nature of the emitted light, for generation of
single as well as entangled photons.[1,2] Recent developments in
nanophotonics led to unprecedented control of the spontaneous
emission by tailoring the exciton dielectric landscape.[3–5] In par-
allel to the experimental efforts, theoretical understanding of the
fundamental interaction mechanisms of exciton and photon also
becomesmore andmore essential for proposing new schemes of
manipulation of quantum emitters.
Controlling light–matter interaction at the nanoscale requires

a spectral and spatial matching between the localized exciton and
the photon mode.[6] The need to confine the exciton at an antin-
ode of the electric field of a photonic resonator, with a resolution
of few tens of nm, is a very difficult technological challenge
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debated for decades. It was eventually
solved by nano-fabricating the photonic cav-
ity around a bright semiconductor quan-
tum dot (QD),[6,7] by site controlled QDs
growth,[8] or by creating the QD in a pre-
fabricated cavity.[9] Other approaches have
been recently proposed such as the local-
ization of 2D excitons via focused Gaus-
sian beams in fiber Bragg mirror,[10] and in
situ tuning microcavity devices, both in fre-
quency and in lateral position with a mov-
able external top mirror.[11] These efforts
demonstrate the relevance of the goal and
the need to still pursue new ideas.
All these approaches are quite compli-

cated and hard to be scaled for a realistic
device on a chip. Our idea is quite different: we propose to exploit
a vacuum field optical photonic trap that is able to self-localize ex-
citons in hot spot of vacuum electric field, via the resonant part of
the exciton Lamb shift. We limit our model to the weak-coupling
regime, where being able to self-trap an exciton while simulta-
neously tailoring its optical properties (photon antibunching, en-
hanced radiative rate, and light extraction) will be of relevance for
a large variety of quantum devices.

2. General Discussion

2.1. Optical Traps

Using light to confine and move atoms, molecules and dielectric
particles has been an extremely successful experimental tool in
a huge variety of research fields, leading to three Nobel awards:
optical tweezers, cooling and trapping neutral atoms, Bose Ein-
stein condensation. A fascinating niche of optical forces, not yet
fully explored, is related to mechanical effects of the electromag-
netic vacuum quantum field.[12] The most famous example is the
force between two mirrors, forming a planar optical cavity. The
change in the electromagnetic density of states inside the cavity
determines a deficit of quantum creation and annihilation of vir-
tual photons. The net imbalance of the vacuum radiation force on
the inner and external sides of each mirror creates the famous
attractive Casimir force.[13,14] Other examples are the Casimir
Polder potential between a single ground-state atom and other
bodies,[15,16] which is due to the part of the Lamb-shift which de-
pends on the atomic position.[17]

Much less, if nothing, has been done on vacuum optical po-
tential for excitons, despite the strong similarity with atoms of
these excited states of semiconductor physics. Exciton localiza-
tion can be obtained in various way, the most relevant are epi-
taxial quantum dots (QDs), one of the most promising platform
toward solid-state quantum emitters.[1,2] Owing to the electron–
hole Coulomb interaction, confined excitons in 3 dimensions can
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be considered as artificial atoms and are very well described as
two-level systems (TLS). In particular, quantum electrodynam-
ics effects lead to relevant self-energy correction of the exciton
states. The imaginary part of this correction, known as Purcell
effect in weak coupling limit, has been quantitatively accounted
by the TLS approximation for localized exciton state. For large ex-
citon and photon interaction the perturbation approach fails and
strong coupling occurs.[1,6] Despite the huge effort in photonic,
plasmonic and meta-materials to tailor on demand the electro-
magnetic density of states,[3–5] little attention has been paid on
the possibility to engineer the exciton Lamb shift, which comes
out from the real part of the self-energy correction. Interestingly,
for photonic and plasmonic resonators, the Lamb shift is con-
vergent and there is no need for high frequency cut-off.[18] The
role of Lamb shift for the formation of Wannier exciton-plasmon
Polariton bound to metal nanoparticles has been proposed to
attain the very strong coupling regime.[19] Recently an interest-
ing study pointed out the possibility to tailor and increase the
Lamb shift exploiting the non-Hermitian nature of the light mat-
ter interaction.[20]

We aim to manipulate and confine excitons in a quantum
optical trap. This method would have the relevant advantage of
not requiring the QD site control at the nanoscale and takes
inspiration from the atom localization in laser optical trap. We
demonstrate the link between the quantum radiative shift of
the exciton energy with the classical optical trap on a neutral
atom driven by laser standing waves (see also the Supporting
Information). Therefore we propose to exploit the resonant
Lamb shift to create a localized exciton automatically located in
a region of relevant effect.[21] Moving to open systems, we derive
an analytic formula for the resonant Lamb shift for an exciton
in resonant interaction with the quasi normal mode (QNM) of
a photonic cavity.[3] The radiative rate and resonant Lamb shift
are described by interconnected Fano profiles associated to the
complex nature of the modal volume.[3] Then the problem of de-
signing the vacuum photonic potential for excitons is translated
into the tailoring of the QNM phase, which we finally analyze in
hybrid photonic configurations.

2.2. Exciton Lamb Shift

We consider the exciton as a two-level quantum emitter embed-
ded in a photonic structure. The exciton will experience a mod-
ified decay rate 𝛾∗ and a Lamb shift of the emission frequency
𝜔∗ = 𝜔X + Δ𝜔, compared to the case of a homogeneous system
denoted by 𝛾X and 𝜔X respectively. The standard formula for the
Lamb shift is given by a principal value integral of the imaginary
part of the Green’s function with the proper kernel. This prin-
cipal value integral can be decomposed into two parts by using
Kramers–Kronig relations for the Green tensor.[22] One term in-
volves the real part of the Green’s tensor named “resonant part”,
and the other term is given by an integral over all frequencies,
named “non-resonant part” or “van der Waals contribution”. Fol-
lowing ref. [23], approximating the atomic structure as harmonic
oscillator or TLS, the non-resonant part of the excited level shift
cancels with the shift of the ground state, when calculating the
energy of the optical transition. More generally and as discussed
later on, for the aim of this paper the resonant part is the only

relevant term; note that this part also corresponds to the classical
limit for the Lamb shift.[23,24] This means that, within our scopes
and without the need of any specific approximations for the exci-
ton internal structure, 𝛾∗ and𝜔∗ can be obtained by the imaginary
and real part of the Green function (that is the Green tensor pro-
jected on the exciton dipole versor u) at the position and at the
frequency of the emitter.
Hereafter, we proceed to only consider the resonant term in

the exciton Lamb shift. Furthermore, in most cases of interest
in photonics, the exciton is in resonance with one or, at most,
few QNMs. Then we can expand the Green function in terms
of a sum over the relevant QNMs,[3] with normalized complex
electric fields Ẽn(r) and complex frequencies 𝜔̃n = 𝜔n − iΓn, with
𝜔n the resonant frequency and Γn the coherence damping rate;
the quality factor is Qn = 𝜔n∕2 Γn. Within these approximations
and considering a nonmagnetic cavity (i.e., with 𝜇(r) = 1), one
leads to the following expressions for the exciton radiative rate
and the resonant Lamb shift.[20]

𝛾∗
(
𝜔X , r

)
≅ −

∑
n

3𝜋c3𝛾X
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Ṽn (r)
1(

𝜔X − 𝜔n

)
+ iΓn

)

HL+SM
⇒

3𝜋c3𝛾X
𝜔X

2𝜀(r)3∕2
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)

(2)

Note the rate in Equation (1) refers to the population radia-
tive rate and it is twice the coherent dipole rate (usually de-
nominated 1/T1 and 1/T2, respectively). It is important to re-
mark that Ẽn(r) ⋅ u has to be properly normalized; here we use
∫ 2𝜀o𝜀(r)(Ẽn(r) ⋅ u)

2dr = 1 (see discussion in ref. [3]). Here we
also use the definition Ṽn(r) = [2𝜀o𝜀(r)(Ẽn(r) ⋅ u)

2
]−1;[3,25] note that

a different normalization and definition of modal volume was
used in ref. [20] (i.e., Ṽn(r) = [(Ẽn(r) ⋅ u)

2
]−1) which leads to appar-

ent differences with Equations (1) and (2). In the left parts of both

Equations (1) and (2), with the symbol
HL+SM
⇒ we mean to apply

the Hermitian limit (HL) and single mode (SM) case. We will dis-
cuss HL in presenting the data of Figure 1, while SM obviously
means to only keep the n-th term of the summation.
While the singlemode approximation in Equation (1) has been

verified in many cases,[3] it is relevant discussing the validity of
Equation (2) for estimating the excitonic Lamb shift in resonance
with highly confined QNMs, that is for the standard situation in
nano-photonics. The comparison have been done for spherical
resonators, where analytical solutions for the full multimodal
photonic Green’s function exist.[20] The results of Equations (1)
and (2) for specific (and quite lossy) QNM of spherical Mie
and plasmonic resonators (they have Qn = 120 and Qn = 15,
respectively, i.e., well outside the Hermitian limit), reflect all the
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Figure 1. a) Spectral lineshape of radiative rate and resonant Lamb shift for an exciton within HL and SM limit. b) Scheme for the VPP in the case of
a L3 photonic crystal cavity on slab. The map of the electric fields intensity is given in a scale color. On the slab we report a flake of 2D semiconductor,
with a gray sphere representing the free exciton (not yet trapped). c) Expected VPP landscape for an exciton inside the 2D semiconductor material on
the L3 cavity with resonant condition of 𝜔X = 𝜔n − Γn (in a 3D rendering of the electric field intensity of (b)).

relevant features of the exact analytical resonant exciton Lamb
shift, even if sizeable differences are found.[20]

A second important point is to discuss the validity of Equa-
tion (2) only considering the resonant term in the exciton Lamb
shift. More generally, we have to include in Equation (2) the
non-resonant term of the Lamb shift via an integral over all
frequencies, which is quite complicated to evaluate. However,
even for a quite lossy QNM of Qn ≈ 100 its resonance covers
a spectral interval of only 5 nm in the visible range, while its
spatial modulation occurs on a scale of about 100 nm. Assuming
the non-resonant contribution of the Lamb shift as a constant
value in space and frequency is a good approximation and it is
certainly even better for non-lossy QNM of Qn > 1000.
In summary, we are confident that Equation (2) is a good ap-

proximation for discussing the spectral and spatial dependence
the exciton Lamb shift in nanostructured photonics systems.
Anyway, to avoid confusion hereafter, we will refer to Equation (2)
as the resonant exciton Lamb shift and use it as a powerful tool
for understanding the physics underlying the idea of a vacuum
photonic trap for an exciton in almost any relevant situations in
nano-photonics. A derivation beyond this approximation is out-
side the scope of this contribution. Finally, we are considering
dispersion less and non-magnetic media, which is valid for many
semiconductors at frequency inside the electronic gap.

3. Vacuum Optical Trap

In the Hermitian limit of Equations (1) and (2), the field Ẽn(r) ⋅ u
is real to a very good approximation and then Ṽn(r) ≅ |Ṽn(r)|. This
holds for a spectrally isolated n-th QNM with relatively high Qn

and then the expressions at the left of the limit
HL+SM
⇒ in Equa-

tions (1) and (2) hold. To put some safe and realistic numbers,
this is well verified for a spectrally isolated resonance in the local
density of states with Qn > 500. In this limit Equation (1) gives

the textbook formula for the well-known Purcell formula, where
𝛾∗n (𝜔X , ro) has a Lorentzian profile. The spectral dependence of
𝛾∗n (𝜔X , ro) (at the position r = ro where Ṽn(r) is minimum) is re-
ported in Figure 1a, as a function of the normalized exciton de-
tuning 𝜖 = (𝜔X − 𝜔n) ∕Γn. Obviously 𝛾

∗
max = 𝛾∗n (𝜔n, ro) is themax-

imum Purcell’s enhanced radiative rate of the exciton for the se-
lected QNM. The resonant exciton Lamb shift Δ𝜔n(𝜔X ), normal-
ized to 𝛾∗max, is also reported for comparison.
The resonant Lamb shift is zero at 𝜔X = 𝜔n and the exciton

transition is blue (red) shifted for positive (negative) detuning
𝜖, respectively. This result points out the presence of a photonic
potential for the exciton UX (r) = ℏΔ𝜔n(r,𝜔X ). The resulting
potential UX (r) has the spatial distribution |Ẽn(r) ⋅ u|2 and
for 𝜔X < 𝜔n it may localize the exciton. A formula similar to
Equation (2) is used for the optical atomic trap, where however,
the electric field is a laser standing wave; the comparison is
discussed in the Supporting Information.
The potential UX (r) is a kind of Casimir–Polder effect for exci-

ton. However, in order to avoid confusion with the broad band
nature of the Lamb Shift for atoms, hereafter we will refer to
UX (r) as vacuum photonic potential (VPP). The maximum VPP
is r = ro and, within the Hermitian approximation of the QNM,
itsmaximumdepth is ℏ𝛾∗n ( 𝜔X = 𝜔n − Γn, ro) ∕2, occurring when
𝜔X = 𝜔n − Γn. Thus, the confining potential has the size of the
hot spots of the electric field distribution (typically of the order of
one tenth of the corresponding lambda in vacuum) and a depth
which is 1/2 of the actual radiative rate for 𝜔X = 𝜔n − Γn. Note
that 𝛾∗n ( 𝜔X = 𝜔n − Γn, ro) is also half of themaximum exciton ra-
diative rate in the cavity 𝛾∗max = 𝛾∗n ( 𝜔X = 𝜔n , ro), to which we will
normalize all the values later on.
Several conditions are required to really trap the exciton within

the VPP. In order to fix some numerical values, a localized exci-
ton may have a radiative lifetime as small as of 100 ps.[26] Tak-
ing into account a photonic cavity with Purcell effect of about 50,
leading to 1∕𝛾∗max = 2 ps, the trap depth would be 80 𝜇eV which
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corresponds to a temperature of 1 K. Since experimental temper-
atures as low as T ≅ 25 mK is routinely used in semiconductor
transport experiments, the condition that the depth of the confin-
ing potential must exceed the thermal energy, ℏ𝛾∗max∕4 > kBT is
experimentally obtainable.Moreover, the previous formulas hold
in the weak coupling regime between exciton and photon, that
is 𝛾∗n (𝜔n, ro) < Γn, which in the optical range roughly means Qn
≲ 3000. All together, these values are rather demanding, but also
realistic in some selected systems.
Figure 1b reports a possible sketch of experimental realiza-

tion of the vacuum optical trap for an exciton belonging to a 2D
semiconductor layer leaned atop of a L3 photonic crystal cavity
on slab. Excitons in these systems can be described as a TLS
atomic-like systemwith center of mass (COM) degree of freedom
(a gray sphere in Figure 1b), a model largely used in quantum
well systems.[27–29] Due to the vacuum field fluctuations on the
underlying photonic slab, the exciton COM will experience a po-
tential landscape that is the vacuum field trap we are discussing.
The concept that additional potential in a 2D landscape leads to
exciton localization and quantum emitters has been largely vali-
dated in the quantumwell physics.[28,29] It is also interesting to re-
mark that similar concepts of trapping by photonic environment
have been proposed for confining cold atoms on proximity of in-
tegrated devices, the so-called atom on chip.[30] However, there is
the need of a 3D optical trap for localizing the atoms. The advan-
tage of our approach is the natural exciton confinement in one
direction in quantum well systems as in the emerging class of
2D semiconductor materials or perovskite nano-layers, requiring
amuch simpler VPP in only 2 dimensions. Similarly, for excitons
in quantumwires or carbon nanotubes a 1 dimension VPPwould
be likely enough.
The spatial modulation of UX (r) (i.e., |(Ẽn(r) ⋅ u)|2) is also

sketched as a 3D profile in Figure 1c for the same L3 photonic
crystal cavity of Figure 1b, to visualize the exciton potential land-
scape. In this case, the trap size is of the order 100 nm (for ex-
citon transition in the near infrared, that is lambda in vacuum
around 1300 nm), which is large enough to neglect additional
quantum confinement that would push the exciton at higher en-
ergy. It is worth stressing that excitons will also experience an
enhancement of their radiative rate of the order of one fourth of
the maximum Purcell effect in the selected cavity, around 10 in
our examples so still relevant. Finally, in view of quantum-light
emitters, we could expect that the Coulomb and exchange inter-
actions between two excitons within 100 nm should be strong
enough to avoid degeneracy between the two excitons, leading to
single photon emission as well as entangled photon via biexciton-
exciton cascade.[1]

Several experimental benchmarks of the exciton self-trapping
may be imagined, such as to spatially monitor the position of the
emitter via confocal microscope and/or super-resolution com-
bined with the check of single photon emission via antibunch-
ing experiments. Finally, it is worth mentioning that we are skip-
ping the kinetics of trapping the exciton in the VPP, which is
likely quite complicated since the exciton equations describe a
non-linear problem. This is largely beyond the scope of this con-
tribution. However, we may suggest the resonant excitation with
high spatial resolution in order to create the exciton already in-
side the photonic trap, as an experimental configuration able to
circumvent the dynamics of exciton localization process.

3.1. Non Hermitian Systems

Moving on, we aim to exploit the predictions of Equations (1) and
(2) in open systems when, accordingly with non-Hermitian mod-
els, Ṽn(r) is complex. This allows us to tailor the resonant exciton
Lamb shift by special photonic design for enhancing the VPP
for exciton. This aspect has been already discussed in ref. [20]
in terms of the complex modal volumes showing that the limit
ℏ𝛾∗n (𝜔X , ro) ∕2 for maximum resonant Lamb shift can be over-
come. This result can be easily understood by formulating Equa-
tions (1) and (2) in terms of Fano asymmetry parameters, follow-
ing the approach of ref. [31]. It is lengthy but straightforward (see
Supporting Information) to show (here: 𝜖 = (𝜔X − 𝜔n)∕Γn )

𝛾∗
(
𝜔X , r

)
=

∑
n

𝛾∗n

(
𝜔X , r

)

=
∑
n

6𝜋c3𝜀o
𝜔X

2𝜀(r)1∕2
𝛾X

|||(Ẽn(r) ⋅ u)|||2
Γn

Fqn(r) (𝜖) (3)

Δ𝜔
(
𝜔X , r

)
=

∑
n

Δ𝜔n

(
𝜔X , r

)

= −
∑
n

3𝜋c3𝜀o
𝜔X

2𝜀(r)1∕2
𝛾X

|||(Ẽn(r) ⋅ u)|||2
Γn

Fq′n(r) (𝜖) (4)

Fq(𝜖) =
1

(q2 + 1)

((
q2 − 1

)
+ 2q𝜖

1 + 𝜖2

)
(5)

where Fq(𝜖)is the normalized expression for a Fano profile, which
has zero background, i.e. the Fano profile goes to zero for 𝜖 →
±∞ . Moreover Fq(𝜖) has, for any finite value of q, a zero cross-
ing at 𝜖 = (1 − q2)∕2q, two extrema at 𝜖 = q and 𝜖 = 1∕q and
the amplitude between them is 1, for any value of q. Important
symmetry relations of this function are F−q (𝜖) = Fq (−𝜖) and
F1∕q (𝜖) = −F−q (𝜖) = −Fq(−𝜖). Note that Equation (3) has been
already derived, discussed and experimentally demonstrated in
ref. [31]; Equation (4) is a natural and yet novel extension, its pre-
dictions are discussed hereafter (more details are given in Sup-
porting Information).
The two Fano parameters qn(r) and q

′
n(r) for Purcell effect and

resonant Lamb shift are interconnected, both associated to the
spatial phase of the n-th QNM, which is fully defined by the nor-
malization and it is a physical observable.[25,31]

qn(r) = −
Re

[(
Ẽn(r) ⋅ u

)]
Im

[(
Ẽn(r) ⋅ u

)] ; q′n(r) = −
1 − qn(r)

1 + qn(r)
(6)

For qn(r) → ∞ we have q′n(r) → 1 and the function Fqn (𝜖)
(Fq′n (𝜖)) is a Lorentzian (symmetric Fano) profile; in this case the
two quantities ℏ𝛾∗n (𝜔X , ro) and Δ𝜔n(𝜔X , ro) are given by Figure 1a
as a function of the normalized detuning 𝜖 = (𝜔X − 𝜔n)∕Γn.
Equation (4) agrees with recent findings showing that the two

Hermitian limits |Δ𝜔n(𝜔X , ro)| ≤ 𝛾∗n,max∕4 and |Δ𝜔n(𝜔X , ro)| ≤
𝛾∗n (𝜔X , ro)∕2 can be overcome.[20] Indeed we have demonstrated
that keeping fix all the other parameters but qn(r), the maximum
resonant Lamb shift for a single QNM is bounded 𝛾∗n,max∕4 ≤
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Figure 2. Radiative rate (left panels and blue lines) and resonant Lamb
shift (right panels and red lines) from Equations (3) and (4) for different
values of q (then q′ = −(1 − q)∕(1 + q)). The dashed lines indicate the
zero amplitude. In all plots the total extension of the vertical axis is 1.1;
note also that the peak to dip amplitude of the normalized Fano profiles is
always 1. The values of q are given in the left panels, as well as the values
of the dips in Fq′ (𝜖) (i.e., of the exciton trap depth) in the right panels. The
red crosses in the left panels give the position of dips in Fq′ (𝜖) to highlight
the variation of the Purcell effect for excitons in the trap.

|Δ𝜔n,max| ≤ 𝛾∗n,max∕2; the upper limit holds for qn(r) = ±1 where
also |Δ𝜔n(𝜔X , ro)|∕𝛾∗n (𝜔X , ro) → ∞ for 𝜔X → 𝜔n. A panorama of
interlinked Fano lineshapes of the radiative rate and resonant
Lamb shift (i.e., Fq(𝜖) and Fq′ (𝜖) for different values of q = qn and
q′ = q′n , keeping constant all the other parameters, is given in
Figure 2. For q > 20 the Hermitian limit with Lorentzian-like
Purcell effect (i.e., Figure 1a and q = ∞) is already a very good
approximation
In order to optimize the exciton trap we note that for q > 0

(see the top panel of Figure 2 with q = 8) the maximum reso-
nant Lamb shift corresponds to a blue shift of the excitonic transi-
tion. This acts as a potential barrier for the excitons, whereas the
well potential at the opposite exciton detuning is even smaller
than the Hermitian limit 𝛾∗n,max∕2. The general scenario given
in Figure 2 shows that for deepening the well potential beyond
the Lorentzian limit, negative values of q are necessary. Indeed
whenever q → −q, it follows q′ → 1∕q′ and F1∕q′ (𝜖) = −Fq′ (−𝜖),
transforming a pronounced barrier for positive detuning in a pro-
nounced well for negative detuning. Note also that the best trap
would be realized for q → −1 where Fq′ (𝜖) is a Lorentzian dip of
amplitude −1, but obviously we need to discuss the meaning of
𝛾∗n < 0, which looks unphysical.
From Equation (3) (and Figure 2) follows that 𝛾∗n (𝜔X , r) shows

negative values in some frequency region for any value of |qn| <
∞. The constraint that 𝛾∗n (𝜔X , r) ≥ 0 for any exciton transition en-
ergy 𝜔X , when assuming Equation (3) to be exact, gives the con-
clusion that [(Ẽn(r) ⋅ u)

2
] has to be real and only the Hermitian

limit seems physical. The relevant missing part in Equations (3)
and (4), is that any resonance in photonics is embedded in a con-
tinuumof states, meaning that any photonicmode is intrinsically
a resonant state of an open system. On one side this implies that

𝛾∗n (𝜔X , r) has a Fano profile. On the other side, it also unavoidably
requires the presence of a continuum background of leaky states.
It always turns out that the sumof the Fano profiles and this back-
ground gives a total positive radiative rate. These leaky states give
a flat spectral background to the resonant exciton Lamb shift and
radiative rate, leaving their spectral modulation defined by the
QNM properties from Equations (3) and (4). Coming back to the
exciton VPP described by Equation (4), it is important to stress
that properties of the continuum define the Fano parameters qn
and q′n in a subtle and yet not fully addressed way, as discussed
hereafter.

3.2. Hybrid Systems

We know that for optimizing the exciton VPP, one needs to tailor
and control qn and we expect this to be possible by engineering
the properties of the continuum. A general discussion of this is
beyond the scope of this work. Here we propose a simple way
to understand the main points by analyzing a much simpler and
yet related case, that is a hybrid system of a low Q plasmonic
nano-antenna coupled with a high Q photonic microcavity.[32]

These systems were recently addressed as a viable method to
profit from both the small modal volume of plasmonic resonator
and the high Q of the photonic microcavities. At the same time,
we reckon that the very lossy plasmonic QNM acts as an effec-
tive background continuum of states for the high Q cavity, so we
expect to understand some general rules linking the features of
the continuum with the resulting value of qn and q′n of the n-th
QNMs of a photonic system in Equations (3) and (4).
Hybrid systems are a particular case of the well-known prob-

lem of coupling two QNMs. It has been shown that for two cou-
pledQNMs of unbalanced losses, the imaginary part of themodal
volumes can be large even for very high Q.[31] In addition this rel-
evant non-Hermitian effect can be quantitatively predicted with
an analytic coupled mode theory.[31] Starting from these results,
here we extend the coupled mode theory to the hybrid systems
with quite large detuning by benchmarking it via FDTD simula-
tions (see Supporting Information).
We consider two mono-mode cavities with uncoupled com-

plex eigen frequency 𝜔̃j = 𝜔j − iΓj (frequency 𝜔j and loss
rate Γj) (j = 1, 2); the cavities are coupled via a field tun-
neling rate g (here g is a real number). Then the two coupled
QNM eigenvalues are 𝜔̃ ± = 𝜔± − i Γ± = 1

2
(𝜔̃ 1 + 𝜔̃ 2) ±

1
2
Ω̃

with Ω̃ =
√
(𝜔̃ 1 − 𝜔̃ 2)

2 + 4g2 being the complex frequency split-
ting. Hereafter, the quantities related to two QNMs of the cou-
pled system are labelled by “+” and “−”, whereas those related
to the uncoupled cavity modes are labelled with “1” and “2”. It
has been shown that, when only the cavity #j (being j = 1 or 2) is
driven by Pj, the spectral dependence of Im(cj∕Pj) (cj represents
the electric field amplitude inside the j-th cavity) is representa-
tive of the 𝛾∗(𝜔X , rj) lineshapes at the at the antinodes rj of cavity
#j.[31] In addition, the coupled mode theory also gives the correct
expression for the complex modal volumes of the QNM. There-
fore (see the Supporting Information), we use the spectral depen-
dence of Re(cj∕Pj) to predict the resonant Lamb shift Δ𝜔(𝜔X , rj)
lineshapes.
With this analytical model we can easily analyze directly many

different systems. In particular the dependence of radiative rate
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Figure 3. Radiative rate (top panel) and resonant Lamb shift (bottom
panel) inside cavity #1 for different detuning between the optical modes in
cavity #1 and #2 following Equations (4) and (5) (with different colors for
different detunings (Δ = (𝜔1 − 𝜔2)∕Γ1)). The dashed gray lines give the
broad background modulation associated with the lossy QNM in cavity
#1, which is the same for all detunings. The red dashed lines are the zero
in both plots. The colored lines are the sharp features in radiative rate and
resonant Lamb shift in the coupled QNM, which spectrally move following
the cavity detuning Δ. The detuning is varied at steps of 0.5.

and resonant Lamb shift inside cavity #1 on detuning between
the two modes (Δ = (𝜔1 − 𝜔2)∕Γ1) is given in Figure 3, using
different colors for the sharp features at different detuning. Note
the full variety of Fano profiles for 𝛾∗(𝜔X , rj) when changing the
detuning and the fact that in all cases 𝛾∗ (𝜔X ) > 0 in the whole
frequency range, as due to the “background” of the lossy plas-
monic QNM. We found that for large positive Δ (as for Δ = 2)
the coupled mode predictions for 𝛾∗(𝜔X , rj) and Δ𝜔(𝜔X , rj) show
the similar spectral features obtained in ref. [20] for a spherical
Mie resonator, that is a Fano profiles with more pronounced
positive resonant exciton Lamb shift with respect to the negative
shift. We also discover that for negative Δ it is possible to reverse
the sign of Fano parameter, so enhancing the VPP beyond the
Hermitian limit. To complete the analysis, we see that the case
qn ≈ 0 can be obtained near zero cavity detuning 𝜔1 ≈ 𝜔2 (pale
blue lines in Figure 3) and the case qn = 1, which gives the
deepest exciton VPP, is for Δ = −1 (green lines in Figure 3).
More generally, for Γ1 ≫ Γ2, the coupled mode model predicts
the following simple relation qn ≅ −Δ = −(𝜔1 − 𝜔2)∕Γ1.
Our findings show that hybrid systems could be promising for

demonstrating the VPP for excitons. Extrapolating these results
to the case of a true continuum of states, we aim to point out
some insights on how the Fano profiles in Equations (3) and (4)
depends on the shape of a dispersive-like continuum. In particu-
lar we note in Figure 3 that qn > 0 when the continuumdensity of
states is increasing with the exciton frequency, which is indeed
the standard case.[20] This finding brings us to suggest that for
having qn < 0, a continuum density of states decreasing with the
photon frequency seems to be necessary. More generally, we be-
lieve that the control of the dispersion of the continuum would

be an important key factor to tailor the VPP. A nice example of
how the engineering of the continuum can tailor the photonic
local density of states can be found in ref. [33], where coupling a
cavity in a slow light wave guide led to large imaginary parts of
the complex modal volume for a single photonic QNM.

4. Conclusions

In summary, we have shown that, within the weak coupling
regime, photonics systems allow to realize a vacuum optical trap
for excitons exploiting the same concepts leading to Casimir–
Polder potential for neutral atoms. The advantage of a photonic
system is not only to be able to trap an exciton but simultaneously
to tailor its optical properties (photon antibunching, enhanced ra-
diative rate and light extraction) for a new generation of quantum
emitters. The great knowledge acquired by the photonic commu-
nity for controlling the local density of states can then be used to
design optimized VPP. In this scenario, the non Hermitian de-
scription of optical resonators offers a powerful tool to drive this
research by tailoring the dispersion of the continuum.We believe
that a lot of room for optimizing the exciton VPP is available in
meta materials and in particular left-handed and topological ma-
terials, where exotic light behavior can be likely designed.
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