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We show that induced dipole-dipole interactions allow for photon blockade in subwavelength
ensembles of two-level, ground-state neutral atoms. Our protocol relies on the energy shift of the
single-excitation, superradiant state of N atoms, which can be engineered to yield an effective two-
level system. A coherent pump induces Rabi oscillation between the ground state and a collective
bright state, with at most a single excitation shared among all atoms. The possibility of using clock
transitions that are long-lived and relatively robust against stray fields, alongside new prospects on
experiments with subwavelength lattices, makes our proposal a promising alternative for quantum
information protocols.

Photon-induced blockade is a mechanism where multi-
excitation states become marginally populated owing to
a non-linearity in the excitation spectrum, e.g. due to
energy shifts caused by interactions. In atomic systems,
it has been achieved up to date using Rydberg atoms,
excited to highly energetic levels, with a principal quan-
tum number of several tens [1–4]. Crucially, such se-
tups rely on huge attainable interaction strengths among
Rydberg excited atoms, which can be many orders of
magnitude larger than other typical interaction strengths
(e.g. involving van der Waals or magnetic dipole-dipole
forces) of the ground states. The resulting interaction
translates into a strong repulsion between two Rydberg
atoms, which shifts the multi-excitation states in energy
(see Fig. 1a) and can block the presence of more than one
excitation inside the so-called blockade radius. Through
this mechanism, it is thus possible to address a single-
excitation “super-atom” state of N atoms (typically a
symmetric state). This allows one to simulate an effective
two-level system, consisting of a collective excited state
of the form |ψs〉 = (1/

√
N)
∑N

i=1 e
ik·ri |g...geig...g〉 (with

k the pump wavevector and ri the position of atom i)
and a ground state |ψg〉 = (1/

√
N) |g...g〉. The coupling

to the pump with single-atom Rabi frequency Ω results in
the collective Rabi oscillations at frequency

√
NΩ. They

are the hallmark of photon blockade, as they provide a
direct observable of the collective state, and serve as a
witness of the N -atom entanglement. Indeed, starting
from ground-state atoms and switching off the pump af-
ter a quarter of the collective oscillation fully populates
the entangled state |ψs〉. Other signatures, possibly less
easily accessible experimentally, are the excitation num-
ber of the system, as well as the correlation functions
between neighbouring atoms, that shows the suppression
of two excitations to be within the same blockade radius.
This mechanism makes experiments with Rydberg states
of neutral atoms attractive platforms to implement quan-
tum information protocols [1, 2].
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FIG. 1. Transition scheme for a pair of atoms (a) in a Rydberg
configuration, where the energy shift occurs for the doubly-
excited state, the symmetric state is directly addressed using
the atomic transition wavelength; (b) in a configuration with
strong induced dipole-dipole interactions, the energy of sym-
metric and antisymmetric single-excitation states shifts oppo-
sitely: in this case, to target the symmetric state, the pump
is detuned by the interaction-induced shift ∆SR.

While Rydberg physics can be ideal for the genera-
tion of appreciable quantum correlations and entangle-
ment, there can be several downsides of using such sys-
tems, which usually stem from challenging experimental
control levels. For instance, these atomic states are ex-
tremely sensitive to stray electric and magnetic fields due
to their large dipole moments [5, 6]. Additionally, di-
rect, single-photon excitation from an electronic ground
state to a Rydberg state is typically very difficult ex-
perimentally due to requirements for short-wavelength
lasers [7]. Instead, their excitation generally involves a
two-photon process, which in turn induces losses during
the commonly used stimulated Raman adiabatic passage.
Furthermore, it has been shown that the dense spec-
trum of nearby Rydberg states might severely shorten
the time available for coherent manipulation of the Ry-
dberg atoms, implying restrictions to protocols that in-
volve dressing states, for instance [8].
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Here we consider instead the case of ground-state neu-
tral atoms that interact solely through induced dipole-
dipole interactions and have a simple two-level inter-
nal structure. While Rydberg states result in effec-
tively micrometer-sized atoms, in order to reach strong
enough interaction strengths in our system, we con-
sider subwavelength samples. Such systems have recently
drawn considerable attention, as dipole-dipole interac-
tions at short distances can generate spin squeezing [9]
and also extraordinary subradiance, allowing for long-
lived entangled states that may eventually behave as
quantum memories [10–16]. Furthermore, recent propos-
als based on stroboscopic techniques are exploring new
ways to overcome the diffraction limit and turning sub-
wavelength arrays into reality [17, 18]. The advantage of
choosing schemes with ground-state neutral atoms over
Rydberg-based protocols is the fact that one could ben-
efit from long-lived transitions currently used in highly-
controllable atomic clock experiments, which are also less
sensitive to stray fields, increasing the robustness for co-
herent control.

Although our proposal presents similar physics to the
Rydberg blockade, it differs in the fact that the shift in
energy occurs not on a highly excited state, but rather on
the single-excitation states. The simple case for N = 2
is depicted in Fig. 1b and contrasted with the Rydberg
counterpart. Here we address the detuned symmetric
state by setting the pump frequency to ω0+∆SR, with ω0

the bare single-atom transition frequency. This frequency
shift ∆SR prevents populating the two-excitation state,
inducing a blockade mechanism.

We consider a linear chain of N two-level atoms excited
with a linear polarization orthogonal to the chain, so the
induced electric dipoles couple through the exchange of
real and virtual photons. Their dynamics is described
(under both Markov and rotating-wave approximation)
by a quantum master equation of the form (~ ≡ 1) [19–
21]

d

dt
ρ̂ = −i[Ĥ, ρ̂] + L(ρ̂), (1)

where the coherent Hamiltonian dynamics is given by

Ĥ = −∆
∑
i

σ̂+
i σ̂
−
i +

1

2

∑
i

(
Ωeik·ri σ̂+

i + h.c.
)

+
∑
i,j

∆ij σ̂+
i σ̂
−
j , (2)

whereas the Lindbladian part reads

L(ρ̂) =
∑
i,j

Γij
(
σ̂−i ρ̂σ̂

+
j − {σ̂+

j σ̂
−
i , ρ̂}

)
. (3)

We assume that our system is being pumped by
a laser with Rabi frequency Ω and detuned by ∆
from ω0. The dipole-dipole nature of the inter-
action is embedded in the assumption of point-like

dipoles whose associated Green’s tensor is given by

Gij ≡ G(rij) = 3Γ
4

eikrij

(krij)3

[ (
k2r2

ij + ikrij − 1
)
13 −(

k2r2
ij + i3krij − 3

) rijr
T
ij

r2ij

]
for i 6= j, where rij ≡ ri − rj ,

and Gii = iΓ
213 for the single-atom term, with Γ =

d2
0k

3/3πε0~ the single-atom spontaneous decay rate, ε0
free space permittivity, d0 the transition dipole moment
and k = ω0/c = 2π/λ its wavenumber. The elastic and
inelastic terms of the dipolar interaction can be written
as ∆ij ≡ ε̂i

∗ · Re {Gij} · ε̂j and Γij ≡ ε̂i
∗ · Im {Gij} · ε̂j ,

where ε̂i is the polarization of the i-th dipole, which we
choose to be ε̂i = ε̂ = ẑ. We have here considered a
regular chain of atoms of spacing d along x̂, with an inci-
dent laser propagating along k = kŷ and polarized along
ẑ (see Fig. 2a). In this configuration, the atoms couple
only through the z-polarization.

Collective effects have been studied extensively in the
low-excitation limit (linear-optics) regime, with reports
on collective frequency shifts, sub- and superradiance
[10, 22–26]. The superradiant (SR) state in this con-
text, also labelled timed Dicke state [27], can be identified
precisely by diagonalizing the single-excitation (linear-
optics) coupling matrix M ij ≡ Γij + i∆ij [28–31]: it
corresponds to the eigenstate whose eigenvalue has the
largest real part, ΓSR, while its imaginary part corre-
sponds to its energy ∆SR with respect to the atomic
transition [32].

The generalization of the protocol presented in Fig. 1b
to N > 2 consists in addressing a single superradiant
eigenstate of the interacting Hamiltonian. In our setup,
this is achieved by a homogeneous in-phase illumination
by the drive and matching the laser detuning precisely to
the interaction shift, ∆ = ∆SR. A significant blockade
effect requires a large energy shift, thus a small lattice
spacing, and a Rabi frequency larger than the decoher-
ence rate (Ω > ΓSR). Here we chose Ω = 0.1∆SR.

The resulting dynamics is illustrated in Fig. 2b for the
case of N = 4 atoms spaced by d = 0.1 k−1, where we
show the total excited population n =

∑N
i=1 〈n̂i〉, with

n̂i = σ̂+
i σ̂
−
i , as a function of time. We first notice that n

is always less than unity and the inset plot confirms that
the probability Pn≥2 of having more than one excitation
in the system is very small (. 10−2). The amplitude
of these oscillations is damped by an exponential enve-
lope (dot-dashed green lines) consistent with the domi-
nating decay rate ΓSR, indicating that we are addressing
specifically the SR state. Secondly, we observe that the
frequency of oscillation is twice as large as the one of a
driven single-atom (orange dashed line), which is thus
consistent with the

√
NΩ scaling of the collective Rabi

oscillations.

Furthermore, the blockade effect is confirmed by ex-
amining the time evolution of the density matrix: the
dynamics is the one of an effective two-level system com-
posed of the ground-state and the SR state. At time
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FIG. 2. (a) Regular chain of two-level atoms with spacing d along x̂ and incident laser of wave-vector k = kŷ, polarized along
ẑ. The strong dipole-dipole interaction generates a large energy shift of the superradiant state, which permits the blockade
effect (purple sphere). (b) Dynamics of the excited population n for N = 1 (dashed grey line) and N = 4 atoms (purple line),
for a driving Rabi frequency Ω/Γ = 65. For the N = 1 case, the atom is driven at resonance (∆ = 0). For N = 4, the detuning
is chosen to drive the superradiant mode (∆ = ∆SR), and the system is composed of a regular chain with spacing kd = 0.1.
The inset shows the probability of having many excitations to be . 10−2 throughout the evolution. (c) Density matrix for a
chain with N = 4 atoms, with spacing kd = 0.1, driven by a laser with detuning ∆/Γ = 649, matching the superradiant-mode
shift, and with a Rabi frequency Ω/Γ = 65.

t = π/
√
NΩ, after switching on the pump, we reach

a state with the largest probability of finding a single
excitation, with large off-diagonal coherences, as shown
in Fig. 2c. This can be confirmed by a fidelity of
F = 〈SR| ρ̂ |SR〉 = 0.96 with the SR state. Note that
in our system the SR state is not equivalent to the sym-
metric, W -state |W 〉 ≡ (1/

√
N)
∑N

i=1 |g...geig...g〉 due to
boundary conditions. This analysis, combined with the
fact that the multi-excitation states are practically not
populated (see inset of Fig. 2b) confirms that the block-
ade regime is achieved.

We remark that our protocol relies on the sufficiently
large energy shift of the superradiant state, and a proper
addressing of that state with the pump laser. In our case,
large shifts are made possible by our choice of a subwave-
length lattice spacing (kd ∼ 0.1), allowing the near-field
1/r3 terms to dominate the dipolar interactions. This
shift could be further enhanced using, e.g., 2D geome-
tries, where the number of neighbouring atoms is higher.
Furthermore, our geometry couples dipoles with a polar-
ization orthogonal to the atomic chain (see Fig. 2), yet
the coupling could be tuned turning the linear polariza-
tion around k, as encoded in the Green’s tensor Gij . For
example, the near-field terms cancel at the “magic angle”
θ = sin−1(1/

√
3) between the chain axis and the polariza-

tion, and take an opposite sign below this value. Finally,

it is interesting to note that boundary effects could be
reduced using systems with a higher degree of symmetry,
such as rings [33].

We now proceed to discuss a blockade radius, which
describes the distance within which atoms are expected
to mutually induce a blockade of excitations. To this end,
we introduce an average atomic pair correlation function
[34, 35]

g(2)
a (s) =

1

Ns

∑
i

〈n̂in̂i+s〉
〈n̂i〉〈n̂i+s〉

, (4)

where Ns corresponds to the number of sites in the chain
that are distant by s sites. As can be observed in Fig. 3,

g
(2)
a is below unity for atoms closer than 1/k, indicating

that excitations are blocked; it increases above unity as
the sample size is of order of the wavelength, presenting
an anti-blockade (also known as excitation-facilitating)
regime [36–39]. This allows to define a blockade radius
of ∼ 1/k for induced dipole interactions.

While probing directly the states of a subwavelength
sample remains a huge challenge, photon blockade also
leaves a direct signature on the scattered light. Apart
from the collective Rabi oscillations discussed before,
its signature can be found in the normalized intensity-
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FIG. 3. Atomic pair correlation g
(2)
a as a function of the lattice

step x for chains of N = 6 atoms apart by different values of
lattice spacing d.

intensity correlations of light [40]

g
(2)
l (τ) ≡ lim

t→∞

〈Ê−(t)Ê−(t+ τ)Ê+(t+ τ)Ê+(t)〉
〈Ê−(t)Ê+(t)〉2

, (5)

where we have used normal ordering for g
(2)
l . The electric

field was computed using the far-field expression for the
scattered field Ê+ ∼ ∑N

j=1 e
−ikn̂.rj σ̂−j , in the direction

n̂ = ŷ where it has the polarization (n̂× ε̂)× n̂ = ẑ of the
incident laser. Here the contribution of the incident laser
has been discarded: this corresponds to observing the
emitted light a few degrees off the laser axis, which yields
similar results since we are considering subwavelength
samples.

The light statistics describe photon bunching when

g
(2)
l (0) > 1, superbunching for g

(2)
l (0) > 2 and anti-

bunching (or photon blockade) when g
(2)
l (0) < 1 [41]

— the latter necessarily implying nonclassicality [42].

A map of the g
(2)
l (0) is presented in Fig. 4a: we have

checked that the values much smaller than unity corre-
spond to the excitation-blockade regime [43], where the
system oscillates between ground and single-excitation
states [42]. This map shows with which driving frequency
the SR state should be addressed for different lattice
spacing (see dark blue region corresponding to the anti-
bunching of photons and dashed white line describing the
superradiant energy shift [43]). The detuning required to
reach the photon-blockade region follows a 1/(kd)3 decay,
as one expected from the dominating term of the dipolar
interactions at short distances.

The interactions that allow for the blockade regime
generate other kinds of collective states. This is already

visible from the analysis of the g
(2)
l (0) in Fig. 4a, where

superbunching is observed (orange region). To illustrate
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FIG. 4. (a) Map of second-order correlation function g
(2)
l (0)

for the light field scattered by a chain with N = 4 as a func-
tion of detuning ∆ and spacing kd. The strongly antibunched
states lie on top of the dark-blue area, which closely coincides
with the single-excitation, superradiant energy shift (dashed
white line [43]) for each spacing kd. (b) Probability Pn of ex-
citing n atoms as a function of time for two cases highlighted
in (a) (white dot and black triangle, respectively): an anti-

bunched (photon-blockaded) state (top) with g
(2)
l (0) = 0.03

and a superbunched state (bottom) with g
(2)
l (0) = 5.13.

this point, the probability Pn of exciting n atoms is mon-
itored as a function of time: the blockade regime is char-
acterized by a population which oscillates between the
ground and single-excitation states (see Fig. 4b). The
probability to explore a multi-excited state is compara-
tively small, and in phase with the single-excitation state,
which suggests there are off-resonant events directly re-
sulting from the SR state excitation. In contrast, driving
the system at a different frequency can lead to a weakly-
excited (P0 ≈ 1) yet superbunched state (see Fig. 4a),
where the single- and double-excitation states have com-
parable probabilities to be explored [43].

In conclusion, we have shown photon blockade using
ground-state neutral atoms in subwavelength lattices by
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addressing a collective SR state of the system, whose en-
ergy can be shifted far away from the atomic resonance
by induced dipole-dipole interactions. This protocol can
be in principle implemented using atoms with long-lived
clock transitions, which are considerably less sensitive to
stray magnetic and electric fields than Rydberg atoms,
offering robustness for coherent control. Note that while
we have here used the SR state, a wealth of collective
states is actually generated by the dipole-dipole interac-
tions, whose properties remain to be analyzed and pos-
sibly harnessed. In this context, the recent progresses
in the experimental realization of subwavelength optical
lattices holds many promises for creating and manipulat-
ing highly-entangled states [17, 18, 44] and opens the way
for a possible implementation of the proposal discussed
in this work. Note that our proposal is not limited to
atomic setups, but also for other platforms being able to
implement large dipole-densities at subwavelength scales,
such as with color centers [45–47].
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Physical Review Letters 96, 010501 (2006).

[28] A. Goetschy and S. E. Skipetrov, Physical Review E 84,
011150 (2011).

[29] A. Goetschy and S. E. Skipetrov, EPL (Europhysics Let-
ters) 96, 34005 (2011).

[30] S. E. Skipetrov and I. M. Sokolov, Physical Review Let-
ters 112, 023905 (2014).

[31] L. Bellando, A. Gero, E. Akkermans, and R. Kaiser,
Phys. Rev. A 90, 063822 (2014).

[32] T. S. do Espirito Santo, P. Weiss, A. Cipris, R. Kaiser,
W. Guerin, R. Bachelard, and J. Schachenmayer, Phys-
ical Review A 101, 013617 (2020).

[33] J. Cremer, D. Plankensteiner, M. Moreno-Cardoner,
L. Ostermann, and H. Ritsch, arXiv preprint
arXiv:2004.09861 (2020).

[34] C. Ates, T. Pohl, T. Pattard, and J. M. Rost, Journal
of Physics B: Atomic, Molecular and Optical Physics 39,
L233 (2006).

[35] H. Labuhn, D. Barredo, S. Ravets, S. de Léséleuc,
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