
Tunable Directional Emission and Collective Dissipation with Quantum Metasurfaces

D. Fernández-Fernández 1,2 and A. González-Tudela 1,*

1Institute of Fundamental Physics IFF-CSIC, Calle Serrano 113b, 28006 Madrid, Spain
2Instituto de Ciencia de Materiales de Madrid ICMM-CSIC, 28049 Madrid, Spain

(Received 2 July 2021; accepted 26 January 2022; published 14 March 2022)

Subwavelength atomic arrays, recently labeled as quantum metamaterials, have emerged as an exciting
platform for obtaining novel quantum optical phenomena. The strong interference effects in these systems
generate subradiant excitations that propagate through the atomic array with very long lifetimes. Here, we
demonstrate that one can harness these excitations to obtain tunable directional emission patterns and
collective dissipative couplings when placing judiciously additional atoms nearby the atomic array. For
doing that, we first characterize the optimal square array geometry to obtain directional emission patterns.
Then, we characterize the best atomic positions to couple efficiently to the subradiant metasurface
excitations and provide several improvement strategies based on entangled atomic clusters or bilayers.
Afterward, we also show how the directionality of the emission pattern can be controlled through the
relative dipole orientation between the auxiliary atoms and the one of the array. Finally, we benchmark how
these directional emission patterns translate into to collective, anisotropic dissipative couplings between the
auxiliary atoms by studying the lifetime modification of atomic entangled states.
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The modification of atomic radiation by the presence of
other atoms has been a very active of area in quantum optics
since the seminal work by Dicke [1]. There, he showed that
an atomic ensemble confined within a volume smaller than
their optical wavelength (λ0) emits photons with a collec-
tively enhanced decay rate [2] due to the photon-mediated
interactions appearing between them [3,4]. With the advent
of optical lattices [5,6], the focus expanded to atomic
arrays. Few works considered first the modification of the
photonic energy dispersion for arrays with interatomic
distances d ∼ λ0 [7–14]. However, the interest in the field
exploded by studying the properties of (deeply) subwave-
length arrays, that is, when d < ð≪Þλ0 [15–38]. For such
distances, interference leads to collective atomic responses
very different from their individual one, like in metama-
terials [39], and which can be harnessed to improve photon-
storage fidelities [17] and quantum registers [29], to
generate multiphoton states [34], or to obtain chiral [30]
or magnetic [35] light-matter interfaces. These prospects
have placed such “quantum metamaterials” [34] at the
spotlight, triggering several experiments [40,41].
One of the most remarkable features of these systems is

that they host subradiant excitations that propagate con-
fined within them [17–28] with very long lifetimes. These
subradiant excitations display nontrivial energy disper-
sions, like the photons propagating in photonic crystals
[42], which can be tuned modifying the array configura-
tion. This is why recent works [36–38] have pointed out
these quantum metamaterials as a platform for exploring
the physics of atoms coupled to photonic crystals [43].
Compared to nanophotonics, these systems (i) do not

require complicated trapping schemes to place atoms
nearby dielectrics [44–49]; (ii) energy dispersions of
guided modes can be modified by optical means; and
(iii) different from the guided modes in photonic crystals,
these subradiant modes interact [36], which can be used to
induce gates [50]. So far, these initial works [36–38] have
mostly considered the emergence of band-gap-mediated,
coherent interactions, however, the possibilities are much
richer [51–63].
One of these exciting possibilities is the generation of

anisotropic dissipative couplings between emitters when
energetically tuned to van Hove singularities [59–63].
Despite its incoherent nature, such directional couplings
lead to the formation of bound states in the continuum
[60,61,64,65], which can be instrumental to design quan-
tum gates [66,67]. These initial works [59–61] were based
on simplified models, which neglected the coupling to free-
space and polarization effects. Here, we propose a realistic
quantum metasurface where these phenomena can be
observed and controlled through the relative orientation
and position of the impurity-array atomic dipoles. In
addition, we show how the emission into the subradiant
modes can be increased using entangled clusters or bilayer
metasurfaces. We characterize these phenomena first with a
single emitter, studying its emission, and then with many,
characterizing the lifetime modification of entangled states,
i.e., the signature of super- and subradiance [1].
The setup we consider in this Letter is depicted in

Fig. 1(a): auxiliary atoms are placed near a square atomic
array with interatomic distance d. For simplicity, we
consider atomic systems with a single optical transition
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(e − g) of frequency ωa=0 ¼ ka=0c ¼ 2πc=λa=0 and polari-
zation ℘a=0 for the impurity/array atoms, respectively.
Here, we focus on the situation in which the array dipoles
are oriented in plane (see Supplemental Material [68] for
the out-of-plane case), e.g., fixing℘0 ¼ êy. We leave℘a as
a free parameter, which, as we see below, will allow us to
tune the emergent behavior.
Let us first characterize the properties of the metasurface.

Its dynamics can be described within an stochastic wave
function approach through the following non-Hermitian
Hamiltonian [17]:

Hm

ℏ
¼
XN

j¼1

�
ω0− i

Γ0

2

�
σjeeþ

XN

i≠j¼1

�
Jij− i

Γij

2

�
σiegσ

j
ge; ð1Þ

where the atom jth is located at rj, Γ0 ¼ j℘0j2ω3
0=ð3πℏc3Þ

is the individual free-space decay rate, and σjαβ ¼ jαijhβj
are the dipole operators. The coherent (Jij) and incoherent
(Γij) emitter interactions are given by the vacuum’s Green’s
function [17] G0ðri − rjÞ,

Jij − i
Γij

2
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where ℘̂i ¼ ℘i=j℘ij≡ ℘̂0. In the single-excitation
subspace and infinite size limit, the eigenstates of the

Hamiltonian Hm are Bloch functions S†k ¼ ð1= ffiffiffiffi
N

p ÞP
j σ

j
egeik·rj , where k ¼ ðkx; kyÞ ∈ ½−π=d; π=d�⊗2, and

their (complex) eigenenergies read
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where G̃0ðkÞ ¼
P

j e
−ik·rjG0ðrjÞ is the discrete Fourier

transform of the free-space tensor. In Fig. 1(b) we plot the
energy dispersionωk and their associated imaginary part γk
(in color scale) along a path of the Brillouin zone and for an
array with d=λ0 ¼ 0.3 [68]. As expected for such distances,
interference effects lead to the sub(super)radiant character
[γk < ð>ÞΓ0] of the eigenstates outside (within) the light
cone. Its energy dispersion ωk features a saddle point at the
X point, which leads to a van Hove singularity in the
density of states at its energy, see Fig. 1(c). This singularity
also appears in the nearest-neighbor model, and it is where
the anisotropic emission and collective interactions for
resonant emitters were predicted [59–61]. In that case,
however, the saddle point is accompanied by straight
isofrequencies, i.e., kx � ð∓Þky ¼ �π=d, important for
the emission directionality. The long-range nature of the
photon-mediated interactions in free space [17] modify this
behavior. This is shown explicitly in Figs. 1(d)–1(f), where
we plot ωk and the corresponding isofrequency line at the
X point for several d=λ0. By doing a systematic analysis
[68], we find that d=λ0 ≈ 0.3 leads to an optimal perfor-
mance for in-plane polarized modes because it maximizes
the isofrequency straightness, the density of states at that
energy, and, as we see next, its tunability. Such subwave-
length regime can be obtained by using a different optical
transition for trapping the atoms than for mediating the
interactions, as already done in Ref. [41]. Thus, alkaline-
Earth atoms look particularly suitable since they feature
optical transitions from the near ultraviolet to the infrared
range [73,74].
Let us now consider the effect of placing an impurity

atom near the array at position ra. The dynamics of the
combined system is described by the Hamiltonian
H ¼ Ha þHam þHm, where [75]

Ha
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The impurity atom can either be the same atom or a
different isotope, and if one can isolateΛ scheme in its level
structure, its frequency and linewidth can be controlled
with Raman-assisted transitions (see Ref. [15,38,68]). To
characterize how well the impurity atoms couple to the
guided modes of the metasurface, we calculate the

(a)

(d)

(b) (c)

(e) (f)

FIG. 1. (a) Impurity atoms (red) are placed near a square atomic
array (gray) with lattice constant d. Each array and impurity atom
has a single optical transition of wavelength λ0=a and a free-space
decay rate of Γ0=a. (b) Band structure for an array with in-plane
polarization ℘̂0 ¼ êy and d=λ0 ¼ 0.3. Color scale represents the
collective decay rate, and the gray shadow region denotes the
light cone. (c) Density of state in arbitrary units for the band
structure shown in (b). (d)–(f) Color maps of the array band
structure with (d) d=λ0 ¼ 0.2, (e) d=λ0 ¼ 0.3, and (f) d=λ0 ¼ 0.4.
Equipotentials for the energy ωk¼X for the metasurface (solid
white) compared to the nearest-neighbor model [59–61]
(dashed black).
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metasurface Purcell factor (P), that is, the ratio between the
decay rate into subradiant modes (Γm) compared to free-
space modes (Γ0). We do it using two complementary
approaches. First, the semianalytical approach developed in
Ref. [36],

Pa ¼
9d2

2k2a
ℑðRRjkj>k0 d2k

℘̂�
aαkðraÞ⊗βkðraÞ℘̂a

ðωa−ωkÞ=Γ0
Þ

1þ 9d2

2k2a
ℑðRRjkj≤k0 d2k

℘̂�
aαkðraÞ⊗βkðraÞ℘̂a

ðωa−ωkÞ=Γ0
Þ
; ð5Þ

where αkðraÞ and βkðraÞ are the field eigenmodes evalu-
ated at the impurity atom position ra [68],

αkðrÞ ¼
XN

j¼1

G0ðr; rj;ω0Þ · ℘̂0eirj·k; ð6aÞ

βkðrÞ ¼
XN

j¼1

℘̂�
0G0ðrj; r;ω0Þ · e−irj·k: ð6bÞ

This expression is obtained under the Born-Markov
approximation, which neglects retardation within the array
and assumes Γm is much smaller than the bandwidth of ωk.
To avoid relying on this assumption and to get a better
picture of real experiments, we alternatively calculate P by
solving exactly the dynamics assuming an initially excited
impurity atom, i.e., σaegjvaci. Since H is excitation pre-
serving, the system wave function at any time reads

jΨðtÞi ¼
�
CaðtÞσaeg þ

XN

j¼1

CrjðtÞσjeg
�
jvaci: ð7Þ

From this wave function, one can obtain a numerical
estimation of the Purcell factor [68], which we label as Pn
and which takes into account non-Markovian effects.
Additionally, plotting jCrjðtÞj, one obtains the spatial
emission pattern, which will be directly related to how
the impurity atoms interact among them.
In Figs. 2(a) and 2(b), we plot the dependence of the

Purcell factor on the vertical distance z for emitters placed
above an atom or at the center of the unit cell, respectively,
as well as its emission pattern (insets). We compare both the
semianalytical Pa (solid lines) and the numerical approach
Pn (dashed lines) for two different distances, i.e., d=λ0 ¼
0.1 and 0.3 in red and blue, respectively. Closer interatomic
distances of the impurity atom to the metasurface lead to
larger Purcell factors, although at the expense of losing the
cross-directional emission, as expected from Figs. 1(d)–
1(f). In addition, it is also at these small z regions where we
see the larger deviations between the semianalytical and
numerical Purcell factors. These differences can be attrib-
uted to strong deviations from the Markovian behavior
[68], where Pa is not expected to work and can be
attenuated by reducing Γa, e.g., with a Raman transition.

Apart from this deviation, another important difference of
placing the impurity atom exactly above a metasurface
atom [Fig. 2(a)] or at the center of the unit cell [Fig. 2(b)] is
the tunability of the cross-directional emission shown in the
inset of both panels. In particular, we can show that
changing the relative orientation between the lattice and
the impurity atom θ ¼ arccos ð℘̂0 · ℘̂aÞ cancels the emis-
sion along one of the directions in the former case, but not
in the latter. To characterize qualitatively this tunability, we
define a directional parameter [68],

χ1D ¼
X

jrjj∼R
P̃j cos½2ðθj − θmaxÞ�; ð8Þ

where P̃j is the cumulative population of the dipoles located
near a circle of radius R centered on the emitter, and θj is its
angle with respect to the x axis. The maximum cumulative
population is located at the angleθmax.Cumulative population
is renormalized so

P
jrjj∼R P̃j ¼ 1. With this definition,

(c)

(d)

(b)(a)

FIG. 2. (a),(b) Semianalytical (solid lines) and numerical
(dashed lines) Purcell factors as function of the vertical distance
of the emitter when it is located (a) on top of an atom, (b) in the
center of a plaquette. The atomic array has in-plane polarization
℘̂0 ¼ êy, while the impurity atom has ℘̂a ¼ ðêx þ êyÞ=

ffiffiffi
2

p
and a

individual decay rate Γa ¼ 0.002Γ0. Numerical calculations have
been obtained with a 50 × 50 dipole array. (c),(d) Directionality
parameter χ1D as a function of the relative orientation of the
impurity-array dipoles θ, with the emitter (c) on top of a dipole at
z ¼ 0.5d (z ¼ 0.3d) for λ0=d ¼ 0.1 (λ0=d ¼ 0.3) and (d) in the
center of a plaquette with z ¼ 0. Insets show the emission
patterns in real space at the points denoted by the arrows.
Horizontal and vertical axes represent the x and y directions,
respectively.
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χ1D ¼ 1 when the emission is purely one-dimensional (1D),
whereas χ1D ≈ 0 when it becomes isotropic or emits in two
orthogonal directions. In Figs. 2(c) and 2(d), we plot χ1DðθÞ
for the impurity positions of Figs. 2(a) and 2(b), respectively,
showing that χ1DðθÞ ≈ 1 for certain θ with impurities at the
center of the unit cell, whereas χ1DðθÞ ≈ 0 at all θ for the
other case.
In Fig. 2, we see how, for the most tunable situation

(d=λ0 ¼ 0.3), the Purcell factor is limited to P ≈ 1. Now,
we explore two possible strategies to boost P while still
preserving the possibility of tuning the directional emission
patterns. The first strategy consists of placing pairs of
emitters separated a distance dp and prepared in a given

entangled state, e.g., jΨci ¼ ðjea1ga2i � jga1ea2iÞ=
ffiffiffi
2

p
.

This can be done, e.g., using dynamical optical tweezers
and local spin exchange [76] or Rydberg interactions [77].
The intuition is that the interference between the atomic

emission within the cluster can lead to a cancellation of
free-space emission and ultimately boost P. This occurs for
the antisymmetric case, obtaining P ∼ 10, but at the price of
losing the tunability of the directional emission (see
Supplemental Material [68]). Since for this Letter we are
interested in keeping the tunability, in Fig. 3(c) we compare
the numerically obtained Pc for the symmetric cluster with
the individual one P0 for a dipole in the center of a
plaquette at z ¼ 0 as a function of the cluster distance dc.
Like this, one can get a moderate improvement Pc=P0 ≈
1.5 for dc ≈ 0.45d, but keeping the directional emission.
Besides, we observe an effective rotation of the emission as
dc increases, which shows that dc can be used as a tuning
knob by itself. The other strategy consists of changing the
metasurface structure by a bilayer one with separation db,
see scheme in Fig. 3(b). This structure also features straight
isofrequencies [68], where one can energetically tune the
impurity atom to obtain directional emission patterns. In
Fig. 3(d), we numerically obtain Pb for the bilayer system
and show how it can reach Pb=P0 ≈ 7 for either small db
distances, keeping the 1D tunability, or for db ≈ 0.7 but
losing the 1D character of the emission.
After having characterized the single impurity coupling,

let us consider how the directional emission patterns
translate into collective dissipative interactions when more
impurity atoms couple to the metasurface. One typical
signature of these dissipative couplings is the lifetime
renormalization of entangled atomic states [1]. This means
that if an individual system decays with a rate Γind, an
entangled pair features a collective enhancement (decrease)
of such decay rate Γcoll > ð<ÞΓind depending on whether it

(c)

(d)

( )

(a) (b)

FIG. 3. (a),(b) Entangled cluster and bilayer schemes. (c),(d)
Purcell factor P (solid black lines, left axis) and directionality χ1D
(dashed red lines, right axis) for (c) a single cluster placed near
the simple metasurface and (d) a single emitter placed within a
bilayer metasurface. (c) The impurities within the cluster are
placed at r1;2 ¼ ð�dc=

ffiffiffi
2

p
;∓ dc=

ffiffiffi
2

p
; 0Þ, with a polarization of

℘̂a ¼ ðêx þ êyÞ=
ffiffiffi
2

p
and initialized in a symmetric state. The

array has a polarization ℘̂0 ¼ êy. (d) The two layers are shifted
by ð0.5d; 0.5dÞ, and the emitter is located in the middle of both
layers in ra ¼ ð0; 0.5d; db=2Þ. The dipoles of the layers have a
polarization ℘̂0 ¼ ðêx þ êyÞ=

ffiffiffi
2

p
, while for the emitter ℘̂a ¼ êy.

In both cases, d=λ0 ¼ 0.3 and emitters are resonant with the X
modes. Insets show the emission patterns in real space (x and y
directions) at the configuration denoted by the arrows. Horizontal
and vertical axes represent the x and y directions, respectively.

(a)

(b)

FIG. 4. (a),(b) Collective decay rates with the different strat-
egies (a) normalized to the individual emitter decay rate in free
space and (b) normalized to individual decay rate at each
configuration, for a monolayer with two emitters (blue circles),
a monolayer with two clusters (green triangles), and a bilayer
with two emitters (orange squares). The black solid line repre-
sents the case with no metasurface. Cluster impurities distance
dc ¼ 0.45d, and bilayer distance db ¼ 0.1d. The other param-
eters are the same as those in Fig. 3.
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is a super(sub)radiant configuration. In Fig. 4, we extract
this collective enhancement Γcoll as a function of the
distance between impurities de=d through a numerical
fitting of the dynamics for the three different configurations
explored in Figs. 2–3: namely, (i) for a pair of impurity
atoms near the single-layer array (blue dots); (ii) for a pair
of entangled atomic clusters near the single-layer array
(green dots); and (iii) for a pair of impurity atoms within a
shifted bilayer array (orange dots). In Fig. 4(a), we plot Γcoll
normalized to the impurity atom free-space individual
decay rate Γa. There we observe how, indeed, all strategies
provide an improvement of collective effects compared to
the case with no metasurface. To better compare the
intrinsic collective dynamics induced in the different
systems, in Fig. 4(b) we plot the same configurations,
but normalizing Γcoll to the individual decay rate Γind in
each configuration. There we observe how the bilayer
enhances better collective effects at small distances due to
its imperfect directionality, see Fig. 3(d), whereas the
entangled cluster performs better at larger distances.
Summing up, we show how to obtain strongly directional

emission patterns by placing atoms near quantum meta-
surfaces. We also study several strategies to achieve more
efficient couplings between the impurity atoms and the
directional subradiant modes of the metasurfaces based on
entangled clusters or bilayer systems. Finally, we also show
how these directional emission patterns translate into
collective dissipative couplings when more impurity atoms
couple to the metasurface. This shows the potential of
quantum metasurfaces to induce nontrivial collective dis-
sipative effects resulting from the interplay of interference
and unconventional band structures. Our results can be of
interest as well for subwavelength exciton arrays in 2D
materials [78]. An interesting outlook is to extend this
analysis to the case topological band-structure models
[25,57,58].
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Note added.—Recently, two works exploring similar ideas
were published [79,80]. The code to reproduce the figures
of this Letter can be found in [81].
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