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Cooperative effects such as super- and subradiance can be observed in the fluorescence emitted by
a system of N atoms in vacuum, after interaction with a laser beam. In the vicinity of a dielectric
or metallic surface, Casimir-Polder effects can modify collective atomic frequency shifts and decay
rates. In this work we consider a line of cesium atoms driven on their 6D3/2 → 7P1/2 transition,
and we show that cooperative effects, expected in free space, are suppressed when the atoms are
close to a sapphire surface. This suppression is related to surface polaritons, which is demonstrated
by the recovery of the cooperative effects when surface polaritons are absent.

I. INTRODUCTION

When many atoms in vacuum interact with a coherent
laser beam, the resonance fluorescence emitted by them
may present cooperative effects, studied extensively fol-
lowing the seminal work of Dicke [1]. Cooperative ef-
fects arise from quantum coherence created between the
atoms if their relative distances are small, and the spon-
taneous emission has its decay rate enhanced. This en-
hancement, known as superradiance, was initially studied
in the regime of many excited atoms in vapors [2], but
even if a single atom is excited, a situation known as
single-photon superradiance [3, 4], fast decay rates and
frequency shifts can be observed.

In those cases, a system of N two-level atoms with at
most one quantum of excitation is prepared from laser ex-
citation at low intensity and far detuning [4]. The system
achieves a symmetric quantum state, called timed-Dicke
state, and other N − 1 anti-symmetric states, called sub-
radiant states [5, 6]. The emission dynamics can be ob-
tained from the so-called coupled-dipoles model [7, 8],
which treats the atoms as oscillating dipoles interact-
ing with the eletromagnetic vacuum modes and a plane
wave of incident light. Superradiance [9–12], subradi-
ance [13, 14] and cooperative Lamb shift [11, 15] were pre-
dicted and observed experimentally in the last decades,
mainly in cold ensembles of atoms but also in hot va-
pors [16, 17], optical lattices [18, 19] and Bose-Einstein
condensates [20]. Cooperative effects were predicted
and/or observed also in other observables, such as the ra-
diation pressure force [21] and intensity correlation func-
tions [22, 23], and in non-linear phenomena [24], spectral
broadening [25] and resonance fluorescence [26]. Also,
the interplay between subradiance and radiation trap-
ping [27, 28] was investigated with cold atomic clouds,
as well as the role played by finite temperature [29, 30].

Applications are, among others, ultranarrow bandwidth
laser emission [31] and quantum information [32].
Vacuum fluctuations are responsible for spontaneous

emission and the displacement of energy levels of an iso-
lated atom. These fluctuations also cause the Casimir
force, in which two (massive) bodies, very close to each
other, tend to mutually attract due to the decrease in
energy density with respect to free space. An analo-
gous effect is observed when one of the plates is replaced
by a quantum object such as an atom. This interac-
tion between atom and surface is known as Casimir-
Polder interaction [33]. When the atom is located at
distances smaller than the reduced wavelength of a tran-
sition (λ/2π), the Casimir-Polder interaction is the near-
field regime (also known as van der Waals regime) [33].
In this near-field regime, the atom-surface interaction can
be viewed as an interaction between a floating atomic
dipole with its own surface-induced image. This dipole-
dipole interaction has a potential of the type C3/h

3,
where C3 is the van der Waals coefficient and h is the dis-
tance between the surface and the atom. C3 for a given
state |i⟩ is calculated as the sum of all allowed dipolar
couplings |j⟩ with frequency ωij (for emission ωij > 0
and for absorption ωij < 0). For an ideal conductor, we
simply have C3 = 1

12

∑
j | ⟨i|µ |j⟩ |2, where ⟨i|µ |j⟩ is the

dipole moment matrix element. However, for an accurate
interpretation of an interaction between atoms and a di-
electric surface, it is necessary to insert the permittivity
properties of the dielectric through the image coefficient
r(ωij) at zero temperature given by [34, 35],

r(ωij) =
2

π

∫ ∞

0

S(iξ)
ωij

ξ2 + ω2
ij

dξ − 2Re [S(ωij)] (1)

where the first term can be seen as a renormalization of
the vacuum due to the presence of the surface and the
second term resembles the interaction of a classical dipole
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with its own field reflected at the surface [36]. In Eq. (1),

S(ω) = ε(ω)−1
ε(ω)+1 is the surface response, with ε(ω) the com-

plex permittivity of the surface. Note that there might
exist a frequency ω where ε(ω) = −1 and, consequently,
where S(ω) diverges. This ω is known as surface polari-
ton frequency. When an atomic transition frequency ωij

coincides with a surface polariton frequency, we say that
we are in the atom-surface resonant interaction regime.
These resonant effects can make the atom-surface inter-
action go from attractive to repulsive as well as influence
the lifetime of excited states (see for example the refer-
ences [37, 38]). Temperature effects may also have an
impact on the atom-surface interaction [35, 39, 40] and
have been observed in both, non-resonant [41] and reso-
nant cases [42].

Theoretical work focuses on the calculation of correc-
tions to the energies and decay rates from second-order
perturbation theory in the interaction Hamiltonian be-
tween atom and surface for a single atom [36]. Another
approach consists in determining the Green function in
terms of the Fresnel coefficients from the interaction be-
tween atom and the surface-modified electric field [43]
for one and two atoms embedded in a multilayer dielec-
tric [43, 44]. Interplay between cooperative effects and
Casimir-Polder interactions was also predicted theoret-
ically. For two Rb atoms, cooperative decay rates and
shifts were predicted to be modified due to Fano reso-
nances, when the atoms are near a nanosphere [45]. For
N > 2 atoms near a surface, theoretical work predicted
changes in superradiance [46] and of the Casimir-Polder
force in the regime of many excitations [46, 47]. An ap-
proach based on the calculation of frequency shifts and
decay rates from the Green matrix was done for a line of
two to twenty atoms interacting with an Ag surface [48].
However, work on atoms interacting with surfaces are
still scarce, specially when atoms and surface are in res-
onance.

The control of cooperative effects, in particular, sub-
radiance, is interesting for applications in quantum in-
formation, for example, fast readout [49] and the gener-
ation of entangled states [50]. In this work, we study the
possibility of coupling super- and subradiant modes with
surface-induced resonances. Contrary to refs. [46, 47],
which observed an enhancement of the Casimir-Polder
forces for N ≫ 1 excited atoms close to a surface, here
we study the linear-optics regime by means of a line of N
Cs atoms interacting with a resonant sapphire surface, in
the single-excitation limit. Sapphire has a resonance at
the wavelength λs = 12 µm, whereas Cs exhibits a decay
transition 6D3/2 → 7P1/2 with λ = 12.15 µm. This gives
ε ≈ −1 and surface polaritons appear, in addition to the
modified vacuum evanescent modes. By evaluating the
emitted fluorescence from the coupled-dipoles model af-
ter the system has reached a steady state, we show that
super- and subradiance are suppressed due to the surface
polaritons, and the fluorescence of the whole system de-
cays as if a single atom was placed close to the surface. In
the absence of surface polaritons, i.e., for interaction of

Cs with glass or a metallic surface, i.e., |λs − λ| ≫ λ, co-
operative effects are not suppressed, although modified,
because the evanescent modes created by the surface are
still present.

This paper is organized as follows. In section II, we
review the approach for cooperative effects and surface
interactions for N atoms (subsections IIA and IIB) and
then present a modified coupled-dipoles model taking
into account surface effects (II C), in order to evaluate the
decay dynamics of the atoms. In section III we present
our simulation methods, and the main results are pre-
sented in section IV. We make our concluding remarks in
section V.

II. THEORETICAL MODEL

A. Atoms in free space and close to a plane surface

The formalism used here is the same as presented in
[43, 44, 48], which considers dipoles in vacuum close to
a plane surface, in such a way that the vacuum and the
surface form a two-layer medium. We consider a line of
N identical two-level atoms with resonance frequency ω0,
transition wavelength λ and same dipole orientations d̂
(Fig. 1) [62]. The atomic levels of the atom j are denoted
by |gj⟩ (|ej⟩) for the ground (excited) state, with j =
1, ..., N . All atoms are fixed at positions ra = (xa, ya, za)
and placed at a distance h from the surface of a plane
dielectric occupying the half space z ≤ 0. The other half
space z ≥ 0 is vacuum. A monochromatic plane wave of
frequency ω and detuning ∆ = ω − ω0 is incident along
the z axis and illuminates all atoms.

...

d

h

d̂

jg

je

x
y

z

0





laser

FIG. 1. Scheme of the physical system. A line of N identical
two-level atoms is placed at identical distances h from a planar
surface lying on the semi-infinite z ≤ 0 plane. The atoms are
distributed with equal distances d along the y-axis and have
their dipoles orientated in the direction d̂ = ẑ, i.e., perpen-
dicularly to the surface. A laser beam of frequency ω pointing
into the −ẑ direction drives the atoms. Inset: Scheme of the
two atomic levels.
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The Heisenberg-Liouville equation for the Pauli spin-
down operator acting on atom a reads

˙̂σ−
a = − i

ℏ [σ̂
−
a , Ĥ] + L†[σ̂−

a ] (2)

where σ̂−
a = |ga⟩ ⟨ea| is the atomic operator. The Hamil-

tonian and dissipation terms are

Ĥ = −ℏ∆
2

∑
b

σ̂z
b + ℏ

2

∑
b

[Ω(rb)σ̂
+
b + h.c.]−

− ℏ
∑
a,b

Vabσ̂
+
a σ̂

−
b (3)

L†[Â] = 1
2

∑
a,b

Γab

(
2σ̂+

a Âσ̂−
b − σ̂+

a σ̂
−
b Â− Âσ̂+

a σ̂
−
b

)
(4)

where σ̂z
a ≡ σ̂+

a σ̂
−
a − σ̂−

a σ̂
+
a and Ω(r) denotes the Rabi

frequency generated by a classical incident laser beam at
position r. Collective shifts and decay rates are given by

Vab = λΓd̂∗Re G(ra, rb, ω0)d̂ (5a)

Γab = 2λΓd̂∗Im G(ra, rb, ω0)d̂ (5b)

In Eqs. (5), G is the Green tensor describing the
interaction between two atoms a and b, and Γ =
ω3
0d

2
eg/(3πc

3ε0ℏ) is the free-space single atom decay rate
and deg is the matrix dipole element between the states
|g⟩ and |e⟩ As in [48], we assume all dipoles to have the

same orientation d̂. With this, Eq. (2) becomes

˙̂σ−
a = i∆σ̂−

a + i
2Ω(ra)σ̂

z
a − iδσ̂z

aσ̂
−
a + Γtot

2 σ̂z
aσ̂

−
a (6)

− i

N∑
b ̸=a

Vabσ̂
z
aσ̂

−
b +

N∑
b̸=a

Γab

2 σ̂z
aσ̂

−
b

where δ ≡ Vaa and Γtot ≡ Γaa. This equation will be
the starting point used in Sec. II C for the derivation
of the coupled dipoles model, which is the basis for our
numerical simulations.

Eq. (5) has been derived for free space. The presence
of a surface can now be accounted for by simply adding to
the free space Green function a scattering Green function

G = G0 +GR (7)

where G0 is the Green tensor in free space and GR is
the scattering term taking into account the surface. This
decomposition allows us to write

Vab = V 0
ab + V R

ab (8a)

Γab = Γ0
ab + ΓR

ab (8b)

because of Eqs. (5).

B. Green tensor for free space and surface

The Green tensor for free space, G0, is given in [48, 51].
Eqs. (5) with G = G0 then lead to [48]

V 0
ab =

Γ

2

[
(1− (d̂ · r̂ab)2)

cosκab

κab
−

− (1− 3(d̂ · r̂ab)2)
(
sinκab

κ2
ab

+
cosκab

κ3
ab

)]
(9a)

Γ0
ab = Γ

[
(1− (d̂ · r̂ab)2)

sinκab

κab
+

+ (1− 3(d̂ · r̂ab)2)
(
cosκab

κ2
ab

− sinκab

κ3
ab

)]
(9b)

where κab = krab, rab = |rab| = |ra − rb| is the relative
distance between the atoms a and b and r̂ab is the unit
vector along the direction of rab. As pointed out by [48],
the expressions (9) yield the frequency shifts and decay
rates of the excited energy levels obtained in previous
work [52–54]. They lead to cooperative effects as, e.g.,
superradiance [10, 11], subradiance [14] and cooperative
Lamb shift [11]. For a = b, we have V 0

aa = 0 and Γaa = Γ.
The Green tensor GR for a surface is given in refs. [44,

48] for atoms in a multilayer dielectric, and takes into
account the reflection of vacuum modes and evanescent
modes created by the surface. The present case of a
vacuum-dielectric interface can be seen as a two-layer
dielectric, so the equations of ref. [48] simplify and read

GR(ra, rb, ω0) =
i

4π

∫ ∞

0

dkρ
kρ
kz

(
Gs − k2z

k2
Gp

)
(10)

where Gs and Gp are given by

Gs =
rse2ikzh

2

J0 − J2 0 0
0 J0 + J2 0
0 0 0

 (11a)

Gp =
rpe2ikzh

2


J0 + J2 0 0

0 J0 + J2
2ikρ
kz

J1 sinϕ

0 −2ikρ
kz

J1 sinϕ −
2k2ρ
k2z

J0


(11b)

In Eqs. (11a) and (11b), k = 2π/λ = ω0/c, kz =√
k2 − k2ρ [with Re(kz) > 0, Im(kz) > 0 [43]], Jn ≡

Jn(kρ|yab|) is the Bessel function of order n, and sinϕ =
yab/|yab|, which gives sinϕ = +1 (sinϕ = −1) for a < b
(a > b). The quantities rq with q = {s,p}, are the Fresnel
coefficients and are given by

rs =
kz − kIIz
kz + kIIz

(12a)

rp =
ϵ(ω)kz − kIIz
ϵ(ω)kz + kIIz

(12b)

with kIIz =
√
ϵ(ω)k2 − k2ρ, [Re(kIIz) > 0 and

Im(kIIz) > 0].
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The surface shifts V R
ab and decay rates ΓR

ab are given by
Eqs. (5) with G = GR. For a = b, we have the Casimir-
Polder shift δ ≡ V R

aa and the surface-induced decay rate
Γz ≡ ΓR

aa in a such way that the total shift and decay
rate are Vaa = δ and Γaa = Γ + Γz (Eqs. 8 with a = b).
As pointed out by [48], the total Vab and Γab contain
the cooperative effects in the sense that diagonal terms
(a = b) contain the shifts and decay rates for a single
atom modified by the surface, whereas the off-diagonal
terms (a ̸= b) measure the strength of the cooperative
effects due to the coupling between atoms and surface.

For a single atom (N = 1) and a surface, we have
V R
a̸=b = ΓR

a̸=b = 0, and then we have Vaa = δ and Γaa =
Γ + Γz, due to the interaction with the surface. Also, it
can be shown [44] that for kh ≪ 1, the matrix terms of
GR become proportional to

GR
ij(ω0) ∝

S(ω0)

h3
(13)

for i, j = {x, y, z}, where S(ω) = ε(ω)−1
ε(ω)+1 and ε(ω) is the

complex electric permittivity of the surface. Eq. (13) is
in agreement with Eq. (1) obtained in [36]. Note that
if ε ≈ −1 for a certain atomic transition frequency ω,
a condition known as surface polariton, S diverges, and
consequently GR

ij(ω0). This resonant enhancement effect
was used in hot vapors to turn an atom-surface interac-
tion from attractive to repulsive [37] or cause the atomic
emission to be absorbed by the surface [38]. As we will
see in the next subsection, the fluorescence emitted by
the system depends on all these terms, and the effect of
this enhancement for weak excitations is to modify the
decay dynamics and to extinguish cooperative effects.

C. Decay dynamics with surface

Now, we assume low atomic excitation, ⟨σ̂z
a⟩ ≃ −1

(low-energy Dicke state), that is, most atoms are in
the ground state. Then, we may neglect correlations
(⟨σ̂z

aσ̂
−
a ⟩ = ⟨σ̂z

a⟩⟨σ̂−
a ⟩) and find from Eq. (6), with βa ≡

⟨σ̂−
a ⟩,

β̇a ≃
(
ı∆tot − Γtot

2

)
βa − ı

2Ω(ra) +

N∑
b ̸=a

(
ıVab − Γab

2

)
βb

(14)

where ∆tot = ∆ + δ and Γtot = Γ + Γz. In the absence
of a surface, i.e., G = G0, the dynamics of the N atoms
interacting with vacuum and a light field was discussed
extensively [53]. Driving is weak for large detunings ∆
and small Rabi frequencies Ω, and under these conditions
the system admits two states: the ground state |G⟩ =
|g1...gN ⟩ (i.e., all N atoms are in the state |gj⟩) and N
single-excitation states |j⟩ = |g1...ej ...gN ⟩ (i.e., the atom
j is in the state |ej⟩ and the other N − 1 atoms are in
the state |gj⟩).

Assuming that driven by a laser field the system
reached a steady-state and then the laser is turned off,
i.e., Ω = 0, the total fluorescence emitted by the atoms
can be evaluated from [55]

P (t) ∝ − d

dt

N∑
j=1

|βj(t)|2 (15)

Signatures of cooperative effects in the fluorescence
were predicted theoretically [53] and observed experimen-
tally [10, 11, 14] in the last decade for atoms distributed
in free space.
For a single atom in free space Eqs. (14) and (15)

reduce to the standard fluorescence with natural expo-
nential decay rate Γ. For a single atom near a surface
Eqs. (14) and (15) reproduce the decay dynamics with
surface effects. Finally, for N atoms near a surface, both
surface and cooperative effects are present, and we show
in the next section, that the cooperative effects are sup-
pressed due to the surface modes when the surface is in
resonance with the atomic transition, i.e., when ε = −1.
For ε ̸= −1, cooperative effects are slightly modified.

III. SIMULATION METHODS

A. Casimir-Polder shift for Cs atom and sapphire

Our simulation method is similar to the one described
in [55]. As in [48], we simulate the simplest case of a line
of N atoms distributed along the y-axis, equally spaced
by a distance d, located at the same distance h from
a planar surface (see Fig. 1), and having same dipole

orientations d̂. That is, xa = 0 and za = h for all atoms.
The incoming laser comes from the direction −ẑ, i.e., it
illuminates all atoms equally. Then, for a given dipole
orientation d̂, we evaluate V 0

ab and Γ0
ab from Eqs. (9).

We also compute the matrix terms of GR from Eqs. (10-
11) and use them to evaluate V R

ab and ΓR
ab from Eqs. (5).

Finally, we solve numerically the Eqs. (14) governing the
evolutions of the βa(t) for a given ∆, and compute the
total fluorescence P (t) from Eq. (15). The fluorescence
is normalized by its maximum value P (0), which occurs
at t = 0 when steady state is reached and the incident
driving field is turned off.
For atoms in free space, there is no shift in the excited

state, so the frequency detuning of the laser ∆ is taken
with respect to the excited state energy. However, for
atoms in the presence of a surface, as the excited level
will be shifted by δ, the laser frequency is set in a such
way as to maintain the detuning from the shifted level,
∆tot = ∆+ δ.
We are interested in simulating Cs atoms close to a sap-

phire surface. Cesium has the transition decay 6D3/2 →
7P1/2 with wavelength λ = 12.15µm (see Fig. 2a), while
sapphire has a resonance at approximately λs ∼ 12µm
[34], for which Re ε ≈ −1 (Figs. 2b-c), that is, we have
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a resonant atom-surface interaction. The Cesium tran-
sition has a natural decay rate of Γ = 2π × 14.32 kHz
[56], although the level 6D3/2 has other decay channels,
so that its total decay rate is in the range of 2.7MHz [57].
In our model, we consider |g⟩ ≡ |7P1/2⟩ and |e⟩ ≡ |6D3/2⟩
as ground and excited states, respectively, and the atom
is initially in the state |e⟩, which can be prepared, e.g.,
by two-photon excitation from |6S1/2⟩ (see Fig. 2a).

6D3/2

7P3/2

7P1/2

6P1/2

6S1/2

15.57 m

12.15 m

876 nm

894 nm

(a)

F = 4

F = 3

F = 4

F = 3

F = 5
F = 4
F = 3
F = 2

10
1

10
2

−100

−50

0

50

100

λ (µm)

ε

(b)

10
1

10
2

−10

0

10

20

λ (µm)

S

(c)

FIG. 2. (a) Schematic of Cs levels. Real (blue) and imaginary
(green) parts of (b) the relative dielectric constant ε and (c)
S = (ε − 1)/(ε + 1) for sapphire. The dashed magenta lines
indicate the value λ = 12.15µm, for which ε = −0.95 ≈ −1
and S = ∞.

The frequencies of the Casimir-Polder shift given in
[36] hold for both ground and excited states. It can be
shown that for a single atom at a distance h from a sur-
face, we have

δ = −C3

h3
(16)

TABLE I. Values of the parameters used for the simulation
of a single Cs atom interacting via its transition 6D3/2 →
7P1/2 with a sapphire surface. The quantities δ and Γz were

evaluated with Eqs. (5) for a = b and G = GR (see text).

h (µm) kh δ/Γ (Γ + Γz)/Γ
0.100 0.05 5660 29235
0.500 0.25 63 176
1 0.5 9 14
2 1 1 1.074
3 1.5 0.24 0.61
4 2 0.009 0.73
5 2.5 -0.06 0.9
10 5 0.005 0.98

where C3 = 13.53 kHz.µm3 (C3 = −100 kHz.µm3) for
the 7P1/2 (excited) level [37, 42]. Γz has a similar depen-
dence.
In section IV, we will consider the dipole orienta-

tion d̂ perpendicular to the surface for all atoms, i.e.,
d̂ = ẑ. For Cs and a sapphire surface, we checked
that the direction of d̂ does not alter significantly the
results. We also checked that our simulations give
δ = −(113.39 kHz.µm3)/h3 for a single atom and sap-
phire, in agreement with Eq. (16) where the global shift
is |C3tot| =113.53 kHz.µm3. For interaction with metallic
surfaces (ideal conductor; ε = −∞), it is known that a
single atom, whose dipole moment is oriented perpendic-
ularly to the surface, interacts stronger as compared to
an atom placed parallel to the surface [45, 58]. For very
low distances kh from the surface (typically h ∼ 10 nm),

we have Γz ≈ 0 (Γz ≈ 2Γ) for d̂ ∥ ẑ (d̂ ⊥ ẑ). We checked
that our simulations reproduce this effect.
Table I shows some values of h and the corresponding

values of kh, shifts, and decay rates used in our simula-
tions, for Cs and sapphire.

IV. RESULTS AND DISCUSSION

In what follows, we consider a line of N = 5 Cs
atoms interacting with a sapphire surface. As already
mentioned, the atoms are aligned perpendicularly to the
surface, i.e., d̂ = ẑ. We checked that simulations with
N = 20, 50 and 100 atoms give the same results.

A. Suppression of the cooperative effects due to
surface interactions

The main results of this paper are shown in Fig. 3, for
far detuned excitation. P (t) is plotted for three values
of kd, for atoms far from each other (solid red and green
curves) and close to each other (solid blue curves). The
three panels (a), (b), and (c) correspond to atom-surface
distances of kh = 0.25, kh = 0.5, and kh = 2.5, respec-
tively. The fluorescence of a single atom is plotted for
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comparison (black curves), as well as for atoms in free
space, plotted as dashed lines. In Fig. 3a, for atoms in
free space (dashed lines), no cooperative effects are seen
for kd = 3 and kd = 10, because the many-atom decay is
close to the single atom decay (black dashed curve). How-
ever, when the atoms are close to each other (kd = 1),
we see that P (t) presents cooperative effects: superradi-
ance (fast decay; Γt < 4) and subradiance (slow decay;
Γt > 4). It is worth mentioning that ref. [48] considers
kd = 0.5 for a line ofN = 20 atoms, where λ = 2.5µm for
Sr atoms. Long-lived cooperative states were observed in
free-space in this configuration [59].

The impact of the surface consists in accelerating the
decay, as seen in the inset of Fig. 3a (solid lines) as
almost-vertical curves, for atoms very close to the sur-
face (kh = 0.25 or h ≈ 500 nm). The data for a single
atom and for N = 5 for kd = 1, 3, 10 almost collapse into
a single curve. For a single atom, we have a high value of
the surface decay rate, which is equal to Γz = 175Γ (see
Table I). In [37], for a hot vapor, it was observed that
the atom loses its excitation to the surface modes. For
N > 1 atoms, we also have a fluorescence decay with a
rate equal to the single-atom one. This means that sub-
radiance, the slow decay, is completely suppressed and
the predominating decay is a very enhanced superradi-
ance, the fast decay, due to the Casimir-Polder interac-
tions and induced by the coupling of the surface modes
with the atoms.

Figures 3b and 3c show the dependence of P (t) on the
distance kh between the atoms and the surface. The free
space data is displayed again for comparison. If the line
of atoms is moved away from the surface (Fig. 3b with
kh = 0.5), the surface interactions become weaker, and
the decay slows down. For atoms very far from the sur-
face (Fig. 3c with kh = 2.5), the surface effects disappear
completely. In this case, we recover the original decays
(solid and dashed curves coincide), and cooperative ef-
fects reappear.

We checked that similar results are obtained for atoms
at resonance (i.e., ∆ = 0), and when the polarization of
the incoming laser field is aligned with the atoms (i.e.,

d̂ = ŷ). In free space, subradiance at resonance has its
weight increased, as observed in [55, 60], due to a larger
occupation of the subradiant modes in steady state be-
fore switching off the incident driving [60]. The same
occurs for laser excitation parallel to the atom line, be-
cause in this geometry the optical depth b0 of the sys-
tem is larger, and cooperative decay rates depend on b0
[10, 11, 14]. However, similar to the far-detuned case
displayed in Fig. 3, cooperative effects for ∆ = 0 and
parallel excitation are completely suppressed due to the
atom-surface interactions at small kh.
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FIG. 3. Total fluorescence as a function of time for ∆ =
10Γ and (a) kh = 0.25 (h ≈ 500 nm), (b) kh = 0.5 (h ≈
1µm), and (c) kh = 2.5 (h ≈ 5µm). Dashed (full) lines
are for atoms without (with) sapphire surface, for: Nat = 1
(black), (Nat, kd) = (5, 10) (green), (5, 3) (red), and (5, 1)
(blue). Inset: zoom on panel (a).

B. Impact of the surface resonance in the atom
coupling

The Casimir-Polder effects discussed in the previous
subsections are dominated by the fact that the surface
is resonant with the atomic transition, i.e., λs ≈ λ
(ε = −1). Surfaces such as glass and metal present reso-
nances far from the atomic transitions currently used in
experiments. As an example, an Ag surface presents a
resonance around 3.64 eV [48], whereas earth and earth
alkali atoms have their main transitions below this value,
e.g., 0.5 eV for the Sr transition 3P0 → 3D1, 1.6 eV for
the Rb D2 line, 2.1 eV for the Na D2 line, or 2.7 eV for
the Sr transition 1S0 → 1P1.

In order to illustrate the impact of the surface res-
onance, Fig. 4 displays the fluorescence P (t) emitted
by the atoms interacting with sapphire for four differ-
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FIG. 4. Emitted fluorescence P (t) for N = 5 atoms, kd = 1
and ∆ = 10Γ, interacting with surface (full lines) for the fol-
lowing atomic wavelengths: λ = 8.15µm (green), 10.15µm
(red), 12.15µm (blue), 14.15µm (cyan) and 16.15µm (ma-
genta). These λ give, respectively, the sapphire dielectric con-
stants ε = 1.8 + 0.015i, ε = 0.78 + 0.040i, ε = −0.95 + 0.11i,
ε = −4.6 + 0.43i and ε = −12 + 4.0i. Dashed lines: decay
in free space for N = 1 (dashed black) and N = 5 (dashed
blue).

ent atomic wavelengths λ, below and above the resonant
wavelength, λs = 12.15µm (we have evaluated the value
of ε for sapphire for each λ). Data without surface is dis-
played for comparison. When the surface is not resonant
with the transition wavelength, ε ̸= −1, and this retrieves
some cooperative modes, meaning that the atom-surface
coupling is not strong any more. Some remaining sur-
face effects are due to evanescent surface modes. How-
ever, for ε = −1, the cooperative decay is extinguished.
We checked that similar results are obtained when fix-
ing λs = 12.15µm but using values of ε for glass (which
presents no resonance around 12µm), an ideal metallic
surface (where ε = −∞) and an Ag surface.

V. CONCLUSION

In summary, we have studied the fluorescence emit-
ted by a line of Cs atoms close to a sapphire surface in
the presence of surface polaritons, i.e., when the surface

is resonant with an atomic transition. We showed that
the surface suppresses all cooperative modes, like super-
and subradiance, which are present when the atoms are
placed in free space. In the presence of sapphire, fluo-
rescence decays as if there was a single atom near the
surface. Also, when surface polaritons are absent, i.e.,
out of resonant coupling with the surface, the coopera-
tive effects are not suppressed, although they are slightly
modified due to the interaction with evanescent vacuum
modes that are still present.
Throughout this work, we assumed total emitted fluo-

rescence in our calculations, thanks to the non-directional
character of subradiance [13]. On the other hand, the
superradiant decay rate depends on direction [10], al-
though it can be observed in all directions. Realistic ge-
ometries like a sphere would introduce different frequency
surface shifts for each atom, but we expect no qualitative
changes.
The control of cooperative effects, in particular sub-

radiance, is relevant for applications in quantum infor-
mation [50] and metrology [61]. An interesting example
is the superradiant laser, where the collective coupling
of an atomic sample to a dissipative mode, here an op-
tical cavity operated in the ’bad cavity’ limit, leads to
global synchronization of the atomic dipoles [31]. The
interaction with surfaces has been suggested as a possi-
ble handle for this control. It is, therefore, important to
understand the impact of surfaces on collective dynamics
in various circumstances. This work shows that the vicin-
ity of polariton resonances can have a devastating effect
on cooperativity. Although performed in the weak exci-
tation limit, we believe that our results will contribute to
the understanding of cooperative atom-surface coupling
in the presence of many excitations.
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Piovella, R. Bachelard, and R. Kaiser, Phys. Rev. A 89,
043833 (2014).
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