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Cooperative atomic emission from a line of atoms interacting with a resonant plane surface
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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 study cooperative
fluorescent emission next to resonant surfaces using the coupled-dipole model. We show that cooperative effects,
expected in free space, are absent when the atoms are close to a surface whose polariton resonances coincide
with the dominant atomic dipole coupling. In this case, cooperative effects are overshadowed by the very fast
decay of the atomic fluorescence into surface modes. We illustrate our formalism and our results by considering
a line of cesium 6Dj3,, atoms in front of a sapphire surface. Finally, we propose the study of cesium 6P;,, atoms
in front of a resonant metasurface as the most promising scenario for experimentally demonstrating the results

of our study.

DOI: 10.1103/PhysRevA.110.032813

I. INTRODUCTION

When many atoms in vacuum interact with a coherent
laser beam, the resonance fluorescence emitted by them may
present cooperative effects, which have been studied exten-
sively following the seminal work of Dicke [1]. Cooperative
effects arise from quantum coherence created between atoms
if their relative distances are short, and the decay rate of the
spontaneous emission is enhanced. This enhancement, known
as superradiance, was initially studied in the regime of many
excited atoms in vapors [2], but even if a single atom is ex-
cited, a situation known as single-photon superradiance [3,4],
fast decay rates and frequency shifts have been predicted.

In those cases, a system of N two-level atoms with at most
one quantum of excitation is prepared from laser excitation
at low intensity and far detuning [4]. The system evolves into
a symmetric quantum state, called the timed-Dicke state, and
other N — 1 antisymmetric states, called subradiant states
[5,6]. The emission dynamics can be obtained from the
so-called coupled-dipole model [7,8], which treats the atoms
as oscillating dipoles interacting with the electromagnetic
vacuum modes and a plane wave of incident light. This model
proved to be a versatile tool for modeling and predicting
cooperative effects in several physical systems. Superradiance
[9-12], subradiance [13,14], and the cooperative Lamb shift
[11,15] were predicted and observed experimentally in the last
few decades, mainly in cold ensembles of atoms but also in
hot vapors [16,17], optical lattices [18,19], and Bose-Einstein
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condensates [20]. Cooperative effects were also predicted
and/or observed in other observables, such as the radiation
pressure force [21] and intensity correlation functions [22,23],
and in nonlinear phenomena [24], spectral broadening [25],
and resonance fluorescence [26]. Also, the interplay between
subradiance and radiation trapping [27,28] was investigated
with cold atomic clouds, along with 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 emis-
sion and the displacement of the energy levels of an isolated
atom. These fluctuations also cause the Casimir force, in
which two (massive) bodies that are very close to each other
tend to mutually attract due to the decrease in energy density
with respect to free space. An analogous effect is observed
when one of the plates is replaced by a quantum object such
as an atom. This interaction between the atom and surface is
known as the Casimir-Polder interaction [33]. When the atom
is located at distances shorter than the reduced wavelength of
a transition (A/2m), the Casimir-Polder interaction is in the
near-field regime [33]. In this near-field regime, the atom-
surface interaction can be viewed as an interaction between
a fluctuating atomic dipole with its own surface-induced im-
age. This dipole-dipole interaction has a potential of the type
C3/h3, where Cj is the van der Waals coefficient and % is the
distance between the surface and the atom. C; for a given
state |i) is calculated as the sum of all allowed dipolar cou-
plings |j) with frequency w;; (for emission w;; > 0 and for
absorption w;; < 0). For an ideal conductor, we simply have
C3 x Zj r(wij)|(i|u|j)|2, where (i|xt] ) is the dipole moment
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matrix element and r(w;;) is the image coefficient. However,
for an accurate interpretation of an interaction between atoms
and a dielectric surface, it is necessary to insert the dielectric
properties of the surface through r(w;;) at zero temperature,
given by [34,35]

2 (> . Wi
r(wij) = ;fo S(lé)ézTJwizjdé — 2Re[S(wip)], (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 with its
own field reflected at the surface [36]. For a perfect con-
ductor, r(w;;) = 1. In Eq. (1), S(w) = g@=l 4q the surface

g(w)+1
response, with e(w) being the complex permittivity of the
surface. Note that a frequency w may exist where e(w) = —1

and, consequently, where S(w) diverges. This w is known as
the surface polariton frequency. When an atomic transition
frequency w;; 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
interaction go from attractive to repulsive as well as influence
the lifetime of excited states (see, e.g., Refs. [37,38] for inter-
actions between a Cs vapor and sapphire). Temperature effects
may also have an impact on the atom-surface interaction
[35,39,40] and have been observed in both nonresonant [41]
and resonant [42] cases.

Published theoretical work has focused on the calcula-
tion of corrections to the energies and decay rates from
second-order perturbation theory in the interaction Hamilto-
nian between the atom and surface for a single atom [36].
Another approach consists of determining the Green’s func-
tion in terms of the Fresnel coefficients from the interaction
between the atom and the surface-modified electric field [43]
for one and two atoms embedded in a multilayer dielec-
tric [43,44]. The interplay between cooperative effects and
Casimir-Polder interactions was also predicted theoretically.
For two Rb atoms, cooperative decay rates and shifts were
predicted to be modified due to Fano resonances when the
atoms are near a nanosphere [45]. For N > 2 atoms near a sur-
face, theoretical work has predicted changes in superradiance
[46] and in the Casimir-Polder force in the regime of many
excitations [46,47]. An approach based on the calculation of
frequency shifts and decay rates from the Green’s matrix was
done for a line of 2 to 20 atoms interacting with an Ag surface
[48]. However, work on atoms interacting with surfaces are
still scarce, especially when the atoms and the surface are
in resonance.

The control of cooperative effects, in particular, subradi-
ance, is interesting for applications in quantum information,
such as fast readout [49] and entangled-state generation [50].
In this work, we combine the coupled-dipole model, which
predicts cooperative effects as super- and subradiance, with
the presence of plane surfaces, and we study the possibility of
coupling super- and subradiant modes with surface-induced
resonances. Contrary to Refs. [46,47], which predicted an
enhancement of the Casimir-Polder forces for N >> 1 excited
atoms close to a surface, here we study the linear-optics
regime, i.e., the single-excitation limit. Our formalism is
illustrated by considering a sapphire surface interacting with a
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FIG. 1. Scheme of the physical system. A line of N identical two-
level atoms is placed at identical distances / from a planar surface
lying on the semi-infinite z < O plane. The atoms are distributed with
equal distances d along the y axis and have their dipoles oriented in
the direction d = %, i.e., perpendicularly to the surface. A laser beam
of frequency w pointing into the —Z direction drives the atoms. Inset:
Scheme of the two atomic levels.

line of N Cs (6D3,) atoms, presenting a midinfrared coupling
(6D3/2 — TPyjp at 12.15 pum) resonant with the sapphire
polariton at 12.15 um, which has been studied experimentally
since the 1990s. By evaluating the fluorescence emitted from
the coupled-dipole model after the system has reached a
steady state, we show that super- and subradiances vanish due
to the surface polaritons, and the fluorescence of the whole
system decays very fast as if individual (totally uncorrelated)
atoms were placed close to the surface. In the absence of
surface polaritons, i.e., for the interaction of Cs with glass or
a metallic surface, cooperative effects remain present but are
modified by the presence of the surface. For an experimental
demonstration of the above effects, we propose studies of the
6P3/, — 65/, decay channel at 852 nm (better approximated
by a two-level system), coupled with a resonant metasurface.

This paper is organized as follows. In Sec. II, we review
the approach for cooperative effects and surface interactions
for N atoms (Secs. Il A and IIB) and then present a modi-
fied coupled-dipole model taking into account surface effects
(Sec. IIC) in order to evaluate the decay dynamics of the
atoms. In Sec. III we present our simulation methods, and
the main results are presented in Sec. IV. We point out the
general importance of our formalism in Sec. V. We make our
concluding remarks in Sec. VI.

II. THEORETICAL MODEL

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

The formalism used here is the same as that presented
in [43,44,48], which considers dipoles in vacuum close to a
planar surface in such a way that the vacuum and the surface
form a two-layer medium. We consider a line of N identi-
cal two-level atoms with resonance frequency wy, transition
wavelength A, and same-dipole orientations d (Fig. 1) [51].
The atomic levels of the atom j are denoted by |g;) (|e;)) for
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the ground (excited) state, with j =1, ..., N. All atoms are
fixed at positions r, = (x4, Y4, Z,) and placed at a distance &
from the surface of a plane dielectric occupying the half-space
7z < 0. The other half-space z > 0 is vacuum. A monochro-
matic plane wave of frequency w and detuning A = @ — wy
is incident along the z axis and illuminates all atoms.

The Heisenberg-Liouville equation for the Pauli spin-down
operator acting on atom a reads

6, = ——[ JH1+ 276,71, (2)

where 6, = |g,)(e,| is the atomic operator. The Hamiltonian
and dissipation terms are

. hA
H= 22 iy Z[Q(rwa,, +Hcl]
—FzZVaba 6. 3)
LAl = ZFab(Za Asy —6r6,A A6 6,), 4

a,b

where 6% = 6,6, — 6,6, and Q(r) denotes the Rabi fre-
quency generated by a classical incident laser beam at position
r. Collective shifts and decay rates are given by

Vi, = ATd*Re G(ry, 1), wo)d, (52)
Twp = 2AT0d* Im G(r,, Ty, wp)d. (5b)

In Egs. (5), G is the Green’s tensor describing the interaction
between two atoms, a and b, and I = a)od /(3710 goh) is the
free-space single-atom decay rate, where deg is the matrix
dipole element between states |g) and |e). As in [48], we
assume all dipoles have the same orientation d. With this,
Eq. (2) becomes

g nza— y Ltot ppnr
O’u =iAG6, + Q(ra)a 86,6, +Tau0a
N N or
. AZA— ab 7 A —
—i E V6.6, + E 5 00y - (6)
b7:(l b7:a

where § =V,, and [ =T,,. This equation will be the
starting point used in Sec. IIC for the derivation of the
coupled-dipole model, which is the basis for our numerical
simulations.

Equations (5) have been derived for free space. The pres-
ence of a surface can now be accounted for by simply
adding to the free-space Green’s function a scattering Green’s
function

G =G+ Gk, (7

where G is the Green’s tensor in free space and GR is the
scattering term taking into account the surface. This decom-
position allows us to write

Vi =V +VE, (8a)
'y = Fub + Fab (8b)
because of Eq. (5).

B. Green’s tensors for free space and the surface

The Green’s tensor for free space G is given in [48,52].
Equations (5) with G = G° then lead to [48]

r ~ COS K,
V== |11 - @ )1
2 Kab
sin k. COS K
—[1-3@ ) ]( 2+ = b)} (9a)
) Kab Kab
r, =11 = @1
Kab
COSKyg,  SINKy,
+[1-3@- rab)zl(— : )] (9b)
Koy Kap
where k., = krup, Tap = |Tap| = |ra — 1p| is the relative dis-

tance between atoms a and b, and t,;, is the unit vector along
the direction of r,,. As pointed out in [48], expressions (9)
yield the frequency shifts and decay rates of the excited en-
ergy levels obtained in previous work [53-55]. They lead to
cooperative effects such as superradiance [10,11], subradiance
[14], and the cooperative Lamb shift [11]. For a = b, we have
V0 =0andI'?, =T.

The Green’s 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 each layer. The present case of a vacuum-
dielectric interface can be seen as a two-layer dielectric, so the
equations from Ref. [48] simplify and read

GR(r,, L ” k K P
as ba(l)())— 47_[ 0 k G k G 5 (10)

where G* and GP are given by

pse2ikh [Jo—J2 0 0
G = 0 Jo+h 0], (11a)
2 0 0 0
Jo+ 0 0
peZikzh 2ik
GP = 0 Jo+ > =L Jising
2 ,k ¢ 202
0 £ .11 sin ¢) — ﬁ]()
(11b)

In Egs. (11a) and (11b), k = 27 /A = wo/c, k; = |\ [k* — k2

(with Re(k;) > 0, Im(k;) > 0 [43]), J, = Ju(kylya|) is the
Bessel function of order n, and sin ¢ = y,5/|Vas|, Which gives
sin¢ = +1 (singp = —1) fora < b (a > b). The quantities 9,
with g = {s, p}, are the Fresnel coefficients and are given by

s kz - kIIz (1221)
- kz +kllz’
k, — k
pr = S0 — e (12b)

e(w)k; + ki

with k;; = /€(w)k? — k2 [Re(kyr;) > 0 and Im(k;z;) > 0].

The surface shifts Val}, and decay rates F(lfb are given by
Egs. (5) with G = GR. For a = b, we have the Casimir-Polder
shift § = VX and the surface-induced decay rate I'; = '} in

such a way that the total shift and decay rate are V,, = §
and 'y, = + I, [Egs. (8) with a = b]. As pointed out in
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[48], the total V,;, and I'y, 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 the atoms and
the surface.

For a single atom (N = 1) and a surface, we have V;;b =
Fs;ﬁb = 0, and then we have V,, = § and 'y, = I" 4+ T, 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

S(wo)

Gij(@o) o — ==

13)
for i, j = {x,y,z}, where S(w)= EEZ;;} and &(w) is the
complex electric permittivity of the surface. Equation (13)
is in agreement with Eq. (1) obtained in [36]. Note that
if ¢ & —1 for a certain atomic transition frequency w, a
condition known as the surface polariton, S diverges, along
with G% (wp). This resonant enhancement effect was used in
Cs hot vapors interacting with a sapphire surface to turn an
atom-surface interaction from attractive to repulsive [37] or
cause the atomic emission to be absorbed by the surface [38].
As we will see in the next section, 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

A7

Now, we assume low atomic excitation, (67) ~ —1 (low-
energy Dicke state), that is, most atoms are in the ground state.
Then, we may neglect correlations ((626, ) = (62)(6,)) and

find from Eq. (6), with B, = (6,7), o

r 1 N Cap
.a: AU_L.t a__Q a Va_ z 9
B (z ot 2)ﬂ 5 (r>+bZ<l b 2)ﬁb
ta

(14)

where At = A 46 and 'y = ' + I';. In the absence of a
surface, i.e., G = GY, the dynamics of the N atoms interact-
ing with vacuum and a light field was discussed extensively
in [54]. Driving is weak for large detunings A and small
Rabi frequencies €2, and under these conditions the system
admits two states: the ground state |G) = |g;---gn) (.e.,
all N atoms are in state |g;)) and N single-excitation states
lj) =lg1---ej---gn) (i.e., atom j is in state |e;) and the
other N — 1 atoms are in state |g;)).

Assuming that, driven by a laser field, the system reaches
a steady state and then the laser is turned off, i.e., 2 =0,
the total fluorescence emitted by the atoms can be evaluated
from [56]

d N
P(t) —E;mj(z)ﬁ (15)

Signatures of cooperative effects in the fluorescence were
predicted theoretically [54] and observed experimentally
[10,11,14] in the last decade for atoms distributed in free
space.

For a single atom in free space Eqgs. (14) and (15) reduce
to the standard fluorescence with natural exponential decay
rate I". For a single atom near a surface Eqgs. (14) and (15) re-
produce 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 cooper-
ative effects are suppressed due to the surface modes when
the surface is in resonance with the atomic transition, i.e.,
when ¢ = —1. For ¢ # —1, cooperative effects are slightly
modified.

II1. SIMULATION METHODS

Casimir-Polder shift for a Cs atom and sapphire

Our simulation method is similar to the one described in
[56]. 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 & from a planar
surface (see Fig. 1), and having the same dipole orientations
d. That is, x, = 0, and z, = h for all atoms. The incoming
laser comes from the direction —Z; i.e., it illuminates all atoms
equally. Then, for a given dipole orientation d, we evaluate
Va% and I' gb from Egs. (9). We also compute the matrix terms
of GR from Eqs. (10) and (11) and use them to evaluate V%
and Ffb from Egs. (5). Finally, we numerically solve Egs. (14)
governing the evolutions of g,(¢) for a given A and compute
the total fluorescence P(¢) from Eq. (15). The fluorescence is
normalized by its maximum value P(0), which occurs atz = 0
when the 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 A 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 &, the laser
frequency is set in such a way to maintain the detuning from
the shifted level, Ay = A + 8.

As already mentioned, we apply our formalism to Cs
atoms and a sapphire surface. Cesium has the transition decay
6Ds3/5 — TPy, with wavelength A = 12.15 um [see Fig. 2(a)],
while sapphire has a resonance at approximately A ~ 12 um
[34], for which Ree ~ —1 [Figs. 2(b) and 2(c)]; that is, we
have a resonant atom-surface interaction. The choice of this
transition and this surface is based on the fact that Casimir-
Polder interaction between Cs and sapphire was extensively
studied [57], and sapphire has a full theoretical model for its
dielectric constant [40], so we consider it important to have at
hand a working theoretical tool. The cesium transition has a
natural decay rate of I' = 27w x 14.32 kHz [58], although the
level 6D3; has other decay channels, so that its total decay
rate is in the range of 2.7 MHz [59]. In our model, we consider
|g) = |7P1)2) and |e) = |6D3/;) to be the lower and upper
(excited) states, respectively, and the atom is initially in state
le), which can be prepared, e.g., by two-photon excitation
from [6S,,) [see Fig. 2(a)].

The Casimir-Polder shift given in [36] holds for both
ground and excited states. It can be shown that for a single
atom at a distance % from a surface, we have

G

5=,

(16)
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FIG. 2. (a) Schematic of Cs levels. Real (dashed black line) and
imaginary (solid red lines) parts of (b) the relative dielectric con-
stant ¢ and (¢) S = (¢ — 1)/(e + 1) for sapphire. The dotted green
lines indicate the value A = 12.15 um, for which ¢ = —0.95 ~ —1
and § = oo.

where C3 = 13.53kHzum® (C; = —100kHzum?) for the
TPi1/> (6D3),) level [37,42]. The decay rate I'; has a similar
dependence.

In Sec. IV, we will consider the dipole orientation d per-
pendicular to the surface for all atoms, i.e., d = 2. ForCsand a
sapphire surface, we checked that orienting all dipoles parallel
to the surface (i.e., d = &) does not significantly alter the
impact of the surface on the decay dynamics. We also checked
that our simulations give § = —(113.39kHzum?®)/h* for a
single atom and sapphire, in agreement with Eq. (16), where
the global shift is |Csir| = 113.53kHz um3 . For interaction
with metallic surfaces (ideal conductor; ¢ = —00), it is known

TABLE 1. Values of the parameters used for the simulation of
a single Cs atom interacting via its transition 6Dz, — 7P, with
a sapphire surface. The quantities § and I', were evaluated with
Egs. (5) fora = b and G = G® (see text).

h (um) kh §/T (T +T.)/T
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 25 —0.06 0.9

10 5 0.005 0.98

that a single atom whose dipole moment is oriented perpen-
dicularly to the surface interacts more strongly than an atom
placed parallel to the surface [45,60]. For very low distances
kh from the surface (typically, & ~ 10nm), we have I', =~ 0
([, ~2I") ford || Z (d L 2). We checked that our simulations
reproduce this effect.

Table I shows some values of & and the corresponding
values of kh, shifts, and decay rates used in our simulations
for Cs and sapphire.

IV. RESULTS

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., d=12
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(¢) is plotted for three values of kd
for atoms far from each other (solid green and yellow curves)
and close to each other (solid red curves). Figures 3(a)-3(c)
correspond to atom-surface distances of kh = 0.25, kh = 0.5,
and kh = 2.5, respectively. The fluorescence of a single atom
is plotted for comparison (black curves), along with that for
atoms in free space, plotted as dashed lines. In Fig. 3(a), 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). However,
when the atoms are close to each other (kd = 1), we see that
P(t) presents cooperative effects: superradiance (fast decay;
I't < 4) and subradiance (slow decay; I't > 4). It is worth
mentioning that Ref. [48] considers kd = 0.5 for a line of
N =20 atoms, where A = 2.5um for Sr atoms. Long-lived
cooperative states were studied theoretically in free space in
this configuration [61].

The impact of the surface consists of accelerating the de-
cay, as seen in the inset of Fig. 3(a) (solid lines) as almost
vertical curves, for atoms very close to the surface (kh = 0.25
or h ~ 500nm). The data for a single atom and for N =5
for kd = 1, 3, 10 almost collapse into a single curve. For a
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FIG. 3. Total fluorescence as a function of time for A = 10I" and
(a) kh = 0.25 (h = 500 nm), (b) kh = 0.5 (h =~ 1 um), and (¢) kh =
2.5 (h = 5wm). Dashed (solid) lines are for atoms without (with)
a sapphire surface for N, = 1 (black), (Ny, kd) = (5, 10) (yellow),
(5,3) (green), and (5,1) (red). Inset: Zoom of (a).

single atom, we have a high value of the surface decay rate,
which is equal to I', = 175T (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 subradiance, the slow decay, is completely suppressed and
the decay rate is dominated by emission into the evanescent
polariton modes of the surface.

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

We checked that similar results are obtained for on-
resonance illumination (i.e., A = 0) and when the direction

P(t)/P(0)

I't

FIG. 4. Emitted fluorescence P(t) for N = 5 atoms, kd = 1, and
A = 10T, interacting with the surface for the following atomic
wavelengths: A = 8.15 um (dashed light green line), 10.15 um (solid
light green line), 12.15 um (solid black line), 14.15 um (solid red
line), and 16.15 um (dashed red line). These A give, respectively, the
sapphire dielectric constants ¢ = 1.8 + 0.0154, ¢ = 0.78 + 0.0404,
e =—0.9540.11i, e = —4.6 + 0.43i, and ¢ = —12 4 4.0i. Dotted
and dashed black lines: decay in free space for N = 1 (dotted) and
N =5 (dashed).

of the incoming laser field is aligned with the atoms (i.e.,
incident laser along the y axis). In free space, subradiance at
resonance has its weight increased, as studied theoretically in
[56,62], due to the larger occupation of the subradiant modes
in the steady state before the incident driving is switched
off [62]. The same occurs for laser excitation parallel to the
atom line because in this geometry the optical depth by of
the system is larger and cooperative decay rates depend on by
[10,11,14]. However, like for the far-detuned case displayed
in Fig. 3, cooperative effects for A = 0 and parallel excitation
are completely absent, and they are replaced by a very fast
decay caused by atom-surface interactions at small kh.

B. Impact of the surface resonance on the atom coupling

The Casimir-Polder effects discussed in the previous sec-
tions are dominated by the fact that the surface is resonant
with the atomic transition, i.e., A; & A (¢ = —1). Surfaces
such as glass and metal present resonances far from the atomic
transitions currently used in experiments. As an example, an
Ag surface presents a plasmonic resonance around 3.64 eV
[48], whereas earth and earth-alkali atoms have their main
transitions below this value, e.g., 0.5eV for the Sr transition
3py — 3Dy, 1.6eV for the Rb D, line, 2.1eV for the Na D,
line, and 2.7 eV for the Sr transition 'Sy — P;.

In order to illustrate the impact of the surface resonance,
Fig. 4 displays the fluorescence P(¢) emitted by the atoms in-
teracting with sapphire for four different atomic wavelengths
A below and above the resonant wavelength, Ay = 12.15 um
(we have evaluated the value of & for sapphire for each A).
Data without a surface are displayed for comparison. When
the surface is not resonant with the transition wavelength,
we have ¢ # —1, which leads to some cooperative modes,
meaning that the atom-surface coupling is not strong anymore.
Some of the remaining surface effects are due to evanescent
surface modes but not polariton ones. On the other hand, for
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FIG. 5. Fitted time decay rates 7 /1, for several distances kA from
a sapphire surface at A = 10I" for a single atom (black stars) and
for N = 5 atoms separated by kd = 1 (red dots). The dashed yellow
lines at /79 = 1 and /79 = 0.49 represent, respectively, the free-
surface single-atom decay and the free-surface five-atom decay. The
green solid curve is the subtraction of the curve with red dots from
the curve with black stars.

& = —1, the cooperative decay is extinguished. We checked
that similar results are obtained when we fix Ay = 12.15um
but use values of ¢ for glass (which presents no resonance
around 12 um), an ideal metallic surface (where ¢ = —00),
and an Ag surface.

In order to study the transition between the Casimir-Polder
fast decay and the standard cooperative superradiant decay,
we calculated the decay rate 7 as a function the atom distance
kh for a fixed number of atoms and atom separation kd. The
results are displayed in Fig. 5. We also display the data for
a single atom for comparison. The initial time decay rates
T were extracted from an exponential fit P(t)/P(0) oc e™'/*
of the respective fluorescences in the interval t/7y € [0, 1],
where 79 = 1/T" is the single-atom time decay rate in free
space. For the line of atoms (red dots), T increases until a
maximum, reached for kh = 1.3. Then, it decreases and os-
cillates until surface effects disappear and superradiance in
free space is recovered (yellow dashed line at t /7y = 0.49).
This far-field oscillatory behavior of the single-atom emission
rate is a well-known effect [36] that is also predicted in our
simulations.

On the other hand, the behavior of the single-atom de-
cay (black stars in Fig. 5) is purely due to the change in
the polariton decay rate I', with k& since cooperative effects
are absent. The single-atom decay curve has a shape similar
to the multiatom decay curve (red dots), and it reaches its
maximum at ki = 1.5. The solid light green curve represents
the subtraction of the multiatom decay curve from the single-
atom one. Close to the surface (small k%) the single-atom and
multiatom decay rates are the same, pointing to the absence
of collective effects. Far from the surface (large kh) the dif-
ference curve shows a superradiantly enhanced decay from
/79 = 0.7 down to 0.5.

V. DISCUSSION AND OUTLOOK

The coupled-dipole model has had important successes
in the last two decades [10,14,21] and has turned into a

standard tool for describing cooperative effects, such as sub-
and superradiance [10,11], cooperative shifts [11], and even
atomic correlations in certain regimes [23]. Based on this
model, throughout this work we looked at the total emitted
fluorescence, which is sensible because of the nondirectional
character of subradiance [13].

Experiments can be performed with cold optical lattices
or even thermal clouds of atoms. The presence of super-
and subradiance has been demonstrated theoretically and
experimentally without nearby surfaces using Rb atomic
clouds with temperatures between ~50 uK and ~10 mK [30].
On the other hand, experiments with atoms close to sur-
faces are challenging because the precise control of their
distance to the surface requires extremely low tempera-
tures, e.g., below the critical temperature for Bose-Einstein
condensation [63].

Resonances between sapphire and Cs via the transition
6D3/5 — TPy, at 12.15 um were extensively studied for hot
vapors in the 1990s and 2000s [34,37,38,40-42]. We used this
transition in our simulations as a showcase, leaving out, for
simplicity, the existence of faster decay channels such as the
decay 6D3,, — 6P;; at 876 nm which, in reality, can have an
important impact on the dynamics. In this respect, the first
resonances of the alkalis (D; or D, lines) or Sr would be
much better candidates for exploring collective fluorescence
effects close to resonant surfaces because they represent real
two-level systems without additional decay channels. Unfor-
tunately, most dielectrics do not exhibit surface resonances at
optical or near-infrared frequencies.

A way of overcoming this limitation can be the use of
nanofabricated metasurfaces engineered to tune resonances to
predefined frequencies [64—66]. An experimental demonstra-
tion of the coupling between the D, line in Cs [see Fig. 2(a)]
and a metasurface whose resonance was tuned close to 852 nm
was already reported [65]. Assuming an effective dielec-
tric constant for the metamaterial and using 852 nm as the
transition wavelength, we find qualitatively the same decay
behavior as in Fig. 3(a).

In order to observe polariton-induced superradiant decay,
one possibility would be to drive Cs atoms on their D, line
with a laser pulse, as done in [10,11,14], directly compar-
ing two configurations: close to a glass surface and close
to a metamaterial surface. For glass, which has no polariton
mode near the D; line, the fluorescence is expected to exhibit
standard super- and subradiant decays [10,11]. For a suitable
metamaterial with a resonance near the D, line, induced by
the surface polariton, the atoms should quickly decay to the
ground state.

VI. CONCLUSION

In summary, we studied the impact of resonant surfaces on
the dynamics of nearby atoms in the low-excitation regime.
With the example of a line of Cs atoms close to a sapphire
surface exhibiting a resonance close to an atomic transition,
we found the suppression of cooperative effects, contrasting
with a reported enhancement of the Casimir-Polder effect for
strong excitations [46,47]. In the absence of surface polaritons
close to an atomic transition, cooperative effects are observed,
although they are slightly modified due to the interaction
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with evanescent vacuum modes that are still present far from
resonance. We provided a working theoretical tool that takes
into account the successes of both the coupled-dipole model
and atom-surface interactions between Cs and sapphire and
suggested an experiment relying on cold Cs atoms interacting
with a metamaterial surface.

Useful applications, e.g., in quantum information [50] and
metrology [67], rely on the possibility to control cooperative
effects. An interesting example is the superradiant laser, for
which the collective coupling of an atomic sample to a dissipa-
tive mode (e.g., an optical cavity operated in the “bad-cavity”

limit) leads to global synchronization of the atomic dipoles
[31]. The interaction with surfaces may provide a lever to
handle this control.
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