
Coupling of atomic quadrupole transitions with resonant surface plasmons

Eng Aik Chan,1 Syed Abdullah Aljunid,1 Giorgio Adamo,1 Nikolay

I. Zheludev,1, 2 Martial Ducloy,1, 3 and David Wilkowski1, 4, 5, ∗

1Centre for Disruptive Photonic Technologies, TPI & SPMS Nanyang Technological University, 637371 Singapore
2Optoelectronics Research Centre & Centre for Photonic Metamaterials,
University of Southampton, Southampton SO17 1BJ, United Kingdom

3Laboratoire de Physique des Lasers, UMR 7538 du CNRS,
Université Paris13-Sorbonne-Paris-Cité F-93430 Villetaneuse, France

4MajuLab, CNRS-UCA-SU-NUS-NTU International Joint Research Unit, Singapore.
5Centre for Quantum Technologies, National University of Singapore, 117543 Singapore

We report on the coupling of an electric quadrupole transition in an atomic vapor with plasmonic
excitation in a nanostructured metallic metamaterial. The quadrupole transition at 685 nm in the
gas of cesium atoms is optically pumped, while the induced ground state population depletion is
probed with light tuned on the strong electric dipole transition at 852 nm. We use selective re�ection
to resolve the Doppler-free hyper�ne structure of cesium atoms. We observe a strong modi�cation
of the re�ection spectra at the presence of metamaterial and discuss the role of the spatial variation
of the surface plasmon polariton on the quadrupole coupling.

I. INTRODUCTION

Surface plasmons polaritons (SPP) are collective exci-
tations of light and electron at the metal interface [1].
Outside the metal, the electromagnetic �eld decays ex-
ponentially from the surface. At resonance, the con�ne-
ment of the SPP is at maximum and solely determined
by the ohmic losses in metal. An increase of con�nement
goes hand-in-hand with an increase of the local density
of states. Hence an atom, located at the vicinity of the
surface, would enhance its interaction with the electro-
magnetic �eld. In this context, cooperative enhancement
of the atomic transition have been reported with cold
atoms [2]. In this previous work, �uorescence emission
has been analyzed in polarization to subtract the bulk
emission from the plasmonic driven emission. If the plas-
monic mode could also be longitudinally con�ned with a
substantial decrease of its volume, the light-matter inter-
action could be further enhanced. Ultimately, the strong
coupling regime might be achieved, where coherent cou-
pling of the transition is stronger than incoherent relax-
ation and reversible energy exchange can be operated.
The strong coupling regime has been seen in a number
of physical systems [3, 4], but not yet in atomic vapor
interacting with plasmonic nanostructures, despite its
enormous interest, in particular for quantum technologies
applications. One major challenge resides in maintaining
the position of the atom within the mode volume at close
vicinity of the metallic materials [5]. As a promising road
toward mode volume reduction, the uniform metallic sur-
face can be nanostructured. In this context, Fano-like
coupling [6] and tailoring of the atom-surface Casimir-
Polder interaction [7] have been reported.
On experiments done so far, the plasmon-atom inter-

action was investigated through resonant coupling on an
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atomic electric dipole transition. Here, atoms behave
like point-like scatterers. In contrast, a �nite size e�ect
of atoms is revealed using higher order electric multipole
transitions. Interestingly, multipole transitions have dif-
ferent selection rules. Thus some of them are energeti-
cally isolated, and can be addressed individually, far-o�-
resonance from strong electric dipole transitions. How-
ever, since a0k0 � 1, electric dipole forbidden transi-
tions are very weak in vacuum. Here the Bohr radius
a0 is taken as the typical size of the atom and k0 is the
wavenumber in vacuum. At a material interface, the elec-
tromagnetic �eld is hybridized with surface modes, and
its e�ective wavelength diminishes. Thus, electric dipole
forbidden transitions can be enhanced due to higher elec-
tric �eld gradients, as was proposed for ideally conduct-
ing nanowires [8], and later, with plasmon modes at the
vicinity of metallic nano-rods [9, 10] or in presence of a
periodic nano-slits array [11]. Previous experiments re-
ported enhancement of the cesium 62S1/2 − 52D5/2 elec-
tric quadrupole transition in evanescent �eld using to-
tal internal re�ection of light at the dielectric surface
[12, 13]. More recently, Rivera and co-authors suggested
two-dimensional materials with large con�nement factors
[14]. In this extreme regime, all transitions could have
similar oscillator strength, conducting to a deep modi�-
cation of the excitation and emission spectrum of atoms
which could be exploited for tests of the quantum elec-
trodynamic theory in some regimes never obtained.

This paper reports on the observation of electric
quadrupole excitation of a cesium atomic vapor at the
vicinity of a metallic metamaterial (MM) surface. The
MM-vapor system is probed using selective re�ection
(SR) spectroscopy techniques [15] in a pump-probe con-
�guration [16]. The experimental data are found to be in
good agreement with a model developed in the mean-�eld
approximation, where the MM is substituted by a ho-
mogenous material having the same far-�eld optical prop-
erties. Going beyond the mean-�eld approximation, we
found that the coupling of SPP with atoms is important
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but spread over a large Doppler broadened pro�le. In
Sec. II, we discuss the experimental setup. In particular,
a pump laser, tuned at 685 nm excites both a plasmonic
resonance of the MM and the cesium 62S1/2 − 52D5/2

electric quadrupole transition. The induced modi�cation
of the atomic ground state population is probed with a
laser on the 62S1/2 − 62P3/2 electric dipole transition
at 852 nm. Both laser beams are normal to the surface
leading to a Doppler-free signal. In Sec. III, we present a
quantitative comparison of two SR signals, one extracted
from a dielectric-vapor interface and the second coming
from the dielectric-MM-vapor interfaces. The compari-
son indicated that the signal from MM does not show
noticeable enhancement, in quantitative agreement with
a model developed in the mean-�eld approximation. In
Sec. IV, a model, beyond the mean-�eld approximation,
shows that the expected plasmonic-driven excitation en-
hancement of the atomic oscillator strength is distributed
over a larger Doppler broadened signal which leads to a
moderate global o�set of the SR signal. Conclusion and
perspectives are given in Sec. V.

II. EXPERIMENTAL SETUP

A general sketch of the experimental setup is shown in
Fig. 1a. A vacuum chamber is brought to a temperature
of 90 ◦C, and �lled up with cesium atoms at saturated
vapor pressure. The typical atomic density is N = 8 ×
1012 cm−3. On a fused-silica viewport, a 50 nm thick
layer of silver is deposed on which a periodic pattern of
nano-slits is engraved (total area: 200µm× 200µm) The
period and the unit cell structure are designed such that
the MM host a fundamental resonant plasmonic mode
at 615 nm, almost coinciding with the cesium 62S1/2 −
52D5/2 electric quadrupole transition (see Fig. 1(b and
c).
All the relevant spectra are obtained using a pump-

probe technique, for more details see [16]. In brief,
a weak 852 nm probe laser is frequency locked on the
62S1/2, F = 4 − 62P3/2, F = 5 hyper�ne transition (ce-
sium cell 1 in Fig. 1(a)). In addition, an amplitude-
modulated 685 nm pump laser is scanned across the
62S1/2, F = 4 − 52D5/2, F = 6 hyper�ne transition,
see Fig. 1(c). When the pump laser is at resonance,
both lasers addressed the zero atomic velocity class. As
a result, the ground state population is periodically de-
creased by the pump laser which modi�es the probe laser
interaction with the vapor. Thus, the pump amplitude
modulation is transferred to the probe, providing a sen-
sitive and ideally background-free demodulated signal of
the ground state population. A �rst pump-probe setup
is employed in transmission through a vapor cell for fre-
quency reference purpose (cesium cell 2 in Fig. 1(a)).
A second pump-probe setup performs SR spectroscopy
on the atoms-MM system (vacuum cell in Fig. 1a). The
two laser beams are co-propagating. The re�ected beams
go across a colored and a low-pass interference �lter to
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FIG. 1. (a) Sketch of the experimental setup (b) Re�ection
spectrum of the MM. (c) Cesium energy levels and transitions
of interest. ECDL, external cavity diode laser; BS, beamsplit-
ter; BB, beamblock; LP, longpass �lter; DM, dichroic mirror;
AOM, acousto-optic modulator

remove the 685 nm beams and solely detect the 852 nm
beam. In practice, a small fraction of the 685 nm light
(∼ 10−7 of the incident power) will also be detected and
demodulated, which lead to an unwanted global o�set of
the SR signal.
Each laser beam has a waist of 150µm which leads to a

transit time of the atoms of around 1µs (thermal velocity
v̄ ' 150ms−1). Since the transit time is about two times
shorter that the 52D5/2 state natural lifetime, no Zeeman
or hyper�ne optical pumping, or Raman coherence e�ect
need to be considered here.
Using SR spectroscopy, we analyze the re�ection prop-

erties of the probe laser at 852 nm at an interface be-
tween the cesium vapor and, either a dielectric, or the
surface MM. The pump-probe setup allows us to observe
the weak modi�cation of the re�ectance induced by exci-
tation at 685 nm on the 852 nm beam. A direct observa-
tion of the SR signal on the quadrupole transition, using
a cesium vapor is possible but would require a higher
atomic density [12, 17]. The pump-probe SR signal im-
provement is roughly given by the bare excited linewidth
ratio Γ(62P3/2)/Γ(52D5/2) ' 40. This signal improve-
ment goes with a broadening of the SR signal imposed
by the large dipole transition.
The observed relative modi�cation of the re�ectance is

of the order of 10−8 and required one week of continuous
integration to extract the weak signal out of the noise.
Each scan of the 685 nm laser is performed in 200 ms
and repeated at least 3× 106 times. To avoid frequency
drifts of the 685 nm laser during acquisition, we record
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FIG. 2. Geometry of the laser beams at; (a) the dielectric-
vapor interface, and (b) the dielectric-MM-vapor interface.
In the mean-�eld approximation, the MM is replaced by a
homogenous material which has the same index of refraction
and attenuation coe�cient. U-shaped arrows on the MM layer
indicate that only a single re�ection from the MM-vapor in-
terface is considered because of large absorption in the MM
(see text for more details).

the pump-probe transmission signal of the bulk reference
cell. The centre-of-mass of the spectrum is calculated
in real time (at a rate of 5 s−1) to �nd the mean laser
frequency. A laser frequency drift is transposed into an
error signal which is feedback to the piezoelectric ceramic
controlling the laser cavity length.

III. SELECTIVE REFLECTION AND

MEAN-FIELD INTERPRETATION

We �rst consider a single interface between a ho-
mogenous dielectric material and the atomic vapor, see
Fig. 2a. To calculate the SR signal, one has to distin-
guish between atoms desorbing from the surface (velocity
vz > 0) and atoms arriving from the bulk vapor (vz ≤ 0).
Ground-state atoms leaving the surface do not have time
to undergo optical excitations mediated by the 685 nm
laser. On the other hand, atoms arriving toward the sur-
face, are in a steady-state regime. After some algebra,
discussed in detail in [18, 19], one �nds that the e�ective
susceptibility of the vapor for SR of the probe at normal
incidence reads :

χd(δ) = i
Nµ2

d

ε0~
√

2πv̄

∫ +∞

−∞
dvz

Πg(vz) exp
(
−v2

z/2v̄
2
)

Γd/2− i(δd + kd|vz|)
,

(1)

where Πg(vz) is the ground state (62S1/2) population
with,

Πg(vz) =

{
1 if vz > 0

1− I
2Is

Γ2

4(δ−kvz)2+Γ2 if vz ≤ 0.

N is the atomic density. ε0, ~, and v̄ are the vacuum
permittivity, the Planck constant, and the thermal ve-
locity, respectively. µ, Γ, δ, and k are the atomic dipole

moment, the bare linewidth of the excited state, the fre-
quency detuning and the laser wavenumber, respectively.
If the subscript letter d is attached to these quantities, we
refer to the electric dipole transition 62S1/2−62P3/2 (the
probe transition). On the other hand, the absence of sub-
scripts indicates that we consider the electric quadrupole
transition 62S1/2−52D5/2 (the pump transition). To sim-
plify our theoretical approach, we disregard the Zeeman
and hyper�ne structure of the transitions. Moreover, we
use the weak �eld limit where the laser intensity is be-
low the saturation intensity. I = TI0 ' 0.2W/cm2 is the
modulated pump laser intensity and Is = 2W/cm2 is the
saturation intensity [16]. I0 is the incident laser inten-
sity and T = 4n1/(n1 + 1)2 ' 0.96 is the transmittance
at 685 nm of the dielectric-vapor interface. n1 = 1.45
is the index of refraction of the dielectric. Since Γ �
Γd, kv̄, kdv̄, we replace the factor 1/(4(δ− kvz)2 + Γ2) by
πδD(δ− kvz)/2Γ, coming from Πg(vz) in Eq. (1). Under
this approximation the susceptibility takes the following
analytical form,

χd(δ) = χd(0) − iN
√

2πµ2
d

8ε0~
I

Is

Γ

kdv̄

1

Γd/(2κ) + iδ
Θ(−δ).

(2)
δD(x) is the Dirac δ function, Θ(x) is the step function,
and κ = kd/k = 0.8. Here the probe laser at 852 nm is
maintained at resonance, so δd = 0. χd(0) is the pump
intensity independent part of the e�ective susceptibility
which does not contribute to the demodulated SR signal.
The e�ective susceptibility, depicted in Eq. (2), has a
simple physical interpretation. For δ ≤ 0, it corresponds
to the susceptibility of an atomic ensemble at rest cou-
pled to the electric quadrupole transition with a bare
linewidth of Γd/κ due to the detection on the electric
dipole transition. For δ > 0 the susceptibility is zero be-
cause of the relaxation of the population at the interface;
see dashed black curve in Fig. 3(a).
Since the medium is diluted, |χd| � 1, the vapor index

of the refraction is n ' 1 + χd/2, and the re�ectance of
the probe is

R = |r0|2 + 2Re{r∗0ρχd}, (3)

where r0 = (n1 − 1)/(n1 + 1) is the re�ection coef-
�cient without atomic vapor and ρ = dr/dχd|χd=0 =
−n1/(n1 + 1)2. The demodulated signal is proportional
to the variation of re�ectance, ∆R, due to the atomic va-
por and in the presence of the 685 nm pump laser. Since
r0, and ρ are real quantities, the demodulated signal is
simply proportional to the real part of χd (see Eq. (3)).
In Fig. 3(b), we show the relative re�ectance ∆R/〈R〉
of the probe laser at 852 nm as a function of the pump
685 nm laser frequency. 〈R〉 corresponds to the mean re-
�ectance (DC component of the re�ected signal). Since
part of the re�ected 685 nm laser is also detected, the de-
modulated signal shows a signi�cant o�set signal, which
has been numerically removed. The experimental sig-
nal is in good agreement with the expected theoretical
prediction (see black dashed curve on Fig. 3(b)). How-
ever, we have to arti�cially broaden the pump transition
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to 1MHz, and probe transition to 20MHz. These ex-
tra transition broadenings might be due to atom-atom
collisions, transit-time broadening, and Casimir-Polder
interactions, as was reported on similar studies [6, 7, 20],
and might be due as well to �nite pump laser linewidth.

In Fig. 3(c), we show the SR signal obtained for the
dielectric-MM-vapor interface. Up to a sign factor, we
observe similar features as for the dielectric-vapor in-
terface, indicating that no further frequency broadening
mechanisms are at play on the SR signal. We observe
as well a substantial reduction of the signal amplitude of
almost one order of magnitude.

To compare the experimental data with the model,
developed above, for a dielectric interface, we carry
out a mean-�eld approximation of the MM. It con-
sists of replacing the MM by a homogenous material
which has the same thickness and the same far-�eld
transmittance and re�ectance properties. Using �nite-
di�erence frequency-domain (FDFD) COMSOL simula-
tions, we �nd that the homogenous material is char-
acterized by a complex index of refraction of n2 '
0.02 + i3.65 at the probe wavelength of 852 nm. The
transmittance of the MM layer at 852 nm is predicted
at Td = n1 |4n2/ [(n1 + n2)(n2 + 1)]|2 e(−2Im{n2}kdL) =
0.1 in agreement with the measured value of 0.13.
Here, L = 50nm is the MM thickness. Since
2Im{n2}kdL ' 2.7, the absorption in the MM mate-
rial is large and only one passage in the MM is con-
sidered (multi re�ections can be ignored), see illustra-
tion in Fig. 2(b). We follow this approximation to
calculate the re�ection coe�cient of the dielectric-MM-
vapor interface and �nd r0 = (n1 − n2)/(n1 + n2) and

ρ = −4n1 (n2/ [(n2 + 1)(n2 + n1)])
2
e(−2in2kdL). At the

pump frequency a plasmonic resonance is present lead-
ing to a large total transmission coe�cient, measured to
be T ' 0.77. Following the same procedure as depicted
earlier for the dielectric-vapor interface, we estimate the
quantity ∆R/〈R〉, see black-dashed curves in Fig. 3(c).

In the presence of MM, r0 and ρ are complex quan-
tities, meaning that the SR signal, given by Eq. (3), is
a non-trivial mixture of the absorptive (i.e. imaginary)
and dispersive (i.e. real) part of the atomic susceptibil-
ity. Moreover, in the mean-�eld approximation, the MM
acts as an etalon. In contrast, for the dielectric-vapor
interface, r0 and ρ are real quantities with no etalon ef-
fect. Those di�erences between the dielectric-vapor in-
terface and the dielectric-MM-vapor interface explain the
changes observed in the mean-�eld prediction for those
two con�gurations; in particular, the opposite sign of the
SR signals. More generally, using a dipole transition and
MMs with di�erent plasmonic resonances, it was shown
that the coupling of the broad plasmonic resonance with
the narrow atomic resonance lead to a Fano-like lineshape
[6, 21].

The mean-�eld approximation gives a good prediction
of the SR signal on the dielectric-MM-vapor interface. At
�rst sight, it seems a surprising result because the mean-
�eld approximation washes out the SPP modes which
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FIG. 3. Experimental (red) and theoretical (dashed black)
curves as a function of the 685 nm laser frequency detun-
ing. The frequency origin corresponds to the 62S1/2, F =

4 − 52D5/2, F = 6 hyper�ne transition. (a) Real part of the
e�ective susceptibility given by Eq. (2). The linewidth cor-
responds to Γd/κ = 6.5MHz. The blue curve corresponds to
the susceptibility of a bulk atomic ensemble at rest. (b) Rela-
tive re�ectance. The experiment is performed on a dielectric-
vapor interface. (c) Relative re�ectance. The experiment is
performed on a surface MM-vapor interface. The theoretical
curves are given by inserting Eq. (2) into Eq. (3), and retain-
ing only the demodulated term proportional to I. The 852 nm
linewidth is taken at 20MHz whereas the 685 nm linewidth is
taken at 1MHz (see text for more details). The e�ective in-
dex of refraction of the metasurface is 0.8 and the attenuation
coe�cient is 4.05. A same �tting parameter, for the overall
amplitude of the theoretical curves, is used for both the di-
electric, and MM cases. The SR signal is weaker for the MM,
in agreement with the mean-�eld approximation. A lowpass
�ltering of the experimental data has been performed with a
cut-o� frequency of 1.2 MHz in frequency scan unit.

give a large contribution to the electromagnetic �eld at
the vicinity of the MM-vapor interface. Since the SR sig-
nal comes from atoms located within a short distance k−1

d
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FIG. 4. (a) False-color image of the optical �eld intensity at
the dielectric-MM-vapor interface along a plane normal to the
MM cutting the MM at the center of the nano-slits. (b) y-
component of the electric �eld along the z -axis for z > 0. The
incident polarization of the �eld is along y. The green (red)
curve corresponds to axis center (o�-center) on the nano-slit.
The black curve is the propagating contribution to the total
electric �eld. (c) Same as (b), but the propagating contri-
bution has been removed. Thus, the green and red curves
show the SPP �eld. (d) Two-dimensional Fourier transform
of the three components of the electric �eld, in logarithmic
scale. The left (resp. middle, and right) panel represents the

Ẽx (resp. Ẽy, and Ẽz) Fourier component of the electric �eld.
The SPP �eld is characterized by a wavenumber that is larger
than k0, the free space wavenumber. The propagation �eld
corresponds to the origin of the Ẽy component.

from the interface [6], we would expect a large contribu-
tion of the SPP �eld to the SR signal as well. Moreover,
the SPP modes are localized around the nano-slits which
favor a strong electric �eld gradient for larger coupling
to the quadrupole transition, see Fig. 4(a). However, we
will show in Sec. IV that the SPP modes are character-
ized by a large wavevector that is parallel to the MM-
vapor interface. Thus, their contribution to the atomic
response is Doppler broadened which results in a mod-
erated global o�set of the SR signal, which is di�cult to
observe in the experiment. Therefore, only the propagat-
ing mode, which is normal to the interface, contributes to
the SR signal. This propagating mode also corresponds
to the far-�eld contribution of the MM, and it remains
unchanged in the mean-�eld approximation. It explains
why the mean-�eld approximation gives the correct pre-
diction for our experiments.

IV. SURFACE PLASMON POLARITON

CONTRIBUTION

As discussed in previous sections, we are investigat-
ing electric quadrupole coupling of atoms at the vicin-
ity of a surface (within a distance k−1

d ) using a SR
pump-probe experiment. The frequency of the pump is
scanned across the 62S1/2, F = 4 − 52D5/2, F = 6 elec-
tric quadrupole transition at 685 nm and modi�es the
atom ground state population at the resonant velocity
class. The ground state population is probed on the
62S1/2, F = 4 − 62P3/2, F = 5 electric dipole transition
at 852 nm. For an incident beam at normal incidence,
we found a Doppler-free SR signal, meaning that mainly
atoms, �ying parallel to the surface, contribute to the
signal. We will now considering this situation with sur-
face MM, ignoring the displacement of atoms normal to
the surface (i.e., vz = 0).

Considering a MM located at the z = 0, the electro-
magnetic �eld takes the following form, for z > 0 (in the
atomic vapor):

~E(x, y, z) = E0 cos (k0z − ωt)ŷ +
∑

p,q 6=0,0

~E(p,q)(z)

× cos (pkSPPx x− ωt+ φp)

× cos (qkSPPy y − ωt+ φq). (4)

The electric �eld ~E(x, y, z) is computed thanks to a
FDFD simulation. An example of the optical �eld in-
tensity distribution is shown in Fig. 4a. We observe
a strong enhancement of the �eld at the vicinity of the
nano-slit. In Fig. 4(b), we show the electric �eld com-
ponent Re{Ey} at two di�erent locations with respect to
the nano-slit (red and green curves). Far from the sur-
face (k0z > 2), the electric �eld reduces to an oscillating
component (black curve). It corresponds to the prop-
agating transmitted �eld and is described by the �rst
right-hand side term in Eq. (4). This �eld is polarized
along the y-axis as the incident �eld. In Fig. 4(c), we
remove the propagating components to reveal the near-
�eld contribution of the SPP waves. They correspond to
the second right-hand side term in Eq. (4) where we per-
form a Fourier transformation in the x− y plane parallel
to the MM. The indices p and q label the Fourier compo-

nents with amplitudes ~E(p,q)(z), along the x and y axes,
respectively. Because of the nano-slits, they are vary-
ing rapidly as shown in Fig. 4(d). Moreover, the SPP

waves are stationary, and thus ~E(p,q)(z) = ~E(−p,−q)(z).

Finally, the components ~E(p,q)(z) exponentially decay
along the z-axis, normal to the MM, with a character-

istic reciprocal length given by kp,q = kSPP
√
p2 + q2.

Here, kSPP = 2π/Λ is the wavenumber of the fundamen-
tal modes of the SPP wave, where Λ = 284nm is the
length of the square unitary cell.

For an electric quadrupole transition, the square of the
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FIG. 5. (a) Spectrum of the ground state population de-
pletion at a distance z = 13 nm ' 0.1k−1

d from the MM-
vapor interface. The temperature of the gas is 90 ◦C and
Ω0 = 2×10−11Γ. (b) Same as (a) but for z = 70 nm ' 0.5k−1

d .
The central narrow peak corresponds to the natural linewidth
of 124 kHz. (c) Ground-state population depletion as a func-
tion of the distance from the MM-vapor interface. 〈Ng〉 is the
spectral averaged ground state population. 〈N0〉 is the spec-
tral averaged ground-state population in vacuum. (d) Real
part of the e�ective susceptibility. The red (resp. dashed-
dotted blue) curve includes (resp. excludes) SPP.

Rabi frequency takes the following form [9]

Ω2 = C2
∑
m

∣∣∣∣∣
〈
Y m2

∣∣∣∣∣ ¯̄Q

r2

∣∣∣∣∣Y 0
0

〉
: ~∇ ~E

∣∣∣∣∣
2

, (5)

where ¯̄Q is the quadrupole moment operator, ~∇ ~E is the
Jacobian matrix of the electric �eld, r is the position
operator, and C is a constant coe�cient taking into ac-
count the contribution to the coupling of the radial part
of the electronic wave-function. The Y ml are the spherical
harmonics, where, to simplify the calculation, we have ig-
nored the nuclear and electronic spin of the atomic state.
Computations of Eq. (5) have been reported for vari-

ous nano-structured geometries [9�11]. In those theoreti-
cal works, atoms are considered at rest and the Jacobian

matrix ~∇ ~E is computed at the atom's position. In our
case, we consider atoms �ying above the MM which re-
quires a time-dependent approach to this problem. How-
ever in the weak-�eld limit, all the contributions of the
electromagnetic �eld Fourier components can be summed
up independently. Thus we are able to come back to a
simple time independent approach in the Fourier space.
The �nite velocity of the atoms simply leads to a fre-
quency shift of the atomic resonance position. Doing so

the mean ground state population, obtained after ther-
mal averaging, reduces to

Π̄g = 1− Ω2
0

4δ2 + Γ2
− 1

2πv̄2

∫
dvxdvy exp

(
−
v2
x + v2

y

2v̄2

)

×
∑

p,q 6=0,0

Ω2
p,q

4(δ − pkSPPx vx − qkSPPy vy)2 + Γ2
. (6)

where Ω0 is the Rabi frequency from the propagating
transmitted �eld, and Ωp,q is the Rabi frequency from
the SPP wave with Fourier components p, q.

Since the thermal distribution is a smooth function
within the atomic resonance lorentzian pro�le, Eq. (6)
can be further simpli�ed as such,

Π̄g ' 1− Ω2
0

4δ2 + Γ2
−
√
π

2

1

2Γv̄

∑
p,q 6=0,0

Ω2
p,q

kp,q
exp

(
− δ2

2k2
p,q v̄

2

)
.

(7)

The second right-hand side term comes from the propa-
gating �eld. It gives the SR contribution as discussed in
Sec. III. The last right-hand term comes from the SPP
�eld not included in the mean-�eld approximation.

We note that the lifetime of the excited state is mainly
dominated by the 52D5/2− 62P3/2 spontaneous emission
decay time at 3.5µm, see Fig. 1. At this wavelength, the
MM does not have plasmonic resonance so the transition
linewidth Γ is expected to be the same as in free space.

In Fig. 5(a) and (b), we show the spectra of the
ground-state population depletion at z = 13 nm and
z = 70 nm from the MM-vapor interface using Eqs. (7)
and (5). The Fourier components of the SPP �eld, ex-
tracted from FDFD simulation, are used to compute Ωp,q.
The spectra are characterized by a narrow central peak
with a z -independent amplitude con�rming that it can
be attributed to the Doppler-free propagating component
of the light �eld. The SPP �eld gives a Doppler broad-
ened contribution of width 1.4×104Γ = 1.7GHz (FWHM
value). The SPP �eld decays rapidly with the distance z
as illustrated in Fig. 5(c), where we show the frequency
integrated ground state depletion as function of the dis-
tance z. Nevertheless we observe large enhancement of
the coupling if the atoms are located close enough to the
interface. In our experiment, the SR signal is roughly the
averaged contribution of the atomic layers up to a dis-
tance of k−1

d = 135nm. To get a general idea of the SPP
contribution to the SR signal, we plug the ground state
depletion given by Eq. (7) into Eq. (1) for z = 70nm.
We observe that the general shape of the e�ective sus-
ceptibility remains unchanged, and the SPP �eld mainly
contributes to an extra background, see Fig. 5(d). The
moderate o�set, expected on the SR signal, makes the
observation of the SPP �eld very di�cult to isolate from
other spurious sources of o�set as the stray re�ection of
the pump laser.



7

V. CONCLUSION

We have studied the spectral response of an electric
quadrupole transition close to a material surface by us-
ing a pump-probe spectroscopy method. Here the SR
signal is probed on a coupled electric dipole transition.
On a dielectric-vapor interface, the SR signal is propor-
tional to the susceptibility of an atom at rest for negative
frequency and it drops to zero for positive frequency. The
e�ective linewidth of the SR signal is predicted to be the
linewidth of the probe transition divided by the probe
and pump wavenumbers ratio. On a dielectric-MM-vapor
interface, we observe a similar SR signal with a reduction
of the overall signal amplitude. Here, the MM is designed
to have a plasmonic resonance at the vicinity of the pump
frequency. The overall signal reduction is in good agree-

ment with a mean-�eld approximation where the MM
is replaced by a homogenous material. The model in-
dicates that the enhancement of the oscillator strength
of the electric quadrupole transition, due to large spa-
tial variations of the SPP �eld, is not observed on the
SR signal. Using a complete description of the electro-
magnetic �eld, we �nd that the SPP waves contribute
to a Doppler broadened signal which slightly o�sets the
SR signal. One way to remove the Doppler broadening
would be to transversally cool the atomic vapor. In this
case, a large increase of the SPP �eld coupling to the
quadrupole transition should be observed.
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