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Abstract

An exciting frontier in the research field of atomic physics is the active engi-

neering of the atomic environment, motivated by the prospect of applications

in quantum information science, many-body physics simulation, atom-based

metrology and sensor technology. To this end, one active direction in the

atomic community is the manipulation of atoms at nanoscale distance from

surface plasmons, utilizing the strong confinement of electric field of the

surface plasmon to realize atom-trapping, single photon emitter source and

strongly coupled system. Towards these goals, we experimentally investi-

gated the coupling of hot atomic Cesium vapor with plasmonic metamaterials.

First, we demonstrate tailoring of metamaterial for the tuning of atom-surface

Casimir Polder interaction. Next, we realize atom-metamaterial interaction

on a fiberized platform. In the atomic spectroscopy realm, we devise a

method to study low-lying dipole-forbidden electric quadrupole transition

with a non-linear pump-probe technique. Finally, we investigate the possible

enhancement of an electric quadrupole transition in the vicinity of a plas-

monic metamaterial. Overall, these advances are significant contributions

towards achieving subwavelength trapping of atoms at close distance from

surface, integrating of fiberized atomic systems for mainstream applications,

enabling the studies of the transfer of orbital angular momentum of light to



dipole-forbidden transitions and setting forth the investigation direction for

dipole-forbidden transitions in an atom-plasmonic system.
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Chapter 1

Introduction

Surface plasmon is known to confine light at extremely close distance of the
surface by coupling of collective electron excitation with electromagnetic field.
The strong confinement of light in small volumes increases the light field
immensely near the surface and results in bigger interaction of light with
quantum emitters like atoms [3, 4]. This is understood as the increase in the
local density of states and enhancement of Pucell factor when the quantum
emitters are positioned in the vicinity of plasmonic surfaces [3]. Our works
fit into this juncture of localized surface plasmon in the presence of a thermal
atom vapor. Several groups have successfully utilized the strong confinement
of field by plasmons to enhance or alter atomic properties [5, 6, 7, 8, 9, 10, 11].
In particular, works on cold atoms have shown moderate Purcell enhancement
and mainly limited due to low-quality factor of the plasmonic surface [12].
The low-quality factor of plasmon-quantum emitter coupling is due to the
presence of Ohmic losses and resulted in a broadband plasmonic resonance.
The broadband feature of plasmonic resonance has been taken advantaged
to speed up photon emission from quantum emitters [13]. The presence of
the broadband decay channels, either through coupling with surface prop-
agating modes or to Ohmic losses can be also be taken advantage to alter
the attractive Casimir - Polder interaction between the atoms and surface.
Alteration of Casimir - Polder interaction was demonstrated in the studies
of atoms resonant with surface polariton modes [14, 15]. These studies are
still limited in wavelength and Casimir - Polder strength tunability due to
limited selection from naturally occuring materials. While theoretical studies
has been performed [16, 17], we successfully demonstrate experimentally that
by carefully nano-structuring a metallic layer with plasmonic metamaterials,
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we can achieve unprecented tunability of the Casimir - Polder strength. Our
structured single layer metamaterials are subwavelength in thickness and
is considered as metasurfaces in the metamaterials community. Dielectric
metasurfaces, by the patterning of the subwavelength scatterers on the surface,
demonstrates high flexibility in the modification of optical wavefronts and
polarization, where functionalities such as ultrathin metalens, polarization
rotator are realized [18, 19, 20]. Plasmonic metasurfaces, on the other hand,
exhibit resonant localized surface plasmons that modify the far-field transmis-
sion and reflection spectra [21]. We are utilizing the plasmonic metasurface as
sites for field enhancement and in order to differentiate that from the typical
impression of metasurface for optics processes (polarization modification,
ultrathin lens etc.), we call our metasurface as plasmonic metamaterials in
this thesis. The tuning of Casimir - Polder interaction with plasmonic meta-
materials is reported in Chapter 4 for a Cesium D2 transition at near infra-red
wavelength. The same technique that we used could easily be employed to
target other atomic transitions from visible region (See Chapter 7 where we
target an Cesium electric quadrupole transition at visible red wavelength) to
infra-red and further. Our studies have potential applications in high precision
spectroscopy, that require atoms to be positioned very near to surface, where
Casimir - Polder interaction is a dominant force [9, 22].

Spectroscopy of hot atomic vapor is typically done in bulky atomic vapor
cells. Miniaturizing the atomic media would provide considerable opportu-
nities for integrating atomic systems into mainstream applications. Minia-
turization of atomic media have been done using hollow-core fiber [23, 24],
optical waveguide [25], nanofiber [26]. We report on the first demonstration
of spectroscopy of atomic vapor at an optical fiber tip and the modification
of hyperfine Cesium spectrum in presence of plasmonic metamaterials in
Chapter 5.

Higher-order optical forbidden atomic transitions are inherently weak -
at least 6 order of magnitude or more than electric dipole transitions and
thus they are not as well investigated as the electric dipole transitions. In
Chapter 6, we report the first non-linear Doppler-free atomic spectroscopy
on an electric quadrupole transition by optical pumping the transition and
probing on a separate electric dipole transition with a mutually shared ground
state. The improvement by our scheme compared to directly saturating the
electric quadrupole transition is roughly given by the bare excited linewidth
ratio between the electric dipole and electric quadrupole transition, which
in our case it works out to be ' 40. Our Doppler-free scheme is a simple
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and reliable way to resolve the hyperfine structures of higher-order atomic
transitions which allows for frequency locking of laser on these weak transitions.
In addition, it is possible to investigate magnetic levels optical pumping on
the electric quadrupole transition using our scheme which will be discussed
in Chapter 6.

Plasmonic nanostructure, with its highly localized electric fields are well
suited for enhancing the higher-order atomic transitions. Associated with
the highly localized electric fields are the high electric field gradients on the
nanostructure surfaces, which enhance the higher-order transitions. Numerous
theoretical works have been done on the enhancement effect on higher-order
transition with plasmonic structures [27, 28, 29, 30] but experimental works
are lacking. In Chapter 7, we report on our experimental work on pump - probe
spectroscopy on an electric quadrupole transition at the vicinity of plasmonic
metamaterials. We show in the chapter a modification of our spectra due
to coupling of the electric quadrupole transition with the surface localized
plasmons of themetamaterials. We report that the enhancement of electric
quadrupole transition is dominated in the large plasmon wavevector region,
in agreement with that recently reported [3], which manifests as a plasmon
enhanced Doppler-broadened background in the spectroscopy spectrum.

The thesis is structured in following way. In Chapter 2, we establish
the theoretical background of the general spectroscopy technique - frequency
modulated selective reflection spectroscopy, which we use to probe our atomic
vapor in the vicinity of an metamaterial surface. We use Cesium atoms as
our atomic medium because of the presence of strong dipole transition and
electric quadrupole transition in the near infra-red region and red part of the
optical spectral region which eases our fabrication of metamaterials. This will
be explained in Chapter 2. The general experiment setup, which we design
to be adaptive to the requirements of our various atom vapor - plasmon
experiments is explained in Chapter 3. In the same chapter, we also present
our characterization methods on the optical properties of metamaterials. In
Chapter 4, we investigate the coupling of an electric dipole transition with
metamaterial. We observe Fano lineshapes like in the works reported by Stern
and coauthors [7] and Stehle and coauthors for cold atoms [12]. We present
the method for extracting the changes in the atom / surface Casimir-Polder
interaction from the coupling of atomic vapor with the plasmonic resonances.
Chapter 5 is a more technical chapter with interest potential applications
where we integrate the atom - metamaterial setup on an optical fiber tip.
In Chapter 6, we present a pump - probe scheme on a bulk atom vapor
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setup where we optically pump on an electric quadrupole transition and
simulateneously probe on an electric dipole transition with a shared ground
state, which we would use as our frequency reference for the investigation of
an electric quadrupole transition in vicinity of metamaterials in Chapter 7.
In Chapter 7, we present our works on investigation of the enhancement of
forbidden electric quadrupole transition due to the strongly localized field
of plasmonic metamaterials. This is followed by the conclusion chapter -
Chapter 8 where we highlight the important results and present our outlook
on atomic - metamaterial system.
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Chapter 2

Selective reflection
spectroscopy

2.1 Introduction
In this chapter, we derive the key equations for frequency modulated selective
reflection spectroscopy, the experimental technique that we use to investigate
the interaction of atoms with surface plasmon of metamaterials. Selective
reflection spectroscopy on an atomic vapor-surface layer produces a narrow
line-shape that is selective in the atomic resonance frequency [31, 32]. The
atomic resonance selective signal from the spectroscopy is a summation of
coherent atomic responses from a 2π/λ layer above the probe surface due to
the breaking of symmetry of the interface [33, 34, 35]. In this layer, there is no
Doppler broadening along the surface normal and only Doppler effect along
the surface has to be considered. This results in a Doppler-free spectroscopy
method that is sensitive to the atom-surface interactions. In Section 2.2,
we establish the expression of the reflection coefficient as a function of the
atomic susceptibility and we deduce an analytical expression for the frequency
modulated selective reflection spectroscopy . The Doppler free and surface
sensitive behaviors of the spectroscopy technique is explained at the end of
Section 2.2.5. Lastly, we illustrate the influences of van der Waals interaction
and plasmonic surface on the lineshapes in Section 2.2.6).
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2.2. Frequency modulated selective reflection spectroscopy

2.2 Frequency modulated selective reflection
spectroscopy

In this section, we explain the theoretical framework of our atom - metamate-
rial probing spectroscopy technique - frequency modulated selective reflection
spectroscopy.

The reflection from an atomic vapor - window interface is modified when
the frequency of the incident optical beam is tuned near a transition of
the atomic vapor. This effect was first observed by Woods in 1909. He
observed that a heated mercury vapor bulb displayed specular reflection
when viewed at a specific angle when light from a mercury arc is shined on
the bulb and he termed it as selective reflection [36]. Dispersion theory by
Born and Wolf who considered dipolar displacement in atoms by the incident
electric field and dissipation damping by reradiation and collisions between
atoms predicts a dispersive lineshape on the selective reflection spectrum
(See page 93 of [37]). This spectrum is broadened by the Doppler broadening
due to the fast moving atomic vapor. In 1954, Cojan showed that light at
normal incidence from a mercury cell on a glass-mercury vapor interface shows
spectra narrowing features which deviates from the dispersion lineshape. He
suggested the collisions of the atoms with the interface to be the source of
the deviation [38]. With the advent of tunable laser sources, Woerdman and
Schuurman observed clearly the sub-doppler selective reflection lineshape on
the D2 line of sodium vapor in 1975 [31, 32] and Burgmans and Woerdman
showed a qualitative agreement between theoretical lineshapes considering
wall collisions and their experimental curves [39]. In 1982, Akulshin and
coworkers frequency modulated their excitation laser at frequency smaller
than the natural linewidth of the atomics line while detecting the reflected
signal at the frequency of modulation. The amplitude of the atomic signals
acquired on the narrow frequency sidebands recover the frequency derivative
of the spectrum. This allows them to remove broad Doppler spectrum and
resolve the sub-Doppler contribution as a Doppler-free dispersion lineshape.
With this technique, they were able to measure the pressure broadening on
Cesium D2 lines [40].

The van der Waals interaction or long range interaction between atomic
dipole and induced dipole on the surface was not considered in the picture
of selective reflection until first experimental evidence was obtained by Oria
and coworkers in 1991 [41]. They observe a red-shift in the spectrum and
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2.2. Frequency modulated selective reflection spectroscopy

asymmetricities spectral lineshapes due to the van der Waals interaction.
They calculate the van der Waals shift between the short-life excited state
6P3/2 and ground state 6S1/2 of Cesium with sapphire surface to be 4 kHz µm3.
The theory on interpretating the van der Waals shift on frequency-modulated
selective reflection spectroscopy was formulated by Ducloy and Fichet, for the
regime where the atomic vapor is dilute and under linear optical excitation
[42].

In the linear optical excitation regime, the arriving and departing atoms on
the interface gives the same contribution to the selective reflection spectrum
[33, 42]. In the non-linear regime, arriving and departing atoms contributes
differently to the spectrum. The theoretical works of Vertanyan in 1985 [34]
and Singh and Agarwal in 1986 [35] showed that for atoms leaving the surface,
due to the relaxation of the atomic polarization after collision, the saturation
intensity of the atoms leaving the surface is different from that of the atoms
arriving to the surface, which are already in equilibrium with the optical
field. In 1988, Neinhuis, Schuller and Ducloy generalized the theoretical works
to include non-linear excitation to incidence field with arbitrary incident
angle [43]. Vuletić and coauthors demonstrated experimentally the effect
of optical pumping and investigated the saturation parameters of selective
reflection [44]. Schuller, Gorceix and Ducloy further developed the theory
for non-linear selective reflection in a cascade three-level atomic systems, in
which they show that by using co-propagating pump - probe beams, they
are able to selectively probe only atoms leaving the surface or otherwise in
a counter-propagating configuration, the spectrum comes dominantly from
atoms arriving towards the surface [45]. Neinhuis and Schuller performed
the same theoretical treatment on a three-level Λ system [46]. Boiteux
and coworkers performed the first pump - probe experiment on a cascade
three-levels sodium system. They probed the lower level and pumped the
intermediate level to the upper level. By scanning the pump laser, they
observed the hyperfine levels on the upper level [47]. Hole - burning effect
on a selective reflection probe with pumping a common ground state in a V
type three-levels system was demonstrated by the experiment of Zhao and
coauthors [48]. Guo and coauthors found that the hole-burning is extremely
sensitive to velocity - changing type of collision [49]. Gross and coworkers did
a comprehensive study on the conditions for incoherent and coherent effects
on pump - probe selective reflection spectroscopy [50].

Previous studies focus on selective reflection with dilute atomic vapor.
With dense atomic vapor, several effects become significant in influencing the
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2.2. Frequency modulated selective reflection spectroscopy

selective reflection spectrum. One of the effect is the attenuation of incident
beam by the dense vapor. Electric dipole - dipole interaction also causes
the atomic susceptibility to deviate from the linear polarizibility of atomic
vapor [51]. In addition, collisional effects cause a broadening in the atomic
spectra. Guo and co-authors showed that attenuation of field results in a
blue shift on the selective reflection spectra. As a result of the transient effect
of atoms leaving the surface, the amplitude of the indicent field attenuates
in an oscillatory manner and causes extra blue shift. On another hand, they
showed that at high atomic density, the Lorentz effect causes another red
shift in the spectra [49]. Badalyan and coworkers performed theoretical and
experimental studies of both dilute and dense atomic vapor in Cesium D2
line as well as rubidium D1 line. They demonstrated a general theory that
agrees reasonably well with dilute and dense vapor [52].

Numerous works on selective reflection spectroscopy were also done in
the presence of magnetic field of various field strength. The first few studies
on magneto-optical effects done on selective reflection spectroscopy were
conducted in the 1970s on the level - crossing effect using broadband light
source. Zeeman sublevel from a higher hyperfine structure may cross with
the Zeeman sublevel from a lower hyperfine structure. When the atoms
are excited at these crossing points, we can have coherent superposition
effects between the crossing Zeeman sublevels. This usually results in sub -
Doppler narrowing of the atomic spectra. Stenzel and separately Siegmund
and Scharmann conducted experiments on the level crossings of mercury
isotopes and are able to the observe the line - crossing spectrum while
scanning the magnetic field [53, 54]. The theory on level crossing effect on
selective reflection was developed by Schuurmans [32]. Subsequently, Weis,
Sautenkov and Hänsch performed non-linear seletive reflection with a single
mode diode laser on resonance on one of the hyperfine transition of Cs D2
line. They observed the Faraday rotation of the reflected beam on applying
a magnetic field in the direction of incident beam due to the ground-state
coherence on the Zeeman levels [55]. Papageorgiou and coworkers investigated
selective reflection spectra at intermediate magnetic field. They showed the
results agree well with applying a typical dispersive lineshape on each resolved
Zeeman levels [56].

Selective reflection experiments were also performed with dielectric in-
terface coated with a thin metallic layer by Chevrollier and co-authors [57].
The absorptive component from metal attenuation mixes with the dispersive
component due to dephasing of the incident laser inside the metallic film. The
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2.2. Frequency modulated selective reflection spectroscopy

authors show this effect significantly modify their selective reflection spectra,
in which an unexpected nearly symmetrical spectral lineshape was reported.

When an excited atom has an de-excitation channel that is in resonant with
a surface resonance mode, the coupling between the atomic decay and surface
mode dephases the image dipole. This could result in switching of the van der
Waals attraction to repulsion if the decay channel is to a neigbouring state
[58]. The surface sensitive characteristic of selective reflection spectroscopy
makes it a suitable technique to probe such a coupling. Failache and coworkers
performed selective reflection spectroscopy on the cesium 6P1/2 − 6D3/2 and
rubidium 5P3/2 − 6D which have decay channels resonant with a surface
polariton mode of sapphire at 12µm . They demonstrated van der Waals
repulsion potential shift on these excited states [14, 15]. Subsequently, they
monitor the surface-induced decay channel of cesium 6D3/2 → 7P1/2 by
conducting selective reflection spectroscopy on cesium 7P1/2 to an empty high
lying level on a sapphire interface. The surface - polariton enhanced decay is
portrayed in the amplitude increase of the selective reflection signal [59].

Selective reflection spectroscopy is an useful technique to study atomic
interaction up to the depth equal to λ/2π from an interface but the technique
does not discriminate the spatial variation within the probing depth. By
performing the spectroscopy on an atomic vapor ’nanocell’, with cell thickness
varying in nanometer range, spatial selection within the probing depth could
be realized. The investigation of van der Waals shift with selective reflection
spectroscopy with a nanocell was done by Fichet and co-authors [60]. Spectra
from region of the cell with varying thickness allowed them to quantify
the spatial variation of the van der Waals shift. Selection of appropriate
excited states allow them to minimize the effects of interacting surface on the
spectra. Sargsyan and coworkers also demonstrated the feasiblity of using
the spectroscopy method on a nanocell to monitor magnetic field in tens of
nanometer resolution [61]. They determine the magnetic field applied on the
nanocell by measuring the shift in the selective reflection peaks and frequency
separation between the peaks.

In line with the needs of the experiments we conducted, we restrict our
theoretical treatment to normal incidence beam on the interface, excitation
on ground state - excited state atomic transitions of a dilute atomic vapor
and under the absence of magnetic field. Figure 2.1 shows the geometry
configuration of the selective reflection probe beam at normal incidence a) to
the atom-dielectric interface, b) to the atom-metamaterial-dielectric interface
that form the conceptual picture for our following theory. We start from
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Figure 2.1: Geometry drawing of the frequency-modulated selective reflection
laser beam. a) The interface layers consist of a) one interface; between dielec-
tric window - atom b) two interfaces; between dielectric window-metamaterial,
metamaterial-atomic vapor. The red arrow denotes the direction of the
incident and reflected beams. The double-ended arrows denote multiple intef-
erence in the metamaterial layer. On the bottom left, we label the convention
of axes we use in this chapter.

the first principle of reflection and we will derive the expression of frequency
modulated selective reflection spectra lineshape through a series of steps.
At the end of the chapter, we would obtain the analytical expression of
the lineshape and readers should understand the chracteristics of frequency
modulated selective reflection spectroscopy; i.e., Doppler free lineshapes, the
surface physical properties represented in the spectra formulae. For a general
approach to the frequency modulated selective reflection spectroscopy method
for excitation beam at non-normal incidence to the surface, we recommend
the article by Ducloy and Fichet [42].

2.2.1 Reflection coefficient
Without loss of generality, the reflection from any atomic vapor interface
is denoted by the reflection coefficient, r where the reflected electric field
Er is given by Er = rE0. The optical properties of the atomic vapor is
characterized by the vapor refractive index:

na =
√
1 + χ̄ ≈ 1 + χ̄/2 (2.1)
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where the last approximation is for for dilute vapor and χ̄ is the effective
susceptibility of the vapor and the change in χ̄ is much smaller than 1. χ̄ is a
complex number due to the presence of phase difference of the polarizibility
of the vapor with the incident field and subsequently the refractive index na

is complex. We expand r in the dilute approximation to get:

r = r0 + ρχ̄ (2.2)

where r0 is the reflection coefficient from the interface without considering
the change in susceptibilities of the atom and ρχ̄ is the atomic-vapor induced
reflectivity change. Using Equation (2.1),we find ρ to be,

ρ =
1

2

dr

dna na=1

(2.3)

The reflectance from the interface is then given by

R = |r|2 ' R0 + 2Re[r∗0ρχ̄] (2.4)

where the second term gives the selective reflection signal, which would be
explained in details in Section 2.2.3.

2.2.2 Fresnel coefficients for multi-layer interfaces
To derive the second term r∗0ρ in Equation (2.4) for interfaces of interest
in Figure 2.1, we start from the Fresnel formulae that relates the reflection
and transmission coefficients at each interface to the refraction indices of
respective layers. [62].

At normal incidence, the coefficients are:

rij =
ni − nj

ni + nj

, tij =
2ni

ni + nj

(2.5)

where the incident beam is propagating from the medium i to the medium j.
First, we derive the reflection coefficient for the atom-dielectric interface

before discussing the same for the atom-metamaterial-dielectric interface.
The reflection coefficient for atom-dielectric interface r1a (Figure 2.1(a)) is
straightforward:

r1a =
n1 − na

n1 + na

(2.6)
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For the atom-metamaterial-dielectric interface (Figure 2.1(b)), one has to
account for the multiple internal reflections in the metamaterials of thickness l.
Such a derivation is analogous to the derivation for Fabry-Pérot transmission
and reflection. The reflection coefficient for the atom-metamaterial-dielectric
interface r is given by:

r = r12 + t12t21

∞∑
n=1

rn2ar
n−1
21 e2iφ

= r12 +
r2at12t21e

2iφ

1− r2ar21e2iφ

where the second term comes from the multiple internal reflection in the
metamaterial. e2iφ is the propagation phase picked up in the metamaterial
after a roundtrip where φ = n2lω/c. c is the speed of light in freespace.

After some manipulation, and utilizing the property that rijrji − tijtji =
−1, we find:

r =
r12 + r2ae

2iφ

1− r2ar21e2iφ
(2.7)

=
(n1 − n2)(n2 + na) + (n1 + n2)(n2 − na)e

2iφ

(n1 + n2)(n2 + na)− (n2 − n1)(n2 − na)e2iφ
. (2.8)

where the last step is perfomed by subsituting Equation (2.5) into Equa-
tion (2.7). n1, n2, na are the refractive indices of the dielectric, metamaterial,
atomic vapor layers respectively.

2.2.3 Selective contribution to the reflection
The second term, r∗0ρ of Equation (2.4) is not trivial as the terms contain the
response of the atom-interface in reflection spectroscopy. In this section, we
will use the reflection coefficients derived in the previous section to derive an
analytical expression of the term r∗0ρ. The effective atomic susceptibility χ̄ in
Equation (2.4) will be derived in Section 2.2.5.

Differentiating Equation (2.6) in the Equation (2.3), we get the ρ expression
for atom-dielectric interface. Similarly we would get the same for atom-MM-
dielectric interface by differenting Equation (2.8) in Equation (2.3).

24



2.2. Frequency modulated selective reflection spectroscopy

From Equation (2.3),

r∗0ρ =
r∗0
2

dr

dna na=1

=
|r0|2

2

1

r0

dr

dna na=1

=
|r0|2

2

d ln r

dna na=1

(2.9)

For atom-dielectric interface, Equation (2.9) gives:

r∗0ρ =
|r0|2n1

1− n2
1

(2.10)

For atom-MM-dielectric interface, it is:

r∗0ρ =
4|r0|2n1n

2
2e

2iφ

(1 + n2)2(n2
2 − n2

1) + 2(n2
1 + n2

2)(1− n2
2)e

2iφ + (1− n2)2(n2
2 − n2

1)e
4iφ

(2.11)

2.2.4 Reflection signal of frequency modulated spec-
troscopy

In this section, we include the frequency modulation terms into the reflection
coefficient expressed in Section 2.2.1. This would be followed by taking the
simplest case where the beam is weakly modulated and we would see that
the demodulated signal contains the dispersive and absorptive features of the
atomic susceptibility.

Frequency modulating the incident beam introduces frequency sidebands
to the incident electric field according to:

E0(t) = E0e
−iω0t

∞∑
N=−∞

JN(M)e−iNωmt (2.12)

JN represents the Bessel function of the first kind, where N is the sideband
order, M is the modulation index and ωm is the modulation frequency.

The reflected field is given by:

Er = E0e
−iω0t

∞∑
N=−∞

r(ω0 +Nωm)JN(M)e−iNωmt (2.13)
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The reflected intensity is:

Ir = |Er|2 = E2
0

∞∑
N,N ′=−∞,−∞

r(ω0 +Nωm)r
∗(ω0 +N ′ωm)JNJN ′e−i(N−N ′)ωmt

(2.14)
where r = r0 + ρχ̄(ω0 +Nωm).

The reflectance R = |E2
r/E

2
0 | reads:

R =
∞∑

N,N ′=−∞

r(ω0 +Nωm)r
∗(ω0 +N ′ωm)JNJN ′e−i(N−N ′)ωmt

= r20 + r∗0ρ
∞∑

N,N ′=−∞,−∞

[
χ̄(ω0 +Nωm) + χ̄∗(ω +N ′ωm)

]
JNJN ′e−i(N−N ′)ωmt + c.c.

(2.15)

The second term gives us the response of the atomic vapor to the frequency
modulated beam. Note that χ̄ is a complex variable and the real part yields
the dispersive response of the atomic vapor and the imaginary part yields the
absorptive response of the atomic vapor.

At weak modulation index (when M is small), only the Bessels function
of the zeroth and first order J0 and J±1 dominate, and the response of the
atomic vapor to the frequency modulated beam, which we denote as δR is
left with:

δR = r20 + r∗0ρ

{[
χ̄(ω0 + ωm) + χ̄∗(ω0)

]
J1J0e

−iωmt

+

[
χ̄(ω0) + χ̄∗(ω0 − ωm)

]
J0J−1e

−iωmt

+

[
χ̄(ω0) + χ̄∗(ω0)

]
J0J0

+

[
χ̄(ω0 + ωm) + χ̄∗(ω0 + ωm)

]
J1J1

+

[
χ̄(ω0 − ωm) + χ̄∗(ω0)

]
J−1J0e

iωmt

+

[
χ̄(ω0) + χ̄∗(ω0 + ωm)

]
J0J1e

iωmt

}
(2.16)
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The demodulated signal at ωm will select the terms evolving with e−iωmt.
The δR at modulation frequency ωm is left with:

δR(ω = ωm) = r∗0ρJ0J1

[
χ̄(ω0 + ωm) + χ̄∗(ω0)− χ̄(ω0)− χ∗(ω0 − ωm)

]
e−iωmt

(2.17)
In experiment the demodulated reflection signal is detected by an optical

detector and the signal is converted to an electric voltage. Thus, the voltage
of the demodulated signal consists of the in-phase Vp(ω) and in-quadrature
Vq(ω) terms where the in-phase component is the real part of the demodulated
signal whereas the in-quadrature component is the imaginary part of the
demodulated signal:

Vp(ω) = V0Re{r∗0ρ[χ̄(ω + ωm)− χ̄(ω − ωm)]} (2.18)
Vq(ω) = V0Im{r∗0ρ[χ̄(ω + ωm) + χ̄(ω − ωm)− 2χ̄(ω)]} (2.19)

where the voltage amplitude V0 depends on the reflectance amplitude and the
overall sensitivity of the detection scheme. The in-phase component Vp(ω)
consists a pair of dispersive duplets and the in-quadrature component Vq(ω)
consists a summation of three triplets. When the modulation frequency is
smaller than the atomic linewidth ωm � γ, we get the derivatives of the
selective reflection signal [63]. This allows us to remove the broad slow varying
Doppler background and amplify our Doppler-free response.

2.2.5 Atomic vapor - light coupling in terms of the sus-
ceptibility

In this section, we give the expression of the effective susceptibility χ̄ used in
Equations (2.18) and (2.19). We derive the effective susceptibility performing
integration over the velocity and spatial distribution of the atoms above the
interface. We take the interface plane as xy plane and the incident propagation
axis as the z axis, as labeled in Figure 2.1. We assume translational invariance
in the xy plane, even for the case of metamaterial, as the variation of the
localized plasmon is well smoothed by the finite response time of the atomic
coherence.

The effective susceptibility can be written as:

χ̄ = N

∫ ∞

−∞
d3vW (v)χ(v) (2.20)
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in which N is the atomic density, W (v) is the normalized atom velocity
distribution. χ(v), the specific susceptibility is defined as:

χ(v) = −2ikµ

ε0E0

∫ ∞

0

dzσeg(z,v)e
2ikz (2.21)

where µ is the electric dipole moment, k = 2π/λ is the wavenumber, ε0 is the
electrical permittivity in vacuum, E0 is the electric field amplitude, σeg(z,v)
is the off diagonal density matrix element of an atom at distance z and with
velocity v where the value depends on the past evolution of the atom and
e2ikz is the round trip propagation phase factor.

The time evolution of the off diagonal density matrix element is governed
by the optical Bloch equations:

d

dt
σeg = −[

γeg
2

− iδ + ikvz]σeg +
iΩ

2
(σgg − σee) (2.22)

where γeg is the natural decay rate, Ω = 2µE0/h̄ is the Rabi frequency,
(σgg − σee) is the difference in population between the ground state and the
excited state, kvz is the Doppler shift term.

Due to atom-surface interaction, we have a frequency shift that depends
on z where δ = ω−ω0+∆C3/z

3 in the non-retarded potential [64, 65], where
∆C3 denotes the strength of the differences in van der Waals shift between
the excited and ground states. We treat the ∆C3 to be a complex number,
which accounts for the decay losses of the coupling of atoms to the plasmonic
surface.

Making the assumption that the optical coupling is in linear regime and
far from saturation (Ω < γeg) such that σgg ≈ 1 and σee ≈ 0. Equation (2.22)
becomes:

d

dt
σeg = −[

γeg
2

− i(ω − ω0 +
∆C3

z3
) + ikvz]σeg +

iΩ

2
(2.23)

The time derivative in Equation (2.23) is a convective derivative d/dt =
∂/∂t+ v·∇. In the steady state regime, σeg is only dependent on z and we
get:

1

vz

d

dz
σeg = −[

γeg
2

− i(ω − ω0 +
∆C3

z3
) + ikvz]σeg +

iΩ

2
(2.24)

Equation (2.24) is solved by introducing a new variable L(z) as the
integration of:

d

dz
L(z, vz) =

γeg
2

− i(ω − ω0 +
∆C3

z3
− ikvz) (2.25)
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Solving for L,

L(z, vz) =
γegz

2
− i[(ω − ω0)z −

∆C3

2z2
− izkvz] (2.26)

We can express the solution for σeg for an atom transversing starting
from the vertical position z0 to the position z in terms of L(z) by integrating
Equation (2.24) with respect to z. We get,

σeg(z, vz) = i
Ω

2vz

∫ z

z0

e[L(z
′,vz)−L(z,vz)]/vzdz (2.27)

Now, we can express the effective susceptibility, from Equation (2.21)) as:

χ(vz) =
2kµ2

ε0h̄

1

vz

∫ ∞

0

∫ z

z0

e[L(z
′,vz)−L(z,vz)]/vze2ikzdz′dz (2.28)

Atoms that are moving towards the surface (Case 1 : vz < 0) are integrated
from z0 = ∞ and atoms that are moving away from the surface (Case 2 :
vz > 0) are integrated from z0 = 0 where at z0 = 0 the coherence of the atoms
are disrupted when they collide with the surface. For case 1, we have:

χ(vz < 0) =
2kµ2

ε0h̄

1

vz

∫ ∞

0

∫ z

∞
e[L(z

′)−L(z)]/vze2ikzdz′dz (2.29)

For case 2, we have:

χ(vz < 0) =
2kµ2

ε0h̄

1

vz

∫ ∞

0

∫ z

0

e[L(z
′)−L(z)]/vze2ikzdz′dz (2.30)

We show that χ(vz < 0) = χ(vz > 0) by using the identity:∫ ∞

0

dz

∫ z

∞
dz′ = −

∫ ∞

0

dz′
∫ z′

0

dz (2.31)

to replace the double integrals in Equation (2.29) with Equation (2.31), we
get:

χ(vz < 0) =
2kµ2

ε0h̄

1

−|vz|

∫ ∞

0

∫ z′

0

e[L(z
′,−|vz |)−L(z,−|vz |)]/−|vz |e2ikzdzdz′

= χ(vz > 0) (2.32)
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The above equation shows that the unit susceptibility of the atoms does not
depend on the z direction of which the atoms is travelling. For atoms with
vz = 0, the specific susceptibility (Equation (2.28)) can be simplified to:

χ(vz = 0) =
2kµ2

ε0h̄

∫ ∞

0

e2ikz

γeg
2

− i(ω − ω0 +
∆C3

z3
− kvz)

dz (2.33)

Following that, the effective susceptibility in Equation (2.20) can now
be expressed in terms of +vz and −vz distributions since we already assume
traslational invariance in the xy plane,

χ̄ =
2Nkµ2

ε0h̄

∫ ∞

0

dvz
W (vz) +W (−vz)

vz

∫ ∞

0

∫ z

0

dzdz′e[L0(z′)−L0(z)]/vzeik(z+z′)

(2.34)
by substituting Equations (2.29) and (2.32) into Equation (2.20) and velocity
symmetricity of χ(vz) allows us to truncate the integral of vz from vz = 0 to
vz = ∞. Since we assume the spatial variation of atoms polarization along
xy can be neglected, we are left with integral over vz.

We define another variable L0(z) as:

L0(z) = L(z, v = 0) =
γegz

2
− i[(ω − ω0)z +

∆C3

2z2
] (2.35)

so that we withdraw the Doppler shift kzvz term from Equation (2.26) and
combine with the phase propagation term e2ikz in Equation (2.34)).

The Doppler width kū is much larger than γ, where ū is the mean of the
velocity distribution. In this Doppler limit, the velocity distributions W (vz)
and W (−vz) are approximately constant at the velocity interval vz = ±γeg/k).
This approximation gives us:

χ̄ =
2Nkµ2

ε0h̄
W (0+) +W (0−)

∫ ∞

0

∫ z

0

eik(z+z′)dzdz′
∫ ∞

0

1

vz
e[L0(z′)−L0(z)]/vzdvz

(2.36)
The integration of dvz over e[L0(z′)−L0(z)]/vz/vz would yield exponential

integral −Ei([L0(z
′) − L0(z)]/vz)|∞0 which has discontinuity poles at both

vz = 0 and ∞, which would cause the integral to be undefined. To circumvent
the problem, we analyze our selective reflection signal by computing the
derivative of χ̄ with respect to ω and integrate over ω to get χ̄, such that:
dχ̄

dω
=

2Nkµ2

ε0h̄
W (0+)+W (0−)

∫ ∞

0

∫ z

0

dzdz′i(z−z′)eik(z+z′)

∫ ∞

0

1

v2z
e[L0(z′)−L0(z)]/vzdvz

(2.37)
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where the derivative with respect to ω only acts on e[L0(z′)−L0(z)]/vz , which
garners us an extra i(z − z′)/vz term.

Integrating with respect to vz:

dχ̄

dω
=

iNkµ2

ε0h̄
W (0+) +W (0−)

∫ ∞

0

∫ z

0

dzdz′eik(z+z′) z − z′

L0(z)− L0(z′)
(2.38)

Taking the Boltzmann velocity distribution whereW (vz) = 1/(
√
πū)ev

2
z/ū

2 ,
we get:

dχ̄

dω
=

i2Nkµ2

√
πūε0h̄

∫ ∞

0

∫ z

0

dzdz′eik(z+z′) z − z′

L0(z)− L0(z′)
(2.39)

Using Equation (2.39), integrated over ω to get χ̄ and Equations (2.18)
and (2.19) which define the constituents of χ̄ in the demodulated signal, we
can use it to fit the demodulated signal to obtain ∆C3.

A brief discussion on the characteristics of the FM-SR spectroscopy is
warranted after laying down the analytic expression of the spectrum. In the
last term of Equation (2.37), 1/(v2z)e[L0(z′)−L0(z)]/vz denotes the function of
contribution of atoms with velocity vz to the spectrum. e[L0(z′)−L0(z)]/vz is
a complex term and 1/v2z is big when vz ≈ 0. This demonstrates that the
dominant contribution are from atoms with velocity vz close to zero and
moving parallel to the surface with vz ' 0. In addition to that, due to the
wavevector selection of the field (See Equation (2.22)), χ̄ does not experience
Doppler broadening for velocities parallel to the surface. This explains for
the Doppler free spectrum we get on the FM-SR spectroscopy.

The surface sensitive feature of the susceptibilities can be seen from the
integrand over dz of Equation (2.39), which in the denominator is the difference
between L0 at location z versus z′. From the definition of Equation (2.35),
we can rewrite the integrand as

z − z′

L0(z)− L0(z′)
=

z − z′

zL0(z)− z′L0(z′)
(2.40)

where L0(z) = γeg/2 − i[(ω − ω0) + ∆C3/(2z
3)]. At z distance far away

from surface; i.e. ∆C3/z
3 � γeg, L0(z) = L0(z

′) = γeg/2 − i(ω − ω0) and
Equation (2.40) reduces to 1/L0. We see that the integrand are independent
of z and z′ and the double-space integral over z and z′ only harvests constants
for z and z′ away from the surface. The only terms that give non-trivial
contributions to the integral are non-local relations in Equation (2.40) between
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i) surface atoms - surface atoms, and ii) surface atoms - free space atoms
in the double-space integral. Next we can estimate a characteristic surface
sensitive length scale dz by calculating how much is the mean distance travel
by the atoms that contributes to the Doppler free linewidth of γeg in a
coherence time tcoh. In approximation, dz ≈ v

(Df)
z tcoh = v

(Df)
z 1/γeg where

v
(Df)
z = γeg/k is the characteristic Doppler free (Df) velocity in dχ̄/dω and
tcoh = 1/γeg denotes the characteristic coherence time of the atom. This gives
us dz = k−1 = λ/(2π), which is the characteristic length scale of the surface
sensitive region above z = 0.

At the vicinity of plasmonic metamaterials, the evanescent plasmonic fields
can be represented by a sum of electric fields with wavevectors tangential to the
surface plane, i.e; kxx̂, kyŷ. As we would see in Section 4.3.1 and Figure 7.5,
the plasmonic fields are characterized by large tangential wavevectors where
kx, ky � k0 and k0 is the propagating wavevector. In the weak field limit, all
of the plasmonic fields could be approximated to couple as an independent
sum to the atomic excitations, each of them with much larger Doppler shift
than that created by the propagating field (k0z) in the evolution of the density
matrix component σeg in Equation (2.22). Large Doppler terms of kxvx &
kyvy in the integral L(z) in Equation (2.26) results in much broader detuned
contribution to χ̄ by the plasmonic fields, which is far away in detunings
from the contribution to χ̄ by the propagating optical field. Therefore in our
analysis in upcoming sections, we can analyse the Doppler-free SR spectra in
terms of only the propagating field and model the plasmonic metamaterials
as a homogeneous material with an effective mean-field refractive index which
affects the SR spectra via r∗ρ as explained in Section 2.2.3.

2.2.6 Discussion
In this section, we illustrate the behavior of the frequency modulated selective
reflection spectra with various surface parameters. This would give us some
insights on the influences of the plasmonic layers and ∆C3 on the selective
reflection lineshapes in general. We plot the theoretical selective reflection
curves of Equations (2.18) and (2.19), taking the modulation frequency
ωm = γ, which is approximately the modulation frequency regime that our
experiments are done in.

We define a dimensionless van der Waals parameter A = 2∆C3k
3/γeg and

plot the lineshapes with various A values in Figure 2.2 with no plasmonic phase

32



2.2. Frequency modulated selective reflection spectroscopy

A = 0 

A = 0.5

A = 20

÷ 2

Figure 2.2: Comparison of selective reflection spectra with (a) (green) A = 0,
(b) (blue) A = 0.5, (c) (red) A = 20. The red curve magnitude is reduced by
2 times for visual clarity. Solid lines are the in phase signals and in dashed
lines are the quadrature signals.

33



2.2. Frequency modulated selective reflection spectroscopy

shift. In green, the spectrum corresponds to an atomic transition without van
der Waals interaction. We see that the spectrum is anti-symmetric around
δ = 0. Progressing from blue to red, the surface interaction A is increased
from 0.5 to 20. We see that as A increases, the spectra: i) magnitude increases,
ii) get more asymmetric, iii) experiences larger red shift of the line center; i.e.
∆C3 > 0 in Equation (2.24) where the red shift in frequency is a characteristic
of the surface van der Waals interaction, iv) flips in sign for an enormous A;
enourmous attractive van der Waals potential with the surface, which is not
the regime our experiments are performed in.

F = 1i

F = 0

F = 10

Figure 2.3: Comparison of the selective reflection spectra with (a) (blue)
F = 0, (b) (red) F = 10, (c) (green) F = 1i. Solid lines are the in phase
signals and in dashed lines are the quadrature signals.

Next, we introduce plasmonic layer phase shift (see Equations (2.8)
and (2.11)) to the system where we define a normalized term F = r∗0ρ/2R0.
we fix the A = 0.5 for all curves to illustrate the behavior of F clearly in
Figure 2.3. The blue curve is the same as the blue curve in Figure 2.2 where
there is no plasmonic phase shift and A = 0.5. In red is the spectra with
positive phase shift F = 10. This results in a flip in the sign in the curve
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2.3. Conclusion

(compare with (a)) due to the approximately π rotation in phase. In blue. we
have an imaginary F = 1i where the effect is purely an absorption to the SR
spectrum. This effect could come from the imaginary part of the refractive
index of the plasmonic layer for instance.

We give a comparison between the effect of the Van der Waals interfaction
A and the plasmonic layer phase shift F on the spectrum. Non-zero value of
A causes a frequency shift in the spectrum but F does not. Both non-zero
values of F and A cause an asymmetricity in the lineshape and both sufficient
high values of F and A flip the sign of the spectrum. It is also possible for the
asymmetricity effect from F to compensate for the asymmetricity effect from
the Van der Waals interaction A. which has been reported by Chevrollier
and co-authors [57]. In practice, in order to avoid misleading interpretation
between F and A, we first extract the value of F using the reflection and
transmission measurements on our metamaterial interface before fitting our
slective reflection curve to obtain A. This point will be discussed in detail in
Chapter 4.

2.3 Conclusion
In this chapter, we lay down the theoretical foundations of frequency modu-
lated selective reflection spectroscopy for deriving the results in the following
experimental sections. The derivation for frequency modulated selective
reflection theory is done assuming the incident beam is normal, atom-light
coupling is in the linear regime, frequency modulation index is small and
Doppler width is much larger compared with the natural atomic linewidth
and atomic vapor is dilute, which all of these assumptions are valid in our
experiments. Equally important, the arguments for the surface-sensitive
and velocity-selective property of frequency modulated selective reflection is
presented in relations to the theoretical expression. To give a flavour of the
frequency modulated selective reflection spectroscopy to the reader, we show
in the discussion section, the theoretical curves to illustrate the behavior of
the i) Van der Waals interaction, ii) dielectric and plasmonic inter-layer on
the frequency modulated selective reflection lineshapes. This should prepare
the reader to understand our results on hot atom vapor close to a plasmonic
metamaterial surface discussed in Chapters 4, 5 and 7.
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Chapter 3

Experiment design and setup

This chapter describes the experimental design and procedures applicable to
the following chapters dealing with hot atomic vapor (Chapters 4 to 7). The
first section describes the construction of vacuum chamber that houses the hot
cesium vapor. In its subsections, we discuss the technical design of the atoms-
metamaterial interface on dielectric window and on fiber. This is followed
by Section 3.2, a discussion on the metamaterial fabrication and designs.
Section 3.3 describes how we image the laser beam shape for an optimum
overlap with the metamaterial arrays for Chapters 4 and 7. Section 3.4 iterates
the frequency stability of lasers required for the experiments. Subsequently,
the next section, Section 3.6 elaborates on the methods to stabilize the
frequency drift of the laser. Section 3.7 explains the procedures to obtain
vapor temperature from the absorption of cesium bulk vapor.

3.1 Design and construction of the ultra-high
vacuum system

For large majority of the experiments on hot atomic vapor in this thesis
(Chapters 4, 5 and 7) , the Cesium atomic vapor is contained in a stainless
steel ultra-high vacuum (UHV) chamber. The chamber is shown in Figure 3.1.
A vacuum valve controls the flow to the turbomolecular pump and the mass
spectrometer and another valve controls the gate for diffusing cesium vapor
to the main chamber. The main chamber consists of a spherical cube from
Kimball Physics (Model No: MCF275-ExpCube-C6A8) with six expanded
DN40 ports allows flexibility in mount. Commercial silica viewports are
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3.1. Design and construction of the ultra-high vacuum system

mounted on one optical axis for transmission measurements (Section 3.7 for
transmission measurement), and wedge window viewports or fiber feedthrough
are mounted on another axis to do the selective reflection measurements. More
information on the technical design of customized wedge viewport and fiber
feedthrough designs are explained in Sections 3.1.1 and 3.1.2 respectively.

Figure 3.1: Main chamber for hot atomic vapor experiments. On the top
right are the typical pressure, density and temperature of the atomic vapor
in the chamber.

The source for the cesium is a commerical 1 gram of cesium ingot sealed
in glass tube bought commercially which we house in the reservoir section.
UHV vacuum is obtained by baking the whole chamber with heat tapes before
releasing the cesium. The heat tapes are also used for maintaining the vapor
temperature in the experiment. A mass spectrometer and an ion gauge are
used to measure the remnants gases and satisfactory vacuum level of 1× 10−8

mbar is achieved. The cesium is released by crushing the ingot via tightening
the bellow at the reservoir. Transmission through the Kimball chamber (See
Section 3.7) is used to monitor the cesium density in the main chamber.
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3.1. Design and construction of the ultra-high vacuum system

Figure 3.2: (a) Cross-section of the wedge viewport design. The angle of
the wedge window is 3°. The wedge window (with or without metamaterial)
sits on the bottom flange. Indium wire is placed in a machine groove for
tight vacuum seal. Tightening of the top flange to the Kimball chamber with
vacuum screws compresses the indium wire and forms an ultrahigh vacuum
seal around the circumference of the wedge window. (b) Cross-section of the
vacuum seal ferrule.

3.1.1 Wedge window on the UHV system
Multiple internal reflection on the glass layer create unwanted inteference
on the selective reflection signal. For atom-metamaterial experiments in
Chapters 4 and 7, we design an easily dismountable angled wedge window
to avoid this issue. The design also allows for easy removing of the window
for metamaterial fabrication process. The design of the wedge window and
the holder are shown in Figure 3.2(a). To make an UHV compatible seal,
the contact surface of the wedge window with thechamber flange is lined
with 1mm diameter indium wire. The indium wire behaves like a malleable
metal that forms a tight seal when compressed. We operates the chamber
at temperatures lower than the melting point of indium (150 °C) for our
experiments and a good vacuum level (< 10−8 mbar) is obtained.

3.1.2 Optical fiber feedthrough
For the experiment of atoms on the tip of the fiber (Chapter 5), an reliable
and reusable way of placing the fibers whilst minimizing vacuum leak is
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3.2. Metamaterial design and fabrication

needed. This is done using a Teflon ferrule as the sealing gasket in a Swagelok
connection See Figure 3.2(b).

At the center axis of the Teflon ferrule, a 220 µm diameter hole is drilled
from the bottom and 500 µm hole is drilled from the top. A chamfer cone
hole is done (See figure) at the middle of the ferrule. This allows optical
fiber of up to ≈ 220 µm in diameter to feedthrough into the chamber. When
tightened by the Swagelok nut, the seal is formed at the tightest point of
the chamfer. After tightening, leaks are tested at various temperature to
Tmax = 230°C by using a helium test with a mass spectrometer as well as on
vacuum gauge reading. The seal over the fiber has a consistent good vacuum
performance (< 10−8 mbar) throughout the experiment. The Teflon seal only
leaks if the chamber is cooled down too fast due to contraction of Teflon. The
leak can be stopped easily by tightening the Swagelok nut by a quarter range.
No leaks are detected in the cooling cycles if the chamber is cooled down
slowly at 3 - 4 K/hour.

3.2 Metamaterial design and fabrication

3.2.1 Metamaterial design
Both silver and gold are appropriate material for plasmonic application for
ther relatively low losses in near infra-red (NIR) region [66]. However as gold
reacts with cesium [67], silver is instead chosen as our plasmonic material for
its inertness with cesium atom. For experiments by optical excitation with free
space lightbeam (Chapters 4 and 7), a 50 nm thick layer of silver is thermally
evaporated on top of a vacuum compatible wedge window Section 3.1.1 and
another 8 nm protective layer of silicon dioxide is thermally evaporated over
the silver layer. For experiments by optical excitation through optical fiber
(Chapter 5), a 50 nm thick layer of silver is thermally evaporated on top of
the cleaved tip of a commercial Thorlabs FG200UEA multimode silica fiber
and a 3 nm thick layer of silicon dioxide protective coating is then evaporated
on top of the silver layer. An extra 5 nm thick layer of silver is further coated
on the sidewalls of the fiber to extinguish evanescent electric field leakages
outside the fiber from the higher order cladding modes.

This thin silicon dioxide layer protects the silver layer from being tarnished
by trace materials present in the Focused Ion Beam machine (FIB). Meta-
materials are engraved on the deposited layers by FIB beam. Figure 3.3(a)
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3.2. Metamaterial design and fabrication
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Figure 3.3: (a) Image of the metamaterial on dielectric window. Each colored
square is one array of metamaterial (200 µm by 200 µm). White area on the
left is dielectric window with no deposition. (b) Scanning electron microscope
image of the slit metamaterial.

depicts the pictures taken of the metamaterial deposited on the inner surface
of the dielectric wedge window.

Two types of geometries are used for the metamaterials. For experiments
by optical excitation with free space lightbeam (Chapters 4 and 7), negative
slits are engraved on the silver layer. Each of this slit behaves like a plasmonic
resonator with a polarized light perpendicular to the slits. On the other hand,
polarized light parallel to the slits does not excite the plasmonic resonance.
By changing the sizes and the periodicity of the cavity, the wavelength of
plasmonic resonance can be tuned. Section 3.2.2 explains the measurements
of the plasmonic resonance of metamaterials in our experiment. Figure 3.3(b)
shows scanning electron microscope (SEM) image of the metamaterial.

For experiments by optical excitation through optical fiber (Chapter 5), a
two-dimensional array of 185 nm outer diameter, and 155 nm inner diameter
plasmonic metamaterial rings is engraved on the silver layer. The period of
the array is 370 nm and the metamaterial covers fully the surface of the fiber
core. Rings metamaterial instead of slits are engraved because rings possess
rotational symmetry, which responses isometrically to light polarization as
we are using a non-polarization maintaining multimode optical fiber. Other
rotational symmetric designs were initially considered but rings metamaterial
are chosen as they possess well frequency separated plasmonic resonance. The
optical reflection measurements of the metamaterials designs considered is
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3.2. Metamaterial design and fabrication

Table 3.1: Table of metamaterials dimensions and optical characterizations

# Resonance λ (nm) Dimensions (nm) 852nm 852nm
length width period Transmission Reflection

1 973 246 70 540 2% 96%
2 943 237 70 520 4% 89%
3 898 228 70 500 8% 73%
4 858 219 70 480 19% 42%
5 820 210 70 460 26% 28%
6 795 201 70 440 23% 47%
7 770 192 70 420 14% 67%
8 740 183 70 400 13% 74%
9 707 174 70 380 7% 87%
10 668 165 70 360 8% 88%
11 615 149 90 328 19% 84%

Metamaterials 1-10 are prepared for the Casimir-Polder tuning experiment in Chapter 4.
Metamaterial 11 is prepared for investigation on localized plasmon coupling with electric
quadrupole transition in Chapter 7.

shown in Section 3.2.4.

3.2.2 Metamaterial experimental characterization
Reflection measurements with vertical polarization with white light on the
metamaterials are performed on a Jasco MSV5200 microspectrophotometer
machine. The reflection curves are shown in Figure 3.4. The geometry of
the slits with longest plasmonic resonance wavelength is 246 nm length and
70 nm width (See Table 3.1). Starting from the slit above mentioned, the
length and period are decreased in steps of 9 nm and 20 nm respectively while
the width is kept constant at 70 nm. By keeping the ratio of period and the
length fixed for all metamaterials at 2.2, the plasmonic resonance linewidth
is kept fixed at 85 nm or 35 THz while the central resonance is tuned across
970 nm to 615 nm (Column 2 of Table 3.1).

After the metamaterial window is mounted onto our vacuum chamber
and hot cesium is introduced into the chamber, transmission and reflection
measurements with our diode laser at λ = 852 nm is conducted on each
metamaterial. The laser frequency is detuned to a few of GHz away off
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3.2. Metamaterial design and fabrication

Figure 3.4: Reflection spectra of the metamaterials prepared for Chapter 4. In-
cident light polarization is perpendicular to the slits. The reflection spectrum
of the metamaterial for Chapter 7 is shown in Figure 7.1b.
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Figure 3.5: Reflection spectra of the metamaterials prepared for Chapter 4
from Finite Difference Frequency Domain simulation. Incident light polariza-
tion is perpendicular to the slits. The simulated reflection spectra demonstrate
the same plasmonic characteristics with that of experimental reflection spectra
in Figure 3.4.
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3.2. Metamaterial design and fabrication

resonance from the Cs D2 transition to avoid absorption of light by the
cesium vapor in the chamber. The measurements with the laser, shown
in columns 4 and 5 of Table 3.1, display a consistent plasmonic behavior
with the spectra on the microspectrophotometer machine with white light
illumination. This shows that our metamaterial is preserved against attacks
from the reactive cesium gas.

3.2.3 Fitting optical transmission and reflection of meta-
material

We perform a Finite Difference Frequency Domain (FDFD) simulation of the
metamaterials in Chapter 4. We extract the expected far-field reflectance
and transmittance intensities of the metamaterials. The reflectance and
transmittance intensities show good quantitative agreement with the ex-
perimental data (See Figure 3.5 and Figure 3.4). However, we perform a
global adjustment of the contrast of the reflectance and transmittance of
the FDFD results by a factor of 0.7 and 0.5 respectively. This adjustment
accounts for frequency independent optical losses, not encountered in the
FDFD simulation. Contributions may come from photon scattering at the
metamaterials, imperfect size matching of the beam to the metamaterial or
possible long-range inhomogeneity of the metamaterial geometry. The results
are summarized in Figure 3.6. The error uncertainty of the results are 10 nm
in the experimental plasmonic resonance. The good agreement demonstrates
consistency between our simulation and experimental data and justifies the
extraction of the effective index of refraction of the metamaterial n′ and the
quantity F = r∗0ρ/2R0 depicted in Section 2.2.3 from our FDFD simulation
in Section 4.3.3.

This section is an adaptation from Science Advances 4:eaao4223 by Chan et
al., and is used under a CC BY-NC 4.0 license. Exclusive licensee - American
Association for the Advancement of Science.

3.2.4 Isotropic metamaterial experimental characteri-
zation

Figure 3.7 shows the reflection measurements with white light done on meta-
materials with rotational symmetries of the same diameter and periodicity
(185 nm and 370 nm respectively). The characteristics of a good candidate for
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Figure 3.6: Experimental reflection (open squares) and transmission (open
circles) of the ten metamaterials measured with the 852 nm laser. The x-axis
corresponds to p, the position of the plasmon resonance of each metamaterial.
The solid red squares (circles) corresponds to the reflection (transmission)
obtained by finite-difference frequency domain numerical simulation. The
lines, connecting simulation results, are guides for the eye.
Source: From [Science Advances 4:eaao4223]. © Chan et al., some rights
reserved; exclusive licensee American Association for the Advancement of Science.
Distributed under a CC BY-NC 4.0.
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Figure 3.7: (a) Reflection measurements of different rotational symmetric
metamaterials designs with the same diameter. Corresponding metamaterial
shapes to the curves are; black - ring, blue - cross, red - circle, green -
square, cyan - open square, and magenta - vertices.(b) Sketch of the shapes
of metamaterials tested. The light polarization is in the vertical direction.

atom- metamaterial surface selective reflection spectroscopy would be a sharp
and distinct plasmonic resonance. Of all shapes tested; squares, open squares
and vertices have resonances that are very broad. Since the metamaterial
resonances lie in the red, using them would necessitate much smaller diameter,
which would be difficult to control during fabrication. Rings, circles and
crosses possess the good characteristics of comparatively narrow resonances.
Ring metamaterial, among all the shapes, is chosen for experiment on opti-
cal fiber in Chapter 5 because the zero order and first order resonance are
well-separated (Compare solid black curve and dashed curves in Figure 3.7).

3.3 Optical imaging of metamaterial
In our experiments probing λ = 852 nm electric dipole transition (Chapters 4
and 7), we excite the transition with intensities below the saturation intensity
of the transition to avoid saturation effects. This limits the collection intensity
on our detector. To ensure we get maximum signal, we make sure that the
whole array of metamaterials are evenly illuminated by doing an imaging
of a 200 µm by 200 µm square mask on the metamaterial. The square mask
is constructed by overlapping two commercial Thorlabs slit apertures with
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3.4. Diode lasers stability

a width of 200 µm orthogonal to each other. The schematics is shown in
Figure 3.8. Motorized mirror in vertical and lateral axes are done to move the
beam from one metamaterial array to the next. By maintaining the distances
from the square mask to the lens and the metamaterials window at focus
distance f , we retain even illumination on the entire array of metamateri-
als when translating the beams horizontally and vertically from one set of
metamaterial to the next.

200 X 200 um2

metamaterial 200 X 200 um2 

square mask

f

f

Incident beam
Rotatable 

mirror
f

f

Figure 3.8: Schematic of the imaging system. The rotatable mirror at focus
distance f translates the beam between different sets of metamaterial while
maintaining the size and shape of the square beam.

3.4 Diode lasers stability
In all the experiments, we use commercial diode lasers tuned to λ = 852 nm
,and 685 nm as the sources of optical excitations. The experiments on metama-
terials typically take hours to days of integration time in comparison of matter
of minutes for that of dielectric window. This is due to the light collection
area is limited by the 200µm× 200µm structured area for the metamaterial
case. The long averaging time requires us to ensure the frequency stability
of the lasers in the experiments during this time span. To have an idea of
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3.5. Hole-burning spectroscopy based averaging technique

the frequency stability required for the experiment, we need to compare the
linewidths of the atomic transitions versus the frequency drift of the lasers
in our experiments. Figure 3.10(a) shows the typical frequency drift of few
hundred MHz over 12 hours. The drift are much larger compared to the
natural linewidth of 62S1/2 − 62P3/2 and 62S1/2 − 52D5/2, that is 5.2MHz
and 123 kHz respectively, it is evident that frequency compensation and/or
stabilization mechanisms are needed.

For the 62S1/2 − 62P3/2 electric dipole (E1) transition at 852 nm, an
averaging technique is done for Chapters 4 and 5 and standard frequency
locking to the peak of the transition in a hole-burning spectroscopy is done
for Chapters 6 and 7. The averaging technique is described in Section 3.5
and frequency locking mechanism is detailed in Section 3.6. Conversely,
locking 62S1/2 − 52P5/2 electric quadrupole (E2) transition by hole-burning
spectroscopy is challenging because of the weak saturation effect of electric
quadrupole interaction. A novel optical pumping method is devised to
overcome frequency locking mechanism and is elaborated in its own chapter
in Chapter 6.

3.5 Hole-burning spectroscopy based averag-
ing technique

To obtain a good signal to noise ratio on our selective reflection experiments
in Chapters 4 and 5, the acquisition of data take hours to days of integration
time. However, averaging the signal to get the results over a timespan of hours
and days needs to frequency drifting of the laser. The experiment is done with
a free-running diode laser. We track the saturation (hole-burning) spectrum
drift by minimizing the residue between the differences in each subsequent
run of data of saturated spectrum and averaging our selective reflection data
by compensating for the relative drift of the saturation spectrum over time .

The signal at M run, fM(x), is translated by X ⇒ fM(x+X):

∆fM(x+X) = fM(x + X)− FM−1(x) (3.1)

where FM−1(x) is the averaged signal for all previous runs, ∆fM(x+X) is the
difference between current signal at M run translated by X and the averaged
signal.
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3.6. Laser lock

The differences for each translation, X, is summed up to get the residue
for X, SX

M .

SX
M =

∑
x

|∆fM(x + X)| (3.2)

The signal is translated by XM with the minimum residue, SX
M(min) and

added to the average till M runs, FM(x).

FM(x) =
M∑
N

fM(x+XM)

M
(3.3)

We track the drift of the laser in each run M by tracking XM . The
advantage of this method is that the method is insensitive to the profiles of
the reference signal, provided that the first data has sufficient signal to noise
ratio, which we have in a single shot of data. Figure 3.9 shows an example
from an experiment run in Chapter 4 for two acquisition timescale; 3 minutes
and 12 hours respectively that we perform with this technique. The noise of
the signal is reduced to 6× 10−4V after 12 hours of averaging, which allows
us to resolve the profiles of the selective reflection signal clearly.

3.6 Laser lock

3.6.1 Experimental setup
This section explains the optical and electronic setup used to stabilize the
frequency of the 852 nm laser. The setup scheme is illustrated in Figure 3.10(b).
A 1MHz signal is generated by a function generator and supplied to a
homemade circuit board. An impedence matched potential divider on the
board (labeled *) separates the 1MHz oscillations into two, one supplied
directly to the AC current modulation port of the diode laser and another to
the local oscillator port of a frequency mixer (Model: Mini Circuits ZX05-
1L+). The laser beam passes through a frequency hole-burning setup [68] and
the probe beam is collected on an amplified silicon detector. The collected
signal is sent back to the error signal generation circuit. The circuit consisting
of a mixer and a low pass filter is further described in Section 3.6.2. The
generated error signal from the circuit is sent to a Proportional-Integral-
Derivative (PID) laser servo (Model: Vescent D2-125) which compensates
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Figure 3.9: The two plots show the selective reflection signal (blue) referenced
to the saturation spectrum (pink). The three crosses on the pink curve
marks the position of the 3 hyperfine atomic transition. a) Figure shows the
demodulated signal for an acquisition of 3 minutes, b) Figure shows the signal
after integration for 12 hours.
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for the drift of the laser. The servo output (control signal) goes to the DC
current modulation port of the diode laser which modulates the laser current
to compensate for the laser frequency drift. The entire schematics makes an
active feedback loop to stabilize the laser frequency around a set point.

3.6.2 Reference signal splitter and error signal genera-
tion circuit

The error signal generation circuit (Figure 3.11) consists of 3 parts: A potential
divider, a frequency mixer and a low pass filter. In the first part, the potential
divider serves two purposes: 1) Impedence matching and 2) splitting the
reference input voltage to the diode laser for current modulation and the
frequency mixer for frequency reference in a 1:4 ratio.

On another side, the feedback signal from hole burning setup is amplified
with a broadband amplifier (Mini Circuits ZX60-43+) and is sent to the
radio frequency port of a frequency mixer (Mini Circuits ZX05-1L+). The
frequency mixer mixes the reference and feedback signals. The frequency
summed components of the mixed signal is filtered out by a home-made
low-pass-filter circuit. The remaining frequency difference gives an error
signal. This is done by sending the output from frequency mixer through a
low-pass-filter circuit. We choose a second order Bessel type low-pass-filter
design which is a relatively simple design but still offer us a sufficient gain on
the lock signal. The model of operational amplifier we used is Analog Devices
OP27G. The equations for the circuitry are [69]:

A(f) = − R2/R1

1 + i(2π)2fcfC1(R2 +R3 +R2R3/R1)− (2π)4(fcf)C1C2R2R3

(3.4)
A0 = −R2/R1 (3.5)

R2 =
a2C2 −

√
a21C

2
2 − 4bC1C2(1− A0)

4πfcC1C2

(3.6)

R3 =
b2

4π2fc
2C1C2R2

(3.7)

where the respective Ri and Ci are the resistors and capacitors values in
Figure 3.11(a). A0 is the filter gain at DC value. a2 = 1.3617 and b2 = 0.6180
are the characteristic parameters that characterize the Bessel filter. A(f)
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Figure 3.10: (a) Drift of the unlocked 852 nm laser over a period of 12 hours,
in a typical timespan for one experimental run. (b) Schematic of the laser
lock. Potential divider splits the reference signal into two; one to modulate
the laser current and another as a control signal at the mixer. The feedback
signal from the detector is mixed and filtered to get the error signal. This is
sent to the commercial proportional-integral-derivative controller to generate
feedback signal on the laser current. ECDL: External Cavity Diode Laser.
PID: Proportional-Integral-Derivative
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3.7. Cesium pressure characterization

gives the response of the circuit with an input with frequency f and is termed
as the transfer function of the filter.

There are five electronic values to decide with three simultaneous equations
and thus we have the two additional degree of freedom. We choose the
capacitors to be C1 = 1nF and C2 = 33 nF. The resistors values are then
selected based on Equations (3.5) to (3.7) to give the designed gain of A0 = 30
and fc = 8kHz. A variable resistor for R2 (in dark brown) allows the tuning
of the error signal gain, A0 ≤ 30 when needed. The resultant error signal is
sent to the PID controller to generate a servo signal which is sent to the laser
to compensate for the drift.

(a) (b)
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Signal

To PID 
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1:4 Potential Divider

Low Pass Filter
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Frequency Mixer

Figure 3.11: (a) Schematic of the error signal circuit. FG: 1MHz from
function generator, Ref. Signal: Reference signal, Freq. Mixer: Frequency
mixer, Amp.: Broadband amplifier, OA: Operational amplifier. In blue are the
3 ports of the frequency mixer; LO: Local oscillator, RF: Radio Frequency, IF:
Intermediate frequency. (b) Photo of the homemade error signal circuit. Top
half of the picture is the frequency mixer and broadband amplifier. Bottom
half is the printed circuit for potential divider and low pass filter.

3.7 Cesium pressure characterization
In the selective reflection spectroscopy of hot vapor in non-saturated regime,
the signal amplitude is proportional to the atom vapor density. An useful and
easy way to increase the signal is to increase the vapor density by increasing
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3.7. Cesium pressure characterization

the vapor temperature;i.e. an increase of 30°C increases the density by roughly
an order of magnitude. In this section, we enumerate the method to calibrate
the vapor density in our experiment by transmission spectroscopy technique.
We send the 852 nm laser through the vacuum chamber and the transmission
of laser through the bulk vapor versus laser detuning is measured. The
transmittance through a homogeneous bulk medium is

T (δ) = e−
∑

αi(δ)L (3.8)

where L is the thickness of the medium, αi is the absorption coefficient
of a particular hyperfine transition i at laser detuning δ. For a particular
resonance, the dependence of the absorption coefficient, α(δ) on frequency
detuning δ, is [70]:

α(δ) = kC2
i d

2N
1

2(2I + 1)h̄ε0

SI(δ)

ku
(3.9)

Here k = 2π/λ is the optical wavenumber, Ci is the transition strength, d is
the reduced dipole element 〈L|er|L′〉, N is the vapor density that is related to
temperature T by the vapor pressure model [71], 2(2I + 1) is the degeneracy
of the ground state and I is the nuclear quantum number = 7/2 for cesium,
u =

√
2kBT/M is the 1/e width of free gaseous velocity Maxwell-Boltzmann

distribution.
The lineshapes represented in S is the convolution of the homogenous and

inhomogeneous broadening lineshapes in the atomic vapor.

S(δ) =

∫ ∞

−∞
f(δ − kv)g(v)dv (3.10)

where f(δ − kv) = i/[γ/2− i(δ − kv)] is the homogeneous atomic lineshape,
g(v) = 1/(u

√
π)e−v2/u2 is the Boltzmann distribution of velocities. γ = γ0 +

β0N , in which γ0 is the natural linewidth and β0 = 2fcr0λ
√

gg/ge is the self-
broadening coefficient [72] which takes into account the collisional broadening
of atoms, N is the number density of atoms and δ is the laser detuning from
transition resonance. f is the oscillator strength of the transition, c is the light
speed, r0 is the electron classical radius, gg and ge are the ground and excited
states degeneracies respectively. The self-broadening coefficient β0 comes from
atoms-atoms dipole interaction and is measured to be 115 nHz cm3 for cesium
D2 transition in literature [40]. At a typical cesium vapor temperature of
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3.7. Cesium pressure characterization

70 ◦C, the self broadening linewidth β0N is 0.25MHz, a weak value compared
with the natural linewidth of 5.2MHz for the Cesium D2 line.

The natural atomic lineshape f(δ − kv) can be expressed in two parts:
the real and imaginary parts:

f(δ − kv) =
i

γ/2− i(δ − kv)

= − δ − kv
γ
2
2 + (δ − kv)2

+ i
γ
2

γ
2
2 + (δ − kv)2

= fR(δ − kv) + if I(δ − kv) (3.11)

We can now express S in terms of the real and imaginary part:

S(δ) = SR(δ) + iSI(δ)

=

∫ ∞

−∞
fR(δ − kv)g(v)dv + i

∫ ∞

−∞
f I(δ − kv)g(v)dv (3.12)

where SI gives the Voigt profile of the absorption coefficient in Equation (3.9)
and SR gives the dispersion of the atomic lineshape.

We are particularly interested in evaluating SI [70] as it gives the absorp-
tion strength in the absorption coefficient in Equation (3.9), which we use to
determine the vapor density:

SI(δ) =

∫ ∞

−∞
f I(δ − kv)g(v)dv

=
1

u
√
π

∫ ∞

−∞

γ
2

γ
2
2 + (δ − kv)2

e−
v2

u2 dv

=

√
π

2

[
ez

2
+erfc(z+) + ez

2
−erfc(z−)

]
=

√
π

2

[
F(z+) + F(z−)

]
(3.13)

where the third line could be derived from the second line by taking the
product of Fourier transform of f I(δ− kv) and g(v). erfc(z±) is the complex
error function, F(z±) is the Faddeeva function, which are related to each
other by:

F±(z) = ez
2
±erfc(z±) (3.14)
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3.7. Cesium pressure characterization

and z± in Equation (3.13) is labeled as:

z± =
γ

2ku
± i

δ

ku
(3.15)

In the first term, γ contains the homogenous natural linewidth γ0 and broaden-
ing from collisional self broadening β0N . In the second term is the frequency
detuning δ from the resonance.

By fitting Equations (3.9) and (3.13) to the transmittance in Equa-
tion (3.8) through the cesium chamber with only the temperature, T as
the free parameters, and N = N(T ), u = u(T ), the vapor density in the
chamber, N is obtained. Figure 3.12 shows one experimental data on Cesium
D2 62S1/2 F = 4 → 62P3/2 transitions. The allowed hyperfine transitions
are F = 4 → F′ = 3, 4, 5 which contributes to the absorption. The con-
stants used for the fit are: k = 2π/852 nm, Ci = [7/72 7/24 11/18] for
F = 4 → F′ = 3, 4, 5 respectively, d = 3.80 × 10−29Cm [71]. In this figure,
the absorption coefficient is contributed from 3 allowed excited states where∑F′=5

F′=3 αF′(CF ′ , δ). The fit in the figure gives a vapor temperature of 70 ◦C and
an atom density of 2.2× 1012 atoms cm−3 and vapor pressure of 767mTorr.

-4000 -2000 0 2000 4000
 (MHz)

0

0.2

0.4

0.6

0.8

1

T

Figure 3.12: One example of the transmission fit. The transmission fit gives
a temperature of 70°C. Dashed-dotted blue - Experimental data, dashed red -
Theoretical fit, solid green - saturated absorption reference curve.
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3.8 Conclusion
In this chapter, we have illustrated the experimental setups and designs for
our hot atomic vapor experiments. In Section 3.1, we explain the building
block of the chamber that is reconfigurable to adapt to various experiment
designs in Section 3.1. We also illustrate the customized design of wedge
window which removes multi-reflection from the spectroscopy. This is followed
by establishing a proper fiber conduit into the chamber that maintains ultra
high vacuum (UHV) vacuum level and resistant to attack from cesium vapor.
In Section 3.2, metamaterials used in following experiment chapters were
characterized and fabrication parameters were explained. To focus light and
maximize the signal from the relatively small array of metamaterials, a 1:1
object to image optical system used is explained Section 3.3. Next, in order
to compensate for the laser drift larger than the atomic linewidth, laser lock
circuit is designed to lock the laser to a saturated transmission spectroscopy
spectrum in a secondary cesium cell. This is illustrated in Section 3.6.2.
Equal in importance, the method we used to obtain the cesium pressure in
the chamber is presented in Section 3.7. Overall, the chapter gives the reader
an idea of the technical method to conduct the experiments.
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Chapter 4

Tuning of Casimir - Polder
Forces with metamaterial

4.1 Introduction
The Casimir-Polder force has been largely perceived as an obstacle for placing
atoms close to surfaces. Nevertheless, ambitious proposals have emerged that
suggest the possibility of utilizing atom-surface interactions to achieve tight
trapping at record distances from surfaces [22] and in particular photonic
bandgap waveguides [73, 74]. The tantalizing possibility of subwavelength
atom trapping is made more difficult due to the predominantly attractive
nature of the Casimir-Polder interaction that does not allow stable trapping
potentials in all directions. Experimental demonstration of an efficient tuning
of the atom-surface interaction, particularly between attraction and repulsion
represents therefore a milestone in the field of hybrid systems.

Among the various approaches to modify the Casimir-Polder interac-
tion, one relies on the resonant coupling between excited atoms and surface
resonances. Thus, experiments with Cesium atoms in high lying excited
states next to a sapphire surface have demonstrated resonant Casimir-Polder
repulsion [14, 15] or an exaltation of the Casimir-Polder attraction with tem-
perature [75]. The key parameter here, that governs both strength and sign
of the Casimir-Polder interaction, is the relative detuning of the plasmonic
resonance frequency compared to the predominant atomic dipole coupling
(transition). Active engineering of the atom-surface interaction is therefore
severely limited by the selection of dielectrics that are available in nature.
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4.2. Experimental Procedure

An alternative solution would be to use nanostructured periodic planar
metamaterials that allow a broad tunability of plasmonic surface resonances
across the visible and near infrared spectrum. This spectral domain, where
plasmonic or polaritonic resonances are usually scarce in bulk material, is
of particular interest since it matches with low-lying transitions of alkali
atoms, routinely used in laser cooling or atomic spectroscopy experiments.
Moreover, thin metallic planar metamaterials have enhanced light transmission
at the plasmon resonance. It thus becomes possible to perform reflection
spectroscopy on a vapour/metamaterial interface. Previous experiment on
Cesium vapor and plasmonic surface demonstrated a modification of the
surface reflectivity [7], however, analysis of the Doppler broadened spectra
did not provide quantitative information on the frequency shift or the atomic
lifetime modification at the proximity of the metamaterials.

In this chapter, we report on high resolution frequency modulated selective
reflection spectroscopy of Cesium 62P3/2 atoms in vicinity of a wide range of
metallic planar metamaterials. First we present the experimental configuration
and metamaterials design in Section 4.2. This is followed by a mean-field
treatment of the metamaterial surface and developing the theoretical treatment
of selective reflection in Section 4.3, allowing us to measure the dispersive
non-retarded Casimir-Polder shift / van der Waals shift of the 62S1/2 − 62P3/2,
Cesium D2 transition. For an adequately chosen metamaterial, the frequency
shift on the Cesium transition, induced by the Casimir-Polder interaction,
can be almost suppressed. A calculation of the non-retarded Casimir-Polder
interaction is shown to reproduce the basic features of our experimental data.
This is presented in Section 4.4.

4.2 Experimental Procedure
The system under investigation is depicted in Figure 4.1a. A vacuum chamber
is maintained at base pressure of 10−8 mbar, A Cesium vapor at T = 80◦C
is introduced into a vacuum chamber. The construction of the chamber is
elaborated in Section 3.1 and the determination of the vapor temperature is
elaboared in Section 3.7. The density of the atoms is around N = 1017m−3

whereas the thermal velocity is ū = 150ms−1 measured from the optical
transmission through the chamber that is explained in Section 3.7. Ten
different metamaterials are engraved one quartz wedge window 3◦ (See Sec-
tion 3.1.1 for wedge window design) of the vacuum chamber. The details
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Figure 4.1: Schematic of the experimental set-up. (a) Experimental set-
up. (b) Real color back-illuminated images of the ten metamaterials. The
zoom corresponds to a scanning electron microscope image. (c) A typical
reflectance curve of a metamaterial showing a main plasmon resonance at
= 760nm. (d) Cut along one nanoslit. The false colors represent the electric
field magnitude, normalized by the amplitude of the incident field, as obtained
by finite-difference frequency domain simulation.
Source: From [Science Advances 4:eaao4223]. © Chan et al., some rights
reserved; exclusive licensee American Association for the Advancement of Science.
Distributed under a CC BY-NC 4.0.
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4.3. Selective reflection results and mean-field interpretation

of fabrication and characterization are presented in Section 3.2. We achieve
plasmonic resonances, characterized by their central position, covering a
wavelength range from 670 nm to 980 nm. Each plasmon resonance has a
typical width of 60 nm (see an example in Figure 4.1). The large linewidth
of the plasmon resonance is due to the Ohmic losses from the absorption
of the metal [76, 77]. The transmission and reflection of the metamaterials
is measured and compared to FDFD simulations, see Section 3.2.3. The
simulations match the experimental results apart from a global factor that
arises from experimental losses. This illustrates the good agreement between
the metamaterial simulation models and experiments. The comparison is
done without the mean-field approximation that is done in later section to
approximate the atomic vapor response. The atoms/metamaterial hybrid
system is excited and probed on the 62S1/2 − 62P3/2 Cesium D2 transition at
852 nm, using a Selective Reflection (SR) optical setup at normal incidence.

The radiation is produced by an external cavity diode laser (ECDL). Part
of the light is sent to a saturated absorption spectroscopy setup used as a
frequency reference. The frequency reference is used to stabilize the laser
drift, explained in Section 3.5. The main beam goes through an Electro-
Optic Modulator (EOM) to modulate its phase at ωm/2π = 9MHz with a
modulation index of β = 0.19 and is then shaped by a square mask (See
Section 3.3) to optimize its overlap with the metamaterial. The intensity of
the laser is maintained below saturation, typically I = 1mW/cm2. The light
polarization is chosen to be perpendicular to the metamaterial slits to excite
the plasmonic resonances. The reflected light beam is collected on a fast
and sensitive amplified photodetector. The signal at 9MHz is demodulated
using a lock-in amplifier, directly providing the in-phase and in-quadrature
component of the reflection signal, which is purely Doppler-free and analyzed
in the following.

4.3 Selective reflection results and mean-field
interpretation

We tune the laser onto the F = 4− F′ = 5 hyperfine transition scanning over
a frequency range of 100MHz =∼ 20 Γ/2π, where Γ/2π = 5.2MHz, is the
bare frequency width of the atomic transition. The demodulated signals at
9MHz of the beam reflectance correspond to the red points on Figure 4.2.
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Figure 4.2: In phase and in quadrature selective reflection spectra of the plain
windows (blue dots at top curves) and of two metamaterials (red dots). The
black solid curves are the fits using Equation (4.2). The dashed blue line is a
fit assuming Im[∆C3] = 0 for the metamaterial at λp = 858 nm. The residues
correspond to the metamaterial at λp = 858 nm. The units are the same than
for the main top curves.
Source: From [Science Advances 4:eaao4223]. © Chan et al., some rights
reserved; exclusive licensee American Association for the Advancement of Science.
Distributed under a CC BY-NC 4.0.

We observe a strong modification of the Doppler-free spectrum due to the
presence of the metamaterials with respect to a plain dielectric window (see
blue points on Figure 4.2). The hyperfine structure of the D2 line is spectrally
resolved with our selective reflection experiment, as the frequency spacing
between hyperfine components (200MHz between F′ = 3 and F′ = 4 and
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4.3. Selective reflection results and mean-field interpretation

250MHz between F′ = 4 and F′ = 5) are much larger than the width of the
observed spectra (∼ 10− 20MHz). Also, the plasmonic resonance is much
broader than the hyperfine splitting therefore its effects are identical on all
hyperfine components.

In order to understand the modification of the SR spectrum of Cesium
62P3/2 atoms in vicinity of the metamaterials, we recapitulate the theoret-
ical framework from Chapter 2 in the next subsection. First we illustrate
the stationary wave characteristics of the surface plasmon field in our two-
dimensional metamaterial. Then we set forth the mean-field model we pre-
scribed for modeling the metamaterial interface. Following that we explain
the fitting procedures using the selective reflection theory. In the conclusion
of this section, we present the fit that gives the complex van der Waals
∆C3 coeffficients of Cesium 62S1/2 − 62P3/2 coupling with the metamaterial
surfaces.

4.3.1 Surface plasmon waves
The general solutions of electromagnetic waves generated by a two-dimensional
periodic nano-structured metamaterial can be decomposed into a propagating
plane wave at normal incidence and surface plasmon waves. The schematic of
the metamaterial with corresponding propagating wavevectors and surface
plasmon wavevectors is illustrated in Figure 4.3(a). In the case of our two-
dimensional metamaterial, FDFD results are shown on Figure 4.3(b). The
evanescent surface plasmon waves are clearly observed if one removes the
propagation component as it is shown in Figure 4.3(c).

Because of the underlying symmetry of the metamaterial, one gets

|ESP
+,m| = |ESP

−,m|. (4.1)

|ESP
+,m| (|ESP

−,m|) is the amplitude of the surface plasmon wave, with a real
tangential wavevector kSP

+,m = 2π|m|/Λ (kSP
−,m = −2π|m|/Λ). From Equa-

tion (4.1), we find that the surface plasmon waves are stationary waves. It
also means that there is no static component corresponding to a null wavevec-
tor along the tangential plane. The absence of this static component tells us
that plasmon waves do not contribute to the Doppler-free signal. Other com-
ponents of the plasmon wave have a wavevector amplitude 2π|m|/Λ > |m|kin.
Thus they give strongly Doppler broadened contribution, well smoothed by
the relative slow response of the atomic coherence. This is also explained
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4.3. Selective reflection results and mean-field interpretation

in the theoretical background of SR spectra in Section 2.2.5 in terms of the
contribution of tangential wavevector kxx̂, kyŷ components to the effective
susceptibilities χ̄.
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Figure 4.3: (a) Schematic of the metamaterial and the different wave vectors
of the fields (b) Spatial evolution of the real part of the transmitted electric
field along y, which corresponds to the incident polarization direction. We
use here the finite-difference frequency domain numerical methods. z = 0
correspond to the outer interface of the metamaterial. The blue (red) curves
correspond to the center (150 nm away for the center) of the nano-slit. The
locations are indicated on (a) by a blue (red) dot. The black curve is a fit
of the far-field response. It represents the propagating component of the
transmitted field. It is also the transmitted field obtained using the mean-field
approximation, i.e. replacing the metamaterial by a bulk material having the
same far-field properties. (c) same as (b) but the propagating component has
been removed. The remaining fields correspond to the surface plasmon wave
localized in the vicinity of the metamaterial.
Source: From [Science Advances 4:eaao4223]. © Chan et al., some rights
reserved; exclusive licensee American Association for the Advancement of Science.
Distributed under a CC BY-NC 4.0.
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4.3. Selective reflection results and mean-field interpretation

4.3.2 FDFD simulations and mean field approximation
for the atomic vapour response

To analyze the selective reflection spectra, we modeled the metamaterial by a
spatially homogeneous bulk material having the same thickness and the same
far-field properties at normal incidence. We deduce, n′, the complex index of
refraction of the effective bulk material, a mean-field approximation known
to well describe the far-field for transmitted and reflected fields at 852 nm
[78, 79] (See Figure 4.3(b) for the transmission for one of the metamaterials.
Reflection is not shown here). The complex indices of refraction extracted for
all ten metamaterials are listed in Appendix A.1.

We note that the effective bulk material does not generate surface plasmon
waves and the far-field propagating wave extends up to the material position,
i.e. z = 0. Thus the near-field electromagnetic environments are very different
for the metamaterial and the bulk material. Since the reflectance signal of
the atomic vapor emerges from the response of the atoms in the vicinity
of the metamaterial, the mean-field approximation can be questioned here.
However, we find that it is a good approximation, because of the nature of
the plasmon wave. We have mentioned in the previous section, indeed that
the absence of null wavevector along the tangential plane implies that the
local plasmon wave does contribute to the SR signal in a form of a weak and
broad Doppler contribution. The contribution could not be observed in the
experiment because of systematic errors on the offset of the signal. Finally
we conclude that, other than modifying the index of refraction and r ∗ ρ (See
Section 2.2.3 for explanation on r ∗ ρ), the plasmon wave does not play other
roles in our system.

4.3.3 Fitting with SR theory
In SR spectroscopy with a homogeneous material interface, the vapor can be
characterized by an effective electric susceptibility, χ̄. Its frequency derivative
is given, in the Doppler limit (kū � Γ/2π), by (Refer to Section 2.2.5 for the
derivation):

dχ̄

dω
=

i2Nkµ2

√
πūε0h̄

∫ ∞

0

∫ z

0

dzdz′eik(z+z′) z − z′

L0(ω, z)− L0(ω, z′)
. (4.2)

L0(ω,z)
z

= Γ
2
− i(ω−ω0− ∆C3z−3

2
) is the Lorentzian lineshape of the bare atomic

resonance, corrected by the z−3 Casimir-Polder frequency shift in the non-
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4.3. Selective reflection results and mean-field interpretation

retarded regime. Here, ω0 is the bare atomic resonance, k is the wavenumber
of the laser beam and µ is the two-level atomic dipole moment. Spectroscopic
experiments are sensitive to the energy difference between levels. We therefore
denote ∆C3 as the difference of van der Waals coefficients between lower
and upper state. In our analysis, ∆C3 is considered to be complex. As can
be seen from the equations above, its real and imaginary parts denote a
distance dependent shift and linewidth respectively. The metamaterial/vapor
interface is located at z = 0. We note that the phase factor, eik(z+z′) rapidly
averages the effective susceptibility to zero for z, z′ � k−1. As an important
consequence, only the atoms located in a layer of thickness k−1 contribute
to the SR signal. Moreover, as it can be seen in Equation (4.2) and already
discussed in Chapter 3, the signal is Doppler-free. We note as well that, since
χ̄ � 1, the index of refraction of the atomic vapor reads as na = 1 + χ̄/2.
Under this approximation, the complex reflection coefficient of the electric
field for the dielectric/metamaterial/vapor system can be linearized as:

r = r0 + ρχ̄(ω) (4.3)

where r0 and ρ depend only on the indices of refraction of the metamaterial
n′ and of the dielectric substrate nd (see Section 2.2.1). In the Doppler limit,
χ̄(ω) is obtained by integration of Equation (4.3). In the weak modulation
limit, i.e. β � 1 we find that the demodulated signal has the following
expression for the in-phase signal (Refer to Section 2.2.4):

Vp(ω) = V0Re{r∗0ρ[χ̄(ω + ωm)− χ̄(ω − ωm)]} (4.4)

and for the in-quadrature signal,

Vq(ω) = V0Im{r∗0ρ[χ̄(ω + ωm) + χ̄(ω − ωm)− 2χ̄(ω)]} (4.5)

V0 is a factor of proportionality. Within the mean-field approximation,
the complex factor r∗0ρ can be evaluated analytically, depending on the
metamaterial refractive indices n′, dielectric window substrate index nd and
the metamaterial thickness l (see Section 2.2.3 for the derivation) via

r∗0ρ =
4|r0|2ndn

′2e
2in′ω

c

(1 + n′)2(n′2 − n2
d) + 2(n2

d + n′2)(1− n′2)e
2in′ω

c + (1− n′)2(n′2 − n2
d)e

4in′ω
c

(4.6)
where ω is the optical frequency, c is the speed of light. By mixing the
real and imaginary part of the susceptibility, the factor r∗0ρ gives the main
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contribution of the modification of the atomic resonance lineshape induced
by the plasmon resonance observed in Figure 4.2. Also, the product of the
susceptibility with complex value r∗0ρ in Equations (4.4) and (4.5) leads to
Fano-like resonance of the atoms/metamaterial hybrid system, which is shown
in the asymmetrical lineshapes in the appendix Figure A.1. This is also shown
by Stern and co-authors using a Kretschman geometry [7]. In addition to
the Fano-like resonance, the Casimir-Polder interaction induces an additional
contribution on the SR signal that we are now aiming to reveal and discuss.

Using Equations (4.2) to (4.6), we perform a fit of the SR signals for the
different metamaterials including the bare dielectric substrate. The fitting
parameters are the atomic resonance linewidth Γ, the complex value ∆C3 and
a common V0 value. The effective index of refraction of the metamaterial n′,
thus the factor r∗0ρ is extracted from the FDFD simulation [79, 78]. The results
of the fitting procedure correspond to the black curves in Figure 4.2. The
factor r∗0ρ values, fitted ∆C3 values and curves for all ten sets of metamaterials
are annotated in Appendix A.1. We observed an excellent agreement with
the experimental data. The volume atomic resonance width (away from the
surface) is found to be 10(3)MHz, i.e. slightly larger than the bare linewidth
of 5.2MHz. This increasing of the linewidth, encountered as well on the
dielectric interface, has been also reported in similar studies [80]. It can
be due to residual collisional broadening. Most importantly, an imaginary
part for the ∆C3 has to be considered. To illustrate this point, we perform
another fit, setting Im[∆C3] = 0. Under this constraint, we observe that the
convergence of the fitting procedure is not satisfactory (see residue comparison
in Figure 4.2 for λp = 858 nm).

The complex van der Waals coefficients obtained from the fits are shown
in Figure 4.4(a)-(b). Error bars are plotted as a range of values of F could
have similar effect on ∆C3 as discussed in Section 2.2.6. The real part of
the ∆C3 coefficient (Figure 4.4a), displays a dispersive type of resonant
behavior centered at λp =∼ 840 nm. At the blue side of the resonance
we observe a significant increase of the interaction, with respect to its off
resonant value ∼ 5 kHz µm3, followed by a sharp decrease that leads to a
nearly vanishing value of the interaction at the resonance. At off-resonances
at both sides, the ∆C3 coefficient corresponds to the ∆C3 coefficient of pure
silver, confirming the validity of our data analysis. The resonance width is in
agreement with the plasmon linewidth of 60 nm, confirming the plasmonic
origin of the modification of the ∆C3 values. The presence and evolution of
the imaginary (dissipative) part for the van der Waals coefficients, shown in
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Figure 4.4b, corresponds to a decreasing of the atomic lifetime associated
with enhancement of the vacuum mode density at the plasmonic resonance.
This enhanced emission rate can be also be understood as an increasing of
the Purcell factor as observed for example with ultracold gas [12] or nano-
antennas [81]. The enhanced radiation emission of the atom/metamaterial
system can finally, either be coupled to electromagnetic propagating modes,
or be lost due to Ohmic losses in the metal. The selective reflection technique
does not distinguish between those two cases.

4.4 Control of surface force
We compare our experimental measurements, with the QED theory of atom-
surface interactions. A complete analysis of the resonant Casimir-Polder
interaction depends on knowledge of the dielectric properties of the meta-
material for both real and imaginary frequencies. For this purpose, we fit
the dielectric constant ε(ω), extracted by FDFD simulations, to the following
function [58]:

ε(ω) = 1−
ω2
p

ω2 + iγpω
+
∑
j

fjω
2
j

(ω2
j − ω2)− iγjω

(4.7)

The first part of the equation is a Drude model that accounts for the plasma
resonance of silver itself. The plasma frequency ωp and dissipation γp are
common values for silver [82] for all metamaterials. The second part models the
metamaterial resonances. The amplitude fj, frequency ωj, and dissipation γj
of each resonance are smoothly varying functions of the plasmonic resoannce λp

of the metamaterial. By interpolating these parameters, we get the dielectric
constant ε(ω) for continuous range of metamaterials.

We then calculate the difference of the Casimir-Polder frequency shift
between 6P3/2 and 6S1/2, which is the experimentally measured quantity in
selective reflection spectroscopy. We take into account both non-resonant and
resonant components of the atom-surface interaction, since our experiments
are performed on excited state atoms. In the non-retarded regime, the ∆C3

coefficient is decomposed into two components:

∆C3 = ∆C
{nr}
3 +∆C

{r}
3 . (4.8)
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Figure 4.4: ∆C3 coefficients as function of λp, the position of the plasmon
resonance. Real part (a) and imaginary part (b) extracted from the fits
of the selective reflection signals. Red horizontal (vertical) bar is the ∆C3

(plasmonic resonance) uncertainty (c) and (d) are the real and imaginary
parts of the ∆C3 coefficients computed from the model. The dot-dashed curve
corresponds the non-retarded case. The retarded contribution is taken into
account by considering an effective distance ranging from 70 nm to 100 nm.
It corresponds to the shaded grey surface. The vertical dashed lines indicate
the position of the atomic resonance.
Source: From [Science Advances 4:eaao4223]. © Chan et al., some rights
reserved; exclusive licensee American Association for the Advancement of Science.
Distributed under a CC BY-NC 4.0.

Here ∆C
{nr}
3 takes into account the dispersion contribution of virtual

exchange of non-resonant vacuum photons, whereas ∆C
{r}
3 gives the con-

tribution due to resonant photon exchange between an excited atom and
the metamaterial. The ∆C

{nr}
3 is practically independent of the plasmonic

resonance position and is mostly governed by the metallic response over the
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entire frequency spectrum. ∆C
{nr}
3 is given by [83, 84]:

∆C
{nr}
3 =

∑
j µ

2
j

48πε0
r(ωj > 0) (4.9)

where the function is a summation over all possible excited states j connected
by electric dipole transition from the ground state 6S1/2 and µj denotes the
reduced dipole moment of the coupling of the ground state to excited state j.
The behavior of ∆C

{nr}
3 over the frequency spectrum is characterized by the

image coefficient r(ωj > 0) which is defined as:

r(ωj > 0) =
2

π

∫ ∞

0

S(iu)
ωj

ω2
j + u2

du (4.10)

in which ωj > 0 is positive frequency (by convention) for virtual absorptions
from the ground state to state j and S(iu) is the surface response taken at
the imaginary frequency iu:

S(iu) =
ε(iu)− 1

ε(iu) + 1
(4.11)

where ε(iu) is the dielectric constant over imaginary frequency. In Figure 4.5,
we show r(ωj > 0) as defined in Equation (4.10) for one of the metamaterials
with a plasmonic resonance at 835 nm that we extract from FDFD simulation.

The influence of the plasmon resonance is contained in the resonant
contribution since it concerns only the resonant photons emitted on the
6P3/2 → 6S1/2 cesium D2 transition at 852 nm [58, 84], and it is mainly at the
origin of the observed Casimir-Polder resonant behavior. Following reference
[84], we predict:

∆C
{r}
3 =

µ2
r

48πε0
2S(ωr) (4.12)

where µr is the reduced dipole moment of the 6P3/2 → 6S1/2 coupling and
S(ω < 0) = (ε(ω)− 1)/(ε(ω) + 1) is the surface response over real frequency.
Following the convention defined above, emission is denoted with negative
frequency, ω < 0. S(ω < 0) defines the characteristic behavior of ∆C

{r}
3

over the frequency spectrum and the real part and imaginary part of the
S(ω < 0) contributes to the real and imaginary part of the ∆C

{r}
3 respectively.
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Figure 4.5: r(ωj > 0) for our finite-difference frequency-domain method
simulated metamaterial with plasmonic resonance at 835 nm. We observe the
characteristic monotonic decreasing function of r(ωj > 0) of non-resonant
component of the atom-surface interaction [58].

Figure 4.6 shows the S(ω < 0) behavior of one of our metamaterial from the
ε extracted from the FDFD simulation.

The results of this model are shown in Figure 4.7. We see an excellent
agreement confirming that the resonance behavior of the Casimir-Polder
interaction is due to the resonant photon exchange between an excited atom
and the metamaterial.

The results of the non-retarded model are shown as dashed lines in
Figure 4.4(c)-(d). The theoretical predictions exhibit a resonant behavior
similar to the experimental findings, showing that our model captures the
essence of the physical mechanism behind the tuning of the atom-surface
interaction. However, the amplitude of the resonance is smaller than the
experimentally measured one. The smaller amplitude of the ∆C3 coefficients
of the theoretical predictions could be partly explained by the van der Waals
potential used. Athanasios Laliotis, our co-author for this work tackled the
problem by modeling the potential with a retarded Casimir Polder potential
which gives larger ∆C3 coefficients which are closer to experimental data
values. This is illustrated as shaded grey surface in Figure 4.4c-d. The details
are presented in our publication. Another possible deviation between the
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Figure 4.6: S(ω < 0) for our finite-difference frequency-domain simulated
metamaterial with plasmonic resonance at 835 nm. (a) The real part. (b) The
imaginary part. Vertical black line marks the frequency for the 6P3/2 → 6S1/2
atomic transition at 852 nm.
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Figure 4.7: Comparison between the resonant photon exchange model (blue
circle) and the completed model (black dashed line) of the Casimir-Polder
interaction. The plots are as function of the plasmon resonance frequency.
The resonant photon exchange model corresponds to Equation (4.12). (a)
Real part of the ∆C3 coefficient, where the background contribution has been
removed. (b) Imaginary part of the ∆C3 coefficient.
Source: From [Science Advances 4:eaao4223]. © Chan et al., some rights
reserved; exclusive licensee American Association for the Advancement of Science.
Distributed under a CC BY-NC 4.0.
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theoretical and experimental coefficients comes from the anisotropic behavior
of the metamaterial. This could be addressed by expanding the anisotropic
theoretical framework by Gorza et al. to include the retardation effect [85].

4.5 Conclusion
We use planar metamaterials as a testbed to control the Casimir-Polder fre-
quency shift of the D2 line of Cs atoms. Our theoretical analysis, based on the
mean field approximation (See Section 4.3), reproduces the main characteris-
tics of the Casimir-Polder resonance albeit with a smaller amplitude. When the
plasmon resonance almost coincides with the atomic resonance, the Casimir-
Polder frequency shift nearly vanishes. Across the different metamaterials, the
Casimir-Polder interaction is characterized by the usual real coefficient leading
to a dispersive resonance, as well as a non-zero on-resonance dissipative re-
sponse (Refer to Section 4.4).

This chapter is an adaptation from Science Advances 4:eaao4223 by Chan
et al., and is used under a CC BY-NC 4.0 license. Exclusive licensee - American
Association for the Advancement of Science. Additions and modifications of
original text are listed belown:

1. Addition of introductory sentences to the last paragraph of Section 4.1.
2. Addition of explanatory sentences to Section 4.2.
3. Relocation of descriptions on metamaterials fabrication in Section 4.2 to

Section 3.2.
4. Addition of a second paragraph to the introduction of Section 4.3.
5. Relocation and modification of last three sentences from Section 4.3.2 to

the end of Section 4.3.1.
6. Addition of the text ”...for transmitted and reflected fields at 852 nm”, ”for

one of the metamaterials” and ”The complex indices of refraction extracted
are listed in Appendix A.1” to the first paragraph of Section 4.3.2.

7. Relocation and modification of the sentence ”We have mentioned...not
contribute to the SR signal.” from Section 4.3.1 to Section 4.3.2.

8. Addition of text ”where ω is the optical frequency, c is the speed of light.”
to the first paragraph of Section 4.3.3.

9. Addition of the text ”At off-resonances at both sides, the ∆C3 coefficient
corresponds to the ∆C3 coefficient of pure silver,...” to the third paragraph
of Section 4.3.3.
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10. Addition of new paragraphs and two new figures to Section 4.4.
11. Addition of last five sentence at the end of Section 4.5.
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Chapter 5

Metamaterial on fiber tip

5.1 Introduction
With the recent development of nanofabrication on fiber technique, it is now
possible to engineer the fiber tip surface with nanostructures. In particular,
tailoring strong confinement of light with nanostructures have been used
for surface enhanced Raman scattering where in-situ sensing of biological
molecules is enhanced [86, 87, 88]. Nonetheless, investigation of hot atoms
at the vicinity of a plasmonic surface of a fiber tip has not yet been demon-
strated. We establish in Chapter 4 that plasmono-atom system is suited to
investigate and alter surface-atom coupling . In this chapter, we present the
first experimental demonstration of modification of Doppler-free selective
reflection signal on hot atomic vapor with metamaterial on a fiber tip. The
methods for experiment are summarized in Section 5.2. In Section 5.3, we
fit the reflection lineshapes using the selective reflection theory developed
in Section 2.2. In the same section, the optical saturation parameters and
transit time broadening on our system are also investigated.

5.2 Experimental setup
A schematic of the experimental setup is shown in Figure 5.1. The Cesium
62S1/2 → 62P3/2 transition at the tip of multimode fibers is probed using
a frequency modulated selective reflection (SR) optical setup. Two optical
fibers are prepared, the first with a cleaved bare dielectric tip and another
with ring-shaped metamaterial fabricated on the cleaved tip. The design and
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Figure 5.1: (Top) Artistic view of selective-reflection spectroscopy at the fiber
tip. The red spheres surrounding the fiber tip surface represent the atoms
of the thermal vapor, coupled with the plasmonic field of the metamaterial.
(Inset) Speckle pattern on the fiber tip. (Bottom left) Experimental setup
used to investigate the plasmono-atom coupling on the tip of the fiber. A
phase modulated optical excitation is coupled into the metamaterial fiber
tip that is submerged in a vacuum chamber containing Cesium vapor (Cs).
The plasmono-atomic interactions on fiber tip is measured by demodulating
the reflection signal with a lock-in amplifier. Scanning electron microscope
image of the rings metamaterial. (Bottom right) The energy level of the
Cesium D2 transition of interest (not on scale). The laser is scanned across
the 62S1/2(F = 4) → 62P3/2(F

′ = 4− 5) transitions.
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characterization of the metamaterial on fiber tip is presented in Section 3.2.
The metamaterial has a plasmonic resonance at λ = 830 nm or 361THz and a
linewidth of 100 nm or 40THz (See Figure 5.3(a) for the reflection spectrum),
which is slightly blue detuned with respect to the Cesium 62S1/2 − 62P3/2

D2 line. Optical beam from a tunable semiconductor diode laser is phase
modulated at 9MHz with a modulation index of 0.12, and coupled into the
fibers with an Olympus MPlan 10× microscope condenser. Using a vacuum
sealed with a Teflon feedthrough (See Section 3.1.2 for the fiber sealed design),
the fiber is inserted inside a saturated pressure Cesium vapor chamber at a
temperature of 50 °C, which corresponds to an atomic density of 5×1011 cm−3.
The atomic density is determined using the method expounded in Section 3.7.
In absence of Cesium, an ultrahigh vacuum of < 10−8 mbar is achieved with
this sealing method. The fiberized connector tip is kept at a slightly higher
temperature than the rest of the chamber to prevent condensation of Cesium
at the fiber tip. Two reflection spots are present on the reflection of the optical
fiber, one from the input surface and another from the metamaterial-atoms
interface. The latter reflection is filtered with an iris, and focused on an
amplified photodetector. The detected signal is then demodulated with a
lock-in amplifier. Frequency reference of the laser given by a hole burning
saturated absorption frequency spectroscopy done in a bulk vapor Cesium
cell (not shown in the figure) is used to compensate for the laser frequency
drift. The frequency stabilization method is explained in Section 3.5.

5.3 Results and Interpretation
The selective reflection spectroscopy allows us to selectively couple the elec-
tromagnetic field with atoms moving parallel to the surface within a layer of
k−1 = 135 nm. The signal is Doppler-free (bare linewidth: Γ = 2π · 5.2MHz)
which resolves the Cesium hyperfine structure of the 62P3/2 excited level [42].
The demodulated signal shows differences of the hyperfine spectra with
plasmonic metamaterial on the tip of fiber compared to the bare fiber, see
Figure 5.2. When the surface plasmon resonance coincide with the atomic
resonance a π phase flip of the selective reflection spectrum is observed. In
a mean-field approximation picture, where the metamaterial is replaced by
a bulk material, these differences in the spectra with and without the meta-
material, can be also interpreted as the modification of the reflected light
due to the etalon effect in the bulk material as discussed in Chapter 4 for
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Figure 5.2: The in-phase component of the reflectivity signal measured at
the frequency of phase modulation of incident laser as a function of laser
wavelengths for the bare fiber (dashed red curve) and the fiber with plasmonic
metamaterial structure at the tip (solid blue curve). The in-quadrature
component is omitted from the plot for clarity purpose. We take into account
the optical propagation phase in this spectrum. The solid black line is a
frequency reference obtained by hole-burning saturation spectroscopy on a
reference Cesium cell.
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metamaterials deposited on a dielectric surface.
Apart from the etalon effect in the metamaterial, the coupling between the

atomic resonance and plasmonic resonance modify the van der Waals energy
shift in the excited state. We perform a selective reflection spectra fit on the
largest hyperfine transition following the same treatment with Section 4.3.3.
The fitting parameters are the spectra linewidth Γ, van der Waals coefficient
∆C3, and the voltage amplitude V0. We fit the spectrum of metamaterial
interface with complex coefficients to account the dissipative losses from the
coupling between plasmonic and atomic resonances. The fit are shown as
dashed lines in Figure 5.3. The van der Waals coefficients obtained from
the fit are 3(2) kHz µm3 for the bare fiber and 6(6) + i5(7) kHz µm3 for fiber
with metamaterials. Similar van der Waals coefficients with metamaterials
on dielectric surface are found in Chapter 4.
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Figure 5.3: (a) Reflection spectrum of the plasmonic metamaterial structure
at the fiber tip (Top left). Plasmonic metamaterial lineshape is shown in the
broad frequency scan (blue). Cesium D2 atomic resonance line is indicated
on the graph (Red bars).(b,c) The in-phase (red) and in-quadrature (blue)
components of the reflectivity signal measured at the frequency of phase
modulation of incident laser as a function of laser frequency for fiber with
(b) metamaterial and (c) bare fiber for F= 4−F′ = 5 hyperfine transition.
The theoretical fit including the Casimir-Polder interaction ∆C3 is plotted in
black.

The spectra measured on both bare fiber and fiber with metamaterial
(Figure 5.2) have similar linewidth of about 45MHz. The linewidth of
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the signals is larger than the linewidth of 10MHz that we measured on
metamaterial on dielectric surface in Chapter 4 and is mainly attributed
to the transit time broadening of atoms flying across the light intensity
distribution patterns (See inset of Figure 5.1) at the fiber tip surface. This
pattern results from the large transverse size of the fiber that allows the
propagation of many high order transverse modes. Further discussion on the
transit time characterization is presented in the next subsection.

5.3.1 Transit time broadening and intensity saturation
effect

Starting from the image of the intensity distribution at the fiber tip, we
compute the one-dimensional (1D) autocorrelation function,

C(µ) = 〈∆I(x)∆I(x+ µ)〉/〈∆I(x)2〉, (5.1)

along two orthogonal direction, see Figure 5.4. ∆I = I − 〈I〉, where I(x) is
the light intensity spatial distribution. 〈.〉 denotes the transversal averaging
of the correlation function. We note that the autocorrelation function has
a short correlation range as for a speckle pattern, and we will consider the
intensity distribution as such in follow. The speckle grain size is then given
by the 1/e width of the autocorrelation function [89], which turns out to be
∆µ = 4.4 µm in both orthogonal directions. This corresponds to a transit time
broadening of v̄/∆µ = 32MHz for atoms with thermal velocity of v̄ = 140m/s
which is the dominant broadening contribution to the 45MHz linewidth in our
experiment data. Other source of broadening such as atom-atom collision has
been reported in similar studies and might also play a role in our experiment
[80, 90, 1].

We further characterize the laser intensity impact on the spectroscopy
signal. The amplitude of signal versus the incident power is plotted in
Figure 5.5(a). We see a linear dependence of the amplitude of the signal on
the incident power. In Figure 5.5(b), the signal is fitted with selective reflection
lineshape to extract the linewidth of the signal. The fitting procedures we
used are explained in Section 4.3.3. Even if the light intensity is above the
saturation intensity (Is ≤ I ≤ 6Is, where Is = 2.7mWcm2 is the saturation
intensity in bulk atomic vapor), we do not observe clear evidence of saturation
once the laser intensity varies. We believe that this lack of saturation is due
to the short transit time which increases substantially the effective saturation
intensity by a factor of 2πv̄/Γ∆µ ' 6;.
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Figure 5.4: Autocorrelation function of the intensity distributions in x, y
direction parallel to the fiber tip (dashed red and solid blue lines respectively)
to determine the characteristic size of the hotspot in the speckle pattern.
Black dashed line pinpoint the 1/e width of the speckle pattern.
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Figure 5.5: (a)Amplitude of signal of Cesium in plasmonic landscape at the
fiber tip versus input intensity. (b)Linewidth of signal of Cesium in plasmonic
landscape at the fiber tip versus input intensity. Error bars denotes the errors
on the fit of the lineshapes to power saturation equation.
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5.3.2 Propagating mode in bare fiber
On the reflection signal of the fiber with bare tip, we observe a signal at -125
MHz away from the F = 4 → F′ = 5 transition, which does not correspond to
a Cesium hyperfine transition but it is in coincidence with the crossover F =
4 → F′ = 4, 5 (See Figure 5.2). This crossover is due to a velocity class which
has a Doppler frequency shift in half way from the two lines such that one
beam is at resonance with one transition and the contra-propagating beam
is at resonance with the other transition. Reflection on the fiber tip is at
normal incidence within angle of 12°corresponding to the acceptance angle of
the fiber. This configuration rules out crossover signal since the atom with a
normal velocity of 125MHz× 852 nm≈ 106m/s will leave the k−1-thickness
sensitive layer in a time much shorter than Γ−1 such that the interaction will
not have time to take place, and the signal goes to zero. Thus, we interpret
the presence of the signal at -125MHz away from the F = 4 → F′ = 5, has a
contribution of sidewall of the fiber. Indeed, since the cladding is thin (10 µm
thick), the guided modes of fiber have non-zero evanescent field contribution
outside the fiber cladding. The evanescent field interacts with the atomic
vapor along the entire length of the optical fiber, which contributes to a
non-negligible hole burning effect on the forward propagating and reflected
lights. To get a better insight of the importance of the evanescent field
in the atomic vapor, the propagation of light in the fiber is simulated by
solving Helmholtz equation in the fiber including the cladding thickness. The
solutions are eigenfunctions corresponding to Bessel functions of the first and
second kinds. As an illustrative example, Figure 5.6 displays an in-phase
summation of electric fields for all the propagating modes supported by the
optical fiber. It shows a weak but non-zero evanescent field outside the fiber.
After integration over the length of the fiber, and albeit small in magnitude,
the evanescent field contributes to the spectrum and a clear signature is
the presence of crossover-signal on bare fibers. The spectra are nevertheless
dominated by selective reflection signals on the surface tip, as evidenced by
the much larger signal at real transition of F = 4 → F′ = 5 compared to the
crossover F = 4 → F′ = 4, 5 on the SR signal whereas in a hole burning setup,
the crossovers have larger amplitudes than the real transition, as shown in
the black curve in Figure 5.2. Ultimately, this contribution is suppressed by
coating the optical fiber’s sidewalls with a 5 nm thick of silver case for the
fiber tip with metamaterials.
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Figure 5.6: Coherent summation of guided optical modes for light at a
wavelength of 852 nm in the multimode optical fiber. Non-zero evanescent
mode outside the fiber cladding contributes to the spectrum on the bare fiber
and in particular to the crossover signal shown in Figure 5.2.
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5.4 Conclusion
We have demonstrated Doppler-free selective reflection spectroscopy of an
atomic vapor coupled to a surface plasmon field at the tip of a multimode
optical fiber. This paves the way for fiber-integrated surface engineering
of hybrid atoms-metamaterial devices. We used an axial symmetric nano-
patterning which leads to a polarization-independent plasmonic excitation.
Polarization dependence on our symmetric plasmonic field can be restored if
the atomic vapor becomes optically active by applying a magnetic field. In this
case, extra tuning of the atom-plasmon Fano resonance can be implemented
[8]. The large transverse size of the fiber allows the propagation of large order
transversal modes. As a result, the field intensity distribution at the output
of the fiber tip has a disordered structure similar to a speckle pattern. The
transport of matter wave in such disordered optical potential has recently
attract a lot of attention both for non-interacting system leading to Anderson
localization [91, 92, 93], and for interacting atoms exploring thermalization
in presence of many-body interactions [94]. Similar studies on the multimode
fiber speckle patterns could be done, at which it would be interesting to add a
surface plasmon field to gain larger amplitude and shorter length scale of the
electromagnetic field. Recently, utilizing the dipole-dipole interactions of cold
atoms at the nearfield of a fiber nanotip to realize a new single emitter source
that has a narrow spectrum has been theoretically demonstrated [95]. It could
also be desirable to tailor the fiber nanotip nearfields with nanostructures to
favour the single photon emission.
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Chapter 6

Doppler-free non-linear
spectroscopy on an electric
quadrupole transition

6.1 Introduction
With the appearance of laser sources, nonlinear Doppler-free Laser Spec-
troscopy (DFLS) has undergone a very fast development. It has been utilized
for atomic and molecular spectral analyses, collisional studies in the vapor
phase and investigation of fundamental processes [96, 97]. Up to now, in
atomic physics, DFLS has been mainly performed by using laser sources
resonant for electric dipole transitions. Dipole-forbidden transitions, par-
ticularly electric quadrupole transitions, are important in new avenues of
atomic physics for fundamental studies like parity violation [98] or devising
of ultra-high-accuracy optical clocks [99, 100, 101]. Spectroscopic studies of
electric quadrupole transitions in vapors are generally hindered by Doppler
broadening, and in most cases averaged over the internal structure of the elec-
tric quadrupole transition (e.g. hyperfine multiplets) [102, 103]. A noteworthy
exception is the early work by Weber and Sansonetti [104] who performed
resonantly enhanced stepwise excitation to high lying states of Cesium, using
the 5D3/2 level as the intermediates state. In this way, they have been able to
get Doppler-free spectra and resolve the hyperfine lines of the 62S1/2 − 52D3/2

electric quadrupole transition. Recent studies include Doppler-free 5p-6p
transitions in Rubidium [105] and magnetic-field-mixing of forbidden hyper-
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fine transitions of Cs D2 line [106]. Another well-explored approach to study
the internal structure of highly-excited D levels of alkalis and measure their
energy makes use of Doppler-free two-photon spectroscopy [107, 108].

In this chapter, we analyze Doppler-free hyperfine spectral lines of the
Cs 6S1/2 − 5D5/2 electric quadrupole transition, as observed via three-level
V-type nonlinear spectroscopy [109, 110, 111] on the 6P− 6S− 5D coupled
system. We investigate the polarization properties and optical pumping
processes responsible for the electric quadrupole spectral line intensities, and
demonstrate the important role played by transit time on interpretating our
spectra. In Section 6.2, we explain the Cs energy levels of interest, followed
by the optical setup, paying attention on the saturation intensities of the
pump and probe beams. We also explain the procedure for obtaining the
frequency scale for our electric quadrupole spectral line from the fluorescent
spectra of the electric quadrupole transition. In Section 6.3, we explain the
structures in our Doppler-free spectra for two of our polarization - independent
spectra. Subsequently, we calculate the signal strengths for the line intensities
in Section 6.3.1. Lastly, we discuss a polarization - dependent spectrum in
Section 6.4.

6.2 Experimental setup
To investigate Doppler-free spectroscopic characteristics on an electric quadrupole
transition, we address the 62S1/2 → 62D5/2 transition of Cesium at λ = 685 nm
(Figure 6.1). This electric quadrupole line has a transition rate of γ5D−6S =
2π· 3.5Hz, with a total decay time of the excited state dominated by the the
52D5/2 → 62P3/2 electric dipole line at 3.5 µm of 2π· 124 kHz [103]. To mon-
itor Doppler-free lines at 685 nm, we have adopted a pump-probe three-level
spectroscopy approach [109, 110] in which population changes induced in the
62S1/2 ground state by a 685 nm laser are monitored on the 62S1/2 → 62P3/2

line transmission at λ = 852 nm (Figure 6.1). The radiative linewidth of the
852 nm transition is γ6P−6S = 2π· 5.2MHz.

The schematic of the experiment setup is depicted in Figure 6.2. The
852 nm External Cavity Diode Laser (ECDL) is frequency locked onto one
of the hyperfine transition of the 62S1/2 → 62P3/2 line, using a saturated
absorption side-experiment performed on an auxiliary room-temperature
Cesium Vapor cell (cell 1 of Figure 6.2). The locking technique is explained
in Section 3.6. We also address the 685 nm transition using an ECDL. The
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Figure 6.1: Cesium energy levels and transitions of interest.
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Source: Reprinted with permission from [2], Publisher: The Optical Society
(OSA)
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685 nm laser beam is amplitude-modulated at 18 kHz using an Acousto-Optic
Modulator (AOM) operating at 80MHz. Beams from both 852 nm and 685 nm
are focused to a beam waist of 125 µm inside a 5 cm long room-temperature
main Cs vapor cell in a counter-propagating configuration. Considering solely
fluorescence decay, the saturation intensity of the electric quadrupole line is
Is =

2π2

3λ3 h̄c
γse
5D

2

γ5D−6S
∼ 2 Wcm−2, where γse

5D = 2π· 124 kHz is the fluorescence
rate of 52D5/2 state which almost exclusively comes from the 52D5/2 → 62P3/2

electric dipole line at 3.5 µm [112]. The 685 nm laser has an output power of
11mW and a minimum beam waist around ω0 = 125 µm. So the maximum
laser intensity attainable is I ≈ 40 Wcm−2 which should be above the
saturation intensity of the transition. However one should note that the
saturation intensity is increased by transit broadening of atoms tranversing
across the laser beams where the transit relaxation rate, γt ∼ 〈v⊥〉/w0 ≈
1.8γse

5D with the transverse mean thermal velocity across the laser beam,
〈v⊥〉 ≈ 170 ms−1, and the beam waist, w0 ≈ 125 µm. Thus the effective Is

is increased by a factor of ≈ (γt+γse
5D)2

γse
5D

2 ∼ 8. The 852 nm peak laser intensity
is 2mW/cm2, i.e. below saturation intensity of 2.7mW/cm2. The 18 kHz
modulation amplitude, transfered onto the 852 nm transmission via three-level
saturation spectroscopy, is then extracted using a lock-in amplifier. These
transmission spectra are recorded as functions of the frequency of the 685 nm
laser, with the 852 nm laser frequency locked.

The 685 nm frequency, scanned over the Doppler profile is monitored
by collecting the fluorescence at 852 nm in a second auxiliary vapor cell
operated at temperature, T = 55 ◦C (Cell 2 in Figure 6.2). The 685 nm
frequency scale is calibrated by comparing the fluorescence spectra obtained
with zeroth and first order AOM diffracted beams. With only the 685 nm
light, the fluorescence signal at 852 nm comes from the radiative cascade
52D5/2 → 62P3/2 → 62S1/2. An example of a fluorescence spectrum is shown
in Figure 6.3. The 685 nm laser is tuned to the F = 4 hyperfine ground
state. Thus according to the selection rules of a quadrupole transition, the
F = 4 → F ′ = 2, 3, 4, 5&6 lines can be observed. Those transitions are not
resolved in Doppler spectroscopy due to the small hyperfine splitting of the
52D5/2 state. However the asymmetry of the fluorescence spectrum is a clear
signature of the presence of several transitions. Moreover, we calculate the
transitions relative intensities, which are given by the Wigner 6− j symbol,
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Figure 6.3: Fluorescence spectrum at 852 nm (dashed red curve) where only
the 685 nm laser beam is present. The solid blue curve is a fit composed of
five Gaussian profiles (red curves). The dashed vertical lines correspond to
the relative position of the hyperfine structure. The origin of the frequency is
taken at the F = 4 → F = 6 resonance.
Source: Reprinted with permission from [2], Publisher: The Optical Society
(OSA)

92



6.3. Pump probe results and interpretation

using the Wigner-Eckart theorem (J, F → J ′, F ′)[113]:

SQ
FF ′ = (2F ′ + 1)(2J + 1)

{
J J ′ 2
F ′ F I

}2

, (6.1)

with I = 7/2. We now place a Gaussian profile for each hyperfine transition at
its correct relative frequency separation (see Figure 6.3) with a relative weight,
given by Equation (6.1). Using a global frequency shift and an identical width
for the Gaussians as the two free fitting parameters, we are able to recover
the experimental profile of the fluorescence signal at 852 nm with an excellent
agreement.

6.3 Pump probe results and interpretation
Two variations of the experiment are presented here. In the first variation, we
frequency locked the 852 nm probe laser to the 6S1/2(F = 4) → 62P3/2(F

′ = 5)
transition whereas the 685 nm laser is scanned across the 62S1/2(F = 4) to
52D5/2(F

′) multiplets. The Doppler-free spectra for the first type is shown in
Figure 6.4. Since the lasers at 685 nm and 852 nm are sharing the same F = 4
ground state, the signal is revealed mainly through optical de-pumping of
this state. Thus the transmission signal at 852 nm will be in-phase with the
18 kHz modulation leading to a positive, i.e. emission-like spectrum, as seen in
Figure 6.4. The 685 nm light couples the hyperfine transitions satisfying the
quadrupole transition selection rules, i.e. −2 ≤ ∆F ≤ 2. Thus the excitation
spectra are on the F = 4 → F ′ = 2, 3, 4, 5&6 lines.

In the second variation, we frequency locked the 852 nm probe laser to
the same 62S1/2(F = 4) → 62P3/2(F

′ = 5) hyperfine transition and scan the
685 nm laser across the 62S1/2(F = 3) to 52D5/2(F

′) multiplet. The spectrum
is shown in Figure 6.5. The 685 nm and 852 nm lasers are not sharing the
same ground state and the signal is solely due to the optical re-pumping to
the ground state. This is observed as an absorption-like spectrum that is in
antiphase with the 18 kHz modulation. Here the optical re-pumping from
the ground state F = 3 to the ground state F = 4 is done through a 685 nm
absorption event followed by a 52D5/2 → 62P3/2 → 62S1/2 radiative cascade
event. Both absorption and radiative decays events have the same −2 ≤
∆F ≤ 2 selection rules. Thus only the four F = 3 → F ′ = 2, 3, 4&5 lines of
the electric quadrupole transition are observed, whereas the F = 3 → F ′ = 1
transition is missing since it cannot decay back to the 62S1/2 F = 4 state.
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Figure 6.4: Doppler free spectra with 852 nm light locked on 62S1/2(F =
4) → 62P3/2(F

′ = 5) and 685 nm light scanned across the 62S1/2(F = 4) to
52D5/2(F

′ = 2–6) transitions. Peaks marked with S correspond to sideband
contributions from the 62S1/2(F = 4) → 62P3/2(F

′ = 4) transition for a
non-zero velocity group. The blue solid curve corresponds to the spectrum
where the 685 nm and 852 nm beams polarizations are perpendicular. The
dotted dashed curve is for parallel polarizations. The dashed black curve is a
fit of Equation (6.2) with α = 0.56.
Source: Reprinted with permission from [2], Publisher: The Optical Society
(OSA)
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Figure 6.5: Doppler free spectra with 852 nm light locked on 62S1/2(F =
4) → 62P3/2(F

′ = 5) and 685 nm light scanned across the 62S1/2(F = 3) to
52D5/2(F

′ = 2–5) transitions. We use the same notation as in Figure 6.4
Source: Reprinted with permission from [2], Publisher: The Optical Society
(OSA)
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6.3. Pump probe results and interpretation

Small amplitudes transmission peaks, appearing on the red side of the main
resonances (marked with S in Figures 6.4 and 6.5) are sideband resonances.
They correspond to the 6S1/2(F = 4) → 6P3/2(F = 4) transition resonantly
excited for a non-zero atomic velocity group[109, 110]. Taking into account
the different Doppler shifts, we find a frequency shift between the two sets
of resonances of ~k685/~k852 × ∆5−4 = −312MHz, where ∆5−4 = 251MHz is
the F = 5− F = 4 hyperfine splitting of the 62P3/2 excited state. Since the
laser beams are counter propagating, the sidebands lie on the red side of the
resonances. We like to mention that with co-propagating beams, the shift
would be on the blue side of the main resonances.

In these two cases, we use only linear polarization for both lasers and we
observe that the spectra do not depend on the relative polarization of the
pump and probe lasers. We attribute the polarization independence of the
spectra to the near-equivalence of linearly polarized radiation to an isotropic
light probe for F = 4− F ′ = 5 excitation, which results in the lack of dark
Zeeman states in the ground state of the probe beam. This allows us to
consider that the line intensities now only depend on the hyperfine transitional
strength factors SQ

FF ′ of electric quadrupole absorption line (Equation (6.1)),
and electric dipole emission line strengths. The full calculation for the two
variations is given in Section 6.3.1.

6.3.1 Characterization of the pump - probe signal
In this subsection, we calculate the pump - probe line intensities by considering
the depopulation and repopulation in the 6S level. The signal strength can
be written as

S(F1, F, F2) = δF1,F2S
Q
F1F

− α
∑
F ′′

SQ
F1F

SD
FF ′′SD

F ′′F2
, (6.2)

where F1 is the hyperfine ground state 62S1/2(F1) de-pumped by the 685 nm
laser, F is the hyperfine excited state 52D5/2(F ), F ′′ is the hyperfine interme-
diate state 62P3/2(F

′′) in the decay process, F2 is the final hyperfine ground
state 62S1/2(F2) of the decay channel, δi,j is the Kronecker delta, SD

F ′F ′′ is the
electric dipole emission line strengths as given by

SD
F ′F ′′ = (2F ′′ + 1)(2J ′ + 1)

{
J ′ J ′′ 1
F ′′ F ′ I

}2

. (6.3)
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6.3. Pump probe results and interpretation

The sum is over the 62P3/2(F
′′) hyperfine levels (F indicates the pumped

52D5/2 hyperfine state) and

α =
γse
5D

γt + γse
5D

, (6.4)

is a re-pumping ratio which takes into account the transit relaxation rate due
to transit time of atoms through the laser beams, γt. This transit relaxation
is mainly effective in the long-lived 5D state.

An increase in the transit relaxation rate diminishes the re-pumping back
to the ground state (the second term in Equation (6.2)). The transit relaxation
rate may be approximated roughly by γt ∼ 〈v⊥〉/w0. With the transverse
mean thermal velocity across the laser beam, 〈v⊥〉 ≈ 170 ms−1, and the beam
waist, w0 ≈ 125 µm, we predict α ≈ 0.4.

To check our theoretical calculation in Equation (6.2), we fit our Doppler-
free spectra in Figures 6.4 and 6.5 with Voigt lineshapes (See Equation (3.13)
for the Voigt expression we use), with the Gaussian linewidth as one of
the fitting parameters and the Lorentzian linewidth as 852/685× γ6P−6S ≈
2π· 6.6MHz, where the ratio 852/685 is the difference in wavenumbers
between the wavelengths at 685 nm and at 852 nm [109, 110]. The Voigt profile
amplitudes correspond to the signal strengths calculated from Equation (6.2).
The fitting parameters are a global amplitude, the Gaussian linewidth and
the repumping ratio α. If F1 = F2 (same hyperfine ground state), the line
intensity depends on both de-population and re-population pumping, as well
as on the transit time relaxation.

As shown in Figure 6.4, a very good match is obtained for α = 0.56± 0.02
(i.e. γt = 1.8γse

5D) a value not far from the rough estimate above. Note the
major role of transit broadening. In its absence (α = 1), the repopulation in
the F = 4 ground state [after electric quadrupole excitation to the 52D5/2(F =
6) level] should exactly cancel the depopulation pumping (inside the close
three-level system, F = 4 − 6 − 5 − 4). The observation of the F = 6
resonance (Figure 6.4) is a direct evidence for the transit time influence
responsible for losses in the optical pumping process. On the other hand, for
the F1 6= F2 cross resonances (Figure 6.5), there is no optical pumping on
the ground state and the overall spectrum amplitude depends only on signal
strengths of all the possible channels of the repopulation, which is the second
term of Equation (6.2). As shown in Figure 6.5, a very good agreement is
obtained considering only the signal strengths of the repopulation. From the
experimental fits, we find the Gaussian linewidth to be about 15MHz. The

97



6.4. Polarization dependency in the spectrum

extra broadening may be due to the 852 nm power broadening, collisions and
the 685 nm laser jitter.

6.4 Polarization dependency in the spectrum
In the previous section, we only consider the hyperfine line strength transitions
in our evaluation of our pump-probe data. It explains the spectra in Figures 6.4
and 6.5 that do not show polarization dependencies between the pump and
the probe. In this section, we perform another set of experiment by frequency
locking the 852 nm laser to the 62S1/2(F = 4) → 62P3/2(F

′ = 4) transition
whilst scanning the 685 nm laser across the 62S1/2(F = 4) to 52D5/2(F

′)
multiplets. Similarly to the spectra in Figure 6.4, the signal is mainly
due to optical de-pumping of the shared ground state which resulted in
an emission-like spectrum. However, in contrast to the 62S1/2(F = 4) →
62P3/2(F

′ = 5) transition, we observe a higher ”emission” spectrum for
orthogonal polarization between the 685 nm and 852 nm beams than that
for parallel polarization between the two beams for the excitation of the
62S1/2(F = 4) → 62P3/2(F

′ = 4) and 62S1/2(F = 4) → 62P3/2(F
′ = 3)

transitions. The spectrum is shown in Figure 6.6. The difference in the
spectra between the two polarizations suggests that the transition strengths
and populations of the magnetic sublevels of the shared ground states in
62S1/2(F = 4) play a role in the experiment.

We propose one possible interpretation for the discrepancy between the
spectra for the two polarizations. We choose the electric field axis of the 685 nm
pump as the quantization axis of the atoms. For parallel polarization between
the two beams, the selection rule for 852 nm probe is ∆mF = 0. The selection
rule prevents the excitation by the probe from 62S1/2(F = 4, mF = 0) to
62P3/2(F

′ = 4, m′
F = 0). This creates a dark state in themF = 0 ground state.

For excitation from 62S1/2(F = 4, mF = ±4) to 6P3/2(F
′ = 3) is not possible

and therefore there are also dark states in mf = ±4. In contrast, the selection
rules dictate that coupling from all mF s states from 62S1/2(F = 4, mf = ±4)
to 62P3/2(F

′ = 5) are allowed. For perpendicular polarization, the selection
rule for 852 nm probe is ∆mf = ±1. There are no dark states for couplings
from 62S1/2(F = 4) to all three hyperfine states in 62P3/2(F = 3, 4, 5). The
absence of dark states in perpendicular polarization is in contrast to the
parallel polarization. This could explains the higher optical de-pumping
signals in the perpendicular signals. For a full analysis of the signal stength
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Figure 6.6: Doppler free spectra with 852 nm light locked on 62S1/2(F =
4) → 62P3/2(F

′ = 4) and 685 nm light scanned across the 62S1/2(F = 4) to
52D5/2(F

′ = 2–6) transitions. Peaks marked with S correspond to sideband
contributions from the 62S1/2(F = 4) → 62P3/2(F

′ = 5) transition from a
negative non-zero velocity group. Peak 6S overlaps with peak 3. Peaks
marked with T correspond to sideband contributions from the 62S1/2(F =
4) → 62P3/2(F

′ = 3) transition from a positive non-zero velocity group.
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one requires to consider the optical de-pumping across the Zeeman states by
the pump beam, the optical re-pumping by the 52D5/2 → 62P3/2 → 62S1/2

two-steps decay as well as electric dipole transition probabilities of the Zeeman
states:

S(F1, F, F2) =
∑

mF2
,mF ′′

σmF2
(F1, F, F2)|〈62S1/2F2mF2 |Dλ|62P3/2F

′′mF ′′〉|2

(6.5)
where σmF2

(F1, F, F2) is the population distribution across the Zeeman ground
statesmF2 locked by the 852 nm probe, Dλ is the electric dipole matrix element
for 852 nm with polarization λ. σmF2

(F1, F, F2) can be solved by rate equations
approach [114, 115] and interpreting the Doppler-free non-linear spectroscopy
considering the magnetic sublevels can be a project for future research.

6.5 Conclusion
We have observed Doppler-free spectral lines on the Cs 62S1/2 − 52D5/2 tran-
sition and analyzed properties such as the selection rules and saturation
intensities in Section 6.3.1. In a more general case in which optical pump-
ing and dark states in ground state Zeeman levels are non-negligible, the
electric quadrupole absorption depends on the relative polarization of the
pump and probe. This is discussed in Section 6.4. Optical pumping of
our three level Raman-type electric quadrupole transition pump - probe
can be a topic of interest for future studies. In addition, comparison of
electric quadrupole absorption between using Gaussian light beams (our
case) and using Laguerre-Gauss (LG) beams could also be done. Angular
momentum conservation in matter-light interaction involves photon spin
only in Gaussian light beams. In the work presented here, one thus ex-
pects to induce ∆M = ±1 transitions in electric quadrupole absorption
at 685 nm. If instead one uses focused Laguerre-Gauss (LG) beams, one
expects that orbital angular momentum of light can be absorbed and thus
produce ∆M = 0,±1,±2 transitions[116, 117]. These could be observed via
electric quadrupole Zeeman transitions in applied magnetic fields. electric
quadrupole transitions can be monitored in zero-electric-field regions of LG
beams and should allow one to map their spatial intensity distributions[117].
This chapter also paves the way for further investigation on the influence of
near-field surface potentials on electric quadrupole line emission, which is the
topic of interest in Chapter 7 where we will attempt to monitor the atom
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response on electric quadrupole transitions in the vicinity of metamaterials.

This chapter is an adaptation from Optics Letters 41(9),2005-2008 by Chan
et al., under OSA’s ”Copyright Transfer and Open Access Publishing Agreement”
(OAPA). Exclusive licensee - The Optical Society (OSA). Some addition and
revision of the original text are done.
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Chapter 7

Coupling of electric quadrupole
transition with localized surface
plasmon

7.1 Motivation
The plasmon - atom interaction has been investigated in Chapters 4 and 5
through resonant coupling on an atomic dipole transition. In Chapter 4, we
demonstrate tuning of Casimir-Polder force on a dipole transition by coupling
with metamaterial. In Chapter 5, we miniaturize the atom-plasmon interface
to a fiber tip. There are interest to access higher order transitions wherein
some of them are energetically isolated, and can be addressed individually,
far-off resonance from strong electric dipole transitions. Accessing them opens
up plethora of possibilities in terms of enabling new atom/light coupling,
and possibly new cooling techniques in cold atomic physics. However, in free
space the coupling constant of an emitter of order n diminished according to
α(2πa0/λ)

n [118], α is the fine structure constant, a0 is the characteristic size
of the emitter, λ is the wavelength of transition in freespace. Higher order
transitions are thus usually considered as forbidden transitions. Nevertheless,
close to a plasmonic surface, the electromagnetic field is hybridized with
surface modes, and its effective wavelength diminishes leading to higher
transition rates for the forbidden transitions. Rivera and co-authors suggested
two-dimensional materials with large confinement factors [119] at a very
close distance. In this extreme regime, all transitions could have similar
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oscillator strength, conducting to a deep modification of the excitation and
emission spectrum of atoms which could be exploited for tests of the quantum
electrodynamic theory in some regimes never obtained so far. Positioning
an atom that close to a two-dimensional material could prove to be an
experimental challenge. Instead, in this chapter, we report on the observation
of electric quadrupole excitation of a cesium atomic vapor at the vicinity of a
metallic metamaterial. Here, the confinement of the plasmon modes is weaker
but still sufficient to observe a strong enhancement. More precisely we aim
to observe enhancement effect due to higher electric field gradients, as it was
proposed with plasmon modes at the vicinity of metallic nano-rods [27].

The metamaterial-vapor system is probed using selective reflection spec-
troscopy techniques in a pump - probe configuration as introduced in Chap-
ter 6. In Section 7.2, we discuss the experimental setup. In particular,
we use a pump/probe technique which consists of a pump laser, tuned at
685 nm excites both a plasmonic resonance of the metamaterial and the ce-
sium 62S1/2 − 52D5/2 electric quadrupole transition and a probe laser that
probes the induced modification of the atomic ground state population 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. Surprisingly, we did
not observe an enhancement effect with respet to a bare dielectric interface.
Then, in Section 7.3, using selective reflection theory derived in Section 2.2,
we shows that simplifying the metamaterial as a homogenous material with
complex refractive index is sufficient to explain the pump-probe spectrum.
The subwavelength light confinement of the metamaterial does not seemed
to play a role because the localized surface plasmons have large wavevector,
coupled with atom vapor with high velocities (Doppler broadening) washes
out the enhancement effect on the selective reflection spectrum, as shown
in theoretical calculations using full description of the electric fields in Sec-
tions 7.5 and 7.6. The remaining effect of the the Doppler broadening suppose
to create an offset in the selective reflection spectrum as shown in Section 7.7
but it is difficult to observe experimentally due to systematic errors in the
experiment.

7.2 Experimental Setup
A general sketch of the experimental setup is shown on Figure 7.1(a). A
vacuum chamber is brought at a temperature of 90◦C, and filled up with
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cesium atoms at saturated vapor pressure. The typical atomic density is
8× 1012 cm−3. The atomic density is determined from optical transmission
spectroscopy narrated in Section 3.7. The design of the vacuum apparatus
is discussed in Section 3.1. On a fused-silica viewport, a periodic pattern of
nano-slit metamaterial is engraved (See Section 3.2.2). The period and the
unit cell structure (Metamaterial 11 in Table 3.1) are designed such that the
metamaterial host a fundamental resonant plasmonic mode at 615 nm, almost
coinciding with the cesium 62S1/2− 52D5/2 electric quadrupole transition (See
Figure 7.1(b-c).

All the relevant spectra are obtained using a pump-probe technique.
A weak 852 nm probe laser is frequency locked on the 62S1/2(F = 4) −
62P3/2(F

′ = 5) hyperfine transition (cesium cell 1 in Figure 7.1(a) us-
ing a Pound-Drever-Hall circuit discussed in Section 3.6. In addition, an
intensity-modulated 685 nm pump laser is scanned across the 62S1/2(F =
4)− 52D5/2(F

′ = 6) hyperfine transition, see Figure 7.1(c). When the pump
laser is at resonance, both lasers addressed the zero velocity class. As a result,
the ground state population is periodically decreased by the pump laser and
modify the probe laser interaction with the vapor. Then, we demodulate
the probe signal at the pump intensity modulation frequency, to provide a
sensitive and ideally background-free detection technique of the ground state
population. A pump-probe setup (Details are presented in Chapter 6) is
employed in transmission through a vapor cell for frequency reference purpose
(cesium cell 2 in Figure 7.1a). A second pump-probe setup performs selective
reflection spectroscopy on the atoms-metamaterial system (vacuum cell in
Figure 7.1a). The two laser beams are co-propagating and pump laser beam
has a waist of 150 µm, probe laser beam is imaged with 200 µm by 200 µm
mask on the metamaterial with imaging setup in Section 3.3. The reflected
beams go across a colored and an low-pass interference filter to remove the
685 nm beams and detect solely the 852 nm beam. In practical a small frac-
tion of the 685 nm light (∼ 10−7 of the incident power) will be also detected
and demodulated, which lead to an unwanted global offset of the selective
reflection signal.

Using selective reflection spectroscopy, we analyze the reflection properties
of the probe laser at 852 nm at an interface between the cesium vapor and,
either a dielectric, or the surface metamaterial. The pump-probe setup allows
us to observe the weak modification of the reflection coefficient induced by
exitation at 685 nm on the 852 nm beam. A direct observation of selective
reflection signal on the quadrupole transition, using a cesium vapor is possible
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Figure 7.1: (a) Sketch of the experimental setup (b) Reflection spectrum
of the metamaterial. (c) Cesium energy levels and transitions of interest.
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but would require much higher atomic density. The pump-probe selective
reflection signal improvement is roughly given by the bare excited linewidth
ratio γ(62P3/2)/γ(5

2D5/2) ' 40. This signal improvement goes with a broad-
ening of the selective reflection signal imposed by the large dipole transition.
The broadening of the signal is seen in the experimental results in Section 7.3.

The observed relative modification of the reflection coefficient is of the
order of 10−8 and have required several days of continuous integration. To
avoid frequency drifts of the 685 nm laser during acquisition, we record the
pump-probe transmission signal of the bulk reference cell (see Chapter 6) The
centre-of-mass of the spectrum is calculated in real time (at a rate of 5 s−1)
to find 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.

7.3 Selective reflection and mean-field inter-
pretation

We first consider a single interface between a homogenous dielectric material
and the atomic vapor, see Figure 7.2. After some algebra, discussed in
Section 2.2.5, one substitute Equation (2.33) into Equation (2.20) and taking
Boltzmann velocity distribution 1/(

√
πū)ev

2
z/ū

2 , where ū is the thermal velocity
and we include the modulation of shared ground state Πg by the electric
quadrupole transition as a product in the integral, one finds that the effective
susceptibility of the vapor for selective reflection at normal incidence reads :

χ̄(δ) = iN
2µ2

d√
2πε0h̄ū

∫ +∞

0

dvzΠg
e−v2z/2ū

2

γd/2− i(δd − kdvz)
(7.1)

where ε0, h̄ are the vacuum permittivity and the Planck constant respectively.
µ, γ, δ, and k are the atomic dipole moment, the bare linewidth of the excited
state, the frequency 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. On the other hand, the absence of subscripts
indicates that we consider the electric quadrupole transition 62S1/2 − 52D5/2.
To simplify our theoretical approach, we disregard the fine and hyperfine
structure of the transitions, the van der Waal surface interaction. Moreover,
we use the weak field limit where the laser intensity is below the saturation
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7.3. Selective reflection and mean-field interpretation

Vapour

Vapour n

n

685 nm 852 nm

852 nm685 nm

(a) (b)

Figure 7.2: Geometry of the laser beams at; (a) the dielectric-vapor interface,
and (b) the dielectric-metamaterial-vapor interface. In the mean-field approx-
imation, the metamaterial is replaced by a homogenous material which as
the same index of refraction and attenuation coefficient. U-arrows on meta-
material layer indicates that only single reflection from metamaterial-vapor
interface is considered because of large absorption in metamaterial (see text
for more details.)
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7.3. Selective reflection and mean-field interpretation

intensity. The asymmetry in the velocity integration in Equation (7.1) is a
consequence of the presence of the interface. N is the atomic density and Πg

is the ground state (62S1/2) population density. In presence of the 685 nm
pump laser, one has

Πg = 1− I

2Is

γ2

4(δ − kvz)2 + γ2
. (7.2)

for vz ≤ 0 and unitary when vz > 0, I = TI0 ' 0.2Wcm−2 is the modulated
pump laser intensity and Is = 2Wcm−2 the saturation intensity. I0 is the
incident laser intensity and T = 4n1/(n1 + 1)2 ' 0.96 the intensity transmis-
sion coefficient 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 in Equation (7.1) where δD(x)
is the Dirac δ-function. Under this approximation the susceptibility takes the
following analytical form,

χ̄(δ) = χ̄0 − i

√
πµ2

d

ε0h̄v̄

I

2Is

γ

κk

e−δ2/2kū2

γ/(2κ) + iδ
Θ(−δ). (7.3)

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. χ̄0 = iN

2µ2
d√

2πε0h̄ū

∫∞
0

dvz e−v2z/2ū
2

γd−i(δd−kdvz)
is

the pump intensity independent part of the effective susceptibility which does
not contribute to the demodulated selective reflection signal and is regarded
as a constant in our experiment. The effective susceptibility, depicted in
Equation (7.3), has a simple physical interpretation. For δ ≤ 0, it corresponds
to the susceptibility of an atomic ensemble at rest with a bare linewidth of γ/κ.
For δ > 0 the susceptibility is zero (see dashed black curve in Figure 7.3a).

Since the medium is diluted, χ̄ � 1, and the vapor index of refraction is
n ' 1 + χ̄/2. Thus, the intensity reflection coefficient of the probe is

R = |r0|2 + 2Re{r∗0ρχ̄}, (7.4)

where r0 = (n1 − 1)/(n1 + 1) is the amplitude reflection coefficient without
atomic vapor and ρ = dr/2dn|n=1 = −n1/(n1 + 1)2. The demodulated
signal corresponds to the variation of the intensity reflection coefficient,
∆R = 2Re{r∗0ρχ̄}, due to the atomic vapor and in presence of the 685 nm
pump laser. Since r0, and ρ are real quantities, the demodulated signal is
proportional to the real part of χ̄ (see Equation (7.4). On Figure 7.3(b), we
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7.3. Selective reflection and mean-field interpretation

show the relative reflection coefficient ∆R/〈R〉 of the probe laser at 852 nm
as function of the pump 685 nm laser frequency. 〈R〉 corresponds to the mean
intensity reflection coefficient (DC component of the reflected signal). Since
part of the reflected 685 nm laser is also detected, the demodulated signal
shows a significant offset signal which has been numerically removed. The
theoretical curves are given by inserting Equation (7.1) into Equation (7.4),
and retaining only the demodulated term proportional to I. The experimental
signal is in very good agreement with the expected theoretical prediction
(see black dashed curve on Figure 7.3(b). However, we have to artificially
broaden the pump transition to 1MHz, and probe transition to 20MHz.
These extra transition broadening might be due to atom-atom collisions, and
Casimir-Polder interactions, as it was reported in similar studies [80, 1, 120],
and might be due as well to finite pump laser linewidth.

On Figure 7.3(c), we show the selective reflection signal obtained for the
dielectric - metamaterial - vapor interface. We observed similar features
than for the dielectric-vapor interface, indicating that no further frequency
broadening mechanisms are at play on the selective reflection signal. We
observe as well an 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-field approximation of the
metamaterial. It consists of replacing the metamaterial by an homogenous
material which has the same thickness and the same far-field transmission
and reflection properties. Using FDFD comsol simulations, we find that
the homogenous material is characterized by a complex index of refrac-
tion of n2 ' 0.02 + i3.65 at the probe wavelength 852 nm. The total in-
tensity transmission of the metamaterial layer at 852 nm is predicted at
Td = n1 |4n2/ [(n1 + n2)(n2 + 1)]|2e(−2Im{n2}kdL) = 0.1 in agreement with the
measured value of 0.13. Here L = 50 nm is the metamaterial thickness. Since
2Im{n2}kdL ' 2.7, the absorption in the metamaterial material is large and
only one passage in the metamaterial is considered ( multi reflections can be
ignored), see illustration in Figure 7.2(b). We follow this approximation, to cal-
culate the reflection coefficient of the dielectric-metamaterial-vapor interface
and found: r0 = (n1 − n2)/(n1 + n2) and ρ = −4n1 (n2/ [(n2 + 1)(n2 + n1)])

2

e(−2in2kdL). Here, r0 and ρ are complex quantities, meaning that the general
selective reflection signal, given by Equation (7.4), with metamaterial is a
mixture of the absorptive (imaginary) and reactive (real) part of the atomic
susceptibility. At the pump frequency a plasmonic resonance is present leading
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Figure 7.3: Experimental (red) and theoretical (dashed black) curves as func-
tion of the 685 nm laser frequency detuning. The frequency origin corresponds
to the 62S1/2(F = 4)− 52D5/2(F

′′ = 6) hyperfine transition. (a) Real part of
the effective susceptibility given by Equation (7.3). The linewidth corresponds
to γd/κ = 6.5MHz. The blue curve corresponds to the susceptibility of a bulk
atomic ensemble at rest. (b) Relative reflection coefficient. The experiment
is performed on a dielectric-vapor interface. (c) Relative reflection coefficient.
The experiment is performed on a surface metamaterial-vapor interface. The
selective reflection signal is weaker for the metamaterial in agreement with
the mean-field approximation.
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7.4. Atomic simulation at steady state

to a large total transmission coefficient, measured to be T ' 0.77. Following
the same procedure than depicted earlier for the dielectric-vapor interface,
we estimate the quantity ∆R/〈R〉, see black-dashed curves in Figure 7.3c. A
same fitting parameter for the overall amplitude of the theoretical curves, is
used for both the dielectric, and metamaterial cases.

The mean-field approximation gives an very good prediction of the selective
reflection signal on the dielectric-metamaterial-vapor interface. At first sight,
it seems a surprising result because the mean-field approximation washes out
the surface plasmon (surface plasmons) modes which give a large contribution
to the electromagnetic field at the vicinity of the metamaterial-vapor interface.
Since the selective reflection signal comes from atoms located within a short
distance k−1

d from the interface, we would expect large contribution of the
surface plasmons field to the selective reflection signal as well. Moreover,
the surface plasmons modes are localized around the nano-slits which favor
strong electric field gradient for larger coupling to the quadrupole transition.
However, as shown in Figure 7.5, the surface plasmons modes are characterized
by large wavevector parallel to the metamaterial-vapor interface. Thus, their
contribution to the atomic response is Doppler broadened which results in a
moderated global offset of the selective reflection signal, difficult to observe
in the experiment (See Section 7.7). Therefore, only the propagating mode,
which is normal to the interface, contributes to the selective reflection signal.
This propagating mode corresponds also to the far-field contribution of the
metamaterial, and it remains unchanged in the mean-field approximation. It
explains why the mean-field approximation gives the correct prediction for
our experiments.

7.4 Atomic simulation at steady state
In the experiment, we scan the frequency of the 685 nm laser across the
6S1/2 → 5D5/2 electric quadrupole transition and we probe the 6S1/2 → 6P3/2

dipole transition by selective reflection (selective reflection) spectroscopy on
the surface of metamaterial with a 852 nm laser. More precisely, the 852 nm
laser is locked onto the F = 4 → F ′ = 5 hyperfine transitions and the 685 nm
laser is scanned across the F = 4 → F ′′ = 6 hyperfine transitions. Both lasers
are co-propagating in the same direction. The pump - probe levels schematic
is shown in Figure 7.1(a). In this section, we show that the contribution to
the probe signal is given by the depopulation of the ground state and present
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7.4. Atomic simulation at steady state

the optical Bloch equations for the electric quadrupole transition coupling.
Subsequently, in Sections 7.5 and 7.6, we explore the depopulation effect
of the ground state and the modulation on selective reflection probe signal
by the quadrupole transition on a system of hot atomic vapor tranversing
parallel to the metamaterial surface by decomposing the standing plasmon
near field into Fourier components and solving for optical Bloch equations.

7.4.1 Coherence of the 3-levels system
In this subsection, we show that the coherent effect is limited by the relatively
short relaxation time of 6P3/2 → 6S1/2 transition, and the effect on selective
reflection coherence is purely due to depopulation effect on the shared ground
states between the dipole and quadrupole transitions.

We use the Bloch equations of 3 level atomic vapor system that have
been studied extensively by Ducloy, Leite and Feld [110]. To simplify the
calculation, we ignore the hyperfine and magnetic sublevels of the atomic state
and assume a simple 3-levels V type system, which is sufficient to understand
the coherence and population dynamics on the system.

Illustrated in Figure 7.4(b), we denote the ground state 6S1/2 by subscript
0, the probe excited state by subscript 1 and the pump excited state by
subscript 2. The coherence of the 852 nm, 6S1/2 → 6D3/2 transition, labeled
as σ01, which gives the selective reflection probe signal in Equation (7.1), is
affected by three processes, 1) coherent effect via coupling of σ12 with Rabi
frequency Ω2, 2) decay channel through the 5D5/2 → 6P3/2 → 6S1/2 and 3)
depopulation of the shared ground state σ00.

The optical Bloch equations in the rotating wave approximation leads to:

˙σ00 − γ1σ11 − γ2σ22 = −1

2
iΩ1(σ01 − σ∗

01)

− 1

2
iΩ2(σ02 − σ∗

02)

˙σ11 + γ1σ11 − γ2σ22 =
1

2
iΩ1(σ01 − σ∗

01) (7.5)

˙σ22 + γ2σ22 =
1

2
iΩ2(σ02 − σ∗

02)
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˙σ01 + L1σ01 =
1

2
iΩ1(σ11 − σ00) +

1

2
iΩ2 ˙σ21

˙σ02 + L2σ02 =
1

2
iΩ2(σ22 − σ00) +

1

2
iΩ1σ21

˙σ21 + L∗
21σ21 = −1

2
iΩ1σ02 −

1

2
iΩ2σ

∗
01 (7.6)

where σ̇ij = dσij/dt,
L1 = γ01 + i(δ1 − k1v)

L2 = γ02 + i(δ2 − k2v) (7.7)
L21 = γ21 + i[δ2 − δ1 − (k2 − k1)v]

In Equations (7.5) to (7.7), Ω1 and Ω2 are Rabi frequencies of probe and
pump respectively. γi is the spontaneous emission rate and γij = (γi + γj)/2
is the coherence relaxation rate, δi is the corresponding detuning, ki is the
wavevector of states i, j respectively, v is the atomic velocity.

Under the weak probe limit (Ω1 � γij), the solution to Equations (7.5)
and (7.6) can be expanded in zeroth and first series expansions of σij with
respect to Ω1.

The zero-order solutions correspond to Ω1 = 0, where the probe field is
absent and σ

(0)
11 = σ

(0)
01 = σ

(0)
21 = 0. The steady state solutions σ̇ij

(0) = 0 on
the pump are

σ
(0)
02 =

Ω2

2

δ2 + iγ2/2

(δ2 − k2v)2 + Ω2
2/2 + γ2

2/4
(7.8)

σ
(0)
22 =

Ω2
2

4
(
(δ2 − k2v)2 + Ω2

2/2 + γ2
2/4

) (7.9)

which are the steady state solutions for a two-level atomic system.
The first-order solution with Ω1 6= 0, is sufficient to induce coherence on

the probe transition σ
(1)
01 but not sufficient to induce population change on

the the probe excited state σ
(1)
11 .

The first order expansion solutions are driven by pump depopulation σ
(0)
22

and pump coherence σ
(0)
02 . The steady state equations are

L1σ
(1)
01 =

1

2
iΩ1(σ

(0)
11 − σ

(0)
00 ) +

1

2
iΩ2σ

∗(1)
21 (7.10a)

L∗
21σ

(1)
21 = −1

2
iΩ1σ

(0)
02 − 1

2
iΩ2σ

∗(1)
01 (7.10b)
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The first term on the right-hand-side of Equation (7.10a) describes the
response of the probe field to the depopulation on ground state by the pump
and is independent of the coherences. The second term describes the response
due to the coherences of the 3-level system.

The steady state values may be obtained by substituting the pump co-
herence and population from Equations (7.8) and (7.9) into Equation (7.10).
Optical detunings and atom velocity are assumed to be zero for illustration
purpose. The solutions then are

σ
(1)
01 = Ω1

(
− Ω3

2σ
(0)
02 + 2iσ

(0)
00 L2(Ω

2
2 + 4L21L

∗
1)

+ 4Ω2L
∗
1L

∗
21σ

∗(0)
02

)/(
Ω4

2 − 16|L1|2|L21|2
)

(7.11)

σ
(1)
21 = Ω1

(
Ω3

2σ
(0)
00 + L∗

1(−2iΩ2
2σ

∗(0)
02 + 4Ω2L21σ

(0)
00

+ 8iL1L21σ
(0)
02

)/(
Ω4

2 − 16|L1|2|L21|2
)

(7.12)

In this first order solution, it is assumed that the probe beam is weak
enough such that the population is not modified by the probe. Solution in
Equation (7.11) shows that in our cesium 3-levels transition, the increases in
coherence with pump intensity depends mostly on the depopulation of ground
state. This is because the coherence is largely washed out by the strong
coherence relaxation from 5D5/2 to 6P3/2 given by an average of the lifetimes
of the decay channel, which is 2.6MHz compared to the long lifetime of
the depopulation by σ02 which is 0.1MHz. This ground state depopulation
versus coherence dominating behavior is shown in Figure 7.4. In the figure,
modification on the probe due to depopulation only (black, dotted curve) is
σ01 = 2iΩ

(0)
1 σ00L2/(Ω

2
2 − 4L1L

∗
21) and the blue, solid curve is plotted using

Equation (7.11). This diminished coherence effect is in contrast with the
inverted V 3-levels system, at which coherence effect is dominant because of
the similar lifetimes between the different transitions [45].

7.4.2 Depopulation of the 685nm pump
We show in Section 7.4.1 that the major contribution to the probe excitation
comes from the ground state pump depopulation. In this section, the general
optical excitation formula for a L = 0 to L = 2 electric quadrupole transition
and only the final depopulation at steady state expression is considered. The
excitations of the fine and hyperfine structures could easily be calculated using
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Figure 7.4: (a) Increase in |σ01| with pump intensity for depopulation contri-
bution (black, dotted) and both depopulation and coherency coupling (blue,
solid). Is is the saturation intensity of the pump. The probe intensity assumed
is a hundredth of probe saturation intensity. The bottom curve in red shows
the difference between the black and blue curve. The difference between the
two is less than 1%. (b) Energy levels of the 3 levels system. Numbering in
magenta at each energy levels corresponds to the respective subscript labels
in the optical Bloch equations.
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the Wigner-Eckart theorem but the our aim is to have a general understanding
of the coupling between the atomic vapor and the plasmon modes. For this
purpose taking L = 0 to L = 2 transition is sufficient. It is assumed in
this section onwards that all atomic parameters are referring to the electric
quadrupole transitions.

The solutions of the optical excitation on the atomic states is given in
terms of the density matrix by the optical Bloch equation,

˙̂σ =
1

ih̄
[Ĥ, σ̂] + ˙̂σvac (7.13)

Ĥ = −eQ : ∇E is the Hamiltonian of the electric quadrupole optical
coupling, σ̂ is the density matrix and ˙̂σvac is the decoherence matrix. The
matrix elements of Equation (7.13) are the followings:

Hii = h̄δ

Hij = h̄Ωij , i 6= j

˙σvacii = −h̄γσii

˙σvacij = −h̄γσij , i 6= j & i 6= 0

˙σvac00 = −h̄γ
∑
ii

σii , i 6= 0

˙σvaci0 = −h̄γσi0/2 , i 6= 0 (7.14)

γ is the spontaneous emission rate from L = 2 to L = 0 state, δ is the
laser detuning. In Equation (7.14), the first and second equations define the
diagonal and off-diagonal elements of the electric quadrupole Hamiltonian;
the third and fifth equations define the diagonal elements of the decoherence
matrix; the fourth and ixth equations define the off-diagonal elements of the
decoherence matrix. Ωij is the Rabi frequency of the states i, j which for
L = 0− L = 2 transition is expressed as:

Ω2m′
l
= C〈Y2m′

l
|Q
r2
|Y00〉 : ∇E (7.15)

where Y2m′
l
is the spherical harmonics component of the atom wavefunction,

Q/r2 is the quadrupole operator, : is the double dot product and ∇E is
the Jacobian of the electric field. C is a constant that contains the radial
part of the wavefunction which does not interact with the electric quadrupole
Hamiltonian. Subscript 2,ml are the azimuthal, magnetic numbers of the
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L = 2 excited state respectively, Subscript 00 denotes the ground state
quantum number.

We solve the optical Bloch equations in Equation (7.14) with electric
quadrupole Rabi excitation defined in Equation (7.15). In Sections 7.5
and 7.6, the optical Bloch solutions over our metamaterial surface is given.

7.4.3 Electric field parameters for the simulation
The local Jacobian of electric field, ∇E(z)is imported from Comsol (Femlab)
simulation of silver plasmonic structures, corresponding to the structures used
in our experiment. The simulate of the structures consists infinite 2D period
of slits on silver layer. The thickness of the silver is 50 nm. On top of the
silver is 8 nm of silicon dioxide layer. Below the silver is 1 µm thick of silicon
dioxide substrate. The slits are 129 nm in length and 90 nm in width with
a periodicity of 283.8 nm, this correspond to a plasmonic resonance peak of
λp = 685.2 nm. Monochromatic light with intensity of 1.3× 10−17mWcm−2,
much lower that the saturation intensity of Cs 6S1/2 → 5D5/2 transition
(Is = 2π2

3λ3 h̄c
γse
5D

2

γ5D−6S
∼ 2 Wcm−2, where γse

5D = 2π· 124 kHz is the fluorescence
rate of 52D5/2 state) is normally incident on the structure.

7.5 Steady state solutions using Fourier ex-
pansion

In this section, we decompose the electric fields into its Fourier components
and using assumption of weak field limit, we sum up the contributions of the
field components to the depopulation of ground state independently. Such
a treatment is valid as long as the Rabi frequency is much smaller than the
linewidth of the transition.
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Figure 7.5: Two-dimensional Fourier transform of the three components of
the electric field, in logarithmic scale. The left (resp. middle, and right) panel
represents the Ẽx (resp. Ẽy, and Ẽz) Fourier component of the electric field.
The surface plasmons field is characterized by wavenumber larger than k0 the
free space wavenumber. The propagation field corresponds to the origin of
the Ẽy component.

7.5.1 Fourier components of the quadrupole factor
Considering a metamaterial located at the z = 0, the electromagnetic-field
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)

× e−i(pksfx x−ωt+φn)e−i(qksfy y−ωt+φm). (7.16)

The first right-hand side term in Eq. (7.16) corresponds to the propagating
transmitted field. This field is polarized along y-axis as the incident field.
The second term is due to the surface plasmons waves. The components
~E(p,q)(z) exponentially decay with a characteristic reciprocal length given
by kp,q = ksf

√
p2 + q2. The metamaterial is composed of a periodic array

of nano-slits, so the wave-number of the fundamental modes of the surface
plasmons wave is ksf = 2π/Λ, where Λ = 284 nm is the length of the square
unitary cell. Moreover, the surface plasmons waves are stationary, thus
~E(p,q)(z) = ~E(−p,−q)(z). The Fourier components of the surface plasmons field
extracted from Comsol simulation is shown in Figure 7.5.

Fourier theorem dictates that ∇E is equivalent to the integral of the
fourier components of the electric field gradient along the xy surface. Since
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∇E is periodic and varies within each unit cell, finite Fourier series is needed
to capture the information of the electric field. In discrete Fourier series,

∇E = −k0E0 sin (k0z − ωt)ŷ −
∑

p,q 6=0,0

∇E(p,q)(z)

× e−i(pksfx x−ωt+φn)e−i(qksfy y−ωt+φm) (7.17)

Both the gradient of the propagating field and surface plasmons field are
contained in the summation. p and q are the indices of the Fourier components
in x and y axes respectively.

Following the definition of Rabi frequency in Equation (7.15), the square of
Rabi frequency for one angular momentum, m′

l is written in indices notation

Ω2
2m′

l
= |〈Y2m′

l
|Q
r2
|Y00〉 : ∇E|2 = Ω2

02m′
l

+
∑
pq

∑
p′q′

∑
ij

∑
i′j′

Q
2m′

l
ji Q

∗2m′
l

j′i′

(
dEi

dxj

)
pq

(
dEi′

dxj′

)∗

p′q′

× e−ipksfx xeip
′ksfx xe−iqksfy yeiq

′ksfy y (7.18)

i, j denote summation over the Cartesian axes of the Jacobian. Ω2
02m′

l

=

k2
0Q

2m′
l
2

zy E2
0 cos (k0z − ωt)2 is the Rabi frequency from coupling with propagat-

ing field, Q2m′
l

ji is the matrix element for the quadrupole operator in cartesian
direction i, j. The double summation over p, q and i, j arises from taking
the absolute amplitude square on the Rabi frequency.

The mean response of the atom along the surface ¯Ω2
2m′

l
is the integral of

Ω2
2m′

l
over the unit cell area A:

Ω̄2
2m′

l
=

∫∫
A

Ω2
2m′

l
dxdy = Ω2

02m′
l
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(7.20)

Dirac delta functions δp,p′ and δq,q′ apply because of the orthogonality of
Fourier components. This simplifies the summation indices p, q, p′, q′ over
kx and ky components.
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7.5. Steady state solutions using Fourier expansion

Next, we calculate the steady state excited state populations. In the
simpler case of two levels system, from Equation (7.9), in a weak field limit
( Ω2 � γ2) wherein the ground state population is weakly depleted by the
pump, the excited state population can be approximated to be

σ22 =
Ω2

2

4(δ − kv)2 + γ2
(7.21)

and the ground state population Πg is,

Πg = 1− σ22 (7.22)

In this regime, the response is linear with respect to the Ω2
2.

For L = 0 → L = 2 states, we have contributions from m′
l = 0, ±1, ±2 ,

the excited population σ2m′
l
of m′

l state for an an atom with velocity v is,

σ2m′
l
(v) =

Ω2
02m′

l

4δ2 + γ2
+

∑
p,q 6=0,0

Ω2
2m′

l
(p, q)

4(δ − pksf
x vx − qksf

y vy)2 + γ2
(7.23)

where Ω2
2m′

l
(p, q) is defined in Equation (7.18) and the ground state population

depletion is summed over all excited states in the weak field limit,

Πg(v) = 1−
∑
m′

l

σ2m′
l
(v) (7.24)

To check the validity of the expression Equation (7.19), we calculate the
mean Rabi frequency Ω̄2

2m′
l
twice; once by spatial integration from Equa-

tion (7.18) and another by integration in Fourier space from Equation (7.19).
Both Rabi frequencies are substituted into Equation (7.24) for the case of
atoms with zero temperature v = 0 in the near field of metamaterial. Both
methods give the same ground population. The results are shown in Figure 7.6.

We observe a six order of magnitude enhancement on the electric quadrupole
transition by coupling with the near-field of our metamaterials between atoms
with v = 0 at z = 0.02λ and atoms in free space . Figure 7.7 illustrates
the magnitude of enhancement for atoms with v = 0 calculated with Equa-
tion (7.24).
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7.5. Steady state solutions using Fourier expansion
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Figure 7.6: Red, dotted line is calculated from an 2D spatial average of the
Rabi frequency along the metamaterial surface (Equation (7.18) in Equa-
tion (7.24)) and blue, solid line is calculated from summation of Rabi frequen-
cies in k space (Equation (7.19) in Equation (7.23). Distance of the atoms
from the metamaterial surface is 0.02λ, λ = 685 nm. Both methods show the
same depopulation Πg value.
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7.5. Steady state solutions using Fourier expansion

-1 -0.5 0 0.5 1
 (MHz)

-58

-56

-54

-52

-50

-48

-46

-44

lo
g(

1 
- 

g)

Figure 7.7: Blue, solid curve is the depopulation of ground state for atoms at
z = 0.02λ, λ = 685 nm. Red, dotted line is the depopulation of ground state
for atoms at z = 3.56λ where the near field evasnescence is negligible.
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7.5. Steady state solutions using Fourier expansion

7.5.2 Simulation of thermal averaged atoms
In this subsection, we will take into account the velocity distributions of our
ensemble of hot atoms in our calculations.

The mean ground population of the atom at a finite temperature is

Πg = 1− σ̄22

= 1− Ω2
0

4δ2 + γ2

− 1

2πū2

∫∫ ∞

0

dvxdvye
−

v2x+v2y

2ū2

×
∑
m′

l

σ2m′
l
(v) (7.25)

where the velocity dependent excited state population σ2m′
l
(v) is defined in

Equation (7.23). The double integration averages the contributions from
thermal atoms with velocities vx and vy parallel to the surface. The z
component velocity, vz is ignored here because selective reflection technique
on the probe in our experiment only detects atoms flying parallel to the
surface.

In our experiment on top of metamaterial, the Doppler width is much
larger than the natural linewidth. In this limit, the Lorentzian profile can be
approximated as a dirac delta function in the integral of Equation (7.25) and
the equation is simplified as

Πg ' 1− Ω2
0

4δ2 + γ2
−

√
π

2

1

2γv̄

∑
p,q 6=0,0

Ω2
2m′

l
(p, q)

kp,q
e( − δ2

2k2
p,qv̄

2
) (7.26)

where kp,q =

√
pksf2

x + qksf2

y is the amplitude of the wavevector.
Equation (7.26) gives the average response of thermal distributed atoms.

The ground state population at z = 12 nm = 0.02λ is calculated and shown
in Figure 7.8(a). The central peak with full-width-half-maximum (FWHM) of
γ = 2π.124 kHz, comes from the propagating electric field and is independent
of the vertical position of the atoms. This can be seen by the same amplitude
of central peak in the near field and farfield in Figure 7.8(a) and (b). The
high kp,q components of near field electric fields, results in a large Doppler
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7.6. Comparison with optical Bloch evolution

broadened background. A fit to a Gaussian profile suggests the FWHM width
to be 1.7GHz at T = 90◦C. We do integration of the total population area
under the spectrum for the v = 0 and the thermal distribution case Figure 7.6
and Figure 7.8(a) and they are verified to be the same. This shows that the
strong enhancement by localized fields are present (See Figure 7.7) but is
spreaded out in the frequency space.

7.6 Comparison with optical Bloch evolution
Alternative method of obtaining the depopulation of thermal averaged atoms is
to time evolve the ordinary differential equations in Equations (7.13) and (7.14)
across the electric field of our metamaterial. We use it as a formal check of
our previous approach. The density matrices of atoms for various velocities
are set to evolve until the populations and coherences reach steady state
values. A demonstrative example for the evolution to a steady state is shown
for v = 1ms−1 in Figure 7.9(b). The velocity-dependent density matrices are
then integrated according to the Boltzmann distribution of velocities and the
thermal average values of depopulation is calculated against laser detuning.
In this section, we explain the steps taken for such a simulation.

7.6.1 Evolution of one atom tranversing across the meta-
material slits

An atom is set to travel through the middle of the slits (convention of
the direction of travel is chosen as y) at a vertical distance of z = 12 nm
with the surface, which corresponds to the same vertical distance of z =
0.02λ in Figure 7.8. First, the local Rabi frequencies Ωeq

2m′
l
(y) are calculated

with ∇E(y) from Equation (7.15). Various velocities of the atoms from
5 × 10−3ms−1 to 900ms−1of the atom are taken to account for Doppler
broadening. For each velocity v, the position of the atom y is now related to
the velocity by y = vt%Λ where t is the time of evolution, Λ is the period of
one unit cell and % denotes taking the remainder.

Optical Bloch equation is evaluated until it reaches a steady state. Fig-
ure 7.9 shows two such results for the optical Bloch evaluations. For demon-
stration purpose, we increase the intensity of the incident field for better
contrast in the curves for ease of viewing. We could see that the atom has
two different regimes of velocities; i.e. (a) adiabatic regime when the time
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7.6. Comparison with optical Bloch evolution
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Figure 7.8: (a) Logarithmic plot of depopulation of ground state at z = 0.02λ.
Central peak is a Lorentzian lineshape with linewidth γ and a Doppler broad-
ened background of 1.7GHz (Full width half-maximum). (b) Logarithmic
plot of depopulation of ground state at z = 3.56λ. There is a central peak of
the same magnitude with (a) but Doppler background is absent.
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7.6. Comparison with optical Bloch evolution
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Figure 7.9: The evolution of the states population labeled In blue - ml = 0;
In magenta - m′

l = 0; In green - m′
l = ±1; In red - m′

l = ±2. (a) Adiabatic
regime where each cycle corresponds to one unit cell. The speed of the atom
is v = 0.005ms−1. Laser detuning δ = 0 (b) Non-adiabatic regime where the
the states are insensitive to the field change and reach equilibrium quickly.
The plot corresponds to states where atoms have tranversed 8 cells. The
speed of the atom is v = 1ms−1 and the detuning δ = kdv where kd = 2π/Λ
where Λ is the periodicity of one unit cell.
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7.6. Comparison with optical Bloch evolution

(MHz)δ

Figure 7.10: Plot of ground population depletion (inverted) versus laser
detuning for slow velocities. Starting from bottomest curve to the top curve
- v = 0.005ms−1 to v = 0.170ms−1 in a step of 0.005ms−1. The velocity
distribution that contributes to the zero detuning is very small; i.e. the
depopulation on the first sideband is already 0.5MHz away from the center
for small v = 0.170ms−1.
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7.6. Comparison with optical Bloch evolution

period for one unit cell is much longer than the time constant of the transition
and (b) non-adiabatic regime where the opposite is true. Adiabatic regime
is the regime where the plasmonic mode is expected to give contribution
to the electric quadrupole pump-electric dipole probe signal and thus most
interesting to us. However, it is observed that the velocity group of atom
that stays in adiabatic regime is very small. Figure 7.10 illustrates that
only the atoms with v ≤ 0.005ms−1 would be in adiabatic regime and the
velocity groups with v > 0.005ms−1 would contribute to a Doppler broadened
background.

7.6.2 Detuning scaling of high velocity atom ground
population
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Figure 7.11: Plot of ground population depletion for v = 1ms−1 case that is
used as reference in the fit. There is a center dip with amplitude of 0.004
(150 times smaller than the first pair of sidebands) which is barely visible on
the graph. The atomic velocity is 1ms−1.

At high velocity in the non-adiabatic regime, where frequencies of the
first pair of sidebands are several magnitude larger than the linewidth, the
response of the atom is not sensitive to local electric field gradient but is
sensitive through Doppler effect to the speed at which it travels across each
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7.6. Comparison with optical Bloch evolution

unit cell. Thus there is merely translation of the frequencies of the sidebands
at multiples of v/Λ, where v is the speed of the atom and Λ is the period of
the unit cell and no change to the atomic linewidth. This allows us to take
one non-adiabatic simulation and scale it according to the atom velocity. The
computation of the optical Bloch equation thus only needs to be done once.
First, Lorentzian fits of the first four sidebands for the ground population
σgg are done on the lines for a nominal velocity 1ms−1. The fit is good with
around 10−4 in amplitude for the fit residue. The fifth sidebands onwards
have less than 10−4 amplitude, low amplitude than the accuracy of the fit
and are discarded. The sidebands and the fits are shown on Figure 7.11. The
fitting parameters are then used to construct the spectrum of atom velocity
that is more than vcut_off = 0.12ms−1. For atom velocity that is below vcut_off ,
the spectrum of the atom is calculated based on optical Bloch equation as
explained in previous section. Scaling the frequency of sideband works well,
which can be seen by low residues between the simulation data and scaled
spectra on Figure 7.12.

7.6.3 Inhomogenous broadening from velocity distribu-
tion

In the same spirit with Equation (7.25) in the previous section, the Doppler
broadening spectrum is given by

Πg(δ) =

∫ ∞

0

1√
2πū

e−
v2

2ū2 σgg(v, δ)dv (7.27)

It is a numerical integral of two terms: The first term is the one-dimensional
velocity distribution and; the second term is the ground population that
was evaluated in Sections 7.6.1 and 7.6.2. In our simulation, the summation
velocity interval ∆v from v = 0 to v = vcut off is finer at 0.005ms−1 and
coarser at 0.02ms−1 from vcut off to v = 900ms−1.

Red dashed curve in Figure 7.13 shows the ground population spectrum
calculated for T = 90◦C. The Doppler broadening causes the depletion of the
ground population at zero detuning to be about 70 times smaller than for a
stationary atom.
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Figure 7.12: Simulation (blue circle) compared with scaled spectrum (black
line) for (a) v = 10ms−1 and (b) v = 0.15ms−1. In both cases, the highest
residues observed (in red) is only ≈ 2× 10−3.
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7.6. Comparison with optical Bloch evolution
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Figure 7.13: Logarithmic plot of depopulation of ground state at z = 0.02λ.
The steady state solution obtained by Bloch evolution is plotted in red dotted
line. Steady state solution considered in previous subsection is plotted in
solid blue line (same data as Figure 7.8). Both simulations are done with
the same incident electric field magnitude. The difference between the two
curves at large detuning are likely because Bloch evolution is done on an 1 -
dimensional cross-section of the surface but steady state solution is calculated
on the whole 2 - dimensional surface. The inset shows the good agreement
near zero detuning between the two approaches. The fluctuation in red curve
are due to uncertainties/fluctuations when the evolution reaches steady states
in Bloch evolution.
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7.7. Contribution of surface plasmons waves to the selective reflection signal
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Figure 7.14: Enhancement of the ground state population depletion as function
of the distance from the from the metamaterial-vapor interface. 〈Πg〉 is the
spectral averaged ground state population. 〈Π0〉 is the spectral averaged
ground state population in vacuum.
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7.7. Contribution of surface plasmons waves to the selective reflection signal
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Figure 7.15: Real part of the effective susceptibility. The red (resp. dashed-
dotted blue) curve includes (resp. excludes) surface plasmons.
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7.7. Contribution of surface plasmons waves to the selective reflection signal

7.7 Contribution of surface plasmons waves
to the selective reflection signal

In Section 7.5, we assume a weak field limit and take a summation of all
the contributions of the electric fields to the steady state solutions for an
ensemble of hot atoms transversing on the 2D plasmonic surface. In Section 7.6,
evolution of the optical Bloch ODE equations (Equations (7.13) and (7.14)
until steady states are done on a 1D path on the plasmonic surface. Both
results are shown in Figure 7.13 for the case of z = 0.02λ. The comparison
shows that both methods are consistent. 2D simulations of the ODE were
not used because of the long computation time needed.

As shown in Figure 7.13, the spectra are characterized by a narrow
central peak with a z - independent amplitude confirming that it can be
attributed to the Doppler-free propagating component of the light field.
The surface plasmons field gives a Doppler broadened contribution of width
1.4 × 104 γ = 1.7GHz (FWHM value). In our experiment, the selective
reflection signal is roughly the averaged contribution of the atomic layers up
to a distance of z−1 = 135 nm. The surface plasmons field decays rapidly
with the distance z as it is illustrated on Figure 7.14, where we show the
frequency integrated ground state depletion as function of the z. Nevertheless
we observe large enhancement of the coupling if the atoms are located close
enough to the interface.

To get a general idea of the surface plasmons contribution to the selective
reflection signal, we plug the ground state depletion from the simulation into
Equation (7.1) for z = 70 nm, the typical distance for selective reflection
signal. We observe that the general shape of the effective susceptibility
remains unchanged, and the surface plasmons field mainly contributes to an
extra background (see Figure 7.15). The moderate offset, expected on the
selective reflection signal, makes the observation surface plasmons field very
difficult to isolated from other spurious sources of offset as the stray reflection
of the pump laser.
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7.8. Conclusion

7.8 Conclusion
We studied selective reflection spectroscopy of a weakly coupled electric
quadrupole transition using a pump-probe spectroscopy method. Here the
signal is probed on an electric dipole transition. We demonstrate in Sec-
tion 7.3 that using a dielectric-vapor interface, the selective reflection signal is
proportional to the susceptibility of an atom at rest for negative frequency and
it drops to zero for positive frequency. The effective linewidth of the selective
reflection signal is predicted to be the linewidth of the probe transition di-
vides by a factor 0.8 corresponding to the probe and pump wavenumber ratio.
On a dielectric-metamaterial-vapor interface, we observe similar selective
reflection signal with a reduction of the overall signal amplitude. Here, the
metamaterial is designed to have a plasmonic resonance at the vicinity of the
pump frequency. The overall signal reduction is in good agreement with a
mean-field model where the metamaterial is replaced by a homogenous mate-
rial. The model indicates that the enhancement of the coupling of the electric
quadrupole transition, due to large spatial variation of the surface plasmons
field, is not observed on the selective reflection signal. Using a complete
description of the electromagnetic field in Sections 7.5 and 7.6, we find that
the surface plasmons waves contribute to a Doppler broadened signal which
slightly offsets the selective reflection signal which is shown in Section 7.7.
One way to remove the Doppler broadening would be to transversally cool
the atomic vapor down to ∼ 5µms−1, corresponding to a Doppler broadening
equals natural linewidth of the Cs 6S2

1/2−6D2
5/2 electric quadrupole transition

of 124 kHz. In this case, a large increase in the quadrupole signal should be
observed.
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Chapter 8

Summary and Outlook

This final chapter highlights the main results presented in the previous chapters
and a discussion of future work for the atom-metamaterial experiments.

In Chapter 4, we report on the modification of van der Waals ∆C3

coefficient on Cesium atomic vapor between the states 62P3/2 and 62S1/2 for
atoms coupled with the plasmonic resonance of metamaterial. The presence
of imaginary ∆C3 is due to additional non-radiative decay channels into the
surface plasmon. Accompanied with the non-radiative decay is the observation
of near-vanishing attractive van der Waals potential of the aforementioned
energy levels. Our work is an experimental demonstration of tunability in the
atom-surface interaction unrestrained by the availability of natural material,
which would be useful in future atomic physics experiments near surfaces.

In Chapter 5, by performing selective reflection spectroscopy on a large
transverse area multimode optical fiber with metamaterial on fiber tip, we
observe a characteristic modification on the spectral lineshape due to the
coupling of atomic transition with the surface. By fitting the spectrum
with selective reflection theory, we extract the change in van der Waals
∆C3 coefficient due to the metamaterial surface and demonstrate that active
engineering of atom - surface interaction on optical fiber platform is possible.

In Chapter 6, we report on the first Doppler-free non-linear spectroscopy
on an electric quadrupole transition. We resolve the hyperfine structures on
the electric quadrupole transition by optical pumping on the transition and
probing on another electric dipole transition on a three level system with
linear polarizations. We show that for this V-type three level system and
the probe laser locked on the electric dipole 62S1/2(F = 4) → 62P3/2(F = 5)
transition, the spectrum can be explained by the optical de-pumping and re-
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pumping on the shared ground state hyperfine manifold with a fixed transition
time relaxation rate, which resulted in an ’emission-like’ spectrum. For a
three level system with no shared ground state, the spectrum is governed by
the optical re-pumping to the ground state of the electric dipole probe and
resulted in an ’absorption-like’ spectrum. In above two cases, the spectrum
are polarization-independent and the relative line intensities can be modeled
only depending on the hyperfine transitional strength factors of the electric
dipole and electric quadrupole lines. For a probe laser exciting on the electric
dipole 62S1/2(F = 4) → 62P3/2(F = 4) transition, the spectrum depends on
the relative polarization between the pump and the probe and we suggest
that optical pumping between the magnetic sublevels need to be considered.

In Chapter 6, we observe an enhancement up to 2 order of magnitude on
the electric quadrupole Cs62S1/2 − 52D5/2 685 nm transition due to excitation
from localized surface plasmon in our theoretical calculations. Experimen-
tally, we observe the coupling of the electric quadrupole transition with the
metamaterial by modulating the 685 nm excitation laser on our metamaterial
and detecting the modulated reflection on ground state population on an
overlapping 852 nm beam. The Doppler-free signal detected is explained as a
mixing of the absorptive and dispersive parts of the atomic suceptibility due
to coupling of the electric quadrupole transition with metamaterials. Overall,
the high thermal velocities of atom vapor mitigate the enhancement effect
of metamaterials on the atomic transitions, because of the subwavelength
localization of electric field on metamaterials. One straightforward method
to counter the damping of enhancement would be to transversely cool the
atoms, where we would expect to see an enhancement in our reflection spec-
trum. Another possibility is to investigate the surface enhancement effect
in the Dicke regime, where the mean free path of the atoms is less than the
wavelength of the atomic resonance. In this regime, the Doppler-broadened
spectrum can be dramatically narrowed from frequent velocity-changing col-
lisions [121, 122]. The strong enhancement effects that are dispersed over
strong Doppler broadened signal could therefore possibly be observed on the
strongly Dicke narrowed line.

At the closing of this chapter, we highlight a possible direction of our future
work. One promising direction is the manipulation and imaging of single
atom using a sub-wavelength super-oscillatory spot created by metamaterial
[123]. Super-oscillation is termed as such because a band-limited function
could locally oscillate faster than its highest Fourier component [124]. The
concept of localizing cold atoms in sub-wavelength spots is first considered by

137



Balykin and coauthors [125] and subsequently investigated by few other groups
[126, 127, 128] in evanescent wave . However, experimental realization of atom
trap in the near-field evanescent wave requires overcoming techinical challenges
such as heating up of cold atoms by thermal noise of the surface and adiabatic
transfer of cold atoms to the nearfield structures. By trapping atom in the far-
field, we have the benefits of overcoming these technical challenges. Quantum
technologies applications such as single photon source and strong atom-light
coupling has been reported [129, 130] but so far only with conventional
imaging system which are diffraction limited. By trapping of atoms in sub-
wavelength spots, we achieve better transverse spatial localization and better
control of the atom position. This would result in better coupling efficiency of
the atom with light for quantum technologies application. Another promising
application is the imaging of a single atom with the sub-wavelength spot.
This has application in single site resolution adrressing of atoms trapped in
a two-dimensional lattices where interesting results such as quantum phase
transitions, strongly correlated systems, and single spin addressing have been
reported [131, 132, 133]. In the studies above, site addressing of atoms are
performed with a microscope objective with a large numberical aperture (N.A.
= 0.7− 0.8) which has stringent requirements on the optical alignment and
tolerances on the aberration-correction procedures. Short working distance
of high numerical aperture objective is also a major experimental constraint
in the system. Using sub-wavelength spot generated in the far-field from
metamaterial, similar resolution with a lower numerical aperture and higher
working distance is expected. This would greatly simplify the imaging system.
Currently, we have built a magneto-optical trap that trap about 105 atoms
in a volume of 0.01mm3 at a temperature of ' 50 µK. The next step would
be to transfer one atom from our cold atomic cloud into the sub-wavelength
trap and characterizing trapping performance. Experiment such as resonant
imaging on a single atom with a super-oscillatory beam is also planned.
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Appendix A

Appendices

A.1 Data sets for Casimir Polder forces con-
trol on Cesium electric dipole transitions

The full span of refractive indices n′ and factor r∗0ρ extracted from FDFD
simulation and ∆C3 coefficients from the spectra fit across the ten meta-
materials are given in Table A.1. Factor r∗0ρ is computed from n′ by using
Equation (4.6) and ∆C3 coefficients are fitted using Equations (4.2) to (4.6).
Refractive index of dielectric window used in the fit is nd = 1.45, correspond-
ing to the refractive index of fused quartz window and the metamaterial
thickness is taken to be 50 nm. r∗0ρ encapsulates the Fano resonance effect on
the metamaterial as is explained in Chapters 2 and 4. The full span of the
selective reflection spectrum of atoms across the ten metamaterials is shown
in Figure A.1. Signals for plasmon resonance λp, far-detuned from the atomic
transition, are considerably smaller than the spectra near coupled resonances
because of the low transmission of the metamaterial at λ = 852 nm (see for
example case λp = 973 nm in Figure A.1. From the fits to the data, we extract
the complex value of the ∆C3 coefficient shown in Figure 4.4 in Chapter 4.

This section is partly an adaptation from Science Advances 4:eaao4223 by
Chan et al., and is used under a CC BY-NC 4.0 license. Exclusive licensee - Amer-
ican Association for the Advancement of Science. Additions and modifications
of original text in:

1. Addition of the first three sentences at the beginning of the section.
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A.1. Data sets for Casimir Polder forces control on Cesium electric dipole
transitions
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Figure A.1: Selective reflection spectra (both in-phase and in-quadrature) of
the plain windows (blue dots at top curves) and of the ten metamaterials
(red dots) with plasmon resonances in Table A.1. Black lines correspond to
the fits to the data as explained in Section 4.3.3.
Source: From [Science Advances 4:eaao4223]. © Chan et al., some rights
reserved; exclusive licensee American Association for the Advancement of Science.
Distributed under a CC BY-NC 4.0.
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A.1. Data sets for Casimir Polder forces control on Cesium electric dipole
transitions

Table A.1: Table of parameters n′, r∗0ρ and ∆C3

# Resonance λ (nm) n′ r∗0ρ ∆C3 (kHz µm3)

1 973 0.4443 + 6.1613i -0.0215 + 0.0130i 4.6597
2 943 1.4140 + 8.0858i -0.0715 + 0.0344i 7.5551
3 898 5.8364 + 8.1683i -0.2792 + 0.2134i 5.3601
4 858 7.0015 + 4.8457i 0.2853 + 1.2968i 1.2419 + 10.1840i
5 820 6.2937 + 2.1464i 0.3530 - 1.1251i 6.3721 + 5.3302i
6 795 4.1938 + 1.0027i -0.1877 - 0.7492i 11.3780
7 770 2.7200 + 0.9165i -0.2631 - 0.5064i 6.3074
8 740 1.6244 + 1.0867i -0.2513 - 0.3549i 8.2030
9 707 0.5590 + 1.5098i -0.2216 - 0.2599i 5.8829 + 0.5181i
10 668 0.1378 + 2.3466i -0.1922 - 0.1995i 4.8429
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