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Quantum control of atoms at ultrashort distances from surfaces would open a new paradigm in quantum
optics and offer a novel tool for the investigation of near-surface physics. Here, we investigate the motional
states of atoms that are bound weakly to the surface of a hot optical nanofiber. We theoretically demonstrate
that with optimized mechanical properties of the nanofiber these states are quantized despite phonon-
induced decoherence. We further show that it is possible to influence their properties with additional
nanofiber-guided light fields and suggest heterodyne fluorescence spectroscopy to probe the spectrum of
the quantized atomic motion. Extending the optical control of atoms to smaller atom-surface separations
could create opportunities for quantum communication and instigate the convergence of surface physics,
quantum optics, and the physics of cold atoms.

DOI: 10.1103/PhysRevLett.126.163601

Obtaining optical control over individual atoms close to
surfaces would enable significant advances in fundamental
research. For instance, trapping atoms closer to a wave-
guide increases their coupling to the guided light fields. The
increased emission into the waveguide aids the exploration
of novel effects in quantum optics [1] and benefits powerful
light-matter interfaces useful for quantum communication
[2]. Moreover, the measurement precision of effects in
surface and near-surface physics such as dispersion forces
could profit from isotopically clean atomic probes with
well-defined initial conditions and long interrogation times
[3–8]. A detailed understanding of atom-surface inter-
actions is paramount, for example, in the search for non-
Newtonian forces [9] or surface-induced friction [10].
Precise control over the motional and electronic degrees
of freedom of atoms near surfaces would, therefore, provide
advantages for quantum optics and surface physics and
could ultimately enable the transfer of techniques between
these two disparate fields. At present, cold atoms can be
optically trapped at distances of a few hundred nanometers
from surfaces [11–20]. At shorter distances, attractive
dispersion forces dominate over conventional traps and
can lead to adsorption [21]. Conversely, the omnipresence
of dispersion forces has stimulated ideas to exploit them for
trapping atoms in the first place [22–24]. In previous works

on the optical control of adsorbed atoms [25–30], it
remained unclear whether the motional states are quantized
despite decoherence [31–33], and how to optimally probe
and manipulate this system.
Here, we propose an experiment to optically detect the

quantized motion of atoms bound directly to the surface of a
waveguide. We consider two cases: adsorbed atoms and
surface-bound atoms in a hybrid potential created by adding
an attractive optical force. We focus on weakly bound
motional states with binding energies corresponding
to a few megahertz since these states can efficiently be
probed with light. We account for the finite linewidth of
transitions between motional states, which is caused by
thermal vibrations (phonons) of the waveguide. We identify
a parameter regime in which the atomic motion normal to the
surface is quantized despite the interaction with phonons.
Interestingly, the linewidths are limited by phonon-induced
dephasing rather than state depopulation. We further show
that the spectrum of the quantized atomic motion can be
resolved using heterodyne fluorescence spectroscopy.
We consider cesium atoms bound to a silica nanofiber

[34–36] for the sake of concreteness. The existence of
adsorbed states of cesium on silica is undisputed [37–39].
However, the quantization of the adatoms’ motion normal
to the surface can only be observed if transitions between
different motional states have linewidths smaller than the
splitting between the transition frequencies in the absence
of vibrations. The interaction with phonons is the dominant
mechanism causing depopulation both for adsorbed [31,32]
and optically trapped atoms [40], and leads to dephasing
as well. We assume that the nanofiber forms a phonon
cavity of length L. Such a cavity provides control over the
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nanofiber phonon modes and could, for instance, be
realized by optimizing the nanofiber tapers [41]. To
calculate the total linewidth of transitions between the
motional states of an individual atom, we describe the
coupled dynamics of the atomic motion and the nanofiber
phonons using the Hamiltonian

Ĥ ¼ Ĥext þ Ĥphn þ Ĥext-phn: ð1Þ

The atom Hamiltonian Ĥext ¼ p̂2=ð2MÞ þ Vðr̂Þ describes
the motion of the atom of massM in the adiabatic potential
VðrÞ. The operator r̂ represents the distance of the atom
from the axis of nanofiber and p̂ the momentum of
the atom. The term Ĥphn describes the dynamics of the
nanofiber phonons, and the term Ĥext-phn accounts for the
atom-phonon coupling. It is sufficient to treat each atom
individually since the far-detuned probe laser subsequently
used for the spectroscopy does not induce long-ranged
atom-atom interactions mediated by the exchange of
resonant waveguide photons [42–44].
The potential VðrÞ arises from both optical dipole forces

[45,46] and surface effects [33,47]. We approximate the
total potential as VðrÞ ¼ VoptðrÞ þ VadðrÞ. Nonadditive
corrections are only relevant for sufficiently strong light
fields [48]. The potential VoptðrÞ can be calculated
[46,49,50]. In contrast to nanofiber-based two-color traps
[15,16], we consider a cylindrically symmetric potential
without a repulsive optical force to prevent the atom from
accessing the nanofiber surface. The adsorption potential
VadðrÞ is determined by the choice of atom species and
nanofiber material. It is predominantly due to the Casimir-
Polder interaction and the exchange interaction [21,51,52].
The attractive Casimir-Polder force (dispersion force)
dominates over optical forces at atom-surface separations
below a few tens of nanometers [46,47]. The exchange
interaction becomes relevant when electrons orbiting the
atom begin to overlap with electrons in the nanofiber
surface [21,51,53]. It causes a strong repulsion of the atom
immediately at the nanofiber surface. We model the
adsorption potential as

VadðrÞ ¼ −Cðr − RÞ−3 þDðr − RÞ−12: ð2Þ

Here, r is the radial distance of the atom from the nanofiber
axis and R is the radius of the nanofiber; see the inset in
Fig. 1(a). The first term in Eq. (2) is the dispersion force
between an atom and a half-space. This simplified model
neglects effects such as retardation and the nanofiber’s
cylindrical geometry, which do not qualitatively alter
the results presented in the following [54]. The constant
C > 0 can be calculated [56,59,60] and determined
experimentally. For a cesium atom and a silica surface
C=h ¼ 1.18 THz nm3 [61], where h is Planck’s constant.
The second term in Eq. (2) is a standard heuristic model for
the exchange energy [53]. The constant D > 0 can be

inferred from the minimum Vmin of the adsorption potential
VadðrÞ. We use Vmin=h ¼ −128 THz [37,38], which yields
D=h ¼ 96.5 kHz nm12. Importantly, the bound state
energies and spectral peaks presented in Figs. 2 and 3
quantitatively depend on the parameters C, Vmin, and the
exponent p ¼ −12 used in Eq. (2) and hence provide
information about the atom-surface interaction. At the same
time, our findings are qualitatively independent of these
details and still hold when using alternative models like an
exponential barrier [53] for the short-range repulsive
interaction [62].
In Fig. 1(a), we plot the potential VðrÞ. The hybrid light-

and surface-induced potential is realized by launching into
the nanofiber a circularly polarized, guided, running-wave
light field with a free-space wavelength of 1064 nm (red
detuned relative to the cesium D2 line) and a power
Pr ¼ 1 mW. We also show the potential of a typical
nanofiber-based two-color optical dipole trap for compari-
son; see the Supplemental Material for details [63]. We
assume a relative permittivity of ϵ ¼ 2.1 [79] and a nano-
fiber radius of R ¼ 305 nm [80].
The radial motional states have frequencies ων and wave

functions ψνðrÞ≡ ffiffiffi
r

p hrjνi that are obtained by solving the
time-independent Schrödinger equation:

�
−

ℏ2

2M
∂2
r þ VðrÞ

�
ψνðrÞ ¼ ℏωνψνðrÞ: ð3Þ

(a)

(b)

FIG. 1. Panel (a) shows the adiabatic potential as a function of
the atom-surface separation. The yellow line represents the
adsorption potential Vad, the red line a hybrid light- and sur-
face-induced potential, and the red dashed line the contribution of
the optical potential Vopt. The dash-dotted line corresponds to a
typical two-color optical trap for comparison. The inset illustrates
some key experimental parameters. Panel (b) outlines the
proposed setup for heterodyne fluorescence spectroscopy of
the motional states.
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Here, the index ν counts the motional quanta in radial
direction. The motion in azimuthal and axial direction can
be neglected [63], so Ĥext ¼ ℏ

P
ν ωνjνihνj. We solve

Eq. (3) numerically [81]. In Fig. 2, we plot the spectrum
ων and some example wave functions ψνðrÞ using
M ¼ 2.21 × 10−25 kg [83]. Figure 2(a) shows weakly
bound states with binding energies up to a few megahertz.
Figure 2(b) shows surface-bound states in the hybrid light-
and surface-induced potential. While the expected center-
of-mass position of an atom in these states is on the order of
100 nm, there is no potential barrier to keep the atom from
accessing the surface.
The phonon Hamiltonian is Ĥphn ¼ ℏ

P
μ ωμb̂

†
μb̂μ,

where μ is an index labeling the phonon modes and b̂μ
are the corresponding bosonic ladder operators. The
phonon modes of a nanofiber can be calculated analytically
[63,84]. The depopulation of the motional states in
nanofiber-based two-color traps is dominated by their
interaction with flexural phonon modes [40]. The
coupling primarily arises because the moving nanofiber
surface displaces the adiabatic potential [40]. The atom
experiences the shifted potential V½r̂ − ûrðR; φ̂; ẑÞ� [32,33],
where ûr is the radial displacement of the nanofiber surface
and r̂ ¼ ðr̂; φ̂; ẑÞ is the position operator of the atom in
cylindrical coordinates. To describe depopulation and
dephasing, we expand the potential to second order in
the phonon field. The zero-order term appears in Ĥext,
while higher orders form the interaction Hamiltonian
Ĥext-phn ≃ Ĥð1Þ

ext-phn þ Ĥð2Þ
ext-phn. At first order,

Ĥð1Þ
ext-phn ¼ ℏ

X
μν0ν

ðgμν0νb̂μjν0ihνj þ H:c:Þ: ð4Þ

At second order, we only retain terms describing resonant
elastic two-photon scattering, which yield the principal
second-order contribution to the broadening of motional
transitions [63]:

Ĥð2Þ
ext-phn ¼ ℏ

X
μν

Gμνb̂
†
μb̂μjνihνj: ð5Þ

The coupling rates are

gμν0ν ¼
iffiffiffiffiffiffi
2π

p Að1Þ
ν0νffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏρωμL
p

R
; Gμν ¼

1

2π

Að2Þ
νν

ρωμLR2
; ð6Þ

where ρ is the density of the nanofiber (ρ ¼ 2.20 g=cm3 for
fused silica [79]), and we define the phonon-induced
overlap between different states:

AðiÞ
ν0ν ≡

Z
∞

0

ψ�
ν0 ðrÞψνðrÞ∂i

rVðrÞdr: ð7Þ

The wave functions ψνðrÞ are normalized according to the
orthonormality condition

R∞
0 ψ�

νðrÞψν0 ðrÞdr ¼ δνν0 , where
δ is the Kronecker symbol. The coupling rates are small
compared to the transition frequenciesων0ν ≡ ων0 − ων; that
is, jων0νj ≫ jgμν0νj, jGμνj. Assuming further that the phonon

(a)

(b)

FIG. 2. Radial motional states of a cesium atom bound to a
silica nanofiber. Panel (a) shows adsorbed states, panel (b) hybrid
surface-bound states. We plot the corresponding potential V
(yellow) generated at power Pr of the fiber-guided light beam, the
spectrum ων=2π of motional states (dark blue), and two examples
of the atom wave function (red) in arbitrary units. The gray area at
r − R < 0 marks the position of the nanofiber.

(a)

(b)

FIG. 3. Spectrum of light inelastically scattered by nanofiber-
bound atoms. We plot the power of the scattered light as a
function of the frequency difference ω ¼ ωs − ωp of the probe
photon and the scattered photon. The scale P0 is explained in the
text. Panels (a) and (b) show sidebands due to transitions between
the states in Figs. 2(a) and 2(b), respectively.
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modes have large decay rates κμ ≫ jgμν0νj, jGμνj compared
to the coupling rates, the phonon modes can be adiabati-
cally eliminated to obtain an effective description of the
atom motion in the presence of the thermal phonon
bath [63].
One can then show that if a transition ν0 ↔ ν between

different motional states is externally driven, its resonance
has a finite phonon-induced linewidth (full width at half
maximum) of

Γν0ν ¼ Γð1Þ
ν0ν þ Γð2Þ

ν0ν ; ð8Þ

see Ref. [63]. Here, Γð1Þ
ν0ν ¼ Γd

ν0 þ Γd
ν is the broadening due

to depopulation of the two motional states caused by

phonon absorption and emission through Ĥð1Þ
ext-phn. The

depopulation rate Γd
ν ≃ Γ−

ν þ Γþ
ν of each state is dominated

by transitions to the nearest neighboring states. It is
beneficial to work with a short phonon cavity to minimize
Γν0ν. For our case study, we choose a cavity sufficiently
small such that the frequency ω1 ¼ π2R

ffiffiffiffiffiffiffiffi
E=ρ

p
=ð2L2Þ of

the fundamental cavity mode μ1 is larger than the transition
frequencies jωðν�1Þνj of interest. Here, E is the Young’s
modulus of the nanofiber (E ¼ 72.6 GPa for fused silica
[79]). In this limit, Γ�

ν is determined by the nonresonant
coupling to the fundamental mode. As a result,

Γ�
ν ≃ 4n̄

jgμ1ðν�1Þνj2
ω1

1

Q
; ð9Þ

where n̄ is the thermal population and Q ¼ ω1=κ1 the
quality factor. In deriving Eq. (9), we assume
n̄ ≃ kBT=ℏω1 ≫ 1, where T is the temperature of the
nanofiber and kB is the Boltzmann constant. The second
contribution in Eq. (8),

Γð2Þ
ν0ν ≃ 16n̄2

jGμ1ν
0νj2

ω1

Q; ð10Þ

is primarily caused by dephasing between the motional
states due to the resonant coupling to the fundamental

mode through Ĥð2Þ
ext-phn. Here, Gμ1ν

0ν ≡ ðGμ1ν
0 − Gμ1νÞ=2.

We assume a cavity of length L ¼ 5 μm and quality factor
Q ¼ 100. In this case, the linewidth is limited by dephas-

ing; that is, Γð2Þ
ν0ν ≫ Γð1Þ

ν0ν . Remarkably, Γν0ν can be small
enough such that transitions between the motional states
shown in Fig. 2 can be resolved as we now argue.
We propose to measure the spectrum of the quantized

nanofiber-bound states using heterodyne fluorescence
spectroscopy, see Fig. 1(b), which allows the observation
of the quantized motion of atoms in optical potentials [85].
To this end, a cloud of laser-cooled atoms is prepared
around the nanofiber. The nanofiber-bound states are in a
thermal equilibrium [31,32]. Laser light with a frequency

ωp far detuned from resonance with the atom is split into a
probe beam and a local oscillator; see Fig. 1(b). The probe
beam is coupled into the nanofiber with circular polariza-
tion. A guided probe photon can be scattered inelastically
by a bound atom through the evanescent electric field,
changing its frequency to ωs and causing the atom to
change its motional state from ν to ν0. This process creates
sidebands in the spectrum of the probe beam. After the
transmission through the nanofiber, the probe beam is
recombined with the local oscillator. The beat signal is
detected with a photodetector. The frequency of the local
oscillator is shifted by an offset Δω to separate the Stokes
and anti-Stokes sidebands, and its polarization is matched
to that of the probe beam. This setup is only sensitive to the
radial motion of bound atoms [63]. The power P of the
scattered light as a function of the difference ω≡ ωs − ωp
can be inferred from the spectrum of the photocurrent.
The spectroscopy can be modeled by the Hamiltonian

Ĥ0 ¼ Ĥ þ Ĥint þ Ĥpht þ Ĥint-pht; ð11Þ

where Ĥpht ¼ ℏ
P

η ωηâ
†
ηâη describes the nanofiber-guided

photon modes η and Ĥint-pht ¼ −d̂ · Êðr̂Þ is the dipole
coupling [63]. Here, Ê is the electric field and d̂ is the
dipole moment of a single atom. One can show that the
power of scattered light as a function of the frequency
difference ω is approximately [63]

PðωÞ ∝
X
ν;ν0≠ν

Γν0ν=2
ðων0ν − ωÞ2 þ ðΓν0ν=2Þ2

nðνÞjF ν0νj2: ð12Þ

Since the potential VðrÞ is not harmonic, this spectrum
contains a separate sideband for each transition ν ↔ ν0. The
amplitude of each sideband is proportional to the Franck-
Condon factor,

F ν0ν ≡
EηsEηp

ð2πÞ2
Z

∞

0

ψ�
ν0 ðrÞE�

ηsðrÞ · EηpðrÞψνðrÞdr; ð13Þ

where we define Eη ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏϵ0ωη=2

p
. Here, ϵ0 is the vacuum

permittivity, the index ηp (ηs) comprises the quantum
numbers of the nanofiber-guided probe (scattered) photon,
and EηðrÞ is the radial partial wave of the corresponding
electric mode field of the fundamental HE11 mode of a
nanofiber [86–88].
In Fig. 3(a), we plot the anti-Stokes sidebands corre-

sponding to downward transitions between the adsorbed
states shown in Fig. 2(a), assuming a nanofiber temperature
of T ¼ 300 K. The spectrum in Fig. 3(b) corresponds to the
hybrid surface-bound states shown in Fig. 2(b), assuming
T ¼ 420 K based on the power Pr [89]. In both cases,
transitions between neighboring levels are resolved.
Examples of such transitions are indicated by the dashed
lines. Transitions between levels that are further separated
in ν appear as smaller, interstitial peaks. In plotting Fig. 3,
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we choose a wavelength of 1000 nm for the probe laser and
approximate the occupation of all relevant states as equal
since the frequency interval they cover is much smaller than
kBT. The signal decreases for larger ω since the involved
states have a smaller spatial extent, resulting in lower
Franck-Condon factors. For this reason, we focus on states
with binding energies of a few megahertz. The additional
red-detuned light field increases the scattering probability in
Fig. 2(b) by widening the wave functions: The resonances
highlighted in Figs. 2(a) and 3(b) involve states with similar
binding energies, but the signal is increased in the latter case,
boosting resonances above P=P0 ¼ 1. Here, P0 is the power
of the sideband corresponding to transitions between the first
excited state ν ¼ 1 and the ground state ν ¼ 0 in the regular
nanofiber-based two-color trap shown in Fig. 1 [63], a signal
that has already been observed experimentally [90].
In summary,we analyze the spectrumandphonon-induced

linewidths of the motional states of a cesium atom bound
directly to the surface of an optical nanofiber.We find that the
phonon-induced linewidth of transitions between states with
binding energies of a few megahertz can be smaller than the
spacing of the transitions, allowing one to resolve quantized
motional states. We further propose to probe these states
using heterodyne fluorescence spectroscopy. An additional
attractive light field enhances the expected signal compared
to purely adsorbed atoms. When working at room temper-
ature, it is necessary to optimize the nanofiber’s mechanical
properties to resolve the quantization of the motional states,
which could explainwhy it has not previously been observed.
The proposed technique can be adapted for other waveguide
geometries, including chip-based implementations, and is
expected towork for other combinations of atom species and
waveguide materials.
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