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I. FIBER CHARACTERIZATION

A. Fiber diameter measurement

The tapered SiO2 nanofiber for the trap [1] is drawn from a
conventional optical fiber in a hydrogen-oxygen flame [2–4].
Fig. SM1 shows the radius r(z) as a function of axial coordi-
nate z from SEM measurements for a set of 8 fiber tapers. The
central region ∆z yields an average radius r(z) = 215 ± 10
nm for −3 < z < 3 mm, as shown in (b). The red curve
is a theoretical calculation for r(z) [2] with the relevant taper
pulling parameters and an effective heating length lH = 5.9
mm. Independent measurement gives lH = 6.1± 0.9 mm.

B. Polarization measurement

The set-up and procedure for measuring and optimizing
the polarization state of the nanofiber-guided fields are illus-
trated in Fig. SM2 [5, 6]. The angular distribution of the
Rayleigh scattered light emitted from the nanofiber is ob-
served by a CCD camera aligned perpendicular to the fiber
axis. For the radiation pattern I(ϕ) ≈ sin2(ϕ) of a dipole in-
duced by linearly polarized light, no light should be detected
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FIG. SM1: (a) The radius r(z) as a function of axial coordinate z
from SEM measurements for a set of 8 fiber tapers. (b) Radius r(z)
for the central region, which yields an average radius r(z) = 215±
10 nm for −3 < z < 3 mm.
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FIG. SM2: (a) Setup for polarization characterization of the fields
along the nanofiber. (b) Intensity I(z, θ) of scattering from the
nanofiber as a function of the angle θ of a half-waveplate for the in-
cident probe field and of distance z along the fiber axis. (c) Spatially
resolved visibility V as a function of axial position z.

along the direction that the dipoles oscillate (ϕ = 0, π). Since
the HE11 mode has a non-transversal polarization along the
fiber axis z, a polarizer (PBS) is placed in front of a CCD
camera to block z-polarized light. By rotating the angle θ
for the input polarization of the probe field with the half-
waveplate (λ/2) shown in Fig. SM2(a), a sinusoidal modu-
lation of the scattered intensity I(z, θ) is observed along the
z axis of the fiber. From I(z, θ), we determine the visibil-
ity V (z) = Imax(z,θ)−Imin(z,θ)

Imax(z,θ)+Imin(z,θ)
as a function of z along the

nanofiber as shown in Fig. SM2(c).
To describe these measurements, we use a simple model

based upon z-dependent birefringence in the fiber that results
in elliptical polarization for the transverse fields Ex,y along z.
From Fig. SM2(b) in the region of the atom trap, we deduce
that the principal axes of the polarization ellipse rotate along
z by an angle φ(z) ' φ0 +(dφ(z)/dz)δz, where φ0 describes
a possible offset from the symmetry axes of the trap (i.e., the
direction φ = 0 in Fig. 1 of Ref. [1]) and (dφ(z)/dz) =
12◦/mm gives the variation from this offset along z. From
fits to transmission spectra described in the next section, we
find that φ0 ' 16◦.

Fig. SM2(c) makes clear that there is a wide range of visi-
bility values V (z) for the probe beam along z. For our simple
model, we determine the ellipticity of the transverse polariza-
tion vector ~Ex,y(z) = (Ex(z), iEy(z)), which we describe by
the phase β(z) = arctan(Ey(z)/Ex(z)). Absent of trapped
atoms, the principal axes for the polarization ellipse also ro-
tate by an angle φ(z) along the nanofiber. From fits to trans-



-40 -20 0 20 40
0.0

0.2

0.4

0.6

0.8

1.0
 

 (MHz)

FIG. SM3: Measured transmission spectra T (N)
x (red points) and

T
(N)
y (black points) for x, y polarizations of the probe beam as func-

tions of the detuning δ from the |F = 4〉 ↔ |F ′ = 5〉 transition.
From theoretical fits of our model (full curves) that include the in-
terplay of spatially varying birefringence (as in Fig. SM2) and of
atomic absorption and dispersion along the nanofiber, we infer an
optical depth dN = 18 ± 2 with polarization offset φ0 = 16◦ ± 3◦

and β0 = 12◦.

mission spectra, we find that fixed β(z) = β0 provides an
adequate description of our measurements, with β0 ' 12±3◦

determined along the high-visibility region in Fig. SM2(c).

II. OPTICAL DEPTH ESTIMATION

To model the combined effects of the linear atomic sus-
ceptibility (i.e., absorption and dispersion) together with the
spatially varying birefringence along the nanofiber, we di-
vide the region 0 6 z 6 L into M ‘cells’ each of length
δz = L/M . Propagation through a cell at zj − δz/2 6 zj 6
zj + δz/2 is generated by the product of two transfer matri-
ces: (1) R̂(φ(z)) produces rotation of the polarization axes
from φ(zj) to φ(zj) + δφ, with δφ = (dφ(z)/dz)δz, and (2)
T (δ, dM ) specifies the propagation ofEx(zj), Ey(zj) through
the trapped atoms with detuning δ and optical depth dM for
the x, y polarizations [6]. Here dM = dN/M is the optical
depth of a single cell, and dN is the optical depth for the entire
sample of N atoms. For each cell, we take the ratio of reso-
nant optical depths to be d0,x/d0,y = 2.5 at the trap minimum
rmin = 215 nm, given by the asymmetry of the evanescent
HE11 fiber mode [6], where x, y refer to the coordinates for
the trap axis as in Fig. 1 of Ref. [1].

In correspondence to the results from Fig. SM2(b, c), the
input polarization to this sequence of cells is set to be ellipti-
cally polarized with angle β0 and offset φ0. After propagation
through the fiber in the absence of atoms, our experimental
procedure is to compensate the state of the output polariza-
tion with the transformation matrix R̂out to maximize the po-
larization contrast for the photo-detection after a polarization

beamsplitter aligned along x, y. Hence, in our model, a final
rotation R̂out follows propagation through the M cells before
projection of the output fields to obtain intensities Iout

x , Iout
y .

Figure SM3 displays measured transmission spectra T (N)
x,y

together with fits to the spectra by way of our model. The in-
put parameters for the theoretical spectra are the polarization
angle β0, offset φ0, and optical depth dN . Typically, we fix
β0 = 12◦ from our measurements of visibility and perform a
least-square minimization over φ0 and dN .

From fits to the data in Fig. SM3, we find dN = 18 ± 2
and φ0 = 16◦ ± 3◦ for β0 = 12◦. The quoted uncertainty for
dN includes the contributions from the statistical uncertainty
from the photoelectric detection statistics. A second example
comparing measured and theoretical transmission spectra is
given in Figure SM4, now for the x polarization at high optical
density. From fits to the data in Fig. SM4, we find dN =
43± 10 and φ0 = 16◦ ± 9◦ for β0 = 12◦.

The theoretical fits to the transmission spectra shown in
Fig. 3 of Ref. [1] have been obtained by applying this model.
From these and other fits to the measured transmission spec-
tra, we have consistently found that φ0 ' 16◦ ± 2◦ with fixed
β0 = 12◦. Numerically, we find that small variations in φ0
can be compensated by corresponding changes in β0 around
the optimal values found from the fits.

III. ESTIMATING THE NUMBER OF TRAPPED ATOMS

A generalized Beer’s law [5, 7],
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FIG. SM4: Measured transmission spectrum T
(N)
x (red points) for x

polarization of the probe beam as a function of the detuning δ from
the |F = 4〉 ↔ |F ′ = 5〉 transition. From a theoretical fit of our
model (full curve) that includes spatially varying birefringence (as in
Fig. SM2) and atomic absorption and dispersion along the nanofiber,
we infer an optical depth dN = 43 ± 10 with polarization offset
φ0 = 16◦ ± 9◦ and β0 = 12◦. The inset shows the measurement of
the power Pabs absorbed by the trapped atoms as a function of input
power Pin, with the number of trapped atoms, N = 564± 92.
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FIG. SM5: Expanded view of the insets in Fig. 1. (a) Azimuthal
Utrap(φ), (b) axial Utrap(z), (c) radial Utrap(r−a). Each black and
red line corresponds to different energy eigenstates of the ground
state 6S1/2, F = 4) and excited state (6P3/2, F

′ = 5), respectively.
Note that these curves are calculated from Eq. (2) with data from
Ref. [10] for atomic Cesium. More accurate and reliable data is
available in Ref. [11], with a comparison of potential curves based
upon Cs data from various sources in Ref. [12].

dP (z)

dz
= −nz

σ0
Aeff

P (z)

1 + P (z)/Psat
, (1)

describes the saturation behavior of a trapped atom. Here, the
saturation power is Psat = IsatAeff = 49.6 pW, effective opti-
cal mode area isAeff = 1.8 µm2, σ0 is the resonant absorption
cross-section, and nz = N/L is the atomic line density for a
sample length L = 1 mm.

For measurements as in Fig. 3(a) in Ref. [1], the number
of trapped atoms N = 224 ± 10 is deduced by fitting the
data with the solution of the generalized Beer’s law, Eq. 1.
Together with the optical depth dN = 18 ± 2 from the curve
(ii) of Fig. 3(b) in Ref. [1], we infer an optical depth d1 =
(7.8± 1.3)× 10−2 for a single atom.

Similar measurements taken in conjunction with the trans-
mission spectrum T

(N)
x in Fig. SM4 lead to an estimate N =

564±92 for the number of atoms trapped along the nanofiber.
Together with the total optical depth dN = 43± 10 from Fig.
SM4, we infer an optical depth d1 = (7.7± 2.2)× 10−2 for a
single atom.

IV. LIGHT SHIFT HAMILTONIAN

Following Ref. [8], we consider the Hamiltonian for an
atom interacting with an electric field ~E in the dipole approx-

imation, Ĥls = − ~̂d · ~̂E, where ~̂d is the electric dipole operator
and ~̂

E is the electric field operator. The Hamiltonian can be
decomposed into its Cartesian components parameterized by
the dynamic polarizability α(ω) [9]:

Ĥls = Ĥ0 + Ĥ1 + Ĥ2

= α(0) ~̂E(−) · ~̂E(+)

+iα(1)

(
~̂
E(−)× ~̂E(+)

)
· ~̂F

F

+
∑
µ,ν

α(2) 3Ê
(−)
µ Ê(+)

ν

F (2F−1)

[
1
2 (F̂µF̂ν + F̂ν F̂µ)− 1

3 F̂
2δµν

]
,

(2)
where α(0), α(1) and α(2) are the scalar, vector and tensor
atomic dynamic polarizabilities, ~̂E(+) and ~̂

E(−) are the pos-
itive and negative frequency components of the electric field,
~̂
F =

~̂
I +

~̂
J is the atomic total angular momentum operator,

with ~̂
I and ~̂

J the nuclear and electronic angular momentum
operators, µ, ν ∈ {x, y, z} are components in the Cartesian
basis, and Ĥ0, Ĥ1, and Ĥ2 are the terms associated with the
scalar, vector, and tensor light shifts, respectively.

V. ADIABATIC TRAPPING POTENTIAL

We calculate the adiabatic potential by diagonalizing the to-
tal interaction Hamiltonian Ĥ = Ĥls +Ĥsurface at each point in
space, where Ĥsurface is the scalar surface Hamiltonian [8]. At
each point ~r(r, φ, z), we locally obtain a set of eigenstates and
the corresponding eigenenergies as shown in the Fig. SM5.
These eigenstates are superpositions of bare Zeeman sublevels
|F,mF 〉. Due to the complex polarization of the trapping
fields, the energy eigenstates are not necessarily eigenstates
of any projection of the angular momentum operator.

Note: We thank Prof. Fam Le Kien for pointing out that
the light shift Hamiltonian in Eq. (2) is expressed in Cartesian
coordinates x, y, z and not in the spherical tensor basis µ, ν ∈
{−1, 0, 1} as incorrectly stated in Ref. [8].
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