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Ladder-type electromagnetically induced transparency using nanofiber-guided light
in a warm atomic vapor
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We demonstrate ladder-type electromagnetically induced transparency (EIT) using an optical nanofiber
suspended in a warm rubidium vapor. The signal and control fields are both guided along the nanofiber,
which enables strong nonlinear interactions with the surrounding atoms at relatively low powers. Transit-time
broadening is found to be a significant EIT decoherence mechanism in this tightly confined waveguiding geometry.
Nonetheless, we observe significant EIT and controlled polarization rotation using control-field powers of only
a few microwatts in this relatively robust warm-atom nanofiber system.
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I. INTRODUCTION

Systems allowing controllable photon-atom interactions are
becoming increasingly important for quantum information
applications [1]. One such platform involves the interaction of
the tightly confined evanescent mode of an optical nanofiber
with surrounding atoms [2,3]. Because nanofibers are typically
formed in the waist of tapered optical fibers (TOFs), they can
be easily connected to standard fiber components with very
low loss [4]. This allows one to envision a fully fiber-based
quantum network with nanofiber “atom access points” that
can be used, for example, for quantum repeater or quantum
memory stations [5].

As a very promising step in that direction, coherent storage
of nanofiber-guided light pulses has recently been demon-
strated using �-type electromagnetically induced transparency
(EIT) in a cold atomic cloud [6] and a trapped atomic
ensemble [7]. In these two systems motional effects are
minimized, resulting in spectrally narrow (kilohertz-range)
EIT windows and long (microsecond-range) storage times.
In addition, when both the control and the signal fields
were guided by the nanofiber, EIT could be observed with
remarkably low-power (picowatt-range) control fields [7].

In this paper we demonstrate related nanofiber-based EIT
effects in a system that differs in two primary ways: (i) we
use a warm atomic vapor surrounding the nanofiber, and
(ii) we use ladder-type EIT [8] with counter-propagating
control and signal fields in the nanofiber. An overview of the
specific system is shown in Fig. 1. A subwavelength-diameter
nanofiber formed in the waist of a standard TOF is surrounded
by a warm vapor of rubidium atoms. We use the 5S1/2 →
5P3/2 → 5D5/2 two-photon ladder transition with the signal
(lower) field at 780 nm and the control (upper) field at 776 nm.
EIT is first observed by examining strong modification of the
780-nm-signal absorption spectrum with the application of a
resonant 776-nm control field. As an example of the utility of
this warm-atom nanofiber EIT system, we then demonstrate
coherent control of the polarization of the signal field using
the method developed by Wielandy and Gaeta [9]. Here, the
776-nm control beam is used to induce birefringence in the
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atomic vapor, which causes a rotation of the polarization of
the 780-nm signal beam.

In analogy with EIT with free-space beams in warm vs
cold atomic ensembles [10], the warm-atom nanofiber system
used here is easier to implement than the cold-atom nanofiber
system, but the EIT effects are significantly reduced due to
thermal motion of the atoms. Although Doppler broadening
of the EIT window is largely canceled in our system,
significant transit-time broadening remains due to the very
short time (nanosecond-range) that the thermal atoms spend
traversing the small evanescent mode (∼1-μm diameter) of
the nanofiber [11].

Despite this significant broadening mechanism, we are able
to see clear evidence of EIT with control-field powers of only
a few microwatts in this system. In addition, by detuning the
resonant control field to optimize the Wielandy and Gaeta [9]
rotation effect, we observe ∼2% transmission of the probe
field through a crossed analyzer with a control power of only
20 μW. The observations of these two effects (EIT and
controlled polarization rotation) in the warm-atom nanofiber
system are the main results of this study.

II. EXPERIMENT

A TOF was pulled from standard single-mode fiber using
the flamebrush technique [12] to realize a nanofiber with a
central waist diameter of ∼300 nm and a sub-500-nm diameter
over a length of 8 mm. The TOF was installed in a vacuum
system using a specialized nanofiber heating unit designed
to minimize the accumulation of rubidium on the nanofiber
surface [13]. The atomic density was controlled by heating
a metallic rubidium sample in the vacuum system. In this
warm-atom nanofiber system, we typically achieved optical
depths of ∼3 for the transition of interest (see dashed-box
region in Fig. 2) at rubidium temperatures of ∼ 85◦C.

The signal (780-nm) and control (776-nm) fields were
generated by two independent fiber-coupled narrow-band
tunable diode lasers (line widths, ∼300 kHz), which were
sent in counter-propagating directions through the nanofiber in
order to achieve (nearly) Doppler-free two-photon effects [11].
The counter-propagating signal and control lasers were also
sent into a standard free-space rubidium vapor cell setup that
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FIG. 1. (Color online) Overview of the system. (a) An optical
nanofiber surrounded by warm rubidium vapor. (b) Three-level
ladder-type EIT system using the 5S1/2 → 5P3/2 → 5D5/2 two-
photon transition in rubidium. As depicted in (a), the signal (lower)
beam at 780 nm and control (upper) beam at 776 nm counter-
propagate through the nanofiber. The small diameter of the evanescent
optical mode results in thermal atoms quickly moving through the
control and signal fields, on a time scale of a few nanoseconds.

could be used to calibrate the system and simultaneously
compare nanofiber-based EIT effects with the same effects
observed in a conventional free-space beam geometry [9,14].

FIG. 2. Experimental evidence of EIT in the warm-rubidium
nanofiber system. Scans show transmission of a 780-nm signal beam
(a) without a 776-nm control beam and (b) with a 7-μW, resonant
776-nm control beam (�c = 0). With the application of the control
beam, narrow transparency windows are seen within the centers
of each of the four Doppler-broadened absorption dips. The signal
frequency detuning �s is defined relative to the 85Rb 5S1/2 (F =
2) → 5P3/2 (F ′ = 1,2,3) transition. The transmission is defined
relative to the overall TOF system transmission (∼35%) far from
resonance. The dashed box denotes the region of interest for the
remainder of the paper.

The 780- and 776-nm output signals were isolated using
narrow-band interference filters; the combination of these
filters and the counter-propagating geometry resulted in
good signal-to-noise ratios for low-power (nanowatt-range)
measurements with conventional amplified photodiodes. Ad-
ditional details on the basic warm-atom nanofiber vacuum
system and overall experimental setup can be found in [15].

III. ELECTROMAGNETICALLY INDUCED
TRANSPARENCY

Experimental results demonstrating the ability of the
control beam to modify the transmission of a low-power
(10-nW) signal beam through the warm-atom nanofiber system
are shown in Fig. 2. First, Fig. 2(a) shows the 780-nm
signal transmission spectrum without the 776-nm control
beam applied. The interaction of the evanescent mode of the
nanofiber with the surrounding rubidium vapor is evidenced
by the four Doppler-broadened absorption dips, which are
due to the two ground-state hyperfine levels for each isotope
(85Rb and 87Rb) in the natural rubidium vapor [16]. Next,
Fig. 2(b) shows the same transmission spectrum, but with a
7-μW, 776-nm control field applied. Here, EIT windows are
evident near the centers of each of the four absorption dips.

In Fig. 2, the 780-nm signal-field detuning �s is defined
relative to the 85Rb 5S1/2 (F = 2) → 5P3/2 (F ′ = 1,2,3) tran-
sition at 384.232 THz. In addition, the 776 nm-control-field
detuning �c is defined relative to the 85Rb 5P3/2 (F ′ =
1,2,3) → 5D5/2 (F ′′ = 0−4) transition at 386.340 THz. For
the data shown in Fig. 2(b), the control-field detuning was
held fixed at �c = 0. The transparency window at �s = 0, for
example, has ∼20% transmission and a width of ∼200 MHz.

In order to highlight the role of transit-time broadening in
this particular EIT effect, Fig. 3 shows a calculation of the
imaginary part of the susceptibility using the semiclassical
model developed in [8]. The plot shows the expected 780-nm
signal absorption in the vicinity of the transition at �s = 0
(i.e., in the dashed-box region in Fig. 2). The green curve in
Fig. 3 shows the warm-atom nanofiber system considered here,
where both Doppler and transit-time effects are included. In
contrast, the red curve shows the more familiar case of large-
diameter free-space beams in a warm rubidium vapor cell,
where Doppler broadening is also significant but transit-time
effects can be ignored.

For the models used in Fig. 3, the Doppler width
(∼570 MHz) and transit-time broadening (∼100 MHz) were
determined by the typical rubidium temperature (85◦C) used
in our experiments. For simplicity, additional broadening due
to atomic collisions (and collisions with the nanofiber itself)
were neglected. The control-field Rabi frequency (214 MHz)
was chosen so that the green curve closely matched the
experimentally observed nanofiber EIT effect shown in Fig. 2.
This Rabi frequency is consistent with the expected value for
a microwatt-level control field in a typical nanofiber mode
geometry [4].

It is shown in Fig. 3 that the Rabi frequency (i.e., control-
field intensity) needed to produce a ∼20% transparency
window in the warm-atom nanofiber system is enough to
produce a complete 100% transparency window in a typical
free-space vapor cell system. The large difference in these
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FIG. 3. (Color online) Theoretical calculation of the imaginary
part of the normalized susceptibility for the 780-nm signal beam with
the application of a resonant 776-nm control beam (�c = 0). Curve
(a) corresponds to the warm-rubidium nanofiber system considered
here, where both Doppler broadening and transit-time broadening are
significant. The control-field Rabi frequency was chosen to simulate
the experimentally observed EIT in Fig. 2. For comparison, curve
(b) shows the same Rabi frequency for the case of a free-space
rubidium vapor cell, where transit-time broadening is neglected, and
consequently, the transparency is much deeper. For reference, curve
(c) corresponds to the case of cold-atom EIT, where all motional
effects are neglected.

transparency values shows the significance of transit-time
broadening in the warm-atom nanofiber system. For further
comparison, the blue curve in Fig. 3 shows the same model
and Rabi frequency applied to the case of cold atoms,
where all motional effects (Doppler and transit time) can be
neglected [6,7].

Figure 4 shows additional experimental scans of the EIT
window at �s = 0 with control-field powers ranging from
200 nW to 45 μW. The onset of EIT becomes obvious at
control powers as low as a few microwatts in this warm-
atom nanofiber system. As the control power is increased,

FIG. 4. (Color online) Experimental observation of EIT as a
function of the resonant control-field power for the warm-atom
nanofiber system. The plot shows increasing signal-field transmission
near �s = 0 [the 85Rb 5S1/2 (F = 2) → 5P3/2 (F ′ = 1,2,3) transi-
tion] for increasing control-field powers of 200 nW (black curve),
2 μW (orange curve), 7 μW (blue curve), and 45 μW (green curve).

FIG. 5. (Color online) A simplified example of controlled polar-
ization rotation using a σ+ polarized 776-nm control field and a
linearly polarized 780-nm signal field. (a) The two possible EIT
pathways [σ−:σ+, dashed (red) curve and σ+:σ+, solid (green)
curve], among the various magnetic sublevels for the case where
all of the initial population starts in the mF = 0 sublevel of the
ground state. The different strengths of these two pathways induces
a circular birefringence for the signal field. (b, c) Calculations of
the normalized signal-field susceptibility for a control-field detuning
fixed at �c = 700 MHz.

the transparency increases and begins to experience power
broadening. The rapid broadening of the overall absorption
dip and the transparency window at the highest control
power shown is indicative of significant contributions due to
Autler-Townes splitting (ATS) [17,18]. Indeed, ATS can occur
at extremely low control powers due to the nanofiber’s tightly
confined mode geometry, especially for the case of a cold-atom
nanofiber system with negligible Doppler broadening [19,20].
The transition from EIT-dominated to ATS-dominated trans-
parency at higher control powers in a warm-atom nanofiber
system also displays interesting characteristics [21].

IV. CONTROLLED POLARIZATION ROTATION

The controlled absorption experienced by the signal field in
Figs. 2–4 is accompanied by controlled phase shifts. Because
the magnitude of these phase shifts is different for various
transitions among the magnetic sublevels, the 776-nm control
beam can be used to induce a birefringence in the atomic vapor
that causes a change in the polarization of the 780-nm signal
beam [9].

Figure 5(a) shows one example of this effect using
the specific 5S1/2(F = 2) → 5P3/2(F ′ = 3) → 5D5/2(F ′′ =
4) two-photon transition in 85Rb. For simplicity, we assume
that the initial population is all in the mF = 0 magnetic
sublevel of the ground state. The control field is chosen to
be σ+ polarized. When the signal field is chosen to be linearly
polarized (i.e., a superposition of σ+ and σ−), selection rules
give two EIT pathways, indicated by the dashed (red) and solid
(green) arrows. Because the two-photon transition amplitude
for the solid (green) path (σ+:σ+) is significantly stronger
than that for the dashed (red) path (σ−:σ+) [22], this results
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in a control-induced circular birefringence experienced by the
signal beam [23].

A calculation of the real and imaginary parts of the signal-
field susceptibility for these two EIT pathways is shown in
Figs. 5(b) and 5(c). Once again, the semiclassical model of [8]
was used, with the relevant Doppler broadening and transit-
time effects of the warm-atom nanofiber system included. A
control-field detuning �c = 700 MHz was chosen to optimize
the trade-off between maximizing the difference in phase shifts
experienced by the σ+ and σ− components of the signal
field and simultaneously minimizing the loss of each one [9].
The control-field Rabi frequency was chosen to correspond
to a typical control power used in our experiments. For this
example it can be seen that a large signal-field polarization
rotation should be expected at a signal detuning in the vicinity
of �s ∼ 700 MHz.

Figure 6 shows an experimental demonstration of this
type of controlled polarization rotation using the warm-atom
nanofiber system. For these data, the power of the σ+ polarized
control beam was 20 μW, and its detuning was fixed at
�c ∼ 700 MHz. The signal field was linearly polarized and
had a power of 90 nW. First, the upper (black) curve in Fig. 6
shows the transmission of the signal beam through the system
as a function of �s without any polarizers on the output. The
presence of the control beam results in the same type of EIT
shown in Fig. 4, but with the transparency window shifted from
the center of the Doppler-broadened absorption dip because
�c ∼ 700 MHz.

Next, the lower (blue) curve in Fig. 6 shows the transmission
of the signal beam through the system with a crossed polarizer
on the output. The significant transmission (∼2%) of the
signal field through the crossed polarizer near �s ∼ 700 MHz
demonstrates a controlled-polarization rotation of roughly 8◦
based on the arguments in Fig. 5.

FIG. 6. (Color online) Experimental demonstration of controlled
polarization rotation using the warm-atom nanofiber system. Curve
(a) shows the transmission of the signal beam in the presence of a
detuned control beam (�c ∼ 700 MHz) with a power of 20 μW; the
data are analogous to the EIT data in Fig. 4, but with the transparency
window shifted from the center due to the nonzero control detuning.
Curve (b) shows the same situation but with a crossed polarizer on
the output (here the signal transmission is normalized to transmission
through a parallel polarizer). Inset: “Zoom-in” on the same data
highlighting the controlled polarization rotation.

It is important to note that the magnitude of the exper-
imentally observed signal transmission through the crossed
polarizer in Fig. 6 is significantly smaller than what would
be predicted from the simplified model in Fig. 5 due to two
main factors. First, the initial population in the warm rubidium
vapor was distributed over all of the mF sublevels of the F = 2
ground state, and the closely spaced F ′ intermediate states and
F ′′ upper states were within the Doppler width of the system.
Consequently, there were many more two-photon transitions
involved than the two shown in Fig. 5.

Second, and more importantly, the polarization state of the
nanofiber-guided light interacting with the atoms is highly
complex and difficult to control [24]. This was further
complicated by varying stress-induced birefringence along
the length of the nanofiber due to “slack” in the TOF, which
results from the particular mounting procedure we used [13].
Consequently, the polarizations of the control and signal fields
were not the ideal states shown in Fig. 5 over the length
of the interaction region; in practice, we simply optimized
them by maximizing the controlled polarization rotation signal
itself.

Nonetheless, the ability to significantly alter the polariza-
tion of the signal field using control powers of only tens of
microwatts highlights the ability to perform ultralow-power
nonlinear optics in the warm-atom nanofiber system. For very
rough comparison, EIT-type polarization rotation experiments
in standard free-space vapor cell systems typically use control-
field powers of tens to hundreds of milliwatts [9,25,26]. In
both systems, higher control powers generally result in larger
polarization changes, but the exact birefringence experienced
by the signal field is a complicated function of the control-field
power [9].

V. SUMMARY AND DISCUSSION

Optical nanofibers surrounded by atomic ensembles have
become a promising platform for controlled photon-atom
interactions [2,3,27–29]. Strong nonlinearities with low-power
fields can be realized in this system due to the propagation
of nanofiber-guided evanescent modes with very small cross-
sectional areas over relatively long distances through the
surrounding atoms. In the context of EIT, this allows the
observation of large transparencies with control-field powers
that are several orders of magnitude smaller than those used in
comparable free-space beam platforms.

In this paper we experimentally observed (i) ladder-
type EIT [8] and (ii) coherent control of the signal-field
polarization [9] with control-field powers of only a few mi-
crowatts using a warm-atom nanofiber system. The dominant
EIT decoherence mechanism was found to be transit-time
broadening due to the short time the atoms spend moving
through the small evanescent mode of the nanofiber. This
problem can essentially be avoided using cold-atom or trapped-
atom nanofiber EIT systems, allowing even lower control-
field powers and longer EIT storage times, at the cost of
more complex experimental systems [6,7,19]. Nonetheless,
the ability to perform microwatt-level all-optical control
using the relatively simple and robust system demonstrated
here may be useful for practical low-power all-optical
applications.
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Note added in proof. Recently, we became aware of similar
work done in a cold-atom nanofiber system, in which all-
optical switching was demonstrated [30].
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