<S ‘P‘S) Noveﬁﬁog 2015

| swiss physical society

SRGIVIMTTEIEUNGEN
CONNUNICATIONS DE LA SSP

AUSZUG - EXTRAIT

Chiral interaction of light and matter in confined geometries

Arno Rauschenbeutel
Vienna Center for Quantum Science and Technology, Institute of Atomic and Subatomic Physics, Vienna University of
Technology, Stadionallee 2, AT-1020 Wien, arno.rauschenbeutel@ati.ac.at

This article has been downloaded from:
htto.//www.sps.ch/fileadmin/articles-pdf/2015/Mitteilungen_PT032015.pdf

© see http.//www.sps.ch/bottom_menu/impressum/




Chiral interaction of light and matter in confined geometries

Arno Rauschenbeutel
Vienna Center for Quantum Science and Technology, Institute of Atomic and Subatomic Physics, Vienna University of
Technology, Stadionallee 2, AT-1020 Wien, arno.rauschenbeutel @ati.ac.at

Light is usually described as a fully transverse-polarized
wave, i.e., with an electric field vector that is orthogonal to
the direction of propagation. However, this is only valid in
the framework of the paraxial approximation. Yet, in many
physically relevant situations, like in strongly focused laser
beams, plasmonic structures, or optical microresonators,
light is transversally confined in the strongly non-paraxial
regime and exhibits transverse intensity gradients that are
significant at the wavelength scale. In this situation, Gauss’
law generally entails a significant local polarization compo-
nent that points in the direction of propagation. This compo-
nent must then oscillate 90° out of phase with respect to the
transverse components. The interference of the longitudinal
and transverse field components thus results in elliptical po-
larization for which the plane of polarization is not orthogo-
nal to the direction of propagation, see Fig. 1. In contrast to
paraxial light fields, the corresponding intrinsic angular mo-
mentum - or the light's spin - can even be perpendicular to
the propagation direction. For symmetry reasons, this trans-
verse spin is locked to the direction of propagation of the
light field and flips sign when the direction of propagation
is reversed. The light thus obtains a locally chiral character.

We have studied such phenomena using silica nanofib-
ers, i.e., cylindrical dielectric waveguides with a diameter
smaller than the wavelength of the guided light field. The
guided modes of such nanofibers are transversally confined
at the wavelength scale and a large fraction of the optical
power propagates in the form of an evanescent wave that
surrounds the fiber. Emitters at or near the surface of the
nanofiber can be efficiently coupled to the nanofiber-guided
modes via this evanescent field. Moreover, due to its strong
intensity gradient, the latter locally exhibits a strongly chiral
character.
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Figure 1: Transverse spin in a propagating light field that is con-
fined at a scale that is comparable to the optical wavelength A.
Polarization components along the direction of propagation oscil-
late 90° out of phase with respect to the transverse components
(black arrows). The resulting elliptical polarization (dashed circular
arrow) defines a plane that contains the direction of propagation.
The associated spin (blue arrows) changes sign with the direction
of propagation; compare left vs. right panel.

The chiral interaction of dipolar emitters with such light fields
leads to new and surprising effects [1-3]. For example, the
intrinsic mirror symmetry of the dipolar emission is broken,
i.e., the emitter can be made to send more light into one di-
rection of the waveguide than into the counter-propagating
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direction. The recipe for realizing such a directional emis-
sion is simple: The probability for emitting light into a given
nanofiber-guided mode is proportional to |d*- € [, where d
is the radiating dipole and € is the polarization vector of the
respective mode at the position of the emitter. Asymmetric
emission occurs if this squared overlap is not equal for two
counter-propagating modes. We demonstrated this effect
both in the classical and in the quantum regime [1, 2].

The classical emitter was a spherical gold nanoparticle [1]
with a diameter of 90 nm that was deposited on the surface
of a 320-nm diameter nanofiber and that was resonantly ex-
cited with laser light sent in from the side at a wavelength
of 532 nm, see Fig. 2(a). Here, the nanoparticle acted as
a polarization-maintaining scatterer, i.e., the dipole repro-
duced the polarization of the excitation laser light at its posi-
tion. By tuning this polarization, the nanoparticle was made
to emit its radiation almost exclusively into one waveguide
direction. The ratio of the counter-propagating powers was
experimentally found to be as large as 40:1. Beyond the fun-
damental interest, the demonstrated effect might find appli-
cations, e.g., for routing light and for optical signal process-
ing in integrated optical environments.
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Figure 2: (a) A gold nanoparticle on the surface of a silica nano-
fiber is side-illuminated with a resonant laser beam and scatters
light into the nanofiber-guided mode. A strong asymmetry between
the left- and right-propagating photon fluxes is observed in de-
pendence of the laser polarization. (b) In a similar experiment with
nanofiber-coupled cesium atoms, the asymmetry depends on the
magnetic quantum number of the excited state of the atom. (c) The
same experimental system as in (b) allows one to realize a nonre-
ciprocal waveguide if the coupled cesium atoms are prepared in a
spin-polarized state.

In a second experiment, we employed cesium atoms as
quantum emitters [2]. The atoms were laser cooled to a tem-
perature of a few 10 pK and trapped at a distance of about
200 nm from the surface of a 500-nm diameter nanofiber
using suitably chosen far-detuned nanofiber-guided light
fields. Like the gold nanoparticle, the atoms were resonantly
excited from the side with laser light, see Fig. 2(b). However,
unlike spherical gold nanoparticles, cesium atoms are not



polarization-maintaining scatterers: They are multilevel at-
oms and the polarization of their emitted radiation depends,
due to dipole selection rules, on the angular momentum
quantum numbers of the respective excited state. Thus, the
most strongly asymmetric emission is expected if the excited
state decays via a so-called cycling transition for which the
atoms emit purely circularly polarized light. For other excited
states, a weaker or even vanishing asymmetry is expected.
This prediction was confirmed in the experiment, thereby
showing that a quantum state-controlled directional sponta-
neous emission can be realized. This might be useful in the
context of quantum communication applications but also for
the implementation and study of novel correlated states of
light and matter which arise from the fiber-mediated asym-
metric coupling between atoms. Moreover, by observing the
unbalanced scattering, one might detect and identify emit-
ters with an intrinsic polarization asymmetry.

Finally, we demonstrated that the chiral nature of light in
optical nanofibers can be exploited for the realization of an
optical isolator, i.e., an optical component with a direction-
dependent transmission [3]. Such optical isolators are cru-
cial devices, e.g., when it comes to protecting sensitive la-
ser light sources from harmful back-reflections. Ideally, they
should let light pass without attenuation in the forward di-
rection while blocking light that propagates in the backward
direction.

In order to achieve this functionality, we coupled spin-polar-
ized atoms to a nanofiber, see Fig. 2(c). The spin polariza-
tion was achieved by so-called optical pumping, i.e., by ex-
posing the atoms to suitably polarized near-resonant light.
The atoms then acted as polarization-dependent scatterers
that exhibit different interaction cross-sections for right- and
left-circularly polarized light. The resulting chiral interaction
between the atoms and the guided light thus led to nonre-
ciprocal, i.e., direction-dependent, transmission: the atoms
scattered most of the light that propagated in one direction

out of the waveguide while the light that propagated in the
other direction coupled only weakly to the atoms and passed
through the waveguide with small losses.

It is worthwhile noting that the demonstrated effect can in
principle be implemented without applying any external
magnetic field. Conventional optical isolators, so-called
Faraday isolators, employ magneto-optical materials and
require external magnetic fields in order to break the other-
wise reciprocal transmission. In contrast, our optical isolator
is purely spin-based: It solely makes use of the time-revers-
al symmetry properties of the atomic spin and neither re-
lies on the interaction of this spin with an external magnetic
field nor on the atomic magnetic dipole moment that may be
caused by the spin [3].

We believe that this result lays the foundations for a new
class of nanophotonic devices based on chiral light-matter
interaction which complement the existing components for
conventional integrated optical signal processing. Moreo-
ver, the demonstrated scheme is compatible with ultra-low
light levels down to single photons, a prerequisite for quan-
tum applications. This property, along with high isolation, is
not fulfilled by other integrated optical isolators that are cur-
rently available. We therefore consider our isolator concept
to be attractive, e.g., for quantum information processing
with photons on optical chips.
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