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Deterministic photon-emitter coupling

in chiral photonic circuits
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Engineering photon emission and scattering is central to
modern photonics applications ranging from light harvesting
to quantum-information processing. To this end, nanophotonic
waveguides are well suited as they confine photons to a one-
dimensional geometry and thereby increase the light-matter
interaction. In a regular waveguide, a quantum emitter interacts
equally with photons in either of the two propagation direc-
tions. This symmetry is violated in nanophotonic structures in
which non-transversal local electric-field components imply
that photon emission? and scattering® may become direc-
tional. Here we show that the helicity of the optical transition
of a quantum emitter determines the direction of single-
photon emission in a specially engineered photonic-crystal
waveguide. We observe single-photon emission into the wave-
guide with a directionality that exceeds 90% under conditions
in which practically all the emitted photons are coupled to the
waveguide. The chiral light-matter interaction enables determi-
nistic and highly directional photon emission for experimentally
achievable on-chip non-reciprocal photonic elements. These
may serve as key building blocks for single-photon optical
diodes, transistors® and deterministic quantum gates®.
Furthermore, chiral photonic circuits allow the dissipative prep-
aration of entangled states of multiple emitters® for experimen-
tally achievable parameters’, may lead to novel topological
photon states®® and could be applied for directional steering
of light'-"3,

Truly 1D photon/emitter interfaces are desirable for a range of
applications in photonic quantum-information processing'®. To
this end, photonic-crystal waveguides constitute an ideal platform
that features on-chip integration with the ability to engineer the
light-matter coupling. Recent experiments achieved a coupling effi-
ciency for a single quantum dot (QD) to a photonic-crystal wave-
guide in excess of 98%, which thus constitutes a deterministic 1D
photon/emitter interface!®. Standard photonic-crystal waveguides
are mirror symmetric around the centre of the waveguide, and all
modes consequently have odd/even symmetry under a reflection
in a vertical centre plane. The electric-field maxima are positioned
in the centre plane for a standard photonic-crystal waveguide and,
as a consequence, the mode polarization is predominantly linear
at the positions where the light intensity is high!*!> (see the
Supplementary Information for more details). Therefore, breaking
this symmetry is required to engineer modes that are circularly
polarized at the field maxima. An ideal way to break the reflection
symmetry is by shifting one side of the waveguide by half a lattice
constant, which is referred to as a glide-plane waveguide (GPW)
(see the Supplementary Information for further descriptions of
the structure). In a GPW, a QD with a circularly polarized transition

dipole emits preferentially in a single direction. The direction is
determined by the helicity (see Fig. 1a), and the exact branching
ratio between the two emission directions depends on the position
of the QD. The two figures-of-merit for chiral single-photon emis-
sion are displayed in Fig. 1b,c. They are the fraction of photons
emitted into the waveguide that propagates in a desired direction
(Fg4,) and the overall probability that an emitted photon from the
QD is channelled into the correct direction (By,). The GPW is
engineered to increase the f factor and features B, =98% (see
Fig. 1c), which enables the deterministic interfacing of single emit-
ters and single photons. An ideal directional photon/emitter inter-
face corresponds to f3;, — 1, which probably can be achieved by
further engineering of the GPW. We emphasize the robustness of
the directional coupling, because the GPW is designed to have a
highly directional coupling within a large region of each unit cell
of the photonic-crystal waveguide. The present work reports on
the observation of highly directional emission at the single-
photon level by efficiently coupling a single QD to a GPW. We
show that this is the basic operational principle required to construct
non-reciprocal elements based on chiral photonic circuits.

Figure 1d displays a scanning electron microscope (SEM) image of
our photonic waveguide and illustrates the directional coupling.
Single self-assembled QDs in the GPW are excited optically and
two non-degenerate circularly polarized exciton states, |+) and |-)
(see Fig. 1a), are formed by applying a strong magnetic field (B,) in
the QD growth direction®. By non-resonant optical excitation, a stat-
istical mixture of the two exciton states is prepared that can decay to
the ground state via Am = +1 dipole transitions that emit o, polarized
photons. These QD transitions are used to demonstrate chiral
photon emission. The origin of the chiral interaction can be under-
stood as follows: from time-reversal symmetry, the electric fields, E,
of counter-propagating modes with wave vectors k and —k satisfy
E  (r) = E;(r), that is, for a mode with an in-plane circular polariz-
ation at position r, the counter-propagating mode has the orthogonal
circular polarization. As a circularly polarized emitter only couples
to the mode that has the same circular polarization as the dipole
transition, this leads to unidirectional emission.

An important advantage of photonic crystals is that they allow
the interaction between light and matter to be tailored. In a GPW,
the chirality is engineered by the structural parameters and
depends on the magnitude of the projection of the local electric
field onto the QD transition dipole moment (see Fig. 1b,c). The
experimental proof of directional emission is obtained by collecting
single photons emitted from the QDs by two separate outcoupling
gratings at each end of the GPW (see Fig. 1d). We extract the direc-
tionality factor Fy,. by comparing the intensity of one circular dipole
to the orthogonal dipole by collecting the intensity from the same
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Figure 1| Operational principle of chiral single-photon emission in a waveguide. a, Left: QD-level scheme in the presence of a magnetic field in the growth
directions that features two circularly polarized exciton transitions o, with a splitting controlled by the magnetic field. Right: calculated directional emission
patterns of ¢, and o_ polarized dipole emitters in GPWSs. The positions of the dipoles are indicated by the crosses in b and ¢. b,¢, Directionality (b) and
directional g factor (€) as a function of position for the GPW mode studied in the experiments. Here, a is the lattice constant of the photonic crystal. d, SEM
image of the GPW. A QD is excited in the centre of the structure (green area) and photons are collected from the outcoupling gratings at each side of the
GPW (red and blue areas). The zoom-ins show the structure of the photonic-crystal lattice that consists of a GPW section (left image) and a standard
photonic-crystal waveguide section (right image). The waveguide gradually changes from a glide-plane lattice to a standard lattice to obtain an efficient

outcoupling of photons (for the details, see the Supplementary Information).

waveguide ends, which makes the method insensitive to potentially
different outcoupling efficiencies at the two ends (see the
Supplementary Information). By spectrally resolving the emission,
single QD lines are selected and photon correlation measurements
are employed to identify separate QDs and quantify the single-
photon nature of the emission.

The directionality of the photon emission is extracted from the
emission spectra measured for different applied magnetic field
strengths (see Fig. 2a-c) and two QD lines (A and B) are studied
in detail. Without a magnetic field, the spectra recorded from the
two ends of the GPW are almost identical. By increasing the mag-
netic field, the individual QD lines split into pairs that correspond
to the two circularly polarized transitions. Highly directional emis-
sion is evident for the peaks labelled B, and B_. Furthermore,
Fig. 2b,c show that the two transitions maintain their directionality
when changing the polarity of the magnetic field, which swaps the
spectral position of orthogonally polarized emission lines. This
demonstrates explicitly that the directionality is related to the heli-
city of the dipole transition.

Figure 2d shows a plot of the directionality of the two QD lines as
a function of the applied magnetic field strength. At low magnetic
fields the emission lines are not separated clearly, which leads to
a systematic underestimation of the directionality factor. At
approximately 1T the directionality levels off and we extract
Fy, =90 £ 1.3% for QD B by averaging over the plateau region in
Fig. 2d. The lower directionality of QD A stems from the spatial
variation within the unit cell of the GPW (see Fig. 1b). The extracted
directionality constitutes a lower bound of the actual value because
of the presence of weak emission from transitions other than the
investigated QD, which is a result of the non-resonant excitation
method applied in the experiment. In addition, the presence of
residual reflections at the outcoupling gratings further limits the
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experimentally extracted value. Consequently, the actual direction-
ality for the single QD transition is likely to approach unity, in
accordance with theory (Fig. 1b). The single-photon nature of the
emission can be proved through correlation measurements (see
Fig. 2e). A pronounced antibunching is observed for peaks A and B,
which illustrates that high-purity single-photon emission is
observed. Furthermore, the absence of correlations in the cross-cor-
relation measurement between A and B shows that the two peaks
originate from two independent QDs.

A major asset of the photonic-crystal waveguide platform is that
the light-matter interaction can be controlled to such a degree that
the photon/emitter interface becomes deterministic'4, as is quanti-
fied by the § factor. In time-resolved measurements, we recorded
a decay rate of 0.80 + 0.02 ns™! for QD B. This restricts the possible
spatial position of the QD as well as its spectral position relative to
the photonic waveguide bands of the GPW. From numerical
calculations, we estimate an upper bound on the rate at which the
QD leaks to non-guided modes, and also, by accounting for the
contribution from intrinsic non-radiative decay processes of the
QD, we arrive at 82 90%. The detailed measurements of the
factor in standard photonic-crystal waveguides are presented in
Arcari et al.’>,

Having demonstrated the basic operational principle of determi-
nistic chiral photon emission, this functionality can be exploited for
the construction of non-reciprocal photonic elements, such as
single-photon diodes and circulators. The architecture is based on
a QD coupled to a GPW, which is placed in one arm of a Mach—
Zehnder interferometer (MZI) (see Fig. 3a). We consider the scat-
tering by a singly charged QD initially prepared in the spin-up
state’®. A resonant narrow-band single photon (blue wave packet)
scatters off the QD transition and obtains a 7-phase shift! (see
the Supplementary Information for the calculations). (The acquired

NATURE NANOTECHNOLOGY | VOL 10 | SEPTEMBER 2015 | www.nature.com/naturenanotechnology

© 2015 Macmillan Publishers Limited. All rights reserved


http://dx.doi.org/10.1038/nnano.2015.159
http://www.nature.com/naturenanotechnology

NATURE NANOTECHNOLOGY Dbo!: 10.1038/NNANO.2015.159

LETTERS

a i d e AA @(0) =
107 mmright A oT o® 600 - g0 =017
1 o Left B %0 1 o® o®-o ]
| 00%g 400 —
0.5 ]
i 200 -
b = s 804 0
2 3\1 g 400 4 BB g(0)=0.19
“2 WS [ ] S
= = O [0}
g 3 of o 5
N [} —
: Dol [RAR/ | g
§ ko) OO <
o o o) o
z = S (@]
c & 40 o 04
(J AB g@(0) =1
60 200
—0—3B
—O0—A 100
(]
50 4+—F—F——F——7F— 0
on 912 913 914 0 1 2 3 -100 -50 0 50 100
Wavelength (nm) Magnetic field (T) Delay (ns)

Figure 2 | Observation of directional emission of single QDs in a GPW. a, Emission spectra that display two different QD lines, denoted A and B, that are
recorded on the right (blue spectrum) or the left (red spectrum) grating outcoupler. b, By applying a magnetic field the QD lines split into duplets A, and B,
that display different directionalities. ¢, Emission spectra recorded for a negative magnetic field. For the opposite polarity the two exciton lines swap spectral
position, with the directional outcoupling preserved. d, Extracted directionality for QD A and B as a function of the applied magnetic field. At low magnetic
fields the lines B_ and B, are not sufficiently separated, which leads to a systematic underestimate of the directionality factor. At approximately 1T the
directionality levels off and stays constant for the entire range of magnetic fields investigated. An average directionality factor of Fy, = 90 +1.3% was
obtained for QD B. e, Demonstration of the single-photon operation of the chiral waveguide. AA (BB) denotes correlation measurements on QD line A (B)
coupled out from the two separate ends of the GPW. The single-photon purity of the emission is quantified by extracting g‘?(0) from the data', where

g?(0) <1/2 is the distinct antibunching signature of single-photon emission.

AB denotes a cross-correlation between the two QD lines A and B. The lack of

any correlations proves that A and B correspond to two independent QDs. The data were taken at O T.

Figure 3 | Non-reciprocal transport of photons in a chiral photonic circuit.
a, The non-reciprocal element consists of an on-chip MZI with a singly
charged QD coupled to a GPW in one of the arms. A resonant photon
(blue) injected from the left scatters off the QD in the top arm and
accumulates a mt-phase shift relative to the case in which no interaction
takes place. This leads the photon to exit the MZI in the bottom arm.
A photon resonant on the other transition (red) does not interact with
the QD and thus exits in the upper arm. b, In the time-reversed case
the two photons enter from the right of the MZI and neither photon
interacts with the QD because the left propagating mode is orthogonal
to the o, transition.

transmission coefficient is at variance with the results reported in
Shen et al?°. This mistake was communicated to and acknowledged
by Shen and co-workers.) The MZI is balanced so that incident
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photons entering in the bottom arm exit through the bottom arm
if they obtain a 7-phase shift. A non-resonant photon (red wave
packet) does not interact with the QD and exits the top arm. It
follows that the spin of the ground state completely determines
the output arm from which the resonant photon exits the MZI, con-
stituting an on-chip spin readout. Next, we consider the reciprocal
case in which the two photons are directed back into the MZI, as
shown in Fig. 3b. Now the resonant photon does not interact with
the QD, as the left propagating mode is orthogonal to the o, tran-
sition and exits the top arm. This non-reciprocal transport is caused
by a single spin in the QD, which constitutes a giant magneto-
optical effect. The GPW-integrated MZI can form the basis for
several quantum applications, and adding the coherent control of
the QD spin state allows for the creation of a deterministic con-
trolled NOT gate for photons (see the Supplementary Information
for more details).

Finally, it is interesting that the non-reciprocal transport of light
constitutes a violation of the time-reversal symmetry of the optical
field. Breaking time-reversal symmetry is a necessary condition to
obtain topologically non-trivial photonic quantum Hall states?..
The use of a single quantum emitter as a non-reciprocal element
implies that the response of the entire system is highly nonlinear,
that is, the behaviour strongly depends on whether a single
photon or two photons are considered. This may allow the study
of nonlinear optical transport in topological systems and the
creation of novel photon-photon bound states.

A chiral photon/emitter interface represents a novel way to
couple deterministically single quanta of light and matter. It is
expected to have widespread applications for scalable quantum-
information processing that utilizes photons. The general principle
of engineering chiral interactions can very probably be extended to
platforms other than those considered here, for instance to the case
of atoms in photonic-crystal structures?*?’, colour centres in
diamonds*** or superconducting qubits®®.
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Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Sample. The sample was grown by molecular beam epitaxy on an undoped (100)
GaAs substrate. A 160 nm thick GaAs membrane was grown on a 1.42 um thick
Al 75Gag »5As sacrificial layer. The membrane contained a single layer of low-
density self-assembled In(Ga)As QDs, and emitted around 920 nm at 10 K
(density ~ 50 um~2). The photonic nanostructures were patterned by electron-beam
lithography at 100 keV on a 500 nm thick electron beam resist (ZEP 520A) and
aligned to the [011] or [0-11] directions of the GaAs substrate. The photonic-crystal
holes were etched by an inductively coupled plasma in a BCl3/Cl,/Ar chemistry at
0 °C. The remaining photoresist was stripped using hot N-methyl-2-pyrrolidone and
the membranes were subsequently released in a wet-etching step, which removed the
AlGaAs sacrificial layer using a hydrofluoric acid solution (10% w/w).

Experiment. The measurements were performed in a helium-bath cryostat
operating at 4.2 K. The samples were mounted on a stack of piezoelectric

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

nanopositioning stages that allowed for a precise positioning of the sample with
respect to the objective. A superconducting coil was able to generate magnetic fields
up to 9 T and surrounded the stage and sample such that the generated field pointed
along the QD growth direction. The QDs were optically pumped by a Ti:sapphire
laser at an emission wavelength of 842 nm. The laser was operated in the
continuous-wave mode for the spectral measurements and in the pulsed mode

(3 ps pulses at a repetition rate of 76 MHz) for lifetime and correlation
measurements. Both excitation and collection were performed through the same
microscope objective (numerical aperture, 0.65). The excitation beam was moved to
the centre of the waveguide and the emission was collected from both gratings at
the same time. The emission from the two gratings was coupled into separate
single-mode polarization-maintaining fibres that each led to their own spectrometer
set-up (1,200 grooves mm ™" grating), where avalanche photodiodes were used for
time-resolved measurements, and a charge-coupled device was used to record

the spectra.
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