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A chiral one-dimensional atom using a quantum dot in an
open microcavity
Nadia O. Antoniadis 1✉, Natasha Tomm 1, Tomasz Jakubczyk 1,3, Rüdiger Schott 2, Sascha R. Valentin2, Andreas D. Wieck2,
Arne Ludwig 2, Richard J. Warburton 1 and Alisa Javadi 1✉

In a chiral one-dimensional atom, a photon propagating in one direction interacts with the atom; a photon propagating in the other
direction does not. Chiral quantum optics has applications in creating nanoscopic single-photon routers, circulators, phase-shifters,
and two-photon gates. Here, we implement chiral quantum optics using a low-noise quantum dot in an open microcavity. We
demonstrate the non-reciprocal absorption of single photons, a single-photon diode. The non-reciprocity, the ratio of the
transmission in the forward-direction to the transmission in the reverse direction, is as high as 10.7 dB. This is achieved by tuning
the photon-emitter coupling in situ to the optimal operating condition (β= 0.5). Proof that the non-reciprocity arises from a single
quantum emitter lies in the photon statistics—ultralow-power laser light propagating in the diode’s reverse direction results in a
highly bunched output (g(2)(0)= 101), showing that the single-photon component is largely removed.
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INTRODUCTION
In a non-chiral one-dimensional atom, an atom is coupled equally
to a right-propagating and to a left-propagating mode in a single-
mode waveguide. There are two input/output ports, one on the
left (port 1) and one on the right (port 2). In the ideal limit (perfect
atom with β= 1, where β is the probability that the excited atom
emits a photon into the waveguide mode, a single photon at the
input in resonance with the atom), the atom acts as a perfect
mirror: the reflectivity is R= 1; the transmission T= 01,2. This
changes completely in a chiral one-dimensional atom: R and T
depend on the propagation direction, left-to-right (1→ 2) or right-
to-left (2→ 1), i.e., the system exhibits non-reciprocity (T1→2 ≠
T2→1). There are two simple cases3. First, for β= 1, the atom now
becomes perfectly transparent (T1→2= 1, T2→1= 1, R1→1= 0,
R2→2= 0). In one direction, the 2→ 1-direction, say, the photon
is phase-shifted by π via the interaction with the atom; in the other
direction, 1→ 2, the photon phase-shift is zero. Second, for β ¼ 1

2:
in the 2→ 1-direction, the photon is scattered by the atom into
non-waveguide modes—the photon is absorbed—such that
T2→1= 0 and R2→2= 0, whereas in the 1→ 2-direction, the photon
does not interact with the atom, T1→2= 1 and R1→1= 0.
Chiral quantum optics has been implemented by using a single

emitter in a nano-engineered waveguide, for instance a Rb atom in
the evanescent field of a dielectric nanofibre4,5, or a semiconductor
quantum dot in a waveguide6–8. In the semiconductor case,
β-factors can be high in nano-beam structures and particularly high
in photonic-crystal waveguides. The system becomes chiral provided
the quantum dot is located off-centre in a nano-beam8, and at the
centre of an inversion-asymmetric photonic-crystal waveguide6.
We report here a different approach to engineering a chiral one-

dimensional atom. A single-mode optical fibre constitutes the
waveguide on the ‘left’ of the quantum dot; another single-mode
optical fibre constitutes the waveguide on the ‘right’ of the
quantum dot; the atom itself is a quantum dot in a low-volume
one-sided microcavity, where the microcavity is coupled with high
efficiency to the single-mode fibres. Chirality is induced by

applying a magnetic field to a neutral quantum dot: the quantum
dot’s σ+-transition couples to the microcavity and is addressed
with σ+-polarised photons. The advantage of this approach is that
the resonant microcavity boosts the light-matter interaction in a
controllable way: the β-factor can be tuned from small to
extremely high values (99.7% has been achieved9). Also, the good
mode-matching10 implies that a high-efficiency, fibre-coupled
platform for chiral quantum optics can be constructed.
Here, we implement the chiral scheme with β ¼ 1

2. In one
direction, a single photon is transmitted; in the other direction, the
photon is absorbed, Fig. 1a. We call this device a ‘single-photon
diode’ in analogy to its electronic counterpart. The challenge is
twofold: to achieve exactly the right β, and to achieve a close-to-
perfect (transform-limited) quantum dot. These challenges were
met: we achieve an isolation of 10.7 dB, the highest non-reciprocal
response recorded with a single quantum emitter. In addition, the
high overall efficiency10 enables us to observe optical nonlinea-
rities already at an input power of just 100 pW. The quantum
nature of this nonlinearity is validated by observation of photon
bunching by a factor of 101 compared to that of a laser field.

RESULTS
The working principle of the single-photon diode
Figure 1b shows a schematic of the setup and the operation
principle of the diode. The optical setup consists of a polarising
beam-splitter and a quarter-wave plate set at 45∘ with respect to the
polarising beam-splitter axes. Consequently, light propagating in the
forward direction is mapped to a left-handed field at the input of the
microcavity, while light propagating in the backward direction is
mapped to a right-handed field at the microcavity input, thereby
creating the spin-momentum locking. The microcavity (Fig. 1b)
comprises a highly reflective ‘bottom’ mirror and a much less
reflective ‘top’ mirror10. The top mirror is a dielectric distributed-
Bragg-reflector deposited on a crater in a silica substrate with a
radius-of-curvature of 11 μm. The bottom mirror is a semiconductor
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distributed-Bragg-reflector on top of which InAs quantum dots are
embedded in an n-i-p diode in the heterostructure. The open nature
of the microcavity allows the lateral position of the quantum dots to
be controlled precisely with respect to the anti-node of the
microcavity. This allows in situ tuning of the β-factor. Furthermore,
adjusting the distance between the bottom mirror and the top
mirror provides precise control over the microcavity’s frequency,
enabling the quantum dot’s σ+-polarised exciton and the micro-
cavity to be brought into spectral resonance.
We define the transmission as the propagation through the

entire diode, i.e., from port 1 to 2 (2 to 1) in the forward
(backward) direction. Ideally, the transmission in the forward
direction T1→2 is unity as the left-handed optical field is
orthogonal to the dipole-moment of the quantum dot, i.e., there
is no interaction. In the backward direction, the transmission
amplitude is given by t2→1= 1− 2β where β is the β-factor
describing the interaction of the σ+-polarised exciton with an
empty microcavity. The full transmission in the backward direction
is T2!1 ¼ t2!1j j2 ¼ 1� 2βj j2. In the over-coupled regime, β ≈ 1,
the backwards-propagating photons receive a π-phase shift as
they transit through the coupled system. At the critical coupling,
β= 0.5, the light reflected by the quantum dot should interfere
destructively with the light directly reflected from the microcavity
and the transmission through the system vanishes; instead, the
photons are scattered into non-microcavity modes.
For this scheme to operate, the microcavity itself should not

rotate the polarisation. However, the fundamental microcavity

mode is typically split into two modes with orthogonal linear
polarisations, a consequence of a birefringence in the semicon-
ductor heterostructure11. This mode-splitting decreases with
increasing wavelength while the microcavity linewidth, κ/(2π),
increases (Supplementary Note 2). We operate at a wavelength of
945 nm where the mode-splitting is on the order of 29 GHz and
κ/(2π)= 102 GHz such that the mode-splitting is much smaller
than the linewidth of the microcavity, and the microcavity mode is
nearly degenerate. The microcavity losses are dominated by the
transmission through the top mirror, i.e., κtop≫ κbottom (Supple-
mentary Note 2). Note that in this regime, the residual mode-
splitting acts as an overall loss channel and does not limit the non-
reciprocity of the system; it mostly affects the insertion loss of the
system (here 1.5 dB).
The inset in Fig. 1b shows the level structure of a neutral

quantum dot under a magnetic field along the growth direction
(Faraday geometry). An out-of-plane magnetic field of 2.0 T splits
the right-handed and left-handed transitions by 63 GHz, enough
that only one transition interacts with the laser; here, the right-
handed dipole σ+ (see Supplementary Note 2 for characterisation
of the quantum dot). The microcavity system resides in a cryostat
at a temperature of 4.2 K.

Tuning the β-factor to the ideal limit
The transmission of the diode is probed with coherent laser light
at very low powers, a regime dominated by single-photon
components. We exploit the β-factor’s dependence on the lateral
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Fig. 1 Schematic and operating principle of the chiral one-dimensional atom. a The optical system showing the two input/output ports.
b Illustration of the open microcavity. The heterostructure consists of a GaAs/AlAs distributed Bragg reflector (the ‘bottom’ mirror) and self-
assembled InAs quantum dots embedded in an n-i-p diode. Nano-positioners allow precise tuning of both microcavity frequency (via Z) and
also the β-factor by positioning the quantum dots with respect to the anti-node of the microcavity (via XY). An external magnetic field of 2.0 T
splits the neutral quantum dot into two circularly-polarised transitions. The polarisation of the light is controlled by a polarising beam-splitter
(PBS) and a quarter-wave plate (λ/4) in the microscope. The σ+-polarised exciton creates a photon in the microcavity with probability β.
c Transmission from port 1 to port 2 versus quantum dot detuning for three different lateral positions of the quantum dot: orange triangles
(β ≈ 0.72), purple circles (β ≈ 0.50), and blue rectangles (β ≈ 0.12). The solid lines are theory curves. The off-resonant transmission is limited to
0.7 by the residual non-degeneracy of the microcavity. The transmission is defined without taking into account the losses in the optical setup.
The overall end-to-end throughput of the setup, taking into account all the optical elements and the fibre-coupling, is 56%: this corresponds
to T= 1. d Contrast in the transmission as a function of the lateral position. Coloured data-points indicate the positions used in (b). The black
solid line is the theory.
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position of the quantum dot with respect to the centre of the
microcavity to tune the system to the critical-coupling condition.
Figure 1c shows the transmission in the backward direction, T2→1,
as a function of the quantum dot frequency for three different
positions, i.e., three different β-factors. The orange data points
show the transmission for the quantum dot centred in the
microcavity. For this position, we extract β= 0.72, matching well
the theoretical expectations for the maximum achievable β at this
wavelength (Supplementary Note 3). The β-factor is evaluated via
the linewidth and the contrast of the dip. When the quantum dot
is laterally displaced such that β= 0.50 (purple data points), the
T2→1 is lowest: T2→1= 0.07. Also, the linewidth of the quantum dot
transition decreases with decreasing β due to a reduced Purcell-
enhancement. We define the transmission contrast as one minus
the ratio between transmission on resonance and the transmission

far off-resonance with the quantum dot (1� T02!1
T12!1

). The transmis-

sion contrast is measured while scanning the lateral position of
the quantum dot relative to the microcavity’s optical axis (Fig. 1d).
For a well-centred position, the contrast in the transmission is
around 0.67, increasing to a value of 0.9 as β approaches 0.5, and
decreasing as β is further reduced. The solid black lines in Fig. 1c, d
are the theoretically expected behaviour. (A comprehensive
model for transmission through a two-level system coupled to a
non-degenerate one-sided microcavity is derived and discussed in
detail in Supplementary Note 1.) An average spectral fluctuation of
the quantum dot of 40 MHz was found by comparing the
theoretical model and the measurements12.

Non-reciprocal transmission of the single-photon diode
For the operation of the single-photon diode, we focus at the
position with the largest transmission contrast, β= 0.50. The non-
reciprocal nature of the diode is demonstrated by measuring the
transmission in both directions at the critical-coupling condition.
Figure 2a shows the transmission through the diode in the
backward direction as a function of the microcavity detuning and
the quantum dot detuning. The transmission contrast shown in
these maps decreases with microcavity detuning on account of a
reduced β-factor. On the contrary, the transmission in the forward
direction (Fig. 2b) presents an almost flat behaviour independent
of the detuning from the quantum dot’s resonance. The panels on
the right side of Fig. 2a, b shows the theoretically predicted
behaviour from our model (Supplementary Note 1). A comparison
of the transmission in the forward and backward directions as a
function of the quantum dot (microcavity) detuning is shown in
Fig. 2c, d. At resonance, the transmission in the forward direction
is around 0.82. The slight increase in the transmission signal in the
forward direction is attributed to the mode-splitting based on the
theoretical model (see Supplementary Fig. 1b, c). A figure of merit
for a diode is the isolation. It is defined as T1→2/T2→1 and found to
be a factor 11.9 (corresponding to 10.7 dB).

Nonlinearity of the single-photon diode
To prove that the non-reciprocity arises from a single emitter, we
probe both the power dependence and the photon statistics of
the output. In the power dependence, we find a striking
nonlinearity of the transmission in the backward direction. Figure
3a shows the transmission in the backward direction as a function
of the optical power and detuning from the quantum dot’s
resonance. On resonance with the quantum dot (Fig. 3b), the
backward transmission increases with a power-law dependence
with a slope of one and is described by T0

2!1 ¼ P=PC
1þP=PC

, where P is
the input optical power and PC the critical power. The
experimental data in Fig. 3b match this behaviour very well for
PC= 213 pW. This behaviour is characteristic of the saturation of a
two-level system—while the interaction between the input field
and the quantum dot is linear in power at very low powers, the

quantum dot saturates at higher input powers, which leads to a
strong power-dependent transmission. The critical power is very
close to the theoretically expected value of 198 pW (Eq. (9) in
Supplementary Note 1). This power level corresponds to an
average photon flux of nh i ¼ 0:27 at the input of the microcavity
per lifetime of the quantum dot (τQD= 0.26 ns).
The very low onset of the nonlinearity implies that the quantum

statistics of the output field are affected by interaction with the
quantum dot13. We verify this by measuring the second-order
auto-correlation function, g(2)(τ), of the backward transmitted
light14–17. The g(2)(τ) was measured for three different powers (Fig.
3c). At the lowest power (5 pW), a very strong bunching of 101 is
observed, proving that the single-photon components of the laser
have been largely removed by the quantum dot. With increasing
power, the bunching decreases rapidly and eventually vanishes,
corresponding exactly to the expected behaviour on saturating
the quantum dot: at high powers, most of the laser light is
transmitted without interaction, resulting in g(2)(τ)= 1, the auto-
correlation function of the laser light. Additionally, the auto-
correlation function of the transmission in the forward direction is
constant and unitary—this confirms the non-reciprocal transmis-
sion in the system (see Supplementary Note 4). The measurements
were modelled (see Supplementary Note 4) and the results are
depicted as a solid black line in Fig. 3c. We emphasise that all the
data in Figs. 2 and 3 are modelled with the same set of
parameters, in particular β= 0.50 and a free-space decay rate
γ0/(2π)= 300 MHz.

DISCUSSION
The reported experiments reveal a strong non-reciprocal and
highly nonlinear transport of optical photons through a quantum
dot-microcavity system. Model calculations based on the canoni-
cal chiral one-dimensional atom describe the system extremely
well. The single-photon diode is realised with a modest emitter-
microcavity coupling, β= 0.5. We can foresee a range of
applications. For example, the non-reciprocal behaviour can be
dynamically controlled by driving the σ− transition, by using the
spin-state of a charge carrier in the quantum dot, or by fast Stark
tuning of the quantum dot, opening possibilities for optical
switches and transistors18–22. Theory predicts that the strong
bunching of the photons in the transmission of the system
presages the formation of a two-photon bound state—it is a first
step in creating exotic photonic states and simulating many-body
dynamics using photons23–26. The performance of the system can
be further improved by eliminating the mode-splitting of the
microcavity. The mode-splitting can be minimised, perhaps
eliminated, by exploiting the electro-optic effect27 or by applying
uni-axial stress to the semiconductor heterostructure11. This would
not only reduce the insertion losses but also bring the regime
β= 1 within range. Such a device would be ideal for achieving a
single-photon phase-shifter and has a strong potential for
deterministic two-photon quantum gates, either by using spin-
state of the quantum dot or by exploiting photonic bound
states28,29.

METHODS
Experimental Setup
The microcavity consists of a flat distributed Bragg reflector with 46 pairs of
GaAs/AlAs layers and a curved top mirror (radius of curvature of 12 μm) coated
with 8 pairs of Ta2O5/SiO2, see ref. 10 for more details about the cavity. The
microcavity is placed on a set of nano-positioners (ANP101/ANP51, attocube
systems AG). A lens (355230-B, NA= 0.55, Thorlabs Inc.) focuses the light on
the microcavity input. The microcavity and the lens are mounted in a helium
bath-cryostat (4.2 K). A DLC CTL 959 laser (TOPTICA Photonics AG) is used for all
experiments. All transmission measurements were performed using a fibre-
coupled silicon avalanche photodetector (APD, model SPCM-NIR, Excelitas
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Technologies) with a detection efficiency of ηAPD = (44 ± 3)%. The g(2)(τ)-
measurements were performed with a superconducting NbTiN-nanowire
single-photon detector (SNSPD) unit (EOS 210 CS, Single Quantum B.V.) that
has an efficiency of ηSNSPD = (82 ± 5)%. The signals from the SNSPDs were
analysed using a time tagger (Time Tagger Ultra, Swabian Instruments GmbH)
with a jitter of 9 ps.
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