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A quantum emitter interacting with photons in a single optical-mode constitutes a one-dimensional
atom. A coherent and efficiently coupled one-dimensional atom provides a large nonlinearity, enabling
photonic quantum gates. Achieving a high coupling efficiency (β factor) and low dephasing is challenging.
Here, we use a semiconductor quantum dot in an open microcavity as an implementation of a one-
dimensional atom. With a weak laser input, we achieve an extinction of 99.2% in transmission and a
concomitant bunching in the photon statistics of gð2Þð0Þ ¼ 587, showcasing the reflection of the single-
photon component and the transmission of the multi-photon components of the coherent input. The tunable
nature of the microcavity allows β to be adjusted and gives control over the photon statistics—from strong
bunching to antibunching—and the phase of the transmitted photons. We obtain excellent agreement
between experiment and theory by going beyond the single-mode Jaynes-Cummings model. Our results
pave the way towards the creation of exotic photonic states and two-photon phase gates.
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Introduction—The ability to generate and manipulate
correlated and entangled photonic states at the few-photon
level is imperative for the advancement of photon-based
quantum technologies. The realization of quantum photonic
gates requires a highly nonlinear medium, i.e., a medium
that enables a strong and controlled interaction of few
photons [1–3]. A one-dimensional atom, a quantum emitter
coupled to a single optical mode, is the ideal candidate to
provide these functionalities [4]. Engineering a one-dimen-
sional atom is challenging: the photon-emitter coupling
efficiency, β, should be close to unity, and the emitter should
be free of decoherence and noise. One approach is to employ
an ensemble of atoms [5,6], which collectively behaves as a
superatom, or a single emitter in awaveguide for which very
high β factors have been achieved [7–10]. Cavity quantum
electrodynamics provides an alternative route to a high β
factor: a single emitter is embedded in a microcavity. This
approach has been implemented with atoms [11–13], ions
[14], molecules [15,16], and semiconductor quantum dots
(QDs) [17–19].
Here, we embed a single QD in a one-sided micro-

cavity, to create a one-dimensional atom following the
original proposal of Ref. [20]. Important features are the

exceptional coherence (low charge-noise [21], weak
dephasing via phonons [22]) and the high β factor. We
showcase the performance by measuring the transmission
and reflection and their respective gð2Þ functions. In the
ideal case, the emitter acts as a perfect mirror for single
photons [23–25]. Our system shows an extinction of 99.2%
of the transmitted light when probed with a low-power
laser. Moreover, the transmitted state is highly bunched,
gð2Þð0Þ ¼ 587, a strong demonstration of the nonlinearity at
the single-photon level.
The most striking results are the strong extinction and the

high bunching of the transmitted state, both metrics for the
nonlinearity, both much higher than in previous realizations
[8,9,15,16,26]. Beyond this, first, we exploit the in situ
tunability of the microcavity to tailor the photon statistics,
transitioning from highly bunched to antibunched photonic
states. Second, we present a full theoretical model. It
includes two optical transitions and two cavity modes
thereby going beyond the standard Jaynes-Cummings
model. These details are crucial to describe the experimental
results fully. Third, we exploit the Rice-Carmichael descrip-
tion of the cavity field [27] to obtain intuitive analytical
expressions, which explain the main observations.
The experiment—The setup is depicted in Fig. 1(a). The

cavity is an open microcavity [28] (highly miniaturized
Fabry-Perot-type). The bottom mirror is a highly reflective
(99.97%) semiconductor (AlAs=GaAs) DBR mirror. A
layer of InAs QDs is embedded within an n-i-p diode
structure [21]. The top mirror is a less reflective (99%)
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dielectric DBR mirror (SiO2=Ta2O5) on a silica substrate in
which a microcrater is created by laser ablation. The sample
and top mirror are the same as in Refs. [29,30]. The much
higher transmittance of the top mirror makes the cavity one-
sided: the top mirror of the cavity is the main access port for
incoming and outgoing light [29]. The semiconductor is
mounted on a set of xyz nanopositioners, allowing full
control over the cavity length (z), also the QD lateral
position relative to the cavity center (xy). A combination of
a polarizing beam splitter and a half-wave plate gives
full control over the polarization of the input and output
states. The cavity mode is frequency split by δcav=ð2πÞ ¼
ðωH − ωVÞ=ð2πÞ ¼ 50 GHz into two linearly and orthogo-
nally polarized modes due to a small birefringence in the
bottom mirror. We name these two polarizations H and V,
with detunings ΔωH=V ¼ ωlaser − ωH=V. The cavity modes
have a loss rate κ=ð2πÞ ¼ 28 GHz.
We use a neutral exciton (X0) in a QD. The QD was

chosen according to two criteria: the exciton and cavity
axes align reasonably well; the X0 frequency lies in the
intersection of the mirror stop bands. The X0 has a V-level
energy structure: one ground state jgi with two ex-
cited states jai and jbi [Fig. 1(b)], with detunings
Δωa=b ¼ ωlaser − ωa=b. The two QD transitions are linearly
polarized, mutually orthogonal, and split in frequency by
δQD=ð2πÞ ¼ ðωa − ωbÞ=ð2πÞ ¼ 2.3 GHz. The polarization
axes of the QD lie at an angle of θ ¼ 25.1° relative to the
axis of the cavity [Fig. 1(b)]. Thus, the HQD transition

jai ↔ jgi couples more to the H- than to the V-polarized
cavity mode, and vice versa for the VQD transition
jbi ↔ jgi. When optimally coupled to the cavity, the
QD transitions have a Purcell-enhanced decay rate
Γ=ð2πÞ ¼ 1.65 GHz (Purcell factor FP ¼ 11), giving a
maximum coupling efficiency β ¼ FP=ðFP þ 1Þ ¼ 92%.
We use two experimental configurations termed “trans-

mission” and “reflection.” We focus first on the trans-
mission mode: Light with polarization P ¼ ðH þ VÞ= ffiffiffi

2
p

is
input from Port 1 and interacts with the QD-cavity system.
The output is collected in Port 2, with polarization M ¼
ðH − VÞ= ffiffiffi

2
p

[Fig. 1(a)]. We thus measure light transmitted
from the P to the M polarization.
Strong extinction—The measured transmission as a

function of QD detuning is shown in Fig. 1(d), illustrating
an extinction of 99.2%, an immediate demonstration of the
efficient QD-cavity coupling.
Some features can be understood with a JC model,

obtained by setting θ ¼ 0 (ignoring the misalignment be-
tween the QD and cavity polarizations) and jδcavj=κ → ∞
(large cavity-mode separation). In this case, only H-
polarized light interacts with the QD cavity; V-polarized
light is perfectly reflected. This model represents the
canonical system, a two-level emitter coupled to a single
cavity mode [20,27].
We consider first the case when the QD is far out of

resonance [Fig. 1(c), far left or right]. When ΔωH is swept
across zero, the phase of the reflected H-polarized light
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FIG. 1. A one-dimensional atom. (a) Experimental setup. Weak laser light impinges on a one-sided microcavity. The reflected light
strikes a polarizing beam splitter. A half-wave plate sets an angle between the input and the axes of the cavity. The sketch shows the path
for photons in transmission mode; the input is polarized at 45° relative to the cavity modes. At ideal QD-cavity coupling, single-photon
components are reflected into port 1 and multiphoton components enter port 2. (b) Top: level structure of the neutral exciton. The two
transitions have orthogonal linear polarizations. Bottom: polarization orientation of the horizontally (H) and vertically (V) polarized
cavity modes and the QD transitions. (c) Transmission as a function of cavity detuning (ΔωH) and QD detuning (Δωa). Electrical tuning
was employed keeping the laser frequency fixed: ΔωH is tuned via the piezo controlling z, the sample-top-mirror separation; Δωa is
tuned via the voltage applied to the diode. Black lines indicate resonances between the laser frequency and the lowest transition
frequencies of the Hamiltonian; see Ref. [31]. (d) Transmission for ΔωH ¼ 0. The transmission features two dips corresponding to the
two QD transitions. The stronger transition shows an extinction of 99.2%. The black line is the full theoretical prediction showing
excellent agreement with the data. The dashed blue line shows the JC model. The inset shows the power dependence of the transmission
dip, with Psat ¼ 1.8 nW (vertical dashed line).
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winds around 2π while the V-polarized light remains
unchanged. On resonance (ΔωH ¼ 0), the H-polarized
light obtains a phase shift of π, turning P-polarized light
intoM-polarized light and resulting in a transmission close
to unity. This explains the peaks in Fig. 1(c) when the laser
is on resonance with one of the cavity modes (while the QD
is out of resonance). Next, we consider sweeping the
detuning of the QD Δωa at ΔωH ¼ 0 [Fig. 1(d)].
Crossing Δωa ¼ 0, the phase of the reflected H-polarized
light again winds around 2π. This results in a dip in trans-
mission; in the absence of dissipation, we expect perfect
extinction (T ¼ 0) on resonance (Δωa ¼ ΔωH ¼ 0). Dissi-
pation reduces the transmission to T ¼ ð1 − βÞ2 [20,31].
Features of the transmission that are not captured by the

JC model are the double-dip structure [Fig. 1(d)], and the
shift of the maximal extinction toΔωa=ð2πÞ ≈ −0.31 GHz.
The double dip arises because in the presence of two QD
transitions, sweeping Δωa results in the crossing of two
resonances. The phase of the reflected H-polarized light
then winds around 4π, resulting in two dips. Considering
the full three-level system, the theory shows excellent
agreement with experiment [Fig. 1(d)].
The maximum extinction is strongly dependent on the

input power. With increasing laser power, the transmission
dip disappears [inset, Fig. 1(d)]. This nonlinear response is
a consequence of the saturation of the quantum emitter. We
extract a saturation power of Psat ¼ 1.8 nW [37], corre-
sponding to a flux of 0.4 photons per QD lifetime.
Giant and tunable nonlinearity—We now demonstrate

the ability of this cavity-QED setup to manipulate the
statistics of the transmitted light. To this end, we consider
the second-order correlation function gð2ÞðτÞ, with τ the
delay between detection events. We observe very strong
bunching, gð2Þðτ ¼ 0Þ ¼ 587 [Fig. 2(a)] for very low input
power and an optimally coupled QD. To our knowledge,
this is the largest photon-bunching due to a nonlinearity
observed to date. Such a high bunching demands low
dephasing, β ≃ 1, and high signal-to-laser-background
ratio. Tuning β results in a change from strong bunching
to antibunching [Fig. 2(b)], demonstrating wide control
over the statistics of the transmitted light. In the experi-
ment, β is tuned by laterally moving the QD relative to the
cavity center.
The gð2ÞðτÞ function exhibiting giant bunching can be

explained by the evolution of the M-polarized cavity
field. In the bad-cavity, weak-drive limit, the cavity field is
described by a pure quantum state at all times [27,31,32,38],

jψiτ ¼ jαi − i

ffiffiffiffiffi
Γ
2κ

r
hσ̂Miτâ†Mjαi: ð1Þ

Here, jαi denotes the coherent state describing theMmode in
the absence of theQD.The second termdescribes the effect of
the QD; â†M denotes the creation operator of theMmode, and
σ̂M the QD transition coupled to the M polarization.
Equation (1) provides the correct averages for any normal-
ordered observable to leading order in the external drive. We

refer to this state as the Rice-Carmichael (RC) state [27]. The
gð2Þ function may then be understood as follows. Detecting a
photon alters the field in the cavity, which then regresses
to its steady state. The time-dependent average field gives
gð2ÞðτÞ ¼ jhâMiτ=hâMi∞j2, where the average is relative to
jψiτ [27,31]. Thus, gð2ÞðτÞ larger (smaller) than 1 is observed
whenever the average field is stronger (weaker) than in the
steady state.
To explain the key aspects, we consider the RC state for

the JC model. In this case, we find

hâMiτ
hâMi∞

¼ 1 −
β2

ð1 − βÞ2 e
− γτ
2ð1−βÞ; ð2Þ
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FIG. 2. Intensity correlations. (a) gð2ÞðτÞ of the transmitted light
for ΔωH ¼ 0 and Δωa ¼ −0.14 GHz. The QD is positioned in
the center of the cavity (β ¼ 0.92). The input power is 0.3 pW
corresponding to 0.000 67 photons per lifetime. The bin size is
5 ps, integration time 1 h; at large τ, signal on average 0.24
counts-per-bin. The single-photon detector has efficiency 80%,
dark-count rate 100 Hz, and total timing jitter 50 ps. A bunching
of 587 highlights the strong nonlinearity of the system. Inset
shows gð2Þð0Þ as a function of laser power, the black lines the
theoretical model. (b) gð2ÞðτÞ for different QD positions, i.e.,
different β factors, for ΔωH ¼ 0 and Δωa=ð2πÞ ¼ −0.14 GHz.
Input power 17 pW, bin size and integration time as in (a);
average counts-per-bin 8.2, 70, 414, 1700 for β ¼ 0.92, 0.73,
0.48, and 0.17, respectively. Bunching turns into antibunching at
β ≃ 0.5, and disappears for β → 0. The full model (solid black
line) is compared to the JC model (dashed blue line).
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where γ ¼ 2Γ=FP denotes the dissipation rate of the QD.
This shows that the photon statistics can be modified by
tuning β. At β ≃ 0 the cavity field remains close to a
coherent state while for β ≃ 1, the contribution to Eq. (2)
stemming from the QD yields an amplified number of
photons.
The transition from bunching to antibunching [Fig. 2(b)]

may qualitatively be understood by considering the steady
state in the Fock basis hnjψi∞¼αnð1−βnÞ= ffiffiffiffiffi

n!
p

. At β ¼ 1
the single-photon component in the cavity vanishes and is
thus perfectly reflected [sketch Fig. 1(a)]. Crucially, multi-
photon components are present in the cavity, leading to
giant bunching in the transmitted light. In particular,
jh2jψi∞j remains unchanged. In contrast, for β ¼ 1=2,
the two-photon component in the cavity vanishes, yielding
perfect antibunching gð2Þð0Þ ¼ 0. Similarly, tuning β ¼
1=n allows the n-photon component to be suppressed.
Equation (2) implies that the average field in the cavity

changes sign upon photodetection if β > 1=2. When the
field subsequently crosses zero, gð2Þ vanishes [Fig. 2(b)].
Features not captured by the JC model include the

shoulders in Fig. 2(b), which are related to the cavity
and QD splittings, δQD=cav ≠ 0. Furthermore, the anti-
bunching is limited by the cavity-mode splitting δcav ≠ 0
and the polarizations’ misalignment, θ ≠ 0, such that
gð2Þð0Þ ≃ 0.5 at β ≃ 0.5. Our full model shows excellent
agreement with these features.
Photons are correlated in time—We now turn to the

reflection mode experiment [39,40]. In this case, the cavity
is driven by H-polarized light and the reflected light in the
same polarization is measured. A 99∶1 beam-splitter
separates the input light from the output. Figure 3(a) shows
the reflected signal R←. Because of the coupling to the QD,
photons either dissipate or change polarization, reducing
the reflection. Interestingly, the less-coupled QD transition
results in a stronger reduction of the reflection [upper panel,
Fig. 3(a)]. This is explained by the JC model, obtained for
θ ¼ 0 in the reflection mode. Specifically, for ΔωH ¼
Δωa ¼ 0, R← ¼ ð1 − 2βÞ2; then, for β ¼ 0.92, we have a
small dip in the reflection [blue line, Fig. 3(a)]. The less-
coupled transition results in a pronounced dip: the reduced
coupling is equivalent to a smaller β.

Turning to gð2Þ← ðτÞ, Fig. 3(b), we find a peak at zero delay
gð2Þ← ð0Þ ¼ 7.3, followed by a dip gð2Þ← ð133 psÞ ¼ 0.25.
Photons are thus correlated at short delays and anticorre-
lated at longer delays. Thus, it is much more likely to
observe them close to each other. This is consistent with the
formation of bound states: photons are pulled together in
time, forming a highly correlated state [30,41]. A similar
effect is also predicted in the transmission mode [Fig. 2(b)],
but there it lies below the noise floor due to the small
transmission. The intensity correlations in the reflection

mode can be described using an RC state: gð2Þ← ðτÞ ¼
jhb̂Hiτ=hb̂Hi∞j2, where the averages are computed from

the RC state, and b̂H describes the cavity field displaced by
the light that is directly reflected. The JC model again
allows the qualitative features of the data to be understood.
For ΔωH ¼ Δωa ¼ 0,

hb̂Hiτ
hb̂Hi∞

¼ 1 −
ð2βÞ2

ð1 − 2βÞ2 e
− γτ
2ð1−βÞ: ð3Þ

The field changes sign upon detecting a photon if β > 1=4.
When regressing to the steady state, we must have

hb̂Hi ¼ 0, yielding a vanishing gð2Þ← and explaining the
anticorrelation at finite delays [31].
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Conclusion and outlook—We have established efficient
and coherent coupling between a QD and a microcavity. As
a result, the QD behaves radically differently depending on
the number of photons. This leads to a huge bunching, as
only multiphoton states are transmitted. We find excellent
agreement between experiment and theory by going
beyond the single-mode JC model and including two
QD transitions and two cavity modes in our model. The
connection between the RC state and the gð2Þ suggests an
intuitive understanding of photon statistics through the
field’s phase space.
The observed photon-number discriminating interaction

enables photon-photon interactions at the single-photon
limit and may find application in creating photonic bound
states [30,42,43] and exotic photonic states [6], in estab-
lishing direction-dependent phase-shifts [39], and in study-
ing many-body phenomena [44] in a controllable setting.
The overall transmission of the setup, from the input fiber
to the output fiber, is high, about 50% [29]. A promising
avenue is to mimic the interaction between photons and
multiple quantum emitters in series, e.g., via time-delayed
feedback. This allows the generation of exotic bound states
involving many photons [41]. Furthermore, this system
may find application as a photon sorter [45–48] or a
photon-photon quantum gate [49,50].
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[13] X. Luan, J.-B. Béguin, A. P. Burgers, Z. Qin, S.-P. Yu, and
H. J. Kimble, The integration of photonic crystal wave-
guides with atom arrays in optical tweezers, Adv. Quantum
Technol. 3, 2000008 (2020).

[14] H. Takahashi, E. Kassa, C. Christoforou, and M. Keller,
Strong coupling of a single ion to an optical cavity, Phys.
Rev. Lett. 124, 013602 (2020).

[15] D. Wang, H. Kelkar, D. Martin-Cano, D. Rattenbacher, A.
Shkarin, T. Utikal, S. Götzinger, and V. Sandoghdar, Turn-
ing a molecule into a coherent two-level quantum system,
Nat. Phys. 15, 483 (2019).

[16] A. Pscherer, M. Meierhofer, D. Wang, H. Kelkar, D. Martín-
Cano, T. Utikal, S. Götzinger, and V. Sandoghdar, Single-
molecule vacuum Rabi splitting: Four-wave mixing and
optical switching at the single-photon level, Phys. Rev. Lett.
127, 133603 (2021).

[17] M. T. Rakher, N. G. Stoltz, L. A. Coldren, P. M. Petroff, and
D. Bouwmeester, Externally mode-matched cavity quantum
electrodynamics with charge-tunable quantum dots, Phys.
Rev. Lett. 102, 097403 (2009).

[18] L. De Santis, C. Antón, B. Reznychenko, N. Somaschi,
G. Coppola, J. Senellart, C. Gómez, A. Lemaître, I. Sagnes,
A. G. White, L. Lanco, A. Auffèves, and P. Senellart,
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