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Single-photon sources that emit photons at the same energy play a key role in the
emerging concepts of quantum information’, such as entanglement swapping?,
quantum teleportation®** and quantum networks’. They can be realized in a variety

'3 are

of systems®”**1%1-12/ where semiconductor quantum dots, or 'artificial atoms
arguably among the most attractive. However, unlike 'matural atoms', no two
artificial atoms are alike. This peculiarity is a serious hurdle for quantum
information applications that require photonic quantum states with identical
energies. Here we demonstrate a single artificial atom that generates photons with
an absolute energy that is locked to an optical transition in a natural atom.

Furthermore, we show that our system is robust and immune to drifts and

fluctuations in the environment of the emitter. Our demonstration is crucial for
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realization of a large number of universally-indistinguishable solid-state systems at
arbitrary remote locations, where frequency-locked artificial atoms might become

fundamental ingredients.

Quantum dots are robust emitters of on-demand single'* and entangled photons'®, with
high repetition rates and narrow spectral linewidths. Moreover, quantum dots can be

1617 compatible with modern

naturally integrated into larger nano-fabricated structures
nanoelectronics. Recently, two dissimilar quantum dots (QDs) have been tuned to the
same energy relative to each other, allowing for two-photon interference of their
emission”". However, scaling of this concept to more than two QDs at distant locations
becomes substantially complicated and non-trivial, since all QDs in the network have to
be tuned relative to each other. It would be desirable to be able to precisely tune the

emission energy of each QD independently, for instance, to an absolute energy

reference.

Here we demonstrate a hybrid semiconductor-atomic system where an individual
artificial atom generates single photons with an absolute energy. We adopt the concept
of atomic clocks'®, where the frequency of an atomic transition is used as a frequency
standard for the time-ticking element of the clock. Likewise, in our work we tune the
emission frequency (or, equivalently, the emission energy) of a QD in resonance with an
atomic transition'®®, as illustrated in Fig. 1. We then lock the QD emission by
implementing a feedback loop that monitors and minimizes the detuning from the
resonance. Our scheme can, therefore, provide a powerful solution to the mismatch in

the photon energies of QDs and enable independent tuning of multiple QDs to the



absolute energy of the atomic transition, immune to drifts and relative calibrations.

We first outline the relevant characteristics of the two systems that we couple: a single
GaAs QD (an artificial atom) and rubidium (a natural atom). Our GaAs QDs were
specially designed to generate single photons around 780 nm, close to the ¥Rb D,

transitions?!?>%3

(see Supplementary Fig.S1 and Methods). To increase photon
extraction efficiency, the QDs were integrated in an optical micro-cavity. The QD
emission wavelength (or, equivalently, the emission energy) can be fine-tuned to
rubidium transitions with external magnetic or electric fields*, or strain® applied to the
sample. In our experiments we use the D, transitions in ¥Rb at the characteristic

wavelength of 780 nm. The ground state has a hyperfine splitting composed of two

absorption resonances separated by ~28 peV.

In the experimental realization of our hybrid system, the photons emitted from a single
QD propagate through the rubidium vapour before detection (see Supplementary
Fig. S1 and Methods). We tune the photon energy through the D, transitions of #’Rb by
applying an external magnetic field to the QD. The QD energy levels undergo a Zeeman
splitting and a diamagnetic shift with increasing magnetic field. As a result, the emitted
photons are controllably tuned to the D, transitions of ®Rb, and are partially absorbed
by the vapour when in resonance. Our artificial atom, unlike a natural atom, is strongly
coupled to its environment — electric charges, trapped in the vicinity of a QD. This
charge environment fluctuates in time, modifying the local electric field and leading to
unwanted detuning of the emission from the resonance. To keep the emission in

resonance we have implemented an active feedback loop that controls the magnetic field



in order to counteract the changes in the photons' energy (see Supplementary Methods).
Additionally, we emphasize that spectrally narrow optical transitions in rubidium easily

allow for QD spectroscopy with sub-peV resolution, similar to laser spectroscopy.

In the first experiment, we take advantage of our hybrid system and demonstrate high-
resolution spectroscopy of a QD. In Fig. 2a we show transmission of the two branches
of a Zeeman-split emission line under increasing magnetic field. The long wavelength
branch is scanned through the D, transitions and its trace is represented in Fig. 2b. We
clearly resolve two transmission dips due to the hyperfine structure of the D, line,
indicating a narrow spectral linewidth of our QDs. The experimental data are presented
together with the model (see Supplementary Methods) with only one fit parameter — the
spectral linewidth of the emission. The model fits well the experiment, revealing a very
narrow, nearly lifetime-limited emission linewidth of 3.8 peV (see Fig. S2 for lifetime

measurements).

In the second experiment, shown in Fig. 3, we demonstrate tuning and locking of the
QD emission energy to the atomic transition. We first scan the emission of another QD
through the D, transitions and resolve two transmission dips, represented in the 'Scan'
part of Fig. 3d. Next, the feedback algorithm increases the magnetic field to tune the
emission to the low energy D, transition, and then regulates the field to lock and
stabilize the emission energy at the resonance, as shown in the "Tune & lock' part of
Fig. 3a. Transmissions of the two Zeeman-split branches of the QD emission line,
reference (Fig. 3b) and signal (Fig. 3c), are measured simultaneously. The feedback

algorithm monitors and minimizes the transmission ratio of the signal and reference



lines (Fig. 3d), therefore relying on the intensity fluctuations that originate only from
the resonance detuning (see also Fig. S3). Studying the energy distribution of photons
detuned from the resonance in Fig. 3a we obtain an accurate locking, within 1/3 of the
emission linewidth (for details see Fig. S4 and Fig. S5). The locking precision can be
further increased by realizing, for instance, a faster and more sophisticated analogue
feedback algorithm that monitors the derivative of the transmission, which is more

sensitive to changes in the emission energy.

In the final part of the experiment, shown in the 'Re-lock' part of Fig. 3, we probe the
charge environment in the vicinity of the QD. First we increase the excitation intensity
by more than 3 orders of magnitude for 5 s, indicated by the red line. This very intense,
non-resonant illumination redistributes electrons and holes trapped by the impurities
close to the QD, and therefore creates a new charge environment, that modifies the local
electric field. The energy levels in the QD are thus changed, resulting in a spectral jump
and in the immediate detuning of the emission from the resonance, as represented by an
abrupt rise of signal transmission in Fig. 3d. The feedback loop then tunes and re-locks
the emission, but now at higher magnetic field, to compensate for the change in the
local electric field. The difference in the magnetic field corresponds to a 34 peV shift in
the emission energy that we deduce directly from the experimental data in Fig. 3a. This
energy shift corresponds to the net change of only a few single charges in the vicinity of
the QD*?**, demonstrating the sensitivity of our technique to detect elementary charges.
The spikes in the signal transmission, marked by arrows in Fig. 3d, represent another
evidence of spontaneous fluctuations of single charges, that we entirely suppress with

our feedback loop (for details see Fig. S6). We therefore demonstrate that frequency-



locking of a QD provides a robust solution for energy stabilization, immune to

fluctuations and drifts caused by the environment, such as slow spectral wandering.

Our results, especially the strong sensitivity to detuning from resonance, immediately
suggest several experiments. For instance, our method can enable detection of single
charges and study of the dynamics of such charge environment. Furthermore, with the
implementation of faster analogue feedback, our system could counteract the
fluctuations of the environment considerably stronger, significantly reducing the
harmful spectral wandering of QD emission'. Finally, a rapid and on-chip tuning of QD

tZl

energy levels can be realized exploiting the Stark effect** or applying strain®*?® to the

sample.

We have demonstrated a powerful solution to one of the major hindrances in application
of QDs to quantum networks, teleportation and quantum repeaters®” — single QDs that
emit photons with an absolute energy — by precise tuning and frequency-locking the
photon energy to an atomic transition. More generally, our hybrid semiconductor-atomic
system can now open exciting new avenues, where the advantages of both constituents
are combined together: the scalability and functionality of nanostructure devices based

on single QDs and the uniformity of atomic systems.
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Tuning & locking artificial atoms

o ‘ ‘Tk o
“ﬂ* ‘ﬂﬁlﬂ_'

L 4 " \: -

Natural L'/\ A§’

atom ArtlﬁC|aI
3 atom

Frequency

i
1

Feedback

Fig. 1 legend | Locking an artificial atom to natural atoms. Artificial atoms,
represented as pyramids, are all different. They emit photons at different frequencies,
except those that are tuned and locked to the frequency of an optical transition in a
natural atom — ¥Rb. An active feedback algorithm ensures that an artificial atom is
locked to a natural atom at all times, and therefore generates single photons with an

absolute energy, equal to the optical transition of ®Rb.
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Fig. 2 legend | High-resolution spectroscopy of a QD. a, Photoluminescence (PL)
spectra of a QD exciton under increasing magnetic field. The QD was excited with a
532 nm continuous-wave laser at 100 nW. A cell with a rubidium vapour at 81 °C was
placed in front of the detector. Dashed lines correspond to the ¥ Rb D, transitions. The
long wavelength branch of the Zeeman-split emission, marked by solid white lines, is
tuned through the D, transitions and is partially absorbed by the vapour when in
resonance. b, Transmission of the PL line through the rubidium vapour: experimental
data (blue) and fit of our model (red). The experimental data is obtained by tracing the
long wavelength PL line in (a) (see Fig. S3 for details). The abscissa units are converted

from Tesla to peV (see Supplementary Methods). The data show two well-resolved dips

11



that correspond to the D, hyperfine structure, indicated by dashed lines. The fit reveals
very narrow emission linewidth with full width at half maximum (FWHM) of

3.8+ 0.3 peV.
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Fig. 3 legend | Locking of the QD emission energy to an atomic transition.
a, Modulation of the magnetic field applied to the sample, expressed also as the
detuning of the PL line from a rubidium transition, indicated by the dashed line. b-
¢, Transmission of two PL lines: the reference and the signal, non-resonant and resonant
with the D, transitions, respectively. The signal emission is partially absorbed by the
rubidium vapour when in resonance. The QD was excited with a 532 nm continuous-
wave laser at 60 nW. d, Transmission ratio of the normalized signal and the reference
lines. The experiment is divided into three parts. Scan — the magnetic field is
monotonically decreased to scan the QD emission through the D, transitions,
represented by two dips in (d). Tune & lock — the feedback algorithm controls the

magnetic field that is first monotonically increased to tune the emission energy into

13



resonance with the low energy D, transition, and is then regulated to lock and stabilize
the emission energy. Re-lock — tuning and locking the emission energy after intense
excitation at 0.4 mW for 5s, indicated by the solid red line. The arrows mark the
detection of spontaneous charge fluctuations in the vicinity of the QD. The rubidium

vapour temperature was 122 °C.
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Supplementary Methods

Sample. The QDs that we study were GaAs inclusions in an AlGaAs matrix, fabricated
by solid source molecular beam epitaxy***'. We created a template of self-assembled
nano-holes by in situ droplet etching on a 99 nm thick intrinsic GaAs layer. After
growing a 7 nm thick Aly4GagssAs bottom barrier layer, the sample surface still showed
nano-holes which were then filled with GaAs. A 2 min growth interruption promoted a
net migration of the GaAs towards the bottom of the holes, giving rise to the QDs used
here. Finally, the QDs were capped by a 112 nm Aly33Gapg;As and 20 nm Al 44GapseAs,
followed by a 19 nm thick GaAs cap layer. The nominal thickness of the GaAs layer
used to create the QDs was optimized to 3 nm so that the QDs photoluminescence (PL)
was close to 780 nm?"*. The density of the QDs in the sample was low, such that an
individual QD could be addressed easily. To increase photon extraction efficiency, the

QDs were integrated in a metal-semiconductor-dielectric planar optical micro-cavity .

Vapour cell. We used isotopically pure ®Rb in a 75 mm long quartz cell with anti-

reflection coating.

Experimental setup. Micro-PL studies were performed at 4.2 K in a He bath cryostat
with a 9 T superconducting magnet. The QD was excited with 532 nm continuous wave
or 743 nm ps pulsed lasers focused to a spot size of 1 um using a microscope objective
with numerical aperture 0.85. The PL signal was collected by the same objective and
was sent through a vapour cell to a spectrometer, which dispersed the PL onto a silicon

array detector or a streak camera, enabling 30 peV spectral and 140 ps temporal



resolution respectively.

Units conversion. We convert measurement units from Tesla to peV by comparing the
difference in the magnetic field to the corresponding energy shift of the QD emission

line that we scan through the rubidium D, transitions.

Model. In this work we use the model that we developed recently®. We first calculate a
frequency dependent transmission through the D, transitions, taking into account the
Doppler broadening of rubidium atoms. We model a QD emission line as a Lorentzian
detuned from the D, transitions. We then take a product of the rubidium transmission
and the QD emission, and integrate over the frequency. The result is the transmission of
the QD emission through the rubidium vapour that depends on the QD detuning.
Finally, we repeat the whole procedure for QD detuning values in the range of the
experiment. We fit the resulting curve to the experimental data, as shown in Fig. 2b. The
FWHM of the Lorentzian, corresponding to the emission linewidth, is the only free

parameter in our model.

Feedback algorithm. The computer controlled feedback algorithm minimizes the
transmission ratio, shown in Fig. 3d, by sweeping the magnetic field applied to the
sample. The feedback algorithm only changes the direction of sweep. The decision
whether to change the direction is taken by comparing the transmission ratio with its
previous value. If the ratio decreased — the sweep direction is correct and is not
changed. If the ratio increased — the sweep direction is inverted. The size of the sweep

step is kept constant during the whole process.
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Fig. S1 | Energy level diagrams and schematics of the experiment. a, Energy level
diagrams in QD and rubidium. The blue arrows represent relevant optical transitions. A
GaAs QD is designed to emit single photons around 780 nm, close to the ®¥Rb D,

transitions. The hyperfine structure of the Rb D, ground state is 28 peV. b, Schematics



of the experiment. An optically excited QD emits single photons that propagate through
the cell with a warm Rb vapour placed in front of the detector. The feedback algorithm
based on the detection rate controls an external magnetic field applied to the sample that

tunes the energy levels in a QD.
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Fig. S2 | Lifetime of an exciton. Lifetime measurement of an exciton in a single QD
within the tuning range of the ¥Rb D, transitions: experimental data (blue) and fit (red).
The QD was excited with a ps pulsed laser at 743 nm. The fit accounts for the temporal
response of our system and has single exponential rise and decay times as parameters.

The resulting decay time is 1 =200 + 3 ps, and the corresponding natural (lifetime-

limited) linewidth of the emission is I' = 3.3 £ 0.1 peV.
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Fig. S3 | Transmission through a vapour cell. Normalized integrated PL intensity of a
QD exciton under increasing magnetic field. Blue curve (Data) — tracing the long
wavelength PL line in Fig. 2a and integrating between solid white lines. A cell with a
rubidium vapour at 81 °C was placed in front of the detector. The two well-resolved
dips correspond to the D, hyperfine structure. Grey curve (Reference) — the
measurement of the same PL line without the rubidium cell. The PL intensity changes
with the magnetic field due to relative misalignment of the sample and the objective.
These intensity fluctuations are not related to the absorption by rubidium vapour. We
therefore correct for them before fitting with our model. Red curve (Data divided by
Reference) — the corrected data. This curve is plotted in Fig. 2b and is used for the

fitting.



FWHM 7.9 peV |

Number of measurements

-10 -5 0 5 10
PL line detuning (ueV)

Fig. S4 | Locking precision. Locking precision represented as the energy distribution of
photons detuned from the resonance with the atomic transition. The histogram is built
on the stabilized emission energy data from Tune & lock part of Fig. 3a, from the time
interval [684, 1781] s. Gaussian fit reveals the locking precision of 7.9 + 0.4 peV, which

is 1/3 of the emission linewidth, shown in Fig. S5.
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Fig. S5 | Emission linewidth. Transmission of the PL line through the rubidium vapour:
experimental data (blue) and fit of our model (red). The experimental data is taken from
the Scan part of Fig. 3d. The data show two overlapping dips that correspond to the D,
hyperfine structure, indicated by dashed lines. The fit reveals the emission linewidth
with full width at half maximum (FWHM) of 22.5 + 0.6 peV. In the fit, we model a QD

emission line as a Gaussian. Linewidth of the emission, the vapour temperature and the

scale of PL line detuning are the fit parameters.
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Fig. S6 | Suppression of spontaneous charge fluctuations. Zoom-in on the data in Re-
lock part of Fig. 3a and 3d. a, Modulation of the magnetic field applied to the sample,
expressed also as the detuning of the PL line from a rubidium transition, indicated by
the dashed line. b, Transmission ratio of the normalized signal and the reference lines.
The green areas indicate the time intervals when the QD is locked to a rubidium
transition. The red areas mark the periods of spontaneous detuning, due to charge
fluctuations in the vicinity of the QD. The blue areas indicate the phase when the
feedback algorithm successfully counteracts such spontaneous detuning, and re-locks

the QD back to the rubidium transition.
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