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QD OPTICAL CHARACTERIZATION

We present the measured optical properties of the neutral QD which was used in Fig. 1-3 of the main
manuscript. Fig. 1(a) is an intensity correlation measurement of the QD resonance fluorescence which
demonstrates the single-photon nature of the QD emission. From this measurement and from the lifetime
measurement presented in Fig. 1(b), we can infer an excited-state lifetime T1 = 640 ps, corresponding to
a decay rate, Γ, of 2π×250 MHz. We verify through Fabry-Perot scans the portion of coherent scattering
from the QD, as shown in the spectra of Fig. 1(c) and 1(d). We also extract spectral wandering, and
pure dephasing from modeling these spectra (described in section 4), resulting in the solid curves in Fig.
1(c) and 1(d).
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Figure S 1. QD characterization. (a) Intensity correlation of the QD resonance fluorescence. The solid curve
is a fit to the data, including spectral wandering of the transition and the response time of the detectors. The
dashed curve is the autocorrelation that would be expected with an infinitely fast response. (b) Time-resolved
fluorescence of the QD under pulsed excitation, showing a decay of 640 ps. (c) & (d) Emission spectra of the QD
for different excitation intensities, recorded with a scanning Fabry-Perot cavity. The solid lines are theoretically
expected spectra, convolved with the 30 MHz width of the cavity. The theory includes pure dephasing, as detailed
in section 4, and spectral wandering of the QD resonance of 300 MHz. The spectra are recorded at zero magnetic
field, resulting in spectral fluctuations differing from those measured in the main experiment.
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DETERMINATION OF THE ABSORPTION PROBABILITY PER PHOTON pabs

The experimental sequence used to determine the absorption probability per photon pabs consists of
four phases [cf. Fig. 2].

• Initialization The ion is prepared in the mJ = −3/2 Zeeman level of the 2D3/2 state by applying
σ− and π polarized 935 nm light in combination with 369 nm light. The 935 nm beam has an angle
of 75 degrees with respect to the cavity axis and the 369nm beam is transverse to it. After 120µs,
approximately 90% of the population is accumulated in the target state.

• Probe For a time Tinteract = 0− 1500µs the QD fluorescence is guided onto the fiber-cavity. The
cavity length is actively stabilized to be resonant with the 3D[3/2]1/2-

2D3/2 transition of 174Yb+

for all experiments presented in the main text. During Tinteract we record the number of photons
reflected from the cavity. From this measurement we determine the average number of QD-photons
n̄ which impinged upon the cavity by taking account of the finite cavity in-coupling, attenuation
on the optical path, background light and dark-counts of the photon detectors. The corresponding
QD-photon rate is then γQD = n̄/Tinteract.

• Readout In order to prove that the ion has been interacting with a QD photon during Tinteract we
make use of the large branching ratio from the 3D[3/2]1/2 to the 2S1/2 state. Since the 3D[3/2]1/2
state decays mainly to the 2S1/2 state we define pabs as the probability per photon to transfer
population from 2D3/2 to 2S1/2. The effect of the QD photons is then determined by subsequent
scattering of 369 nm light on the 2P1/2-

2S1/2 transition of the ion.

Fig. 2(b) shows the 369 nm fluorescence detected by a photo-multiplier tube (PMT) during the
read-out phase. The fluorescence signal decays exponentially if the ion is in 2S1/2 state (black
curve). This decay occurs because the 369 nm transition is not cyclic. In contrast, for an ion in
the 2D3/2 state the read out signal is constant; the finite signal amplitude arises from background
light (blue curve). The red curve shows the signal for a stream of QD photons. The 2D3/2 to 2S1/2
transfer probability ptransfer for the QD probe pulse is calculated by integrating the PMT counts
during the first 19µs of the readout phase for the three traces, giving cD-state,cS-state and cQD:

ptransfer :=
cQD − cD-state

cS-state − cD-state

. (1)

pabs is determined from ptransfer and the mean number of photons n̄:

pabs :=
Γabs

γQD

=
− ln(1− ptransfer)

Tinteract

Tinteract

n̄
=

− ln(1− ptransfer)

n̄
. (2)

As not every excitation to 3D[3/2]1/2 state leads to decay to the 2S1/2 state pabs underestimates the
actual excitation probability. From the cavity-QED parameter we infer that the altered branching
ratio is 91% in favour of the decay to 2S1/2 state and therefore our measurements systematically
underrate pabs by 9%.

• Doppler cooling Finally, the ion is continuously laser-cooled on the 2P1/2-
2S1/2 transition for

160µs.

MODELING OF THE PHOTONIC LINK

The spectrum of the QD emission S(ν) is given by the Fourier transform of the two-time correlation
function of the optical dipole 〈σ+(τ)σ−(0)〉. To calculate the QD spectrum, we consider a two-level
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experimental sequence:
phase: duration:
initialization 120 ms
probe up to 700 ms
read out 20 ms
Doppler cooling 160 ms
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Figure S 2. 174Yb+ initialization and readout. (a) Experimental sequence. (b) Time-resolved 369 nm
fluorescence of the ion during the read out phase (starts at t = 824µs). Black curve: ion is in the bright
2S1/2 state. Blue curve: ion is in the dark 2D3/2 state. Red curve: the QD-photons transferred the ion partially
from the dark to bright state. Each curve represents the accumulated data from 50000 repetitions.

system interacting with a classical field in the rotating wave approximation (e.g. [1]) with an additional
pure dephasing term γ of the optical dipole. The relevant physical quantities are:

• The excited state decay rate Γ = 2π × 250 MHz.

• The QD-laser Rabi coupling Ω, or equivalently, the normalized intensity I/Isat ∝ Ω2/Γ2.

• An intensity-dependent dephasing rate of the optical dipole γ = 2π × (I/Isat)× 9.3 MHz.

• The frequency of the laser νL.

• The detuning between the laser and the optical dipole frequency δ = νQD − νL.

• The frequency of the ion ν0.

The number of QD photons nQD→Ion(ν0) spectrally overlapping with the ion resonance is:

nQD→Ion(ν0) =

∫
S(ν)L(ν0 − ν)dν , (3)

where L(ν0 − ν) is a Lorentzian of FWHM of 20 MHz corresponding to the width of the cavity-mediated
ion absorption.

The transfer rate from 2D3/2 to 2S1/2 (Γabs) is assumed to be proportional to nQD→Ion(ν0), with a
correction for a small portion of laser photons nL which leak to the ion due to finite polarization rejection:

Γabs ∝ nQD→Ion(ν0) + nL ∗ L(ν0 − νL) . (4)

And the absorption probability per photon is proportional to:

pmodel
abs ∝

nQD→Ion(ν0) + nL ∗ L(ν0 − νL)

nQD + nL
, (5)

where nQD is the total number of QD photons. The modeled pmodel
abs is scaled to fit the observation. The

scaling factor is governed by the ion-cavity coupling.
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The QD signal to laser leakage is 70 : 1 at saturation. Consequently, in the modeling, we take:

nL(Isat) = nQD(Isat)/70 (6)

nL(I) ∝ I . (7)

In order to model the spectrum, shown in Fig. 3(a) of the text, we computed pmodel
abs , as a function

of ν0 − νL. Having measured the lifetime of the QD, the QD dipole dephasing rate and the FWHM
of the ion absorption through the cavity independently, the detuning is the only free parameter. The
asymmetry observed experimentally in Fig. 3(a), main text, results from the combined effect of optically
induced dephasing and detuning [2]. The theoretical curve in Fig. 3(a) of the main text illustrates such an
imbalance with δ = 250MHz and γ = 2π× 93MHz. Detuning is set by a non-linear feedback mechanism
known as dragging: the QD transition is locked to the resonant laser, and the locking point is determined
by hyperfine interaction between the optically created electron and the nuclei in the QD [3–5]. Typical
absorption scans, taken for two different scanning speeds and excitation intensities, are presented in Fig.
3. As shown in the figure, higher excitation intensities and slower scanning speeds permit a build up
of nuclear polarization, holding the QD resonance to the excitation frequency. The emission profile is
exactly the same as in the absence of dragging. This dragging of the QD transition is used for tuning the
emission spectrum presented in Fig. 3(a) of the main manuscript.

pmodel
abs is computed for ν0 = νQD = νL as a function of the normalized excitation intensity I/Isat to

model the intensity-dependent absorption shown in Fig. 3(b) of the main text. The modeled evolution is
scaled to fit the data. This scaling factor is governed by the ion-cavity coupling. An excitation-dependent
pure dephasing term has been included, for consistency with the spectrum modelling in Fig. 3(a) of the
main text, but its effect is below our experimental resolution.

For semiconductor QDs, relaxation between the dressed states induced by acoustic phonons sets a
lower bound to the dephasing rate observed at a given Rabi frequency [2, 6]. For a saturation parameter
I/Isat = 10, a dephasing rate on the order of 0.1− 1MHz is to be expected from such processes. For this
QD, a much larger intensity dependent dephasing rate was measured which is likely to be caused by fast
electrical field noise in this sample. Excitation intensity-dependent spectral wandering (i.e. slow electrical
field fluctuations) with a 160 MHz amplitude at I/Isat = 1 and a 250 MHz amplitude at I/Isat = 5 as
well as on-off switching of the fluorescence were also observed. The effect of spectral wandering in the
modeling was found to be a small correction compared to the accuracy of the data points, so it was not
included in our final analysis.

In the main manuscript, we estimate a 20% increase of the efficiency of a coherent scheme over a
incoherent scheme for a direct state-transfer protocol. Here are the details of the assumptions which go
into this estimate. Our results show that, within error bars, coherently scattered photons are absorbed
as efficiently as CW laser photons (ηion ∝

∫
δ(ν)LIon(ν)) and more generally, (ηion ∝

∫
SQD(ν)LIon(ν))

where LIon(ν) is the ion absorption linewidth (20MHz) and SQD(ν) is the QD emission linewidth. If
coherently scattered photons are to be used, spin has to be mapped onto a photon which is then sent to
the ion. Because of the probabilistic nature of coherent scattering, if p is the probability of scattering
one photon, p2 is the probability of scattering two photons. Two-photon scattering events are a source of
error (the quantum state of the spin can be mapped on one and only one photon). Hence, the coherent
scattering probability has to be p ≪ 1. We took pcoh = 0.1. On the other hand, for an incoherently
scattered QD photon, the best state-transfer you can hope for is if you take pincoh = 1, and SQD(ν) is
a Lorentzian with a 250MHz linewidth (that is assuming a lifetime limited QD-photon coherence, which
is a best case scenario). The 20% improvement refers to the overall efficiency p × ηion for the coherent
versus incoherent case.
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Figure S 3. QD absorption scans. Absorption scans of the neutral QD used in the main manuscript. If the
laser scanning rate is sufficiently slow, strong deviation from a Lorentzian lineshape can be observed as a hyperfine
field develops to ensure through an effective Zeeman shift that the QD transition remains nearly resonant with
the laser frequency. The Lorentzian curves shown in the bottom panel illustrate how the absorption profile is
continuously shifted to follow the laser.

PHOTON TRANSFER EFFICIENCY

In addition to the ion state transfer per photon probabilities reported there is a constant transfer
efficiency from the QD to the ion cavity of 5 × 10−4, as mentioned in the main text. This can be
partitioned into two main stages: photon out-coupling from the QD sample (3.5%) and losses in the path
from the sample to the ion cavity (1.4% transmission). A large proportion of the losses between the QD
sample and the ion cavity can be attributed to the need to monitor photon rates between the systems,
as well as polarization control between the QD and the ion.

The quoted transmission can be recovered from the individual elements which make up the link from
the QD sample to the ion cavity: QD microscope beam splitters (90%× 2 transmission), linear polarizer
(41%), coupling into the QD microscope fiber (40%), coupling into the 50-m fiber (70%), polarization
optics transmission at 50-m fiber output (90%), polarization filtering (50%), beam splitter transmission
(90%× 2) and coupling into the fiber cavity (42%).
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PREPARATION OF THE QD ELECTRON SPIN MIXTURE

In order to demonstrate a dependence of the ion absorption on the spin state of a QD, we split the
transitions of a negatively charged QD with an external magnetic field applied along the growth axis
(B = 0.7T). While polarization-spin correlations are erased by our cross-polarization technique, energy-
spin correspondence is used to provide a spin-selective absorption.

The energy of the transitions is found by mapping the intensity of the resonance fluorescence as a
function of laser frequency and gate voltage as shown in Fig. 4(a). Strong fluorescence is observed when
the gate voltage is set to 0.4 V (0.55 V) corresponding to fast co-tunneling as the electron occupation
changes from 0 to 1 (1 to 2) in the QD. Fast co-tunneling randomizes the spin-state of the electron,
preventing spin shelving following optical pumping. Between these two co-tunneling regions, a strong
reduction of fluorescence occurs due to optical pumping. The fluorescence can be recovered using a second
repump laser as shown in Fig. 4(b) [7].
To fully characterize the optical pumping, we perform a time-resolved pulsed two-color experiment

[Fig. 4(c)]. Two pulses are generated from cw laser sources using acousto-optic modulators. A 3 µs pulse
at 320552 GHz resonantly drives the red transition at a power corresponding to I/Isat = 2. The emission
rate of red photons decreases exponentially in time as the electron is pumped into the |↑〉 state. Then, a
6.5 µs pulse at 320571 GHz resonantly drives the blue transition at I/Isat = 0.5. Again, the emission rate
decreases exponentially as a consequence of optical pumping, this time into the |↓〉 state. From these, we
can estimate a preparation fidelity of 92.2% ± 0.2% (92.8%± 0.2%) in the state |↑〉 ( |↓〉).

In the experiment showing spin-selective absorption of the ion, we use pulses which only differ from the
previous experiment by their duration: the pulse resonant with the red transition has a variable duration
between 0 and 700 ns, which is used to create an incoherent spin superposition p↑ |↑〉 〈↑|+ p↓ |↓〉 〈↓| with
p↑ varying between 0.072(2) and 0.81(1). Photons are then generated, mostly coherently, by a 550 ns
pulse resonant with the blue transition. Time-resolved resonance fluorescence traces corresponding to
identical experimental conditions are presented in Fig. 4(d). In this protocol, the 935 nm generation
pulse is kept constant, so that the change of ion absorption can only be attributed to a change of spin
preparation of the QD electron.
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