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Solid-state spins are promising as interfaces from stationary qubits to single photons for quan-
tum communication technologies. Semiconductor quantum dots have excellent optical coherence,
exhibit near-unity collection efficiencies when coupled to photonic structures, and possess long-lived
spins for quantum memory. However, the incompatibility of performing optical spin control and
single-shot readout simultaneously has been a challenge faced by almost all solid-state emitters. To
overcome this, we leverage light-hole mixing to realize a highly asymmetric lambda system in a neg-
atively charged heavy-hole exciton in Faraday configuration. By compensating GHz-scale differential
Stark shifts, induced by unequal coupling to Raman control fields, and by performing nuclear-spin
cooling, we achieve quantum control of an electron-spin qubit with a π-pulse contrast of 97.4% while
preserving spin-selective optical transitions with a cyclicity of 471 (50). We demonstrate this scheme
for both GaAs and InGaAs quantum dots, and show that it is compatible with the operation of a nu-
clear quantum memory. Our approach thus enables repeated emission of indistinguishable photons
together with qubit control, as required for single-shot readout, photonic cluster-state generation, and
quantum repeater technologies.

INTRODUCTION

Quantum network nodes based on efficient, long-
lived spin-photon interfaces are essential for distributed
quantum information processing [1±3]. Each node con-
sists of an interface between single photons and a spin
qubit, and realizing its full functionality requires ini-
tializing and reading out the spin state, encoding infor-
mation via quantum control over the spin, entangling
the spin with a photon, and storing this quantum in-
formation in a local memory before sending the photon
across the optical link [4, 5]. These requirements typ-
ically reduce to the simultaneous ability to coherently
control a long-lived spin ground state, and to trigger
spin-selective emission of photons via cyclic transitions.
While direct magnetic-dipole control of the ground state
spin is possible in several systems with cyclic transi-
tions [6±8], in many quantum emitter systems this re-
mains an outstanding problem to integrate with efficient
photonic structures [9], and all-optical means are thus
the only viable route for quantum control. However, all-
optical control requires linking the spin states via mul-
tiple allowed optical transitions, which can conflict di-
rectly with the need for cyclic optical transitions.

∗ Corresponding author: zxk22@cam.ac.uk
² Corresponding author: ma424@cam.ac.uk
³ Corresponding author: dag50@cam.ac.uk

Amongst quantum emitters, semiconductor quantum
dots (QDs) stand out for their exceptional optical coher-
ence and efficiency, thanks to the continued improve-
ment in material quality [10, 11] and photonic technolo-
gies [12, 13]. They also feature coherent electronic and
nuclear spins [14±17], such that 100-microsecond [18]
and 100-millisecond [19] coherence times are attainable
for GaAs QDs, respectively. While some low-field con-
trol of the spin is possible with limited fidelity [20], ad-
dressing and controlling the electronic spin as a high-
fidelity qubit typically requires a few-Tesla magnetic
field to lift the degeneracy of the electronic spin states
beyond the scale of hyperfine and exciton linewidth en-
ergies. Under a growth-axis field (Faraday configura-
tion), the presence of spin-specific circularly-polarized
cyclic transitions allows for efficient spin-state read-
out [21, 22] in the single-shot regime [23, 24]. However,
spin control of a QD in this configuration has not been
realized. Direct microwave drive would need to oper-
ate in the few to tens of GHz regime and would need
to reach Rabi frequencies of tens of MHz at minimum ±
for nuclear-spin stabilization of the qubit splitting [25]
± corresponding to tens of mT of magnetic flux den-
sity at the QD position; this is a formidable challenge
for optically active QD systems. The historical and vi-
able approach for spin control in a QD has thus been
to apply an in-plane field (Voigt configuration), result-
ing in a symmetric linearly polarized Λ system which
allows all-optical coherent control over the spin states
[14, 25±29], reaching high contrast (99.3% [18]) and full-
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mailto:dag50@cam.ac.uk


A
R
T
IC

L
E
 I
N
 P

R
E
S
S

ARTICLE IN PRESS

phase control of an electronic spin with GHz-scale Rabi
frequency [29]. Despite efforts to selectively enhance
a readout transition in this configuration, via the cou-
pling to a cavity [29, 30] or a waveguide [13, 31], only
modest cyclicity ∼ 36 has been achieved. The lack of
intrinsically cyclic transitions in the Voigt configuration
has hampered the simultaneous realization of both spin-
selective readout and all-optical spin-control, and has
been a major hurdle for QD systems vying for the re-
alization of photonic quantum technologies.

In this work, we demonstrate quantum control of a
QD electron-spin qubit in Faraday geometry ± for both
a GaAs QD and an InGaAs QD. A small light-hole ad-
mixture of the heavy-hole trion weakly breaks the full
cyclicity of the spin-selective transitions, while main-
taining it at a high value of 471 (50) (291 (28)) for the
GaAs (InGaAs) QD, and creates a highly asymmetric Λ

system. Using a narrowband stimulated Raman scheme
to drive electron-spin resonance [14], we account for the
GHz-level differential Stark shifts arising from asym-
metric Rabi frequencies in the Λ system, something oth-
erwise impossible with broadband ps-pulse lasers [26].
With nuclear-spin stabilization of the qubit splitting,
we narrow the electron spin resonance to 7(1)MHz
(31(3)MHz), corresponding to an inhomogeneous de-
phasing time T∗

2 = 74(11) ns (T∗
2 = 17(2) ns), in a

GaAs QD (an InGaAs QD) and achieve phase-tuneable
control of the electron-spin qubit ± sufficient for func-
tional spin-photon entanglement [31]. With the GaAs
QD, we achieve up to 273(6)MHz Rabi frequency and a
π-pulse contrast of 97.4(1)%. We also perform nuclear-
spin spectroscopy and demonstrate the compatibility of
this control configuration with a nuclear quantum mem-
ory [17]. Our results demonstrate the technical feasi-
bility of combining high-fidelity coherent control of QD
spins and single-shot readout, with direct application to
the deterministic generation of large entangled photonic
states [33, 34].

Measurements presented in Figs. 1 are taken on both
an InGaAs QD and a GaAs QD. Measurements pre-
sented in Figs. 2, 3, 4, and 5 are taken on a GaAs QD,
while a subset of similar measurements performed on
an InGaAs QD are presented in Supplementary Note
5. Fig. 6 provides a summary on the electron-spin mea-
surements taken on both an InGaAs QD and a GaAs QD.

RESULTS

Devices and Spectroscopy

We use two different QD devices in this work (Fig. 1a).
The first consists of self-assembled InGaAs QDs emit-
ting around 975 nm embedded in a Schottky diode (De-
vice 1), while the second consists of droplet-etched
GaAs QDs emitting around 775 nm embedded in a p-i-n
diode (Device 2). Both devices are kept cold in a cryo-
stat at 3.5-4.2 K, and are subject to a magnetic field up

to Bz = 8.0 T applied along the growth axis (z) of the
QDs. Details on the design of both devices can be found
in Supplementary Note 1.

For both devices, we work with a single electron-
charged QD, consisting of two Zeeman-split ground
electron-spin states |↓⟩ and |↑⟩, and two excited

negatively-charged exciton (trion) X1− states |⇓↓↑⟩ and
|⇑↓↑⟩. The trion hole states |⇑⟩ and |⇓⟩ consist predom-
inantly of heavy-hole (HH) states with a small admix-
ture of light-hole (LH) states [35, 36] ± as parametrized
by the HH-LH admixture coefficient σlh/∆lh ≡ ϵlh ≪ 1,
where σlh parametrizes the off-diagonal coupling (in
the Luttinger-Kohn Hamiltonian) ± due to strain, dis-
order, or confinement effects ± between LH and HH
states and ∆lh is the HH-LH energy splitting. The en-
ergy level schematic, depicted in Fig. 1(a), highlights
the dominant circularly-polarized spin-conserving tran-
sitions |⇓↓↑⟩ ↔ |↓⟩ and |⇑↓↑⟩ ↔ |↑⟩ and the weaker
spin-flipping transitions, |⇓↓↑⟩ ↔ |↑⟩ and |⇑↓↑⟩ ↔ |↓⟩.
The spin-flipping transitions are forbidden for a pure

HH X1− states and weakly enabled in the presence of
HH-LH admixture [37]. Depending on the exact nature
of the LH mixing, the spin-flipping transitions can be
linear πz ± i.e. along the growth, magnetic-field, and
optical axes, and thus mostly dark [38] ± or circularly
polarized (see Supplementary Note 2). Despite the large
strains present in InGaAs QDs, the spin-conserving HH
transitions remain approximately cyclic due to the small
QD sizes and thus to a large value of ∆lh in the tens of
meV [39]. While typically larger than 100 : 1, the exact
branching ratio between the spin-conserving and spin-
flipping transitions can vary significantly across multi-
ple QDs in the device due to the strain inhomogene-
ity of the Stranski±Krastanov growth process [36, 40].
The origin of the non-zero HH-LH admixture in a typi-
cally strain-free GaAs QD can be attributed to 3D con-
finement effects in nanostructures [41] ± a smaller ef-
fective ∆lh of ∼ 3 meV together with small geometry-
or disorder-induced effective shear strain components
at the QD material interface [32].

Fig. 1(b, d) and Fig. 1(c, e) present the optical spec-

troscopy of the X1− transition in an InGaAs QD (Device
1) and a GaAs QD (Device 2) at Bz = 3.5 T. A voltage
bias V is applied to the Schottky (Device 1) or to the p-
i-n (Device 2) diode to enable charge control and tun-
ing of the emission energy via the d.c. Stark shift. Us-

ing a dark-field microscope [42], we scan across the X1−

resonance with a linearly polarized narrow-linewidth
(∼ 100 kHz) laser. The collected fluorescence from De-
vice 1 (Device 2) is shown in Fig. 1(b) (Fig. 1(c)) as a func-
tion of device bias and laser frequency, at laser pow-
ers well above saturation. At the edge of the charging
plateau (device bias of ≈ 0.22 V and ≈ 0.30 V for De-
vice 1 and device bias of ≈ 0.68 V and ≈ 0.87 V for
Device 2), rapid tunneling of the electron from the QD
to the diode back contact reservoir randomizes the spin
states [43], thus preventing spin pumping and allowing
us to observe steady-state fluorescence on resonance.
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Figure 1. Optical Cyclicity of InGaAs and GaAs QDs in Faraday Geometry. (a) Top panel: schematic of experimental setup
(c.f. Supplementary Note 1) consisting of a charge-tuneable device with bias voltage V, containing QDs, under a magnetic field

Bz up to 6.5 T along the QD device growth axis z. Bottom panel: energy levels of a negatively-charged exciton X1− in Faraday
configuration for a negative electron g-factor [32]. Solid purple arrows show the dominant circularly polarized dipole transitions
connecting the electron-spin ground states, |↓⟩ and |↑⟩, to the HH trion states, |⇓↓↑⟩HH and |⇑↓↑⟩HH, respectively. A small

admixture (ϵlh) of the LH X1− states ( |⇓↓↑⟩LH and |⇑↓↑⟩LH), split to higher energy by ∆lh, with the HH states enables the spin-

flipping transitions (pink dashed arrows) to the two electron ground states. (b) ((c)) Resonant spectroscopy of the X1− of an
InGaAs (GaAs) QD at Bz = 3.5 T with a linearly polarized narrow-linewidth laser at a power above saturation, ∼ 2Psat (∼ 8 Psat),
as a function of the device bias V and laser frequency. The spin conserving transitions are highlighted by solid purple arrows,
while the spin-flipping transitions are highlighted by pink dashed arrows. For the InGaAs QD (Device 1), we extract an electron
splitting ωe = 30(1)GHz and a hole splitting ωh = 59(1)GHz from Lorentzian fits to the resonances at V = 0.3 V. The combined
electron and hole splitting is ωe + ωh = 81.6(2)GHz for the GaAs QD (Device 2). (d) ((e)) Photon count histogram under time-
resolved pulsed resonant excitation at V = 0.26 V (V = 0.78 V), showing optical spin pumping on the |↓⟩ ↔ |⇓↓↑⟩ transition,
indicated by the red arrow in (a), at a power above saturation, ∼ 16Psat (∼ 6 Psat). A decay time of 203(2) ns (111(1) ns) is obtained
from an exponential fit (dashed curve). Insets show the spin pumping rate γSP (inverse of decay time) as a function of resonant
laser power, where the solid curve is a fit of the data to a saturation model with parameter Psat, resulting in Psat = 7(1) nW
(Psat = 48(4) nW).

In Device 1, we observe four distinct resonances: two
strong and two weak transitions with relative intensi-
ties of approximately 100 : 1. This is consistent with the
level diagram of Fig. 1(a), where the two strong (weak)
transitions correspond to the spin conserving (flipping)
transitions, and demonstrates that it is possible to di-
rectly excite the normally forbidden spin-flipping tran-
sitions. We further extract an electron-spin splitting of
30 GHz and a trion linewidth of 471(36)MHz from a
Lorentzian fit to all four peaks at this bias. For De-
vice 2, we observe only two sharp resonances, corre-
sponding to the spin conserving transitions; this is likely
due to the small electron-spin splitting ± a few GHz for
GaAs QDs at this wavelength and field [32] ± making the
direct excitation of weak spin-flipping transitions dif-
ficult to resolve in close proximity to the strong spin-
conserving transitions. The small spin splitting of the
GaAs QD is also responsible for the reduced contrast,

relative to the InGaAs QD, between the edges and the
center of the charging plateau (see Supplementary Note
1). The splitting between the two spin-conserving tran-
sitions reveals a combined electron and hole splitting of
ωh +ωe = 81.6(2)GHz. For this QD, we measure a trion
linewidth of 851(27)MHz from a Lorentzian fit to the
data taken at a device bias of 0.75 V and at zero field.
The discontinuity in the GaAs QD trion line in top right
of Fig. 1(c) is most likely due to the exponential depen-
dence of the spin relaxation rate on the bias close to the
co-tunneling region [44]: in the middle of the plateau
the highest steady-state fluorescence appears at a bias
which maximizes off-resonant pumping and repumping
(possible for a small spin splitting), whereas at the edges
where spin relaxation is much faster than repumping it
appears at a bias corresponding to resonant scattering
(similar though less marked features can be seen on all
branches on the approach to the co-tunneling zone).
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Focusing now on a device bias in the middle of the
charging plateau, we observe a significantly lower in-
tensity from the dominant peaks compared to that at
the edge of the plateau (Fig. 1(b,c)). Despite the weak-
ness of the spin flipping process in this field configu-
ration (allowed by HH-LH mixing [32]), this measure-
ment confirms the presence of significant optical pump-
ing of the electron-spin population against background
spin relaxation mechanisms. A measurement of spin
relaxation time T1, exceeding 40 µs for both devices, is
presented in Supplementary Note 1. We then probe
the time scale of the spin-pumping process by measur-
ing the time it takes for the electron spin to initialize
to |↑⟩ by continuously driving the |↓⟩ ↔ |⇓↓↑⟩ tran-
sition for 5 µs, shown in Fig. 1(d) and Fig. 1(e) for the
two devices, respectively. Taken with a readout power
of 16 (6) times the saturation power Psat, to approach
the minimum pumping time, our measurement reveals

a fitted exponential decay time of γ−1
SP = 203(2) ns

(γ−1
SP = 111(1) ns) for Device 1 (2), yielding the maxi-

mum spin-flipping scattering rate γSP. The steady-state
fluorescence at long delay time is dominated by off-
resonant repumping of the spin state by the readout
laser at these high powers. For this reason, in subse-
quent measurements presented in this article for both
Devices 1 and 2, we perform spin initialisation at lower
powers of 5Psat and 0.5Psat (and for Device 2 at a higher
magnetic field) for which repumping is no longer signif-
icant and an initialisation fidelity upper bound of 98%
and 97% can be reached, respectively (as detailed in
Supplementary Note 1). Using the previously reported

X1− lifetime of γ−1
1 = 0.696 (65) ns [45, 46] for an In-

GaAs QD on this device and an estimated lifetime of
γ−1

1 = 0.235 (25) ns (c.f. Supplementary Note 6) for
the GaAs QD, we obtain an optical cyclicity of C ≡
γSC/γSP = γ1/γSP − 1 = 291 (28) and 471 (50), where
γSC is the spin-conserving scattering rate, and a branch-
ing ratio for the spin-flipping transition γSP/γ1 [43, 47]
of 0.34 (3)% and 0.21 (2) %, respectively. The cyclicity C
determines the mean number of photons scattered by
the bright spin state before it flips to the dark spin state
during a readout event, and sets the upper limit for the
single-shot readout fidelity [48].

Stimulated Raman Transitions in Faraday Configuration

Figure 2(a) shows the relevant energy levels involved
in our spin control experiment. For readout, a reso-
nant laser drives the lowest energy cycling transition
|⇓↓↑⟩ ↔ |↓⟩ at 0.5 Psat(≈ 25 nW) for both initializa-
tion to the spin |↑⟩ state and readout of the |↓⟩ state. To
coherently control the ground state spin, we use an all-
optical Raman drive that is circularly polarized and red-
detuned by the single-photon detuning ∆ ≈ 600 GHz
from the |⇓↓↑⟩ trion. The two Raman fields are derived
from microwave-driven electro-optical modulation of a

single narrow-band continuous-wave laser, resulting in

a coherent pair of fields E⃗↓ and E⃗↑ equal in both intensity
and polarization [27]. The two Raman fields, with res-
onant Rabi frequencies Ω↓ and Ω↑, respectively, induce
a rotation of the ground-state spin at a two-photon Rabi
frequency Ω = Ω↓Ω↑/2∆ when their frequency differ-
ence, the two-photon detuning ω, matches the ground-
state splitting ωe, i.e. achieving electron-spin resonance
(ESR) at δ ≡ ω − ωe = 0. The small branching ratio of
the spin-flipping transition implies a large imbalance in
the Rabi frequencies of the two transitions ± Ω↓ ≫ Ω↑
(Ω↓ ≪ Ω↑) for left-circularly (right-circularly) polar-
ized Raman beams ± which results in a large differential

(a.c.) Stark shift ∆δ ≡ δ↓ − δ↑ = (Ω2
↓ − Ω

2
↑)/4∆ on the

electron-spin states during the Raman drive. We thus
tune ω to match the ground state spin splitting ωe =
ω0

e − ∆δ, where ω0
e is the bare electron-spin splitting,

and probe Raman resonance (ω ∼ ωe) when driven.
To visualize the effect of this imbalance, we can ex-

press the two-photon Rabi frequency Ω and the differen-
tial Stark shift ∆δ in terms of Ω↓ and the Rabi frequency
imbalance, η ≡ Ω↓/Ω↑ as

Ω =
Ω↓Ω↑

2∆
=

Ω
2
↓

2η∆
(1)

and

∆δ =
Ω

2
↓ − Ω

2
↑

4∆
= Ω

η2 − 1

2η
, (2)

respectively. In the situation where the two Raman

fields have equal intensity, |E⃗↓|2 = |E⃗↑|2, and are exactly

matched to two transition dipoles d⃗↓ and d⃗↑ (i.e. the ex-

pectation value of the electric dipole Hamiltonian ⟨d⃗·E⃗⟩
is maximized),

η2 =

(

Ω↓
Ω↑

)2

=

(

⟨d⃗↓ · E⃗↓⟩
⟨d⃗↑ · E⃗↑⟩

)2

→
(

|d⃗↓|
|d⃗↑|

)2

=
γSC

γSP
= C, (3)

(or = γSP/γSC = C−1) for left-circular (right-circular)
polarization. Using our measured cyclicity of C =
471 (50), we can thus expect a shift in the ESR reso-
nance by 11(1)Ω. At a typical Rabi frequency of Ω =
100 MHz, this corresponds to shifts of |∆δ| ≃ 1 GHz,
which exceeds even the inhomogeneous ESR linewidth
(∼ 300 MHz [14, 18, 49]).

As we are unable to resolve the electron splitting via
spectroscopy for the GaAs QD in Device 2 (Fig. 1(c)),
we perform two-laser resonant spectroscopy at a fixed
bias of 0.775 V and a magnetic field of 6.5 T with a
fixed pump laser frequency at 386.435 THz while vary-
ing the frequency of a second probe laser. The pump and
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Figure 2. Dependence of electron spin resonance on Raman laser at Bz = 6.5 T. All measurements are taken on a GaAs QD
in Device 2. (a) Energy levels relevant for Raman spin control. Each Raman field exerts an a.c. Stark shift (gray lines) δ↓ and δ↑
on its respective ground state. The right panel shows ∆δ/Ω as a function of η = Ω↓/Ω↑, as related to cyclicity by η =

√
C. (b)

Continuous two-color resonant (∆ = 0) measurement with a fixed-frequency laser (pump) set to set to 700 nW (≈ 14 Psat) and
a variable frequency laser (probe) set to 70 nW (≈ 1.4 Psat). The resulting fluorescence signal is shown as a function of relative
pump-probe (two-photon) detuning ω. A fit (solid curve) to the data with a three-level model (see Supplementary Note 7) reveals

an electron-spin splitting of ω0
e = 2.60 (1)GHz from the dark-state (dip) resonance condition ω = ω0

e . (c) Top: pulse sequence
for obtaining an ESR spectrum consisting of nuclear-spin cooling (40 µs of Rabi cooling) at Rabi frequency Ωcool = Ω and drive
frequency ωcool = ω followed by 1.5 µs of spin initialization, a short probe with Rabi frequency Ω, drive frequency ω and duration
τ, and a 1.5 µs spin readout. Bottom: readout fluorescence as a function of drive frequency. Measurements are performed at
Ω ≈ 110 MHz and τ = 4.5 ns using the Raman laser polarization settings aligned to σ− (purple data) and σ+ (red data). (d) ESR
spectrum as a function of Raman laser polarization set by the quarter-wave-plate (QWP) angle. QWP angle of 0◦ is calibrated
to correspond to linear horizontal polarization, and the right-hand (σ+) and left-hand (σ−) circular polarizations are at −45◦

and −135◦, respectively. (e) ((f)) ESR spectrum as a function of Rabi frequency for right-hand (left-hand) circular polarization.
Dashed lines are linear fits to the frequency corresponding to a fluorescence maximum, with fitted slopes ∆δ/Ω = −17.2 (6) and

∆δ/Ω = 7.4 (5). Both fits converge to ω0
e = 2.58 (3)GHz at the limit of vanishing Ω.

probe laser powers are fixed at approximately 14 Psat

and 1.4 Psat, respectively. The resulting steady-state flu-
orescence data is shown in Fig. 2(b) and shows a dip
in the signal, a signature of coherent population trap-
ping (CPT) [50±52], when the two lasers meet the two-
photon resonance condition for the spin-conserving and
spin-flipping transitions. Following a fit to the measure-
ment data using the model and parameters described in
Supplementary Note 7, the dip minimum reveals a bare

electron splitting of ω0
e = 2.60(1)GHz ± correspond-

ing to an out-of-plane g-factor of 0.0286(1), as consistent
with previous measurements [32].

Finding the ESR frequency in a Raman experiment
typically requires stabilizing the Overhauser shift im-
parted by nuclear spins on the electron-spin split-
ting [14]. We do this using nuclear-spin cooling tech-

niques ± one of Raman [14], Rabi [49], or quantum-
algorithmic [25] cooling, depending on the experiment.
Our typical pulse sequence, shown in Fig. 2(c), consists
of a cooling period ± during which our coherent Raman
drive and resonant readout serve to sense and correct
the nuclear polarization ± followed by a probe experi-
ment (representing ∼ 10% of the duty cycle) in which
the electron spin is initialized, driven coherently by Ra-
man beams for a fixed duration, and read out. Fixing
the probe Rabi frequency to Ω ≈ 110 MHz and the pulse
duration to τ = 1/(2Ω) = 4.5 ns, i.e. π pulse, we mea-
sure the readout fluorescence as a function of probe fre-
quency ω ± here the Raman cooling frequency ωcool is
also set to ω. We observe a clear electron-spin resonance

(ESR) signal shifted from ω0
e by about ∼ 1 GHz (2 GHz)

down (up) for left-circularly (right-circularly) polarized
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Raman light. The sign of the shift matches our expec-
tation as a red-detuned beam lowers the energy of the
ground state; here, the stronger spin-conserving left-
circularly (right-circularly) polarized transition lowers
the ↓ (↑) state more than the spin-flipping transition low-
ers the state ↑ (↓), resulting in a decrease (an increase) in
the electron-spin splitting that is proportional to the Ra-
man laser intensity.

Fig. 2(d) shows a summary of this measurement as a
function of the angle of the quarter-wave plate (QWP)
used to tune the circularity of the Raman laser, where
0o is calibrated to correspond to linear horizontal polar-
ization. We observe clearly that the Raman laser must
exhibit a well-defined handedness for ESR to be possi-
ble. Moreover, the maximal amplitude and maximally-
positive and negative shifts in the ESR resonance occur
at −45o and −135o, respectively, corresponding to σ+
and σ− polarization settings and matching the dipoles
of the two spin-conserving transitions (further details in
Supplementary Note 3). This implies destructive inter-
ference of the two Λ systems when driving with linearly
polarized light, which is expected for a specific kind of
HH-LH mixing as shown in Supplementary Note 2 ±
by contrast, on the InGaAs QD in Device 1 a degree of
linear diagonal polarization seems to improve the Ra-
man coupling (see Supplementary Note 5), which im-
plies a different kind of HH-LH mixing (see Supple-
mentary Note 2). We further observe a larger max-

imal shift from the undriven resonance frequency ω0
e

(horizontal dashed line) for σ+ than for σ−, consistent
with the difference in ESR shifts in Fig. 2(c), and a clear
deviation from a simple sinusoidal dependence on the
QWP angle. While we expect a small difference in cou-
pling between σ+ and σ− polarizations, due to the trion
splitting making the Raman detuning for σ+ larger by
ωh ≈ 150 GHz, this asymmetric response to σ+ and σ−
suggests an additional mechanism is present.

Further evidence for this is provided by Fig. 2(e,f),
which shows a summary of ESR measurements now
taken as a function of probe Rabi frequency Ω, for right-
circular (e) and left-circular polarization (f). We observe
a clear linear dependence on Ω of the ESR peak fre-

quency ωe = ω0
e − ∆δ, as expected from Eqn. 2. Fitting

ωe as a function of Ω with two independent linear func-
tions, we obtain ∆δ/Ω = −17.2(6) and ∆δ/Ω = 7.4(5),
corresponding to Rabi frequency imbalances of η−1 =
34(1) and η = 15(1), respectively, and an undriven res-

onance frequency ω0
e = 2.58(3)GHz that agrees closely

between the two linear fits (and is within one stan-
dard error of our CPT result in Fig. 2(b)). These values
of η deviate measurably from the idealized value de-

rived from our measured optical cyclicity η =
√
C =

22(1). Equations 1 and 2 tell us that the differential
Stark shift is dominated by the spin-conserving tran-
sition Rabi frequency Ω↓ (Ω↑) for σ− (σ+), whereas
the two-photon Rabi frequency Ω is equally affected
by the spin-conserving and spin-flipping contributions.
The unequal response of the ESR frequency as a func-

tion of Rabi frequency between σ+ and σ− polarizations
thus reveal that the Raman beam coupling to the spin-
flipping transition must differ significantly between the
two polarization settings.

We propose the following explanation for this asym-
metric response to σ+ and σ−, as further detailed in Sup-
plementary Note 2. In general, the LH admixtures to the
|⇑⟩ and |⇓⟩ are not equal in a magnetic field, an effect
which is more pronounced for GaAs QDs due to a lower
value of ∆lh. The kinetics of the two lambda systems are
thus asymmetric, rendering η and C dependent on the
helicity and magnetic-field strength. A simple evalua-
tion of the hole-spin-dependent value of ∆lh in a 6.5 T
field, using known GaAs values for the LH and HH g-

factors, yields a predicted ratio between η−1 for σ+ and
η for σ− of ∼ 2, which agrees well with our measured ra-
tio of 2.3(2). This asymmetry reveals a potentially useful
feature for GaAs QDs at high magnetic fields: that there
is a transition with enhanced cyclicity ± here σ+ with

C = η−2 ∼ 1100 ± best suited for readout, and another
with reduced cyclicity ± here σ− with C = η2 ∼ 225 ±
best suited for spin control and spin initialization.

The results in Fig. 2 highlight the essence of optical
spin control in the Faraday configuration: an inevitable
shift in the ESR frequency that depends on Raman laser
polarization and the instantaneous Rabi frequency. If a
πz component is present in the spin-flipping transition
(as we suppose is the case for the InGaAs QD but not
the GaAs QD), then this shift could be mitigated, though
not eliminated, with an asymmetric Raman drive. In all
instances, it must be calibrated, as we have done, before
experiments with programmable pulse amplitude and
phase can be performed.

Rabi Oscillations and Quality Factor

With the stabilization of the ESR and the calibration of
the differential Stark shift achieved, we proceed to show
time-resolved coherent driving of the electron spin on
resonance. For that, we measure the readout counts as a
function of probe pulse duration following stabilization
of the nuclei via Raman cooling, as depicted in Fig. 3(a).
The resulting signal shows damped Rabi oscillations
when the ESR drive is resonant (δ = 0). When the de-
tuning is increased to δ = 400 MHz, we observe a mono-
tonic increase in bright-state population once a few de-
tuned Rabi oscillations have decohered (τ ≳ 30 ns);
an exponential fit yields a relaxation rate of Γ1/2π =
0.8(2)MHz and provides a direct measurement of back-
ground optically induced spin relaxation [27]. The pur-
ple solid curve is a fit to a master equation model (see
Supplementary Note 8) accounting for the measured
inhomogeneous broadening of 14 MHz (T∗

2 = 34 ns),
the measured spin relaxation rate Γ1, and spin dephas-
ing with a free parameter Γ2. From this fit, we ex-
tract a Rabi frequency of Ω = 226.8(3)MHz (or a π-
time of tπ = 1/2Ω = 2.195(2) ns) and spin dephasing
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Figure 3. Coherent control of the electron spin. All measurements are taken on a GaAs QD in Device 2. (a) Measurement
of Rabi oscillations with pulse sequence (top) consisting of nuclear-spin cooling (Raman cooling) at Rabi frequency Ωcool and
drive frequency ωcool followed by 1.5 µs of spin initialization, a probe pulse with Rabi frequency Ω, detuning δ and duration
τ, and a 1.5 µs of spin readout. Measurement data is readout counts as a function of τ, and shows Rabi oscillations at δ = 0
and laser-induced spin relaxation at δ = 400 MHz. The solid curves are a master equation model (Supplementary Note 8), with
fixed T∗

2 = 34 ns, used to fit the relaxation rate Γ1/2π = 0.8(2)MHz at δ = 400 MHz and the Rabi frequency 226.8(3)MHz and
dephasing rate Γ2/2π = 3.7(1)MHz at δ = 0 MHz. The Rabi quality factor is Q = 15.1(6). (b) Rabi quality factor Q and (c) spin
dephasing rate Γ2/2π as a function of Ω for Ωcool = 15 MHz. The optical power of the Raman laser entering the cryostat for
Ω = 250 MHz is approximately 290 µW. (d) Rabi quality factor Q and (e) spin dephasing rate Γ2/2π as a function of artificially-
introduced Raman laser intensity modulation dI/I at three probe Rabi frequencies Ω. Error bars indicate one standard error on
fitted parameters.

rate of Γ2/2π = 3.7(1)MHz. From the fitted density
matrix, we also extract a π-pulse contrast of 96.8(1)%,
which is an upper bound on the π-pulse fidelity [27],
and a corresponding Rabi oscillation quality factor Q =
−1/ ln(2 fπ − 1) = 15.1(6).

Fig. 3(b) and (c) shows the quality factor Q and spin
dephasing rate Γ2, extracted from our master equation
model as in Fig. 3(a), as a function of probe Rabi fre-
quency Ω. Our optimal factor of Q = 18.8(3), corre-
sponding to a π-pulse contrast of 97.4(1)%, is obtained
for Ω = 217(5)MHz. The overall increase in Q towards
this value is expected from previous work [27, 49],

where Rabi frequencies well beyond (2πT∗
2 )

−1 and nu-
clear Zeeman frequencies (50 − 80 MHz) enable decou-
pling from nuclear effects. This behavior is also re-
flected in our fitted Γ2 values, which start out low due
to inhomogeneity-dominated dephasing at low Ω, peak
at 4 − 6 MHz around Ω = 50 MHz (i.e. the Arsenic nu-
clear Larmor frequency) and taper off to 2 − 4 MHz at
higher Ω values. The subsequent decrease in Q and in-
crease in Γ2 for Ω ≳ 230 MHz, however, is likely due
to a mechanism made worse by Faraday-geometry spin
control: laser intensity noise. Any fluctuation in Raman
laser intensity not only changes the instantaneous Rabi
frequency but also the electron-spin splitting directly via
the differential Stark shift. As Ω scales linearly with
laser intensity, I , we can determine the fluctuation in the
ESR shift as d(∆δ)/∆δ = dI/I . In the experiment, we
measured a typical laser power fluctuation ∼ 1 % (in-
tegrated over the full bandwidth of our photo-detector)

that worsened at our maximum laser intensities. With
a differential Stark shift of ∆δ = 7.4(5)Ω (see Fig. 2(f)),
Ω = 250 MHz would result in a broadening of the ESR
resonance d(∆δ) ≲ 18.5 MHz. While our fitted dephas-
ing rate of Γ2/2π = 8 − 10 MHz for Ω ≈ 250 MHz is
significantly lower than this bound, this could be ex-
plained by a partial decoupling from the noise spectrum
below Ω in a resonant Rabi experiment [27]. To ver-
ify this further, we artificially introduce broadband in-
tensity noise (up to 35 MHz) on the Raman laser and
measure the resulting Rabi oscillations. The summary
is shown in Fig. 3(d) and (e), where a steady decrease of
Q and a steady increase of Γ2, respectively, as a func-
tion of dI/I can be observed for dI/I ≳ 0.025. These
behaviors are qualitatively matched by our master equa-
tion model (see Supplementary Note 4), which treats the
added intensity noise as a source of inhomogeneity.

Quantum Control and Coherence

Next we demonstrate complete control over the
electron-spin qubit by performing phase-modulated
Ramsey interferometry. Our sequence, shown in
Fig. 4(a), consists of two sequences, one with and one
without an extra π phase on the second π/2 pulse,
which follows a delay time τRamsey from a first π/2
pulse. This two-sequence configuration thus reads out
both spin states at every delay time, providing a bal-
anced readout. The readout counts are given by nϕ and
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Figure 4. Phase-resolved control of the electron-spin qubit. All measurements are taken on a GaAs QD in Device 2. (a) Ramsey
measurement with pulse sequence (top) consisting of nuclear-spin cooling (40 µs of Raman cooling) at Rabi frequency Ωcool and
drive frequency ωcool followed by two Ramsey sequences. The first Ramsey sequence consists of 1.5 µs of spin initialization, a
first π/2 rotation with phase ϕ (i.e. our phase reference), a Ramsey delay time τRamsey, a second π/2 rotation with phase ϕ, and
a 1.5 µs of spin readout with average count nϕ. The second Ramsey sequence consists of spin initialization, a first π/2 rotation
with phase ϕ, a Ramsey delay time τRamsey, a second π/2 rotation with phase ϕ + π, and a spin readout with average count

nϕ+π . Our signal is the contrast (nϕ − nϕ+π)/(nϕ + nϕ+π). All rotations are performed with Ω = 125 MHz and a detuning δ.
Measurement data shows contrast as a function of δ and τRamsey for Ωcool = 15 MHz. (b) ((c)) Contrast as a function of τRamsey

for Ωcool = 13.2 MHz (Ωcool = 47.3 MHz). The solid curve is a fitting function A sin(2πδτRamsey + θ) exp(−(τRamsey/T∗
2 )

2) with
free parameters: A as a contrast amplitude, δ as the detuning from ESR, θ as a phase, and T∗

2 as the characteristic decay time. The
relevant fit results are T∗

2 = 34(3) ns (T∗
2 = 8(2) ns) and δ = 100(1)MHz (δ = 229(4)MHz). (d) Inhomogeneous dephasing time

T∗
2 , fitted from Ramsey experiments as performed in (b,c), as a function of Ωcool. Dashed lines highlight expected single- and

double-species nuclear resonances within this range of frequencies. Error bars indicate one standard error on fitted parameters.

nϕ+π , respectively, where ϕ is the pulse phase, and our
signal is then the contrast (nϕ − nϕ+π)/(nϕ + nϕ+π).
Fig. 4(a) shows the Ramsey contrast as a function of
drive detuning δ and Ramsey delay τRamsey, displaying
the expected chevron pattern in the presence of suffi-
cient coherence to observe clearly resolved fringes.

To measure the inhomogeneous dephasing time T∗
2

we take the Ramsey data at a finite detuning δ from ESR,
corresponding to a Ramsey-delay-dependent phase ϕ +
2πδτRamsey on the second π/2 pulse (ϕ as our phase
reference for the first pulse), and thus contrast oscilla-
tions at a frequency δ to enable better fitting to the de-
cay envelope. This is shown in Fig. 4(b), where we ex-
tract T∗

2 = 34(3) ns from a Gaussian envelope fit with
δ = 100(1)MHz. As known from previous work [14],
the dephasing time T∗

2 depends on the cooling Rabi
frequency Ωcool ± as shown by a striking decrease to
T∗

2 = 8(2) ns for Ωcool = 47.3 MHz (Fig. 4(c)). A full
summary of the dependence of T∗

2 on Ωcool is shown
in Fig. 4(d), where the optimal cooling performance is
found for Ωcool ∼ 15 MHz. This is consistent with pre-
vious results in the Raman cooling configuration, where
the optimal cooling Rabi frequency was a fraction of the
nuclear Zeeman frequency [14].

Origins of nuclear cooling

To probe the nature of the electro-nuclear interaction,
we run nuclear-magnon spectroscopy [14], which con-
sists of a Rabi probe sequence where the drive detuning
and duration are varied, while the drive Rabi frequency
is fixed to Ω = 6 MHz. The results are shown in Fig. 5(a)
and Fig. 5(b), where at δ ≈ 0 we observe our typical ESR
signal and Rabi oscillations, with a full-width at half-
maximum of 7(1)MHz consistent with T∗

2 = 74(11) ns
± obtained with modified quantum algorithmic cooling
(see Methods). At a finite detuning δ ≈ 47 MHz, which
matches the Arsenic (As) Larmor frequency, we see an-
other resonance appear, corresponding to a magnon
mode of that species. Less pronounced resonances at
δ ≈ 67 MHz and δ ≈ 85 MHz likely correspond to the

two Gallium isotopes, 69Ga and 71Ga. This confirms our
ability to excite nuclear magnon modes in this Faraday
configuration, as a first step towards a quantum mem-
ory [17].

The presence of nuclear resonances is further con-
firmed by performing Hahn Echo spectroscopy [53, 54],
where our probe sequence consists of the addition of a
refocusing π pulse half-way between the Ramsey pulses
of Fig. 4(a). Fig. 5(b) shows the contrast as a func-
tion of total delay time T. The overall decaying con-
trast as a function of T is fitted to a Gaussian func-
tion to extract the electron-spin qubit decoherence time
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Figure 5. Nuclear-magnon and Hahn-Echo spectroscopy. All measurements are taken on a GaAs QD in Device 2. (a) Nuclear-
magnon spectroscopy measurement with pulse sequence (top panel) consisting of nuclear-spin cooling (55 µs of modified quan-
tum algorithmic cooling; see Methods) at Rabi frequency Ωhh = 47 MHz followed by a probe Rabi sequence consisting of 1.5 µs of
spin initialization, a Rabi drive at Rabi frequency Ω = 6 MHz, detuning δ, and of duration τ, and 1.5 µs of spin readout. The color
map shows the resulting average readout counts as a function of δ and τ. (b) Spectrum, acquired as in (a), averaged over all Rabi
drive durations when the electron spin is initialized to |↑⟩ (purple), as in (a), or to |↓⟩ (pink), with an additional π pulse before the
Rabi drive; the readout remains on the |↓⟩ state. (c) Hahn Echo spectroscopy measurement with pulse sequence (top) consisting of
the same pulse sequence as in Fig. 4a with the addition of refocusing π pulses halfway between the Ramsey pulses. The resulting

contrast as a function of total delay time T is shown below. The solid curve is a fit to the function A exp
(

−(T/THE
2 )2

)

, where

THE
2 = 1.14(2) µs and A is the amplitude of the envelope. Inset: zoom in of the same data. (d) Fourier transform of the data in

(c). Dashed lines are expected nuclear Larmor frequencies. Data in (c) and (d) is taken at a cooling frequency ωcool = 2.3 GHz.

THE
2 = 1.14(2) µs ± shorter than previous results on

GaAs [16, 18], which is consistent with a stronger inter-
action with the transverse nuclear field owing to a QD
whose physical size is smaller (blue-shifted [32]) and

whose electron-spin splitting ω0
e is smaller. Zooming

in on short delays, shown in the inset of Fig. 5(b), we
see oscillations of the contrast, which a Fourier trans-
form of the signal, shown in Fig. 5(c), confirms to be pre-
dominantly at the As Larmor frequency. These Hahn
Echo oscillations and the magnon resonances are fea-
tures of an interaction between the electron spin and a
precessing transverse nuclear field [16, 55], which al-
lows the electro-nuclear energy exchange required for
nuclear-spin cooling [25] and quantum gates between
the electron-spin qubit and a nuclear magnon [17].

For an InGaAs QD, strain produces a large misalign-
ment of nuclear and electronic quantization axes that,
independently of the magnetic field direction due to
strain inhomogeneity, naturally leads to a non-collinear
hyperfine interaction [56] as used in cooling[14]. For
a strain-free GaAs QD, a non-collinear interaction can
arise from electronic g-factor anisotropy when the mag-
netic field is not aligned with the crystal axes of
GaAs [16]. When subject to a growth-axis magnetic
field, however, as is the case here, the electronic and nu-
clear quantization axes should be fully aligned and there
should not be a significant non-collinear interaction. In-

stead, the small electron-spin splitting ω0
e = 2.6 GHz

makes the transverse collinear interaction, whose ampli-

tude scales as ω−1
e , sufficiently strong to be observed

here. A hallmark of this interaction is that it enables
only spin-conserving processes and thus only a single
sideband in the ESR spectrum ± unlike the non-collinear
interaction, which allows bidirectional sideband pro-
cesses [14, 56]. This dominant sideband is precisely
what we observe in Fig. 5b, where its blue-detuning
(δ > 0) is seen to be independent of the probe electron-
spin state as consistent with a single spin-conserving
process. We note the presence of a weaker red-detuned
(δ < 0) sideband near the As frequency (Fig. 5a,b) ± sug-
gesting a small non-collinear interaction is present, pos-
sibly due to residual strain or to a slight misalignment
of the magnetic field with respect to the device ± which
allows some degree of bidirectional feedback under the
Raman cooling configuration (Fig. 4), despite the asym-
metry [57].

Control of QD Spins

Lastly, we offer a succinct performance overview of
InGaAs (Device 1) and GaAs (Device 2) QDs in Fig. 6,
where Rabi oscillations and laser-induced relaxation
rate (at the same Rabi frequency), and Ramsey inter-
ferometry are shown side-by-side. Laser-induced relax-
ation ± which we know from previous work to be purely
power-dependent and not related to scattering from the
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Device 1: InGaAs QD

Device 2: GaAs QD
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Figure 6. Faraday quantum control of an electron-spin qubit in an InGaAs QD and a GaAs QD. (a - c) ((d - f)) are data
for an InGaAs QD in Device 1 (a GaAs QD in Device 2). Details on quantum-algorithmic cooling used with Device 1 can be
found in Supplementary Note 5. (a) ((d)) Using the pulse sequence in Fig. 3a with quantum-algorithmic cooling (Raman cool-
ing), Rabi oscillations at δ = 0 and laser-induced relaxation at δ = 100 MHz (δ = −300 MHz). Solid curves are from our

master equation model (Supplementary Note 7) from which we fit Ω = 23.5(4)MHz (Ω = 21.3(1)MHz) and Γ
−1
1 = 94(4) ns

(Γ−1
1 = 1555(106) ns). (b) ((e)) Γ1 as a function of Raman laser power. The solid line is a linear fit (no offset) with slope

0.131(2)µs−1/µW (0.026(2)µs−1/µW). (c) ((f)) Our pulse sequence consists of quantum-algorithmic cooling, which for Device
2 (f) is adapted to the transverse collinear interaction by adding a π/2 pulse with a phase ϕsense (see Methods). This is followed
by a Ramsey measurement as done in Fig. 4 but with a serrodyne frequency fserr = 200 MHz (100 MHz) applied to the sec-
ond Ramsey pulse. The data show Ramsey contrast as a function Ramsey delay τRamsey. The solid curve is a fitting function

A sin(2π f τ) exp(−(τ/T∗
2 )

2) with free parameters: A as the contrast amplitude, f ≈ fserr as the contrast oscillation frequency,
and T∗

2 as the characteristic decay time. The fit results are T∗
2 = 17(2) ns (T∗

2 = 74(11) ns), f = (197(2)MHz ( f = 112(1)MHz).
Error bars indicate one standard error on fitted parameters.

trion [27, 58] ± is measured as a function of Raman
laser power and fitted to 0.131(2) µs−1/µW for Device
1 (which is ∼ 25% of what was previously measured on

the same wafer [27]) and to 0.026(2) µs−1/µW for De-
vice 2, which is to the best of our knowledge the low-
est value reported for any InGaAs or GaAs spin-control
experiment. While the lower rate of laser-induced re-
laxation for Device 2 is a contributor to higher quality
Rabi oscillations, the dominant dephasing mechanism
for both devices is a T2 process that likely arises in part
from laser intensity noise coupled in via the differential
Stark effect.

For Device 1, our best Rabi oscillations reach Ω =
66(7)MHz and Q = 0.90(8), and our best measured
coherence is T∗

2 = 17(2) ns with quantum-algorithmic
cooling (further details in Supplementary Note 5).
For Device 2, our best Rabi oscillations reach Ω =
273(6)MHz and Q = 18.8(3), and our best measured
coherence is T∗

2 = 74(11) ns with quantum-algorithmic
cooling ± in this case we adapted the cooling algorithm
to use the transverse collinear interaction, as further de-

scribed in Supplementary Note 5. While it is tempt-
ing to make conclusions about InGaAs vs GaAs QDs on
this basis, it is unclear what leads to the striking differ-
ence in performance measured here ± it may simply be
a difference in the optical quality of the QD heterostruc-
ture rather than a difference intrinsic to InGaAs vs GaAs
QDs.

DISCUSSION

With this, we have demonstrated full quantum con-
trol of an electron-spin qubit in Faraday geometry for
both InGaAs and GaAs QDs, where the cyclicity of spin
readout transitions was measured to be C = 291 (28)
and C = 471 (50), respectively. In this configuration,
we have showed nuclear-spin cooling to enhance the
electronic inhomogeneous dephasing time T∗

2 to tens
of nanoseconds, which is sufficient to resolve and ad-
dress nuclear magnons towards quantum-memory op-
eration [17]. We note that while tens of nanoseconds
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of ground-state T∗
2 coherence is relatively short in com-

parison with other solid-state platforms [59, 60], this en-
hanced value is two orders of magnitude longer than
the radiative lifetime of a QD trion (hundreds of pi-
coseconds even in the absence of Purcell enhancement).
Combined with spin rotations which are not limited by
nuclear-spin noise (Fig. 3b), our results are thus compat-
ible with high-fidelity spin-photon entanglement [31].
As compared with the state-of-the-art in Voigt geome-
try of T∗

2 > 600 ns [49] and Q = 45 [17] on an electron
spin in a GaAs QD, we attribute the lower spin coher-
ence and rotation fidelity to the coupling of the qubit
splitting to laser intensity fluctuations via the differen-
tial Stark shift and to the increased relative importance
of laser-induced relaxation in the presence of a weaker
spin-flipping transition. Further improvements include
stabilizing the laser intensity at the QD position to better
than 0.1 % via vibration isolation and optimized power
stabilization. Additionally, applying a vectorial mag-
netic field (i.e. a combination of Faraday and Voigt
configurations) or a controlled few-percent strain to in-
crease HH-LH mixing (on a GaAs QD [61, 62]) would
increase the strength of the spin-flipping transition and
reduce the induced differential Stark shift, while keep-
ing the cyclicity sufficiently high for single-shot read-
out. Single-shot measurements are not currently pos-
sible in our system due to a low end-to-end efficiency
of less than 1 % after propagating through the micro-
scope, optical filters, and single-photon detector. With a
cyclicity of ≈ 500, an improvement to ∼ 10% efficiency
would suffice, made straightforward by photonic struc-
tures now reaching 70% end-to-end efficiency with sim-
ilar QDs [12, 63, 64], which combined with our method
would allow for the generation of photonic cluster states
with tens to hundreds of photons.

METHODS

Experimental Setup

Device 1 (Device 2) is held at 4 K (3.4 K) inside a he-
lium bath cryostat (closed-cycle cryostat) where a super-
conducting magnet produces a field Bz up to 8 T in the z-
direction. An objective lens with a Numerical Aperture
of 0.5 (Thorlabs C240TMD-B) collects light from Device
1, while an objective lens with a Numerical Aperture of
0.7 (Thorlabs C330TMD-B) collects light from Device 2.
A resonant laser and a Raman laser are combined on
a beam splitter before they are sent into the cryostat.
The QD emission is then coupled back into an optical
fiber before it is detected on an avalanche photodiode
(APD) and time tagged with a Swabian Time Tagger. We
employ cross-polarization in the photon collection path
to reject the resonant readout laser, along with spec-
tral filtering using a transmission grating setup (30 GHz
full-width-at-half-maximum) to further reject the Ra-
man laser.

The resonant laser is linearly-polarized to enable
equal excitation (and collection) of both the circularly-

polarized dipoles of the trion X1−. We use an acousto-
optical modulator (AOM) to pulse and actively stabilize
the resonant laser power during experiments.

The Raman laser system consists of a pair of red-
detuned lasers with equal intensities, derived from
electro-optical modulation of a single narrow-linewidth
laser. This is done using a fiber-coupled amplitude-
electro-optical modulator (EOM) which is locked to its
interferometric minimum, and is driven by microwave
pulses generated from an arbitrary waveform genera-
tor (AWG). Due to a large ωe (> 20 GHz) in Device
1 (with InGaAs QDs), we use an IQ mixer (Marki Mi-
crowave, MMIQ-0218LXPC) to upconvert the output
from two channels of an AWG (Tektronix 70002B) to
≃ 15 GHz with a microwave signal generator (Rohde
and Schwarz, SMF100) as local oscillator. In the case
of Device 2 (with GaAs QDs), due to the smaller ωe

(< 5 GHz), we directly synthesize the microwave pulses
in the time domain using a single channel of an AWG
(Real Digital, RFSoC 4x2, up to 9.85 GSPS) instead. We
build upon the qick firmware [65] and develop a Python
library (qeg-rfsoc [66]) to interface with the board. To
minimize the photo-refractive effect in our EOM that
causes large fluctuations in the extinction ratio and drift
in the EOM bias, we seed the EOM with a laser power
of ∼ 10 mW. We place an AOM after the EOM to pulse
and actively stabilize the intensity of the Raman laser.
We then amplify the signal with an optical amplifier
(Thorlabs, BOA780) and spectrally filter the amplified
signal with a grating filter (full-width-at-half-maximum
of 35 GHz) to remove the broad amplified spontaneous
emission from the amplifier. The filtered laser output
is then coupled into an optical fiber before propagating
through the Raman path. A Swabian Pulse Streamer is
used to trigger the AWG and Swabian Time Tagger 20
and to generate optical pulses via electrical pulses to the
AOM drivers.

Modified Quantum Algorithmic Cooling

Figures 5(a,b) and 6(f) show the modified quantum-
algorithmic cooling sequence we use to stabilize the
ESR, from which we achieve an electronic T∗

2 =
74(11) ns. In place of the original quantum-algorithmic
cooling scheme [25] (used with the InGaAs QD in De-
vice 1), we add an extra π/2 pulse, whose phase is π/2
relative to the first π/2 pulse, following the sensing pe-
riod of the algorithm and directly before the electro-
nuclear interaction (hh) pulse. This additional pulse
turns an electronic coherence along ±x to ±z to en-
able a nuclear spin flip conditioned on the electronic
state with the single-sideband process allowed by the
collinear hyperfine interaction (see Fig. 5(b)). The cool-
ing algorithm uses the following parameters to obtain
the data of Fig. 5(a,b) and Fig. 6(f): fixed sensing time of
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tsense = 55 ns, N = 30, Ωhh ≈ 47 MHz, τhh = 60 ns, and
ϕsense = 0.875π. Note that ϕsense is not π/2 here only
owing to an uncompensated free precession phase. The
π/2−pulses are done at Ω = 125 MHz, corresponding
to a duration of 2 ns. The cooling sequence is dominated
by the 1.5 µs-long resonant pulse to reset the spin, result-

ing in a total cooling duration of ∼ 55 µs.
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