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Abstract
We demonstrate complete coherent control of a single spin qubit confined in a self-assembled InAs
negatively charged quantum dot (QD) subjected to an oblique magnetic field, and directly com-
pare this regime with the conventional Voigt geometry. In the oblique-field configuration, the
ground-state spin eigenstates are found to be unequal superpositions of the bare electron spin,
with their composition tunable via the orientation of the applied field. This tunable spin mixing
provides an additional degree of freedom to engineer the spin basis and associated optical cou-
plings in the charged QD system. Although this geometry has a distinct structure with important
implications, it provides a regime in which we can fully and coherently control the tailored spin
qubit. We observe Rabi oscillations and Ramsey fringes, and demonstrate arbitrary single-qubit
rotations, enabling a direct comparison with the Voigt case. Our results establish that spin-qubit
control does not necessarily require a pure Voigt geometry and can instead be achieved under
oblique magnetic fields. This relaxes constraints on device and field alignment and offers a versa-
tile route to design and optimise spin-photon interfaces and spin-based quantum information pro-
cessing architectures in semiconductor QDs.

1. Introduction

Self-assembled quantum dots (QDs) are a leading solid-state platform for optical quantum technologies.
Strong three-dimensional confinement produces discrete, atom-like energy levels with large oscillator
strengths and near transform-limited optical transitions, enabling an extremely broad range of applica-
tions. When charged, these QDs host a single electron or hole spin that forms a long-lived ground-state
qubit, optically accessed via trion transitions with well-defined selection rules for initialisation, control,
and readout [1]. In addition, self-assembled QDs have supported a broad range of single-spin protocols,
including spin pumping [2], coherent control [3–15], spin echo techniques [16], spin-photon interface
[17, 18], spin-photon entanglement [19, 20] and are typically demonstrated in standard magnetic-field
orientations like the Faraday [21] or Voigt configuration. In these standard geometries, coherent control
is well established, and performance is typically constrained by acoustic phonon interactions [22], and
charge noise [23] rather than the control mechanism itself. Magnetic fields tilted away from the Faraday
or Voigt configurations provide additional degrees of freedom by exploiting traits from both geometries.
This additional tunability is attractive because Faraday fields provide near-cycling transitions suited to
high-fidelity optical readout, whereas Voigt fields yield the double-Λ structure commonly used for opti-
cal spin control. Related progress has recently been reported in Faraday geometry, where heavy hole-light
hole mixing is used to realise a highly asymmetric Λ-system with cyclic optical transitions for spin con-
trol and readout [12]. In this work, we instead use an oblique magnetic field to engineer the spin basis
and demonstrate universal all-optical control in a tilted-field regime. Thus, an oblique field, in principle,
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Figure 1. (a) Sample holders for oblique (left) and Voigt (right) along with the double-Λ systems for each one of the geometries.
(b) Raw PL shows the excitation/detection scheme of our QD with the non-resonant pulses in the oblique geometry.

allows one to interpolate between these regimes and balance ‘enough cycling’ for readout with ‘enough
mixing’ for control in a single static configuration [24]. Despite this promise, demonstrations of com-
plete coherent control of single QD spin qubits, such as arbitrary SU(2) rotations validated by Rabi and
Ramsey measurements, have largely been performed in the Voigt configuration, where the selection rules
simplify giving rise to a double-Λ system with orthogonal linear polarisations for each branch [24, 25].
By contrast, tilted-field studies have focused predominantly on extracting g-tensor anisotropies [26–28],
or on manipulating excitonic (bright/dark) manifolds [29–31], rather than investigating the resulting tai-
lored ground-spin states [24] as an optically controllable qubit.

Here we close this gap by demonstrating complete coherent control of a charged self-assembled InAs
QD in a fixed oblique magnetic field and compare it directly with the Voigt data acquired from the same
QD. We show that a single pulsed laser can implement arbitrary qubit rotations even when the field is
tilted away from both the Faraday and Voigt orientations. Despite the fact that the ultrafast rotations
happen around an axis that is tilted away from the equatorial plane of the Bloch sphere, we observe clear
Rabi oscillations and by carefully tuning the pulse power of a dual pulse train to the correct rotation
angle, we observe Ramsey fringes. Finally, combining two rotations separated by a precisely timed delay,
we realise general SU(2) rotations on the Bloch sphere. Our experimental findings are complemented
by quantum optical simulations that capture the full complexity of the oblique field and show excellent
agreement with the measured data. These results establish that universal all-optical single-qubit control
is compatible with oblique magnetic fields in self-assembled QDs, linking the mature Voigt-geometry
toolbox to the tilted-field configuration with its additional degrees of freedom.

2. Experimental details

2.1. Sample, cryogenic environment &magnet geometry
The experiments are performed in a self-assembled δ-doped InAs QD sample grown by molecular beam
epitaxy in Stranski–Krastanow mode. The QD layer is positioned at the centre of a GaAs microcavity
with 5 (24) top (bottom) Distributed Bragg Reflector Al0.9Ga0.1As/GaAs mirror pairs, which enhances
both the directionality and the emission properties of the QDs. Charging of the QDs is promoted by a Si
δ-doped layer (doping density ∼1.8 · 1010 cm−2) placed 10nm below the QD layer, so that approximately
one third of the dots are singly charged. The QDs investigated emit in the 910–920 nm range. More
details of the sample structure can be found in [32]. The specific dot studied here is selected under
above-band (Ab. Bd.) excitation at 780nm by comparing spectra with and without the applied mag-
netic field and choosing a dot that exhibits the characteristic fourfold Zeeman splitting, an indication
for charged QDs. The sample is mounted in a continuous-flow liquid-helium magneto-cryostat (Oxford
Microstat-MO) with a helium cryorecirculator (ColdEdge Stinger), enabling stable closed-cycle operation
while allowing the use of the integrated superconducting solenoid to generate a strong magnetic field
[33]. The system provides a homogeneous magnetic field up to 5T along the cryostat axis. Unless oth-
erwise stated, measurements are performed at T = 5.0–5.5 K. For Zeeman-splitting measurements, the
temperature is set to 6.5K to reduce spectral drift during magnetic-field ramps caused by magnet/sample
heating. To access the two magnetic field configurations studied here, two different custom-built sam-
ple holders are used. For the oblique geometry, the sample holder orients the sample at ϑ= 60◦ from
Faraday geometry, while optical access is enabled using an appropriately tilted mirror in close proxim-
ity to the sample. The same principle is used for the Voigt geometry, where the angle is at ϑ= 90◦ as
shown at the top of figure 1(a). The angle ϑ is defined with respect to the growth axis (Faraday).
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2.2. All optical excitation & detection scheme
Optical excitation and collection are performed with a 0.5−NA long-working-distance microscope
objective (W.D.= 12mm) producing a ∼1µm (FWHM) spot on the sample. As the sample is static,
we can access different areas of the sample surface by moving the microscope objective. We use a weak
above band (Ab. Bd.) laser at 780nm for initial characterisation, which is switched off during the main
coherent control experiment. For all-optical coherent control we use pulses from an ultrafast Ti:sapphire
laser with a repetition rate of at 80.2MHz. The pulse duration in the sample is 3ps (intensity FWHM),
short compared to the trion lifetime (∼0.8ns). We spectrally shape and filter the off-resonant pulses
so that their spectral centres are red-detuned by approximately ∼500GHz from the targeted Λ-system
under investigation, thereby minimising population transfer to the trion state [34]. In the oblique
(Voigt) configuration we initialise the qubit by resonantly driving the highest energy outer transition
|↑⟩ϑ → |↑↓⇑⟩ϑ (|↑⟩x → |↑↓⇑⟩x). The incident polarisation and power of the resonant continuous-wave
(CW) laser is set using a combination of a motorised polariser, half- and quarter-waveplates (QWPs).
In both magnetic field configurations the resonant CW laser is set to be fully co-polarised with the
driven transition, whereas the pulsed laser was set to be circularly polarised. In the oblique configura-
tion the pulses are set to be cross-polarised with respect to the Λ-system we are working on. To min-
imise the effect of the CW resonant laser during the coherent control experiment while maintaining high
enough detected photon counts, we set its power in the range of 50− 150nW which is ∼25 times lower
than the value where we can distinguish any observable dressing of the transition (see Supplementary
material). Residual back-reflected laser light from the resonant CW laser, is rejected by spectral filter-
ing in the spectrometer. For readout we isolate spontaneously emitted photons from the |↑↓⇑⟩ϑ → |↓⟩ϑ
(|↑↓⇑⟩x → |↓⟩x) transition in the oblique (Voigt) configuration (bottom of figure 1(a)) by spectral fil-
tering through a double 1 m long custom-built spectrometer with intermediate slits that has ∼50%
efficiency at maximum resolution (∼8.5µeV), while photon detection is performed using a single pho-
ton counting module with ∼150s−1 dark counts at the output of the spectrometer. The location of the
pulses with respect to the PL spectrum of the charged QD in the oblique field configuration is shown
in figure 1(b), where the shaded areas on the highest energy transitions highlight the resonantly driven
(grey) and detected (orange) transitions.

2.3. Zeeman splitting interaction & influence on the selection rules
We address a singly charged InAs QD hosting a resident electron spin in the ground state and a trion
in the excited state. The magnetic field dependence of the optical transition energies between the trion
and ground-spin state manifolds reflects the interplay of the linear in-field Zeeman interaction and the
quadratic diamagnetic shift (see Supplementary material), since the reported Zeeman splittings below,
are obtained after subtracting the common quadratic diamagnetic shift γB2, extracted from a simultane-
ous fit to the four magneto-photoluminescence transition energies. The extracted values for the oblique
and the Voigt configurations are γϑ = 6.02µeV/T2 and γx = 4.40µeV/T2, from which we get the value
for the Faraday configuration γz = 10.90µeV/T2. We investigate two magnetic field configurations, with
the applied magnetic field lying in the x–z plane, at angles ϑ= 60◦(90◦) with respect to the growth
axis ẑ, corresponding to the oblique (Voigt) geometry. Electron and heavy-hole Zeeman interactions
are described by effective spin-1/2 Hamiltonians with different in-plane and out-of-plane g-factors. The
oblique magnetic field mixes the z-basis spins and generates unequal superpositions for the ground spin-
and excited trion- states which we label as |↑⟩ϑ, |↓⟩ϑ, and |↑↓⇑⟩ϑ, |↑↓⇓⟩ϑ. The composition of these
states in terms of the z-basis spins is directly related to the magnetic field angle and the in-plane (gxe/h)

and out-of-plane (gze/h) g-factors [24]. From the fitted magnetophotoluminescence spectra in figure 2(a)

taken in the oblique configuration, we extract the g-factors gϑe = 0.46 and gϑh = 0.92. Combining this
with the magnetophotoluminescence spectra in the Voigt configuration in figure 2(b), we extract both
the in-plane and out-of-plane g-factors for the electron and the heavy-hole. The electron is found to be
only weakly anisotropic since gze = 0.50 and gxe = 0.45, whereas the hole g-factor has a more pronounced
anisotropy with gzh = 1.82 and gxh = 0.13. This anisotropy is particularly important in the oblique-field
geometry, where the in-plane component of the magnetic field induces heavy-hole mixing, thereby re-
normalising the hole response and modifying the optical selection rules. Because the electron g-factor is
only weakly anisotropic, the effective Zeeman field remains nearly collinear with the applied magnetic
field. By contrast, the strong anisotropy of the heavy-hole primarily affects the trion eigenstates, setting
their Zeeman splitting and, crucially, determining the optical coupling strengths and transition polarisa-
tions of the oblique-field double-Λ system. The four allowed optical transitions arise from the coupling
between the two ground-state electron eigenstates and the two excited-state trion eigenstates and inherit
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Figure 2. Zeeman splitting in the oblique (a) and in the Voigt (b) configurations. Polarisation analysis of the four emission tran-
sitions at 5 T is shown for the oblique (c) and Voigt (d) configurations. In oblique field geometry the two higher energy transi-
tions are σ+ polarised whereas the two lower energy transitions σ−. (d) In Voigt geometry, the outer transitions become hori-
zontally polarised while the inner transitions vertically polarised. Figures (c) and (d) share the same colourscale.

their polarisation properties from the optical selection rules in the applied magnetic field. More gener-
ally, the oblique-field selection rules differ from the purely circular Faraday limit and the purely linear
Voigt limit, and are sensitive to the underlying spin mixing [24]. At 5T, spectrally- and polarisation-
resolved photoluminescence is used to determine the optical coupling strengths and transition polari-
sations for each magnetic field orientation, using rotating QWP polarimetry. The PL is sent through a
rotating QWP followed by a fixed horizontal polariser, and the transmitted spectra are quoted as a func-
tion of the QWP angle φ. Using Fourier analysis for the spectrally integrated signal of each transition we
extract the polarisation properties. In the oblique configuration we find that all transitions have a high
degree of circular polarisation with (⩾90%) circularity, strongly influenced by the large hole anisotropy
(figure 2(c)), and that the two Λ-systems are orthogonally polarised. By contrast, in the Voigt configu-
ration the four transitions are found to be linearly polarised, with the inner transitions being vertically-
and the outer horizontally polarised (figure 2(d)). For the complete analysis see Supplementary material.

3. Results

3.1. Rabi oscillations
Coherent single-qubit rotations are evidenced by Rabi oscillations under non-resonant pulsed driving, an
approach widely used in QD spin-qubit control experiments [3–15]. In both magnetic field orientations,
the qubit is encoded in the ground state electron spin of a negatively charged QD, while far red-detuned
picosecond (ps) pulses couple these ground states to the trion manifold only virtually [34]. Because
the trion is negligibly populated during the pulse, the interaction can be described as an effective AC-
Stark coupling, which induces a coherent mixing of the spin states together with an additional AC-Stark
phase [34]. As a result, the pulse implements a spin rotation by an angle that scales approximately as
the square root of the pulse power, θ ∝

√
P. The key difference between the two magnetic field config-

urations investigated here, lies in the orientation of the axis about which the spin qubit rotates. In the
oblique-field configuration, we label the ground states, as |↑⟩ϑ and |↓⟩ϑ. On the Bloch sphere, a single
red-detuned circularly polarised picosecond pulse, cross-polarised with respect to the relevant Λ-system,
drives rotations about a tilted axis n̂, whose orientation is determined by the angle of the applied mag-
netic field, assuming weak electron g-factor anisotropy (Inset figure 3(a)). By contrast, in Voigt geom-
etry, the ground states are |↑⟩x and |↓⟩x, so the Bloch vector rotates about the x̂ axis defined by the
magnetic field, which is perpendicular to the growth axis ẑ (Inset figure 3(b)). In addition, the Bloch
sphere representation used throughout this work is fully equivalent to the density-matrix description,
with the South (North) pole corresponding to the pure state ρ= |↑⟩⟨↑|(ρ= |↓⟩⟨↓|). For both magnetic
field orientations we therefore observe that for increasing pulse powers the detected signal shows a clear
oscillatory behaviour with damping, indicating effective Rabi rotations of the qubit about the respective
rotations axes.
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Figure 3. (a) Rabi oscillations in oblique configuration as a function of pulse power. Experimental data are shown as red markers
and the corresponding simulation is shown as a blue solid line. Inset: Bloch Sphere representation of the driven Bloch-vector as it
is rotated about the axis n̂, tilted by 60◦ deg. (b) Rabi oscillations in Voigt configuration. Inset: Bloch Sphere representation at a
field angle of 90◦, where the Bloch vector is rotated about the x̂ axis.

The resulting signal for the oblique (Voigt) configuration, collected from the |↑↓⇑⟩ϑ → |↓⟩ϑ
(|↑↓⇑⟩x → |↓⟩x) transitions, is plotted in (figures 3(a) and (b)) as a function of the

√
P of the non-

resonant pulses. The damping observed in both geometries is consistent with a combination of
excitation-induced dephasing, phonon-assisted relaxation, spontaneous emission, and Larmor precession
[22]. To quantify these effects, we compare the measurements with master-equation simulations of
the driven four-level system implemented in QuTiP [35, 36]. The model includes spontaneous emis-
sion, pure dephasing, and excitation-induced dephasing arising from coupling to longitudinal acoustic
phonons, which produces pulse-area-dependent Rabi oscillation damping in InAs/GaAs QDs [22]. The
parameters extracted from these fits are then used consistently in the simulations of the Rabi oscillations,
Ramsey interference, and general SU(2) control.

3.2. Ramsey interference
Following the demonstration of Rabi oscillations, we probe the ground-state coherence using a Ramsey
sequence. In both geometries, the sequence consists of two identical control pulses separated by a vari-
able delay τ , with each pulse chosen to implement an effective π/2 rotation that brings the Bloch vector
to the equator. The key distinction is that, in the oblique-field configuration, where the magnetic field
is oriented at ϑ= 60◦ with respect to the growth axis, this effective π/2 operation requires an actual
pulse rotation angle of approximately θ ≈ 109◦ (considering instantaneous pulse rotations). By contrast,
in the Voigt geometry, where the magnetic field is oriented at ϑ= 90◦, the effective π/2 condition coin-
cides with the physical π/2 pulse (θ = 90◦). The Rabi oscillation data allow us to identify and calibrate
the pulse powers that correspond to these operating points. We therefore use two identical effective π/2
pulses in the oblique-field Ramsey experiment and two identical π/2 pulses in the Voigt case. In the
oblique-field configuration, the first pulse rotates the Bloch vector from the north pole to the equato-
rial plane about the fixed control axis n̂, thus preparing a coherent superposition of |↑⟩ϑ and |↓⟩ϑ (inset
of figure 4(a)). During the free-evolution interval, the spin precesses about the ẑ axis, at the Larmor fre-
quency ωL

ϑ/2π = 31.75GHz, leading to an overall rotation by an angle ϕ = ωτ [5–11, 15]. The second
pulse then performs a further rotation about the same control axis n̂, mapping the position on the equa-
tor into a delay-dependent ground-state superposition. As in the Rabi-oscillation measurements, the final
population is read out through spontaneous spectrally filtered emission on the |↑↓⇑⟩ϑ → |↓⟩ϑ transi-
tion, yielding Ramsey fringes as a function of τ (figure 4(a)). In this representation, the maximum signal
corresponds to a superposition near the |↑⟩ϑ state, while the minimum signal corresponds to a super-
position near the |↓⟩ϑ as illustrated in the inset of figure 4(a). The corresponding Ramsey measurement
in Voigt geometry follows the same general protocol, but with control pulses implementing π/2 rota-
tions, creating coherent superpositions between |↑⟩x ↔ |↓⟩x, consistent with the different orientation of
the rotation axis in that configuration (figure 4(b)). The Larmor frequency here is ωL

x/2π = 30.9GHz,
consistent with the slightly smaller electron ground state splitting. The measured fringes are well repro-
duced by our master-equation model using the parameters extracted from the Rabi-oscillation analysis.
The delay τ is controlled with a Mach–Zehnder interferometer [37, 38] in the pulsed-excitation path,
where a motorised translation stage provides coarse delay steps of 1.33ps, spanning delays from τ = 0
up to 1ns.

An interesting difference between the two configurations is the initial phase offset ∆ϕ of the Ramsey
fringes (here ∆ϕ ∼= 0.24rad). Neglecting Larmor precession during the all-optical rotations, in the Voigt
configuration, two successive π/2 pulses bring the Bloch vector from the north pole to the south pole of
the Bloch sphere, yielding maximum counts and therefore a zero Ramsey-fringe phase. In the oblique
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Figure 4. Ramsey interference measured by driving the qubit with two effective rotations that bring the Bloch vector to the equa-
tor, separated by an interpulse delay in the oblique (a) and Voigt (b) configurations. The red solid line denotes the experimen-
tal data and the solid blue line is our modelled Ramsey interference. At zero delay the noise is because of optical interference
between the pulses. At larger delays, signatures consistent with nuclear-spin polarisation become clearly visible. The insets show
a simplified state trajectory for two pulses with optical area of two π/2 in the Voigt and pulses corresponding to θ = 109◦ in the
oblique configuration, at a delay, for which the second pulse brings the Bloch vector to the opposite spin state.

configuration, the effective π/2 pulses rotate the Bloch vector about the tilted control axis n̂. When
applied with zero interpulse delay, these pulses drive a Rabi-like trajectory about n̂ (Inset of figure 3(a)).
Consequently, the south pole is reached only for a small delay between the pulses, which introduces a
finite phase shift in the Ramsey fringes. This phase offset is therefore a direct consequence of the tilted
control axis n̂.

At longer delays, deviations from simple oscillatory behaviour appear in the form of pronounced
spikes in the signal, consistent with signatures of dynamic nuclear-spin polarisation reported previously
[39–42]. Interestingly, the onset of this behaviour seems to happen for shorter delays in the Voigt config-
uration. Strategies to mitigate nuclear-spin and charge-noise limitations, and thereby extend spin coher-
ence in self-assembled QDs, have been extensively explored elsewhere [43].

3.3. Complete coherent control
As a final step, we demonstrate complete coherent control in an oblique magnetic field, namely univer-
sal single-qubit operations on the ground |↑⟩ϑ ↔ |↓⟩ϑ manifold. The protocol generalises the Ramsey
sequence using two identical control pulses of equal tunable pulse areas and tunable delays. In this set-
ting, the first pulse applies a coherent rotation about the control axis n̂, while Larmor precession dur-
ing the interpulse delay τ rotates the qubit by an angle ϕ = ωτ about the ẑ axis. The second pulse
then induces a further rotation about the axis n̂. Two rotations about the fixed control axis n̂, sepa-
rated by an additional controlled rotation about the ẑ axis, are sufficient to reach any point on the Bloch
sphere, and therefore implement arbitrary SU(2) single-qubit rotations. The experiment is performed at
a non-zero pulse delay (τ ≈ 20− 140ps) to avoid optical-field interference between the two pulses. As
in the previous experiments, for each pulse power, which sets the rotation angle, we scan the delay τ
and record time-integrated photon counts from the |↑↓⇑⟩ϑ → |↓⟩ϑ transition. The resulting data form
a two-dimensional control map with axes given by

√
P and delay τ . The measured map exhibits the

characteristic multi-lobed structure expected for coherent SU(2) control in detuned Λ-systems [5, 8,
9, 15] (figure 5(a)). However, in the present case, the multi-lobe pattern also displays distinctive fea-
tures, including tilted and ‘interconnected’ lobes. A master-equation model, using parameters indepen-
dently constrained by the Rabi and Ramsey measurements, reproduces well the observed lobe pattern
(figure 5(b)). Finally, we follow a similar procedure to reproduce the complete coherent control of the
|↑⟩x ↔ |↓⟩x manifold in the Voigt configuration, as indicated in figure 5(c) and its modelled results in
figure 5(d). Unlike the Voigt configuration, the oblique-field configuration yields a tilted control axis
and asymmetric couplings to the two ground states. Therefore, one would expect that these differences
should visibly modify the SU(2) control maps between the two configurations. Interestingly, we show
that the SU(2) control maps show minor differences mostly related to the different Larmor frequencies
and the slightly modified pulse powers due to asymmetric couplings. Overall, these results establish that
self-assembled InAs QDs in a fixed oblique magnetic field support universal all-optical single-qubit con-
trol, while preserving the tunability of the spin eigenstates through the field orientation.
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Figure 5. Detected photon counts following excitation with two off-resonant pulses of variable power and variable interpulse
delay. Scanning these parameters enables access to the full Bloch Sphere. (a) Experimental data for the oblique configuration,
(b) corresponding simulation. (c) Experimental data for the Voigt configuration, and (d) corresponding simulation. The same
colourbar is used for (a) and (b), and for (c) and (d).

4. Simulations

We model the QD as a four-level double-Λ system comprising two ground spin states, |1⟩ and |2⟩, split
by the ground state splitting ∆Egs, and two excited states, |3⟩ and |4⟩, separated by the excited state
splitting ∆Ees. The dynamics is governed by a Lindblad master equation:

ρ̇=−i [H,ρ] +
∑
m

L(cm) , (1)

where L(cm), the Lindblad superoperators of the collapse operators cm. All calculations are performed in
a frame rotating at the CW laser frequency ωl, within the rotating-wave approximation. The unperturbed
Hamiltonian in this frame is

H0 =
∆Egs
2 (p22 − p11)+∆cw p33 +(∆cw +∆Ees) p44, (2)

where pff = |f⟩⟨f| is the population projection operator onto the states, and ∆cw is chosen to render the
CW laser resonant with the outer |1⟩ ↔ |4⟩ transition. The Hamiltonian of a CW field of Rabi frequency
Ωcw that drives this transition time-independently in the rotating frame is:

Hcw = Ωcw
2 k14

(
p41 + p†41

)
, (3)

where k14 is the coupling dipole coefficient in each configuration that we extract from (figures 2(c) and
(d)). A pulsed field with Gaussian envelope Ω(t) = Ωp exp

[
−(t− t0)2/2σ2

]
is decomposed into parame-

ters that are responsible for the driving of each transition, based on the polarisation in each geometry:

Ω14
p (t) = Ω24

p (t) = Ω(t)cosα,

Ω13
p (t) = Ω23

p (t) = Ω(t)eiβ sinα

}
oblique

Ω14
p (t) = Ω23

p (t) = Ω(t)cosα,

Ω13
p (t) = Ω24

p (t) = Ω(t)eiβ sinα

}
Voigt

(4)

where α and β are set to correspond to the polarisation and relative phase, so that the pulses drive the
transitions accordingly for each configuration. The pulse carrier is detuned from the CW frame by ∆p.
The full pulse Hamiltonian is

Hp (t) =
1

2

∑
i,j

kijΩ
ij
p (t)e

−i∆ptpij +H.C (5)

where i( j) are the ground (excited) state indices, kij the coupling dipole coefficient, and Ω
ij
p is the pulse

driving term for every transition in each configuration. Radiative decay from each excited state to each
ground state is included through collapse operators cji =

√
Γji pji with Γ−1

ji the trion lifetime. Pure

7
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dephasing is modelled by static Lindblad operators
√
γd pjj, representing charge noise, supplemented by

a time-dependent phonon term
√
αphonon |Ωp(t)|pjj. Starting from ρ(0) = |2⟩⟨2|, we compute the time-

integrated photon flux on the |4⟩ → |2⟩ channel,

N=

ˆ
Γ42 ⟨p44⟩dt, (6)

as a function of pulse area, using the QuTiP master equation solver. The simulation parameters

used for the oblique (Voigt) configuration (ϑ= 60◦(90◦)) are:
∆Egs
2π h̄ = 31.75GHz(30.9GHz), ∆Ees

2π h̄ =
63.4GHz(9.7GHz), extracted from the Zeeman Splitting, σ

2π = 98GHz which corresponds to a width

of ≈ 3 ps pulse, ΩCW
Rabi
2π = 1GHz,

ΩCW
Ramsey

2π =
ΩCW

Rabi√
3
,
ΩCW

SU(2)

2π =
ΩCW

Rabi
2 , ΩPulsed

2π ∈ (0,2550)GHz, ∆Pulsed
2π =−500GHz,

Γ = k2ij, γdephasing = 1ns−1 and αphonon = 28 · 10−6ns−1 are chosen correspondingly to match the exper-
imental behaviour, α= 90◦(45◦) and β = 10◦(90◦) chosen from the polarisation analysis, k14 = k23 =√
0.75(

√
0.5) and k24 = k13 =

√
0.25(

√
0.5) the dipole coupling coefficients, estimated from the polarisa-

tion analysis.
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Here we present additional measurements and analysis for a self-assembled InAs quantum dot investigated as a spin
qubit under both oblique and Voigt magnetic fields. Specifically, we report measurements of the Zeeman splitting
and diamagnetic shift, together with the spin-qubit eigenstate composition as a function of magnetic-field angle. We
provide the detailed methodology used for the full polarisation analysis of all four optical transitions in both oblique
and Voigt field configurations. In addition, we describe the experimental approach used for the coherent-control
measurements and characterise the power dependence of the resonant initialisation/readout laser, identifying the
operating regime relative to the onset of strong driving and dressed-state formation. Finally, we present signatures of
nuclear-spin polarisation and examine their dependence on the detuning of the resonant laser.

A. Qubit composition of the oblique magnetic field

To clarify the spin qubit behaviour in an oblique mag-
netic field, it is useful to recall the treatment of Barr et
al. [1]. An oblique field combines an out-of-plane and
an in-plane component, parametrised by the tilt angle ϑ
measured from the growth axis, such that ϑ = 0◦ recov-
ers the pure Faraday configuration and ϑ = 90◦ the pure
Voigt configuration. The electron Zeeman interaction un-
der such a field takes the form of an effective two-level
Hamiltonian in the {|↑⟩z , |↓⟩z} basis,

Ĥe(ϑ) = −µBB
(
gze cosϑ Ŝz + gxe sinϑ Ŝx

)
, (1)

whose diagonalisation yields ground-state eigenstates
that are unequal superpositions of the |↑⟩z , |↓⟩z basis
states,

|↑⟩ϑ = C2(ϑ) |↓⟩z + C1(ϑ) |↑⟩z ,
|↓⟩ϑ = C1(ϑ) |↓⟩z − C2(ϑ) |↑⟩z ,

(2)

with C1(ϑ), C2(ϑ) the normalised real superposition
weights, as shown in Eq. 3. At ϑ = 0◦, C1 → 1 and
C2 → 0, recovering the pure |↑⟩z, |↓⟩z eigenstates of the
Faraday configuration, whereas at ϑ = 90◦ the superposi-
tion weights become C1 = C2 = 1/

√
2, giving the equally

weighted superpositions characteristic of the Voigt con-
figuration. At intermediate angles the qubit encoded in
the ground-state manifold therefore acquires a continu-
ously tunable, unequal admixture of the two spin projec-
tions, meaning that the field angle acts as a knob directly
setting the basis-state weighting, as summarized in Figs.
S1(a), (b).

B. Zeeman interaction & Diamagnetic shift

Figure S2(a) shows the evolution of the optical transi-
tion energies between the ground-spin state manifold and

the trion manifold as a function of magnetic field. This
dependence arises from the interplay between the Zee-
man interaction, which shifts the energies linearly with
magnetic field and lifts the spin-state degeneracy, and
the diamagnetic shift, which contributes a quadratic-in-
field correction to the transition energies. As a result,
the measured spectral lines exhibit a characteristic field
dependence that cannot be described by a purely linear
model alone. By simultaneously fitting the magnetic-field
dependence of the four optical transitions, we extract the
diamagnetic contribution and obtain a diamagnetic coef-
ficient of γϑ = 6.02µeV/T2, as presented in Fig. S2(b).
Figures S2 (c), (d) show the Voigt equivalent of Figures
S2 (a), (b) correspondingly, where we report a diamag-
netic coefficient of γx = 4.40µeV/T2 in the Voigt case.
The diamagnetic shift in self-assembled InAs quantum
dots is known to depend on the orientation of the applied
magnetic field, reflecting the anisotropic spatial confine-
ment of the carrier wavefunctions.

FIG. S1. (a) Squared magnitudes of normalised ground-state
basis weights C1(ϑ) and C2(ϑ) as a function of field angle. An
asymmetric spin weight occurs between the two ground states
when ϑ < 90◦. The vertical dashed line depicts the posi-
tion of the 60◦ configuration. (b) Modeled four-level splitting
(T1–T4) of the QD, studied in the manuscript, versus mag-
netic field angle (B0 = 5 T). The lines depict the transition
energies and their colour indicates their transition intensities
according to the colour scale. At 60◦ the ratio of the relative
transition strength is ∼ 0.75 : 0.25.



2

C1(ϑ) =
1

Ne(ϑ)

[
gze cosϑ+

√
(gze cosϑ)

2
+ (gxe sinϑ)

2

]
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gx
e sinϑ
Ne(ϑ)

,

Ne(ϑ) =

√
2
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More generally, the diamagnetic response is related to
the spatial extent and localisation of the exciton wave-
function, as discussed by Nash et al. [2]. Van Hat-
tem et al. [3] measured this angular dependence for
neutral and charged excitons, including X−, while Van
Bree et al. [4] described the angular variation using
γ(ϑ) = γz cos

2 ϑ+γx sin
2 ϑ, where ϑ is measured from the

Faraday geometry. Using the experimentally determined
values γϑ ≡ γ(60◦) = 6.02 µeV/T2 and γx ≡ γ(90◦) =
4.40 µeV/T2, this relation gives a Faraday diamagnetic
shift coefficient of γz ≡ γ(0◦) ≈ 10.90 µeV/T2.

C. polarisation analysis using the rotating
QWP polarimetry.

The polarisation states of the four optical transitions
were determined using rotating quarter-wave-plate po-
larimetry for both the oblique and Voigt magnetic-field
orientations. The emission was passed through a rotating
quarter-wave plate followed by a fixed linear polarisation
analyser, as shown in Fig S3. For each field orientation,
the emission spectrum was recorded as a function of the
wave-plate angle φ from 0◦ to 358◦ in 2◦ increments. At
each angle, the spectrum was fitted simultaneously with
four Lorentzian lines corresponding to the four transi-
tions, and the area of each fitted Lorentzian was taken
as the corresponding transition intensity I(φ).

Because the rotating-quarter-wave-plate signal is 180◦

periodic, the two non-overlapping intervals 0◦ ≤ φ ≤
178◦ and 180◦ ≤ φ ≤ 358◦ each contain one complete
period. Each interval contains N = 90 equally spaced
points and was analysed independently. For either inter-
val, with φj denoting the sampled wave-plate angles and
I(φj) the Lorentzian area extracted for a given transi-
tion, the Fourier coefficients were calculated directly as

A =
2

N

N−1∑
j=0

I(φj),

B =
4

N

N−1∑
j=0

I(φj) sin(2φj),

C =
4

N

N−1∑
j=0

I(φj) cos(4φj),

D =
4

N

N−1∑
j=0

I(φj) sin(4φj)

(4)

FIG. S2. (a) Raw photoluminescence spectra recorded at dif-
ferent magnetic-fields strengths B in the oblique geometry.
(b) Quadratic field dependence of the transition energies at-
tributed to the diamagnetic shift (fit). (c) PL spectra for
increasing magnetic field in Voigt. (d) Diamagnetic shift fit
in the Voigt geometry.

The angular arguments are expressed in radians when
evaluating the trigonometric functions. With this nor-
malisation, the corresponding angular intensity depen-
dence is:

FIG. S3. Rotating quarter-wave-plate polarimetry setup.
Photoluminescence from the QDs passes through a rotat-
ing quarter-waveplate (QWP) followed by a polarising beam-
splitter that acts like a fixed, horizontally polarised linear
polariser. The angle φ = 0◦ corresponds to the fast axis of
the waveplate (thin white line on QWP body) being parallel
to the transmission polarisation of the PBS (parallel to the
optical table).
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FIG. S4. Rotating quarter-wave-plate polarimetry in the oblique magnetic-field orientation. (a) Quarter-wave-plate-angle-
resolved emission spectrum containing the four optical transitions; the boxes highlight the transitions analysed. At each
wave-plate angle, the spectrum was fitted simultaneously with four Lorentzian lines. (b–e) Extracted intensity Idata(φ) of
each transition, determined from the area of the corresponding fitted Lorentzian peak. Markers (Idata(φ)) show the extracted
experimental values, while the solid curves (Irecon.(φ)) show the angular dependence reconstructed from the Fourier coefficients
A,B,C, and D calculated directly from these data. The close agreement between the extracted and reconstructed profiles
demonstrates that the Fourier decomposition accurately captures the polarisation dependence of each transition. (f) Compact
matrix of the corrected normalised Stokes parameters S1, S2, S3 for the four transitions. For each parameter, the quoted value
is the mean obtained from the two non-overlapping 180◦ periods of the acquisition, and the quoted uncertainty is their sample
standard deviation. The degree of polarisation is above 97% for all four transitions.

I(φ) =
1

2
[A+Bsin(2φ) + Ccos(4φ) +Dsin(4φ)] (5)

Thus, A,B,C, and D are obtained by direct Fourier pro-
jection of the Lorentzian peak areas I(φ), rather than by
fitting the polarisation dependence [5]. Therefore, The
Stokes parameters reconstructed from the Fourier coeffi-
cients were calculated according to

s0 = A− C,

s1 = 2C,

s2 = 2D,

s3 = B,

(6)

The polarisation state was then expressed using the nor-
malised corrected Stokes parameters:

S1 =
s1
s0

,

S2 =
s2
s0

,

S3 =
s3
s0

,

(7)

S1 corresponds to linear H/V , S2 to linear D/A and S3 to
circular σ+/σ− polarisation. The degree of polarisation
is then calculated according to

DOP =
√
S2
1 + S2

2 + S2
3 (8)

After having done this analysis, we can quote values and
the experimental variation. The complete analysis chain,
which includes simultaneous four-Lorentzian spectral fit-
ting, Fourier decomposition, Stokes reconstruction and
normalisation, was performed separately for the two non
overlapping 180◦ periods. This yields two determina-

tions, S
(1)
i , S

(2)
i , of each normalised Strokes parameter.

the values quoted in the manuscript are their mean,

S̄i =
S
(1)
i + S

(2)
i

2
(9)

and the quoted uncertainty is their sample standard de-
viation,

σSi
=

√
(S

(1)
i − S̄i)2 + (S

(2)
i − S̄i)2

2− 1
=

|S(1)
i − S

(2)
i |√

2
(10)
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FIG. S5. Rotating quarter-wave-plate polarimetry in the Voigt magnetic-field orientation. (a) Quarter-wave-plate-angle-
resolved emission spectrum containing the four optical transitions; the boxes highlight the transitions analysed. At each
wave-plate angle, the spectrum was fitted simultaneously with four Lorentzian lines. (b–e) Extracted intensity Idata(φ) of
each transition, determined from the area of the corresponding fitted Lorentzian peak. Markers (Idata(φ)) show the extracted
experimental values, while the solid curves (Irecon.(φ)) show the angular dependence reconstructed from the Fourier coefficients
A,B,C, and D calculated directly from these data. The close agreement between the extracted and reconstructed profiles
demonstrates that the Fourier decomposition accurately captures the polarisation dependence of each transition. (f) Compact
matrix of the corrected normalised Stokes parameters S1, S2, S3 for the four transitions. For each parameter, the quoted value
is the mean obtained from the two non-overlapping 180◦ periods of the acquisition, and the quoted uncertainty is their sample
standard deviation. The degree of polarisation is above 98% for all four transitions.

The uncertainty therefore quantifies the repeatability
of the reconstructed polarisation parameters between the
two non-overlapping complete periods of the same an-
gular acquisition. Figure S4 shows the data and recon-
struction for the oblique magnetic-field orientation, while
Fig. S5 shows the corresponding analysis for the Voigt
orientation. In each case, the quarter-wave-plate-angle-
resolved emission spectrum is shown with the four opti-
cal transitions used in the analysis highlighted. At every
wave-plate angle the spectrum was fitted simultaneously
with four Lorentzian lines, and the area of each fitted
peak was used to construct Idata(φ) for the correspond-
ing transition. These extracted Lorentzian areas are com-
pared with the signals Irecon.(φ), reconstructed from the
directly calculated Fourier coefficients A,B,C, and D.
The close agreement between the extracted angular pro-
files and the reconstructed signals provides a direct visual
check that the Fourier components used in the Stokes
reconstruction accurately describe the observed polarisa-
tion response. The final panel of each figure summarizes
the corrected normalised Stokes parameters for the four
transitions.

D. Dual pulse experiment details for complete
coherent control

Both the Ramsey interference experiment and the com-
plete coherent control require the generation of dual
pulses with controllable interpulse delay τ . To generate
such pulse sequences we use a modified Mach-Zehnder
interferometer in the mirror-retroreflector configuration
as shown in Fig. S6. As the retroreflector is mounted on
a motorised linear translation stage, the pulses reflected
back from it, experience a time delay that is proportional
to the distance of the retroreflector shift. At the output
beam splitter the two pulses coming from the variable
and fixed delay arms are combined and sent to the sam-
ple. One of the critical aspects of the dual pulse experi-
ments is the requirement to have two identical intensity
pulses. Minor misalignment or non-ideal splitting ratio
of the beam splitters can lead to pulses with different in-
tensities and therefore different rotation angles for each
pulse. To eliminate this issue we always compare the
effect of the pulses by performing a Rabi rotation exper-
iment for each of the pulses coming from the two delay
arms.
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FIG. S6. (a) Schematic diagram of the setup for the gen-
eration of dual pulses with variable delays. The retroreflec-
tor (RR) is positioned on a motorised translation stage (not
shown) that enables the displacement of the RR parallel to
the laser beam. The pulse from the fixed arm and the delayed
pulse from the RR are combined at the output beam splitter
(BS) of the Mach-Zehnder interferometer and are sent to the
sample. Both the input and output beam splitters are 50:50
and non-polarising.

FIG. S7. (a) Rabi rotation measurements performed for each
delay arm in the oblique configuration. (b) Corresponding
Rabi rotation measurements in the Voigt configuration, shown
separately for the two delay arms. For both configurations the
individual traces are obtained by selectively blocking one in-
terferometer arm at a time and recording the complete power
dependence, allowing the Rabi oscillations associated with
each arm to be resolved independently.

Fig. S7(a) shows the two Rabi rotation experiments
for each of the pulses for the oblique and the Fig. S7(b)
for the Voigt configuration complete coherent control ex-
periments. A good overlap for all powers indicates that
the alignment and power balancing are optimal.

E. Dressing of the resonantly driven transition

All coherent control experiments are performed with
the resonant initialization/readout laser driving the outer
transition of the QD in a continuous manner. To assess
the effect of the CW resonant laser and ensure that it
is only driving the transition weakly, we perform an ad-
ditional characterisation whereby we increase the power
of the resonant laser while we observe the spectral shape
of the diagonal transition of the corresponding Λ sys-
tem under above band excitation (λAb.Bd = 780nm ,
PAb.Bd = 150nW ). Figure S8(a) presents the PL spec-
trum from the diagonal transition as a function of the ap-

FIG. S8. (a) Raw PL spectra recorded for increasing CW
power, with the x-axis displayed in logarithmic scale. At ∼
2.5µW we observe dressed states caused by the CW power.
The black arrow indicates the green shaded area where we
operate in the coherent control experiment. (b) Double Λ-
system at ∼ 6.5µW in order for the reader to understand
how this phenomenon affect our system.

plied CW resonant driving laser power. With increasing
CW resonant power, clear signatures of optical dressing
(spectral doublet as shown by the level diagram in Fig.
S8(b)) emerge only for powers above ∼ 2.5µW, indicat-
ing the onset of a substantial modification of the transi-
tion by the driving field. Because the power range used
in the coherent-control experiments lies ∼ 25 times be-
low this threshold, we ensure that the CW resonant laser
operates in the weak driving regime.

F. Manifestations of nuclear polarisation effects
under oblique magnetic fields

During the acquisition of Rabi-oscillation and Ramsey-
interference measurements, we observed that the coher-
ence properties depend reproducibly on the detuning of
the resonant continuous-wave (CW) laser from the tar-
geted optical transition. In particular, the form of the
Rabi oscillations changes systematically with CW detun-
ing: by adjusting the detuning, the signal can be made

FIG. S9. (a) Rabi Oscillations for different detuning of the
CW laser as a function of the pulse power. (b) Quantum dot
spectrum showing the frequency scan of the CW laser across
the targeted optical transition, with the black vertical lines
indicating the detuning range used in the experiment.
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to evolve slightly along either an upward or a downward
trend (Fig. S9(a)).

This behavior was observed consistently while step-
ping the CW laser frequency across the transition and
repeating the pulsed-control measurements (Fig. S9(b)),
suggesting that the nuclear environment is not merely
a passive source of quasi-static noise, but is instead in-
fluenced by the optical driving conditions. In addition,
when the CW laser is set slightly off resonance, while
keeping the pulse parameters and detection configuration
unchanged, the Ramsey fringe visibility can increase rel-
ative to exact resonance (Fig. S10). We attribute the
observed dependence on CW-laser detuning to dynamic
nuclear polarisation (DNP) induced by resonant opti-
cal cycling. Optically driven nuclear-spin polarisation
is well established in semiconductor quantum dots and
has been demonstrated under resonant excitation in the
Voigt geometry, where the hyperfine interaction between
the optically driven carrier spin and the nuclear-spin bath
generates an effective Overhauser field [6–8]. In partic-
ular, resonant nuclear-spin pumping has been observed
in singly charged (In,Ga)As/GaAs quantum dots subject
to a transverse magnetic field [7, 9]. In this regime, the
optically induced nuclear polarisation can modify the ef-
fective magnetic field experienced by the confined carrier

[9–11], thereby affecting its spin splitting and dynamics.
Moreover, DNP has been shown to depend on the optical
excitation conditions and to produce detuning-dependent
resonance shifts or ”dragging” of the optical transition
[8]. We therefore interpret the observed changes in the
Rabi response and Ramsey coherence with CW detuning
as arising, at least in part, from changes in the nuclear
polarisation and the corresponding Overhauser field.

FIG. S10. Ramsey fringes for a slightly modified resonant-
laser detuning (∼ −0.4GHz from ”resonance”), showing en-
hanced coherence times. For delays above 500 ps, the fringes
acquire the characteristic sawtooth-like form, attributed to
DNP effects.
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