(80

= E = "
[~
Universityof =2

Strathclyde
Glasgow

Lagoudakis, K. G. and McMahon, P. L. and Dory, C. and Fischer, K. A. and
Miiller, K. and Borish, V. and Dalacu, D. and Poole, P. J. and Reimer, M. E.
and Zwiller, V. and Yamamoto, Y. and Vuckovic, J. (2016) Ultrafast
coherent manipulation of trions in site-controlled nanowire quantum
dots. Optica, 3 (12). pp. 1430-1435. ISSN 2334-2536 ,
http://dx.doi.org/10.1364/OPTICA.3.001430

This version is available at https://strathprints.strath.ac.uk/64407/

Strathprints is designed to allow users to access the research output of the University of
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights
for the papers on this site are retained by the individual authors and/or other copyright owners.
Please check the manuscript for details of any other licences that may have been applied. You
may not engage in further distribution of the material for any profitmaking activities or any
commercial gain. You may freely distribute both the url (https://strathprints.strath.ac.uk/) and the
content of this paper for research or private study, educational, or not-for-profit purposes without
prior permission or charge.

Any correspondence concerning this service should be sent to the Strathprints administrator:

strathprints@strath.ac.uk

The Strathprints institutional repository (https://strathprints.strath.ac.uk) is a digital archive of University of Strathclyde research
outputs. It has been developed to disseminate open access research outputs, expose data about those outputs, and enable the
management and persistent access to Strathclyde's intellectual output.



http://strathprints.strath.ac.uk/
mailto:strathprints@strath.ac.uk
http://strathprints.strath.ac.uk/

Ultrafast Coherent Manipulation of Trions in Site-
Controlled Nanowire Quantum Dots

K. G. LAGOUDAKIS,»** P, L. McMAHON,*" C. DORY,%" K. A. FISCHER,! K.
MULLER,! V. BORISH,! D. DALACU,? P. J. POOLE,2 M. E. REIMER,3 V. ZWILLER,?

Y. YAMAMOTO,> AND J. VUCKOVIC¢?

1E.L. Ginzton Laboratory, Stanford University, Stanford, California 94305, USA

2 National Research Council of Canada, Ottawa, K1A OR6, Canada

3 Institute for Quantum Computing, University of Waterloo, Waterloo, Ontario, N2L 3G1 Canada
4 Department of Applied Physics, Royal Institute of Technology (KTH), 106 91 Stockholm, Sweden
> National Institute of Informatics, Hitotsubashi 2-1-2, Chiyoda-ku, Tokyo 101-8403, Japan

*Corresponding author: lagous@stanford.edu
tThese authors contributed equally to this work

Physical implementations of large-scale quantum processors based on solid-state platforms benefit from
realizations of quantum bits positioned in regular arrays. Self-assembled quantum dots are well-established as
promising candidates for quantum optics and quantum information processing, but they are randomly positioned.
Site-controlled quantum dots, on the other hand, are grown in pre-defined locations, but have not yet been
sufficiently developed to be used as a platform for quantum information processing. In this letter we demonstrate
all-optical ultrafast complete coherent control of a qubit formed by the single-spin/trion states of a charged site-
controlled nanowire quantum dot. Our results show that site-controlled quantum dots in nanowires are promising
hosts of charged-exciton qubits, and that these qubits can be cleanly manipulated in the same fashion as has been
demonstrated in randomly-positioned quantum dot samples. Our findings suggest that many of the related
excitonic qubit experiments that have been performed over the past 15 years may work well in the more scalable
site-controlled systems, making them very promising for the realization of quantum hardware.

OCIS codes: (230.5590) Quantum-well, -wire and -dot devices; (270.0270) Quantum optics; (270.5585) Quantum information and processing;

(300.6470) Spectroscopy, semiconductors.

1. Introduction

Coherent control of quantum bits (qubits) lies at the heart of
quantum computing. Among the wide variety of systems
hosting qubits that can be coherently controlled, the platform of
self-assembled quantum dots (QDs) is one of the most
prominent due to their nanoscale size and the possibility of
picosecond-timescale manipulation. Using all-optical
techniques, several groups have demonstrated coherent control
of excitonic qubits through experiments that involve ultrafast
pulses to drive Rabi rotations [1-9] or demonstrate Ramsey
interference [10-15]. Similar experiments have been done
utilizing biexcitonic states [16-18] and trions [11,19,20]. The
self-assembly growth-mechanism however, does not allow for
controllable positioning of the qubits and therefore renders

such dots imperfect for use in a scalable multi-qubit system.
Site-controlled quantum dots have recently emerged as a
promising technology in addressing the issue of qubit
positioning. Among the existing site-controlled quantum dot
technologies [21-27], InAsP quantum dots embedded in
deterministically-positioned InP nanowires [28] stand out for
their high efficiency [29] single- [30] and entangled-photon
[31,32] generation properties. This new quantum dot system
gives us an opportunity to revisit the physics of excitonic qubit
coherent control in a novel, scalable platform. In this work, we
demonstrate complete coherent control of individual spin-trion
qubits in site-controlled InAsP nanowire quantum dots under
magnetic field by means of resonant multi-pulse excitation. The
magnetic field in the Voigt configuration Zeeman-splits the
ground and excited states creating a double lambda (A) system
that we use as our setting for the coherent control experiments.

© 2016 Optical Society of America. One print or electronic copy may be made for personal use only. Systematic reproduction and distribution, duplication of
any material in this paper for a fee or for commercial purposes, or modifications of the content of this paper are prohibited.
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Fig. 1. (a) Photoluminescence intensity of the QD emission as a
function of the above-band power; the emission is split in two
orthogonal linear polarizations. Emissions from both polarizations
have a linear power dependence. (b) Magnetic-field dependence of the
quantum dot transition energies for the two polarizations, obtained
from magneto-photoluminescence spectra (see Supplement 1 for
details). (c) Polarization analysis of the photoluminescence when a B=5
T field is applied. (d) Four-level structure of the charged quantum dot
in a magnetic field. The optically-excited states are the trions (3,4),
whereas the ground states are the spin states (1,2). The grey
downward-wavy lines denote spontaneous emission channels. The
weak above-band resetting laser is depicted as the violet upward-wavy
arrows. Photons are solely detected from the diagonal |T[{)—1)

transition. The driving pulses are resonant with the ||)—|T[{)
transition (double sided arrow).

We perform quantum optical modelling that fully captures the
observed phenomenology giving rich insights in the underlying
physics and the robustness of the system.

2. Sample and Experiments
Nanowire site-controlled QD sample

The sample we studied has a regular array of nanowire
quantum dots similar to the one shown in the inset of Fig. 1(A).
The nanowires are grown by vapor-liquid-solid epitaxy on an
(111)B InP substrate and deterministic positioning is achieved
by masking the sample with a SiOz mask containing a grid of
apertures with a gold nanoparticle centered in each of the
apertures. Once the nanowire containing the InAsP QD is
grown, it is then surrounded by an InP shell grown in a second
step [28].

Charging and level-structure

The nanowire QD that we study here is initially characterized
with  photoluminescence  measurements at cryogenic
temperatures (T=8.3 K). Excitation of the sample and collection
of the emitted photons is done using a 0.5-NA, long-working-
distance microscope objective. Above-band excitation yields
photoemission from the nanowire QD which is observed in two
linear polarizations, and spectral characterization reveals
linewidths of ~45+6 peV. As shown in Fig. 1(a), the emission
exhibits clear linear power dependence for both polarizations
with saturation occurring at ~420 nW for 780 nm above-band
excitation. Determination of the charge state of our quantum

dot (negatively charged) is here done by magneto-
photoluminescence and spin-pumping measurements in the
Voigt configuration (see Supplement 1 and [33]). Application of
the magnetic field splits the emission into four distinct spectral
lines. The peak locations of these spectral lines and their
polarizations are shown in Fig. 1(b). The linear dependence of
the splittings on the magnetic field and the opposite
polarization between the two inner and outer transitions
provides a strong experimental signature of the existence of a
charged quantum dot and its characteristic double-A system
[34,35]. The g-factors for this quantum dot are g.=1.49 and
gn=0.22, while the diamagnetic shift factor is 7.13 peV/T?, in
good agreement with similar nanowire structures [34]. A
complete polarization analysis at maximum magnetic field (B=5
T) is shown in Fig. 1(c). The four-level structure of the system is
illustrated in Fig. 1(d), with the two inner and the two outer
transitions perpendicularly polarized.

In this paper we define our quantum bit basis as the two levels
[1) and |T|{}) (or levels 2 and 3 shown in Fig. 1(d)). We note

that the spin basis used here is along the magnetic field (x-axis).
The exact orientation of the nanowire with respect to the
magnetic field can be found in Fig. S1 of Supplement 1. We
apply a spectrally narrow resonant laser pulse on the

[1)—|1l{) transition. The pulse brings the system from the

electron spin ground state ||) to the excited trion state |T[{}),
which then radiatively decays via spontaneous emission
(downward grey wavy arrows in Fig. 1(d)) either to the |T)

state or to the ||) state with 50% probability each. If the system
decays back to |]) then the next pulse can re-excite the system

to the trion state but if it decays to |T) the pulse is no longer
resonant with the transition unless the system is somehow
brought back to the ||) state. We reset this spin ground state by
exciting the system with a weak ~50 nW above-band laser. The
net effect of the weak above-band excitation and the
spontaneous decay of the trion states to the ground states is
that our system is initialized in the state ||) with 50%
probability. We perform a measurement of the qubit state by
counting photons emitted by the diagonal transition |T[{)—|1)
with a free-space single-photon-counting module (SPCM);
photons from other decay pathways are excluded from

detection by spectral filtering using a custom made double
monochromator of 1.75m overall length.
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Fig. 2. (a) Rabi oscillations of the trion qubit. The detected
counts from the |1|{)—|7) transition are proportional to the
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probability of the qubit being in state |1|{). The pulses, which
are resonant with the ||)—|7{) transition cause rotations of the
qubit, which begins in the state ||). The solid red line is a fit

from the model. The inset depicts the Bloch sphere and its
principle axes. (b) Modelled Rabi oscillations for a range of
driving pulse detunings.



Rabi oscillations

To demonstrate coherent control of the trion qubit we drive the
[1)—|11{) transition with ~20 ps pulses of variable amplitude

that we prepare using a pulse shaper. These pulses are derived
from a Ti:Sapphire picosecond pulsed laser with 80.2-MHz
repetition rate. On the Bloch sphere, individual optical pulses
rotate the Bloch vector about the x-axis by an angle 6
proportional to the area of the pulse. In Fig. 2(a) we provide the
photon counts measured from the diagonal transition

[T14)—|1) as a function of the pulse area. We observe clear

Rabi oscillations that we can trace from 0 all the way to
approximately 4m. The damping of the oscillations is likely due
to excitation-related dephasing [36], phonon relaxation, and
spontaneous emission. We fit the experimentally observed
oscillations using a model implemented with the Quantum
Optics Toolbox in Python (QuTiP) [37], which is described in
detail in the Modelling section. Using the parameters that
yielded the best fit to the experimental data, we simulated the
effect of the detuning of the resonant driving field to gain better
insight in the robustness of the process. A detuned pulse will
drive the Bloch vector about an axis rotated by ¢ o Aw, with

respect to the x-axis of the Bloch sphere, as depicted in the inset
of Fig. 2(a). In Fig. 2(b) the modeled Rabi oscillations are
presented as a function of the resonant pulse detuning and
driving power. The oscillations persist for detunings of up to
+20 GHz with a strong reduction in their amplitude as the laser
is tuned out of resonance.

Ramsey interference

As we mentioned previously, an individual resonant pulse
rotates the Bloch vector about the x-axis. Using a second pulse
applied after a delay causes the qubit to undergo a rotation
about a second axis that is at an angle ¢ =, - At with respect

to the x-axis. A Mach-Zehnder interferometer, with a delay
stage in one arm for coarse delay tuning ¢, and a piezo-
controlled mirror in the other arm for fine delay tuning 7.,

splits the initial pulses into two copies with variable interpulse
delay. This dual-pulse train is used for the Ramsey interference
experiments. In such an experiment, the pulse areas are chosen
so that each individual pulse causes a rotation by m/2 rad. The
first pulse rotates the Bloch vector about the x-axis by m/2 rad,

creating a coherent superposition of ground ||) and excited

[T1{) states with equal amplitudes.
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Fig. 3. (a) Ramsey interference experiment where the qubit is
driven by two /2 pulses separated by a variable delay. Here,
the coarse delay is 80 ps and the fine delay is scanned over 11
fsec revealing oscillations that are due to quantum interference.
The solid red line is a fit from the model. (b) Modelled Ramsey
interference for a range of resonant pulse detunings. Detuning
the pulse introduces a linear phase shift of the interference
fringes and causes a reduction in their amplitude.
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Fig. 4. (a) Determination of 7, using the decay of the Ramsey

fringe amplitude as a function of the coarse delay. Note that the
initial delay that is used in this experiment is 80 ps. The solid
red line is a fit from the model with a decay time of 43 ps. (b)
Modelled Ramsey fringe amplitude decay as a function of the
coarse delay for a range of resonant pulse detunings. Although
the amplitude gradually reduces when the detuning is
increased, the decay time remains the same.

If the delay between the pulses is such that the second rotation
axis is at an angle ¢ =2nx (for n integer) with respect to the x-
axis, then the second pulse will rotate the Bloch vector to the
excited state |1]{}), resulting in maximal detected counts. If on
the other hand the delay results in the second rotation axis
being at an angle ¢ =(2n+1)7 with respect to the x-axis, then

the second pulse will bring the Bloch vector back to the ground
state ||), giving a minimum in detected counts. Recording the
detected counts for a range of interpulse delays allows one to
observe Ramsey interference fringes. Fig. 3(a) shows the
experimentally observed oscillations as a function of the piezo-
controlled fine interpulse delay over the range Af, e (0,11) fs .

The two m/2 pulses additionally have a coarse delay of
At. =80 ps , which eliminates any optical interference between
the pulses themselves so that the observed oscillations only
come from the Ramsey interference. The solid line in Fig. 3(a) is
a fit from the model that we further use to demonstrate the
effect of the pulse frequency detuning in Fig. 3(b).

As shown by the model, increasing detunings lead to a clear
Ramsey interference amplitude reduction while the phase of
the fringes shows a linear dependence on the pulse detuning
Aw, . The phase shift is a consequence of the pulse detuning;

the detuning causes the rotation axis to be shifted by an angle
Q= (a)o + Aa)L) ~(tc + tf) with respect to the non-detuned-pulse
axis of rotation. In principle this effect can be used to perform a

Ramsey interference experiment by keeping the interpulse
delay fixed and just varying the pulse detuning [14].

Determination of coherence time

The decay of the Ramsey interference amplitude for longer
delays provides a measurement of the extrinsic dephasing time
T, [12]. To access information on the decay of the Ramsey

interference we record the amplitude of the oscillations for a
range of coarse delays. Starting with the initial delay of
At, =80ps, we gradually increase the delay to 180 ps in steps
of ~3.34 ps. For each of the coarse delays we repeat the Ramsey
interference experiment by finely scanning the interpulse delay
over the range Az, e (0,11)fsec using the piezo-controlled delay

and recording the signal amplitude.



10 ' 10 ’

8 ’ 6x10° g 6x10
5\6 5:\£;>:.6 5%
i A

o
& 4O E 4

"
’ 3

05 10 15 20,507
Field (W)

5}
[N]

3

05 L0 15 20,50
Field (W'?)

Fig. 5. (a) Detected counts when the system is manipulated
with two pulses of variable power and variable delay. This
allows access to the full Bloch sphere (complete coherent
control). The tilt of the lobes for low pulse powers originates
from the non-zero detuning of the resonant pulses used in this
experiment (Aw,/27~14.5GHz). (b) Modelled complete

coherent control, with parameters set to match those used in
the experiment.

In Fig. 4(a) we provide the measured amplitude of the Ramsey
interference oscillations for all the coarse delays. The solid line
is a fit from our model and the decay time corresponds to

T, =43 ps which is much shorter than the lifetime of the trion

itself ~1 ns [30-32] and in good agreement with previously
reported values for trions in other quantum dot systems [20].
Using our quantum optical model we investigated the effect of
the pulse detuning and found that although it affects the overall
amplitude of the oscillations, the decay time remains
unchanged for the complete range of pulse detunings
investigated, and is mostly affected by the intrinsic and
phonon-induced dephasing [36]. Fig. 4(b) shows the
dependence of the interference amplitude as a function of the
pulse detuning, highlighting the reduction in interference
amplitude for increasing detuning. Experiments performed on
other nearby quantum dots have yielded similar decay times.

Complete coherent control experiment

In order to demonstrate universal single-qubit gate operation
with our site-controlled nanowire quantum dot qubit, we
performed a variant of the standard Ramsey experiment.

In addition to varying the delay between the two rotation
pulses, we also vary their power (i.e,, area). Doing so provides
access to states that are anywhere on the Bloch sphere
(complete coherent control). This can be achieved because all
locations on the Bloch sphere can be reached by performing
two rotation operations of the Bloch vector if both the angle of
rotation and the axis of the second rotation relative to the first
are controlled. Fig. 5(a) shows the detected counts as a function
of the rotation pulse power and the interpulse delay. In this
experiment the pulses are slightly detuned from resonance
by Aw, / 2x~14.5 GHz . This is the origin of the slightly tilted

lobe structure in Fig. 5(a), which we reproduced using our
quantum optical model, as shown in Fig. 5(b). For simulated
results from other pulse detunings the reader can refer to Fig.
S3 of the Supplement 1.

Modelling
The simulations presented in our work were performed using
the Quantum Toolbox in Python (QuTiP) [37].

The four-level system, driven by a pump laser with frequency

where Aw, denotes the detuning of the laser, is described by
the Hamiltonian H = H, +H,, , where

AE, AE, AE, AE,
H, =— 28 Syt 2é Szz+(w()_ 2, J533+(w0+ zt JS44

represents the unperturbed QD system, where @, is the zero
field splitting and AE, ,AE, are the ground and trion state

splittings in the presence of a magnetic field. s, are the

projection operators of the self-energy terms. The driving term
is:

H, =(s,4 +S23)(Q(t)+Q(t_At)eiwLAt) N
(50 +52)(200)+ 01 1))

in which the driving strength Q is proportional to the driving
electric field magnitude and Ar=t¢, +¢, is the total delay time

between the first and the second excitation pulse. Due to the
selection rules governing the system, only transitions s,,, s,

and s,,, §,, are driven by the laser. Since the detected signal

comes from the spontaneous emission collected from the
transition sy, the population level at time ¢ =, + At + Ty

(¢, is the time of arrival of the first pulse) is calculated by

integrating the master equation
dp(t) -~ .
== A |+ ;ﬁ(cj) :

With E(c J ) the Lindblad superoperators of the collapse operators c; .

The effect of the above-band laser is modelled as the inverse of
spontaneous emission. Our simulations of the final density matrix
provide the photon count rates expected from each measurement (up
to a normalization factor). The complete set of parameters used for the
simulations that we performed here, is in reference [38].

3. Summary

In this work we have demonstrated complete coherent control
of a trion-based qubit in a site-controlled nanowire quantum
dot. We used the double A structure of the charged quantum
dot in a high magnetic field as a means to spectrally separate
the rotation pulses from the detection channel and using
ultrafast pulse sequences we showed Rabi oscillations, Ramsey
interference and complete coherent control of our qubit.

The short coherence time of the trion qubit is here a limiting
factor, but newer generation samples with enhanced growth
conditions hold great potential for coherence time
improvements [29]. Moreover the recent development of both
electrical [39] and strain tuning [40] of these nanowire QDs
could help alleviate the inhomogeneous broadening making
this platform very promising for quantum hardware and
opening the path for more robust qubits [41-42] to be
implemented in site-controlled nanowire quantum dots.
Nanowire-based qubits do not admit a direct mechanism for
coupling neighboring (nor distant) qubits, but by adapting
schemes developed for scalable trapped-ion quantum
processors [43], in which distant qubits are entangled optically,
one can imagine an architecture for a quantum processor based
on nanowire-QD qubits. Although the replication of long-
coherence-time qubit experiments in a site-controlled quantum
dot platform is a major challenge in the QD roadmap for
building a quantum repeater [44], technological advancements
in several promising site-controlled QD platforms [21-27] make
this prospect appear within our grasp.
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This document provides supplementary information to the article “Ultrafast Coherent Manipulation of Trions in

Site-Controlled Nanowire Quantum Dots”. In particular we are providing details about the experimental setup

used for the magnetic spectroscopy and coherent control of the trions in InAsP QDs embedded in InP nanowires.

We show the detailed magnetic spectroscopy analysis that includes the raw spectra, the fits and the extracted

diamagnetic shift factor. Finally, to complement the modelling of the main manuscript we provide the complete
coherent control modelled results for two additional resonant pulse detunings.

Experimental setup. The experimental setup used for the trion
coherent control experiments is shown in Fig. S1. An above-band
diode laser is used for resetting the spin state, and a Ti:Sapphire
picosecond pulsed laser provides the pulses for the coherent
control. A Mach-Zehnder interferometer splits the pulses in two
copies in the two interferometer arms. The ~3-psec pulses are
shaped to ~20 psec at the “pulse filtering” stage and combined
with the weak above-band laser on a beamsplitter before being
focused on the nanowire quantum dot as shown in Fig. S1(a). A
polarizer in the detection path allows for polarization-resolved
measurements. The signal, once passed through the polarizer, is
sent to a custom-made double monochromator with a ~10ueV
resolution, which resolves all the spectral lines of the system. Using
the output slit, the optical transition of interest is sent to a free-
space SPCM that detects the emitted photons. Fig. S1(b) depicts the
experimental scheme and highlights the orientation of the main
polarization axes with respect to the magnetic field orientation.

Magnetic spectroscopy. We performed a complete
characterization of the nanowire QD as a function of the magnetic
field using a superconducting magnet. The quantum dot was
initially characterized at zero field to extract spectroscopic
information about its optical emission linewidth; a fit to the
spectrum yielded a 45-pueV linewidth, as shown in Fig. S2(a).
Gradual application of the magnetic field clearly splits the spectral
lines of the nanowire quantum dot into a quadruplet, which
indicates that the dot is charged. Fig. S2(b) shows the evolution of
the spectra as a function of the magnetic field for the two main
polarizations. Multipeak fitting allows extraction of the peak
locations of all four spectral lines as a function of the magnetic field.
The locations of the peaks are shown in Fig. S2(c). The linear
Zeeman shifts are present along with the quadratic diamagnetic
shift; the diamagnetic shift moves all four spectral lines higher in
energy.

© 2016 Optical Society of America. One print or electronic copy may be made for personal use only. Systematic reproduction and distribution, duplication of
any material in this paper for a fee or for commercial purposes, or modifications of the content of this paper are prohibited.
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Fig. S1. Complete coherent control setup and detection scheme.
(a) Experimental setup for the coherent control of trions. DPSS:
diode pumped solid state laser, SPCM: single photon counting
module, CCD: charge coupled device, M: mirror, FM: flip mirror,
LM: lowered mirror, L: lens, P: polarizer, BPF: bandpass filter, I: iris,
MO: microscope objective, BS: beam splitter, G: grating, R10:T90:
90-10 partially reflective beam splitter, A/2: half-wave plate, RR:
retroreflector. (b) Schematic representation of optical excitation
and detection scheme. The main polarization axes are defined with
respect to the orientation of the magnetic field. The quantum dot is
depicted as the blue oval close to the center of the nanowire.

The diamagnetic shift is extracted by calculating the midpoint
energy between the highest and lowest energy peaks of the same
polarization and is shown in Fig. S2(d).
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Fig. S2. Magnetic spectroscopy of the nanowire quantum dots.
(a) Photoluminescence measurement of the quantum dot for
above-band excitation for the two main polarizations. The spectral
lines are fitted with Lorentzians of 45 + 6 peV FWHM and the
energy splitting between of the two polarizations is only AE=3.2 +
1 peV. (b) Magnetic spectroscopy of the nanowire dot for
increasing magnetic field in the Voigt configuration under above-
band excitation. The spectral structure quickly develops into a
quadruplet. Note that the spectra for increasing field have been
displaced vertically to help the reader visualize the evolution of the
spectra. (c) Fitted locations of the individual spectral peaks. (d)
Diamagnetic shift extracted from the peak locations of (c).
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Fig. S3. Modelling of complete coherent control
experiment for two different detunings. (a) Complete
coherent control experiment for zero detuning of the
resonant pulses. (b) Here, the detuning was set to
Aw, / 27=9.55GHz . The individual lobes at fields 0.55 and

1.4 WY/2 progressively merge with each other for increasing
detuning.

The solid line is a quadratic fit, from which we found the
diamagnetic shift factor to be 7.13+0.07 peV/T?. Subtraction of the
diamagnetic shift from the raw peak locations of Fig. S2(c) reveals
the purely linear Zeeman splitting that is shown in Fig. 1(b) of the
manuscript. The g-factors that we extracted here are 0.22 and
1.49. A common trait of InAsP QDs in InP nanowires is the large
mismatch of the electron and hole g-factors with g» being always
much smaller, similar to quantum wells. This allows us to identify
that g.=1.49 and gn=0.22. For more information on the g-factors as
well as typical values of exchange interactions in InP nanowire QDs
the reader can refer to the work by Witek et al. [34]. For the
quantum dot investigated in this work, when we drive the lowest
energy outer transition, we observe photons from the inner
highest energy transition. This suggests that the lambda system
we are investigating has the level structure depicted in Fig. 1(d) of
the main manuscript (or the insets of Fig. S4) with the ground
states being the ones having the largest splitting. We can therefore
safely attribute the ground state splitting to the electron g-factor
and the trion state splitting to the hole g-factor indicating that we
have a negatively charged quantum dot.

Complete coherent control for various detunings. Dual
pulse excitation with varying amplitudes and varying interpulse
delays allows access to the full Bloch sphere. In the manuscript we
have provided the modelled complete coherent control
experiment for the detuning used in the actual experiment
(Aw, /27~14.5GHz). To further illustrate the effect of the

resonant pulse detuning, we provide the same modelled
experiment of complete coherent control for two more detunings.
In particular we calculated the behavior of the system for the on-
resonance case, with Aw, /27=0GHz as shown in Fig. S3(a) and

for Aw, /27=9.55GHz as shown in Fig. S3(b). Increasing the

detuning results in a gradual merging of the individual lobes
because of the additional angle imposed on the axis of rotation of
the Bloch vector. Further increasing the rotation pulse detuning
leads to complete merging of the lobes as shown in Fig. 5(b) of the
manuscript.

Spin-Pumping experiments. We also performed spin
pumping experiments on the nanowire QD investigated in this
work as shown in Fig. S4(a)-(d). We performed spin pumping in all
four possible configurations to further establish the double-A
structure of our negatively charged QD in the Voigt Magnetic field.
Spin pumping is here performed using a monomode tunable CW
laser (Ppump = 110nW) with which we resonantly drive the spin-



ground-state to trion transitions in combination with a weak
above-band laser (Prand = 10nW) to randomize the population of
the ground spin states. For these experiments each A system is
pumped along one transition while we only detect photons on the
other (orthogonally polarized) transition of the pumped A system
(see insets of Figs 4(a)-(d)). When the frequency of the CW laser is
scanned across one trion transition (for example vertical), while
recording photons from the other transition (for example
diagonal), a Lorentzian peak can be seen as shown in Fig. S4 (a).
Once the randomization laser is turned off, the counts drop to the
background detector counts even though the resonant laser is still
being scanned across the transition. This indicates high fidelity
spin initialization in our nanowire QD. Fig. S4 (a) shows spin
pumping when the system is pumped at the highest vertical
energy transition 1-4 while detection is along the diagonal
transition 4-2. Fig S4 (b) shows spin pumping when the system is
driven on 1-3 while detected photons come from 3-2. Fig. S4 (c)
shows spin pumping while driving transition 2-4 and detecting
transition 4-1 and finally Fig. S4 (d) shows spin pumping along
transition 2-3 for photons detected on transition 3-1. In all four
insets, the randomization laser is depicted as the upward violet
wavy arrows whereas spontaneous emission is depicted as the
downward grey wavy arrows. The resonant CW laser is shown as
a solid upward arrow and the spontaneous decay detection
channel is highlighted in yellow. For a more in-depth investigation
of spin pumping in deterministically positioned nanowire QDs like
the one studied here, the reader can refer to reference [2].
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Fig. S4. Spin pumping of the nanowire quantum dot. (a)
Pumping transition 1-4 while detecting photons coming from 4-2,
(b) pumping 1-3 and detecting from 3-2, (c) pumping 2-4 and
detecting 4-1 and (d) pumping 2-3 while detecting transition 3-1.
When the randomization laser is turned off the counts drop to
background level showing high fidelity spin initialization for all
four transitions.
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