Tuning the coherent interaction of an electron qubit and a nuclear magnon
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A central spin qubit interacting coherently with an ensemble of proximal spins can be used to engi-
neer entangled collective states or a multi-qubit register. Making full use of this many-body platform
requires tuning the interaction between the central spin and its spin register. GaAs quantum dots
offer a model realization of the central spin system where an electron qubit interacts with multiple
ensembles of ~ 10* nuclear spins. In this work, we demonstrate tuning of the interaction between
the electron qubit and the nuclear many-body system in a GaAs quantum dot. The homogeneity
of the GaAs system allows us to perform high-precision and isotopically selective nuclear sideband
spectroscopy, which reveals the single-nucleus electronic Knight field. Together with time-resolved
spectroscopy of the nuclear field, this fully characterizes the electron-nuclear interaction for a priori
control. An algorithmic feedback sequence selects the nuclear polarization precisely, which adjusts
the electron-nuclear exchange interaction in situ via the electronic g-factor anisotropy. This allows
us to tune directly the activation rate of a collective nuclear excitation (magnon) and the coherence
time of the electron qubit. Our method is applicable to similar central-spin systems and enables the

programmable tuning of coherent interactions in the many-body regime.

I. INTRODUCTION

Quantum many-body systems offer an avenue for quan-
tum simulation [I] and computational tasks [2H4], as well
as for fundamental exploration of quantum matter, such
as spin liquids [5], quasi-crystals [6], and quantum phase
transitions [7]. Exploring and optimizing performance
within this phase space relies on the ability to tune the
coupling parameters between quantum particles, as pio-
neered in cold atom systems [IL [7 8] where inter-particle
distance and interaction cross-section can be varied con-
tinuously over a large dynamic range. Despite their fixed
qubit coupling parameters, optically active defects in
solids have also been used to demonstrate many-body ef-
fects such as time-crystalline behavior [9] [10]. A particu-
larly interesting subset of solid-state many-body systems
is the central spin system, in which a spin qubit interacts
coherently with an ensemble of proximal spins making up
aregister [TI1]. The central spin system is observed in sev-
eral platforms relevant for the development of quantum
communication and sensing technologies, such as color
centers in wide bandgap materials [10, 12} T3], rare-earth
ions [I4], and quantum dots [111 [15] [16]. Following theo-
retical proposals for the development of a quantum mem-
ory [I7], physical realizations of the central spin system
have been used to demonstrate quantum control of col-
lective states [14] as well as techniques for quantum error
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correction using a many-spin register [I8]. The addition
of in situ tuning of the coupling between the central spin
qubit and its associated spin register would enable the dy-
namical selection of various operational regimes for the
optimization of quantum information tasks [I6] [19], the
preparation of previously inaccessible entangled collec-
tive states [20], or the observation of engineered phase
transitions [211, 22].

In addition to excellent optical properties [23H31],
quantum dots (QDs) offer an exemplary realization of
the central spin model where an electronic qubit interacts
with a dense mesoscopic ensemble of nuclear spins via a
contact hyperfine interaction [I1I]. The QD central spin
system benefits from both a one-to-all coupling of the
qubit to the spin ensemble, allowing activation and mea-
surement of collective excitations of the nuclear ensemble
(magnons) [15], B2], [33], as well as an all-to-all coupling of
the nuclear spins mediated by the qubit [34] that could
enable entangled-state engineering within the ensemble
[20]. Previous work in InGaAs QDs has demonstrated
ex-situ tuning of qubit-ensemble interactions using an
external magnetic field [35] to suppress electron-nuclear
spin-flips and improve electronic coherence times [36] and
has, more recently, employed Hamiltonian engineering
techniques to controllably activate electron-nuclear dy-
namics [37]. However, the inhomogenous broadening of
nuclear resonances in InGaAs QDs limits the coherence
of the nuclear ensemble [36] and the fidelity of electron-
nuclear gates [38]. By contrast, strain-free GaAs QDs
[39] show a nearly thousand-fold improvement in nuclear
homogeneity [40], enabling the hyperpolarization of the
nuclear ensemble [41] and its use as a many-body quan-
tum register [16] [42]. The addition of a tuneable inter-
action strength between the electron spin qubit and the
nuclear ensemble would allow varying the rate of magnon
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injection, which forms the mechanism for quantum infor-
mation storage in the QD nuclear register [16, [19] and for
introducing quantum correlations within the ensemble.

In this work, we demonstrate an in situ tuneable co-
herent interaction between a central electron spin qubit
and an ensemble of nuclear spins in a GaAs quantum dot.
We show that this interaction arises from an anisotropy of
the electron g-factor and enables strong driving of nuclear
magnons. This enables us to implement an algorithmic
feedback protocol [37] that leads to nuclear polarization
locking at a programmable setpoint and a hundredfold
narrowing of the slow noise spectrum of the ensemble.
We can thus perform precision nuclear spectroscopy to
measure directly the single-nucleus hyperfine constants —
both collinear and non-collinear terms — that fully char-
acterize the qubit-register interaction. By shifting the
mean-field polarization of the nuclear ensemble, we di-
rectly tune the spin-flip coupling strength, as observed
through a modified electron qubit coherence time T5. Fi-
nally, we use this in situ control to tune deterministically
the injection rate of single nuclear magnons, as a first
practical demonstration of direct control over the qubit-
register interaction parameters.

II. THE ELECTRO-NUCLEAR HAMILTONIAN

Our central spin system consists of GaAs QDs (grown
by droplet epitaxy) within an electrically gated device
hosting a single electron together with the large num-
ber of spin-3/2 "As, "'Ga, and %°Ga nuclei of the QD
atoms. The nuclei are coupled to the single electron
via a hyperfine contact interaction, realizing the illus-
tration presented in the top panel of Fig. (a). The elec-
tron g-tensor has principal axes aligned with the [110]
and [110] crystal axes, with values g110 and g9, and
negligible off-diagonal elements in this basis [43]. If an
external magnetic field Beyxt is not oriented along one
of these axes, a g-factor anisotropy g110 # ¢iig causes
the electron spin to be quantized along an axis offset
from Bext [43H45] (Appendix [C)). For Bey; oriented at
45° relative to the [110] crystal axis, the angle between
the electron spin quantization axis and Bey is given by
¢o = arctan [(g110 — g110)/ (9110 + 9110)] (Fig. (a))~ In
the regime where the Zeeman effect dominates over the
hyperfine interaction, the nuclei continue to be quantized
along B¢, thus causing a non-collinear interaction with
the electron.

The Hamiltonian for the electronic spin S in the frame
defined by the external magnetic field, where z is aligned
with Bext, is then:

He = wg cos(goo)S'Z +w2 sin(¢p) Sy, (1)

where w? is the electronic Zeeman splitting due to Beyt
and we have set h = 1. The electron interacts with each
nuclear species via an isotropic Fermi contact hyperfine

interaction:

where I, = Zj fg (o = x,y, 2z) are the collective nuclear
spin operators summed over j = 1,.., N nuclei of that
species and a is the average single-nucleus hyperfine in-
teraction strength (Appendix . We define a = A/N,
where A is the material hyperfine constant for the given
nuclear species and N is the number of those nuclei.
In the presence of net nuclear polarization along Byt
[15, B3], we can write the last term of Eq. [2] as:

angz - (5oh + aAjz)gza (3)

where dop is the mean-field Overhauser shift [46] on the
electron-spin splitting due to the effective magnetic field
from polarized nuclei and aAl, captures the dynamic
variation of polarization around its mean-field value that
defines the inhomogeneous dephasing time for the elec-
tronic spin, Ty. Note that aAl, < Jop,w! and as a
result the electronic Hamiltonian in the presence of a net
nuclear polarization is:

He ~ (wg cos(po) + 60h) S, + w? sin(gpo)é’w. (4)

We now diagonalize the electronic Hamiltonian, thus
defining the electronic quantization axis z’ and qubit en-

V(0 cos(0) + don)? + (w0 sin(0))°
(Fig. [[{b),(c)). This dominant energy term suppresses
(to first order in w.) components of the hyperfine inter-
action not parallel to 2’ (Appendix [C). With the addi-
tion of a coherent electronic drive with Rabi frequency
Q ([a7], Fig. 1(c)), the resulting complete system Hamil-
tonian expressed in the drive rotating frame (frequency
wq) is:

ergy splitting w, =

H =65, + QS + wnl,
+ a8, (sin(go)fx + cos(cp)Afz) , (B)

where § = wq — we is the drive detuning and the nuclear
Zeeman splitting w, > a (i.e. nuclei remain oriented
along Byt ). The angle ¢ between the electron quantiza-
tion axis 2’ and Bey; is thus a function of the Overhauser
shift 6on (Fig. [[{b)), and ¢ = g in the case of no net
nuclear polarization (don = 0).

A consequence of the electronic spin g-factor
anisotropy is the emergence of the non-collinear hyperfine
interaction captured by the term asin(yp)S, I, [48-51],
from which we define the constant a,. = asin(p). This
interaction leads to a coherent spin exchange between the
electron and the nuclear ensemble, where a collective nu-
clear mode I, — I, £+ 1, referred to as a magnon [32],
is coherently excited in exchange for an electronic spin
rotation (Fig.[I[d)). Due to the dependence of ¢ on o,
the strength of the non-collinear hyperfine constant ay.
is inversely proportional to dop:

anc _ sin(p) w? w?

_ne = ~_"c 6
a?lc Sin(@O) We w(e) + 50h ( )
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FIG. 1. (a) Top panel: the electron spin is in contact with an ensemble of ~10° As and Ga nuclear spins, forming a central
spin system. Bottom panel: A 6 T magnetic field Bext is applied perpendicularly to the [001] crystal axis (growth axis) of the
QD, along [010] (i.e. at 45° relative to [110]). An electron g-factor anisotropy leads to a different quantization axis for the
electron and the nuclear spins, 2’ and z respectively, separated by an angle ¢o, and to a non-collinear hyperfine interaction a2,
(b) As the mean-field Overhauser shift don is increased, the angle ¢ between the electron quantization axis 2" and the external
magnetic field Bexy decreases, along with anc. (c) The energy levels of a QD charged with a single electron, in a Voigt magnetic
field geometry. The electron spin S, -eigenstates ||) and |1) are split by we. The spin state is read out with a laser resonant
with the trion transition ||) — [{1{) at 782.9nm. Spin control is performed using a bichromatic laser detuned from the excited
state by A. ~ 400 GHz, with a two-photon detuning of § and a Rabi frequency €. (d) The hyperfine coupling to a nuclear
ensemble with polarization I, (eigenstate of I.) results in an energy ladder (right panel) split by w, + a/2 in the ||) manifold
and wy, —a/2 in the |1) manifold, where a is the single-nucleus hyperfine constant and wy, is the nuclear Larmor frequency. (e)
Top panel: the pulse sequence used to probe magnon dynamics. The preparation step locks the nuclear polarization I, using a
algorithmic feedback [37]. Middle panel: the electron spin resonance spectrum as function of Rabi drive time, with a measured
Rabi frequency of @ = 5.2MHz at 6 = 0 and an electron splitting of w? = 3 GHz. Bottom panel: the averaged spectrum
over all Rabi drive times in the top panel. The conversion between measured counts and spin ||) population is described in

Appendix

For example, as the Overhauser shift is increased by nu-
clear polarization — increasing the total electron spin
splitting w. — the non-collinear coupling constant a,.
decreases proportionally. We can select the mean-field
polarization of the nuclear ensemble [15] [33] via an algo-
rithmic optical feedback protocol [37] — targeting here the
As and %°Ga nuclei by choosing €2 to match a Hartmann-
Hahn resonance condition — which results in a controlled
tuning of the non-collinear electron-nuclear interaction
strength.

III. MEASURING THE SINGLE-NUCLEUS
HYPERFINE CONSTANT

We begin characterizing the electron-nuclear inter-
face by performing electron-spin resonance (ESR) spec-

troscopy of the nuclear register for the condition 2 < w,,
which will allow us to observe the manifold of nuclear
states (Fig. d)) and probe the longitudinal a cos(p)AT,
term of our system Hamiltonian (Eq. . We perform co-
herent control of the electron qubit all optically via the
QD trion state (Fig.[I[c)) following a stimulated Raman
scheme [47] (Appendix . We employ a pulse sequence
during which the nuclear ensemble is prepared using an
algorithmic feedback sequence [37], as was recently also
realized in a GaAs QD system [52], locking the elec-
tron splitting to w? = 3.0GHz (its value at &, = 0)
and extending its Ramsey coherence time a hundred-
fold to Ty = 253(7) ns (Appendix Fig. [15(b)). Note
that this autonomous algorithmic feedback sequence ef-
fectively uses dynamic nuclear polarization [46, 50, 53] at
the single nucleus level: the algorithm senses a deviation
of nuclear polarization A, from a target state via don
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FIG. 2. (a) The ladder of nuclear states for a single species,
highlighting the single-nucleus hyperfine constant a. The ar-
rows correspond to the non-collinear enabled electron-nuclear
spin flip transitions. (b) The negative and positive 5 As side-
bands at trabi = 400ns, for initial electron states |]) (red)
and |1) (dark blue). The measured peaks correspond to the
transitions of the same color in panel (a). The data are fit
with a Gaussian distribution, with peak detuning differences
between negative and positive sidebands of 0.26(7) MHz and
0.29(7) MHz, respectively.

and controllably flips a single nuclear spin to correct it
[32, B7]. To measure the ESR spectrum following prepa-
ration, the electron is driven at a fixed detuning ¢ and at
a Rabi frequency of €2 = 5.2 MHz, and the population of
the |]) state is read-out optically.

Figure (e) shows the measured ESR spectrum, provid-
ing a concrete visualization of the electro-nuclear states
shown in Fig. [I{(d). When the drive at effective Rabi fre-
quency Q' = /Q? + 02 &~ § is resonant with one of the
electro-nuclear transitions (I, — I, +1), which occurs at
the nuclear Larmor frequencies of "®As, %°Ga, or "'Ga,
the measured |]) population increases as a result of driv-
ing the coherent electron-nuclear exchange. Unlike pre-
vious observations of nuclear sidebands in InGaAs QDs,
where both I, — I, &+ 1 and I, — I, + 2 sidebands were
allowed [32] [33] due to the quadrupolar origin of the in-
teraction, here we observe only single quanta spin flips
I, — I,+1 due to the linear nature of the interaction de-
rived from the g-factor anisotropy (Eq. . The sidebands
observed in this system are also strikingly narrower, re-
flecting the enhanced electron 7% and reduced nuclear
inhomogenous broadening due to the nearly strain-free
growth of GaAs QDs [39, 40]. This allows for isotopically
selective nuclear excitation and heralds a fully sideband-
resolved spectroscopy regime for QD systems.

For full knowledge of the non-collinear interaction,
which allows us to tune a,. to the desired strength, we
need to determine the single-nucleus hyperfine constant a
for a target species. To do so, we perform high-resolution
nuclear-sideband spectroscopy of ®As to obtain a cos(y)
(~a for small values of ¢; see Appendix directly from

the Knight shift imparted on the nuclear eigenstates by
the electron [54H56]. Our approach bears a resemblance
to standard electron nuclear double resonance (ENDOR)
techniques [57]. However, while ENDOR relies on the
direct application of a radiofrequency field to induce
changes in nuclear states, our method achieves nuclear
state transitions indirectly, mediated through the elec-
tron and the influence of a non-collinear hyperfine inter-
action. In our technique, we prepare the electron into ei-
ther the |1) state or into the |]) state — for the latter using
a coherent inversion pulse on the optically prepared state
). As illustrated in Fig. [2a), we work in the sideband
driving limit — where the electronic dressed states are
to a good approximation equal to the electronic Zeeman
eigenstates (6/vQ2 + 62 ~ 90%) — for which the two-
photon detuning |§| = w, & a/2 resonant with a nuclear
sideband transition depends on the initial electron state
1) (+) or [{) (—). We thus probe the ®As sideband with
a step size well below the sideband linewidth, at both
negative and positive detunings, using a fixed Rabi drive
time of tgap; = 400 ns. Figure b) presents the measured
spectra for the [1) and the [{) initial states, coded as dark
blue and red circles, respectively. The shift in resonance
condition for |1) and ||) data sets is visible by eye. We
fit each sideband data set with a Gaussian distribution
and obtain the frequency difference between [1) and |{)
resonances for both negatively detuned and postively de-
tuned sideband experiments. These frequency differences
agree within one standard error and their average value
is taken to be the single-nuclear hyperfine constant for
the As species aps = 0.28(7) MHz. This high-precision
measurement of aas additionally allows us to determine
the effective number of As nuclei that interact with the
electron as Nas = Aas/aas = 3.8(9) x 10*, where we
have used the known material constant Axs = 10.4 GHz
[58, 59]. Given that "As is present in all unit cells
of GaAs, this also yields the total number of nuclei
N = 2N, = (7.6+£1.8) x 10* interacting with the ground
state electron in the QD. This agrees within a standard
error with more indirect estimates of the number of nuclei
based on Ramsey spin coherence measurements taken on
similar QDs [59].

IV. MEASURING THE TRANSVERSE
NUCLEAR FIELD

Our second and final high-precision characterization
yields the non-collinear hyperfine constant a,. = a sin(y)
by measuring the effect of the precessing transverse nu-
clear field a,.I, on the electron spin coherence. To probe
this effect, we employ one-pulse and two-pulse Carr-
Purcell sequences [60] (CP1 and CP2, respectively) at
several values of the qubit splitting we, and thus Over-
hauser shift doy, chosen by our drive frequency wq — this
highlights the ability to dynamically polarize the nuclear
ensemble [46] 53] to a target value using our algorithmic
feedback sequence [37]. In this work, the largest value of
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FIG. 3. (a) CP1 visibility as a function of time delay 7 for
the values of we shown in the plot legend, corresponding to
different degrees of nuclear polarization. The solid curve is a
fit to the data based on a filter function model described in
Eq. [7l Visibility is given by v = (ctsy — ctsy)/(ctsy + ctsy),
where are ctsy (cts)) are the background-corrected read-out
counts from experiments initialized to the |1) (]J)) state. (b)
The sine of the angle ¢ between Szl and Beyt as a function
of we, extracted from global fits of Eq. [7] to the CP1 and
CP2 data (Appendix [E2). The solid curve is a fit sin(p) =
sin(po) X (w?/we) which gives sin(go) = 0.207(1).
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FIG. 4. Qubit visibility under Hahn echo (CP1) se-

quence as a function of inter-pulse delay time 7. The
solid curves are stretched-exponential fits exp(—(7/72)%),
with To = {1.93(5),2.21(5),2.49(4),2.72(3)} ps and o =
{2.4(2),2.3(2),2.3(1),2.22(8)} for w. = {3,4,5,6} GHz, re-
spectively. Inset: T» as a function of we, along with a
fit To(we) = 0.95(3)ps x (we/w?) % + 0.99(4) ps, where
@ = 2.28 is the mean of fitted « values.

the Overhauser shift d,, = 3 GHz corresponds to ~ 15%
polarisation of both As and %°Ga species (based on tar-
geting these species in our algorithmic feedback). We
obtain the electron spin visibility for every delay 7 as the
difference in ||) readout counts between two consecutive
pulse sequences with initial state |1) or ||). Figure [3[a)
shows the measured qubit visibility for the CP1 sequence
(see Appendix for CP2 measurements), where pe-
riodic modulation of this visibility occurs at the Lar-
mor frequency of each nuclear species. Strikingly, as
the mean-field nuclear polarization d.}, is increased by
our choice of w,, the magnitude of the dips in visibil-
ity decreases as we expect from a reduced non-collinear
coupling to the transverse nuclear field (Eq.[6]).

Indeed, shown in Fig. a) are theory fits to the data
with a well-established model based on filter function for-
malism [6I], 62] (see Appendix [E|for details), where the
qubit visibility W (7) at pulse delay 7 is given by:

. 2
AJ sin C; )
W(T) =exp |— Z g% ( - (;‘0)\/7> }-CP(CU%T) ,
(7)

Wn

where w’ are the nuclear Larmor frequencies of the nu-
clear species "°As, 9Ga, and "'Ga, A7 are the hyperfine
material constants for each species [58], ¢; are the abun-
dances of the nuclear isotopes [59], Fcp(w;7) is the filter
function of the given CP sequence at delay 7 [61] 62],
and N is the total number of nuclei in the quantum
dot obtained from the Knight shift (Fig. [2). The nu-
clear Larmor frequency of the 7°As is more prominent in
the visibility modulation spectrum than that of the other
species (Appendix [E] Fig. , as straightforwardly ex-
plained by the (w?)~? dependence in W (7). We fit the
electron spin visibility in Fig. a) with sin(p) as the only
microscopic free parameter unconstrained in the model
a priori. Fig. [3(b) shows the resulting sin(y) values as
a function of w,.. Fitting these values to Eq. [6] yields
sin(¢p) = 0.207(1), or equivalently an anisotropy angle of
12° in the absence of nuclear polarization, in good agree-
ment with numerical predictions based on AFM mea-
surements of QDs on this wafer (Appendix — the
significant anisotropy observed here results from stronger
electronic confinement within droplet QDs compared to
bulk GaAs [44] 45]. The excellent agreement with the
w; ! fit from Eq. |§| further confirms the geometric tilt of
the electron quantization axis 2z’ from the external mag-
netic field Beyt can be modified via a tuneable nuclear
polarization.

J

V. EXTENSION OF T;

Qubit decoherence in the regime w, > w,, is dominated
by a nuclear flip-flop term with amplitude a?/w,. (the
first perturbative correction to Eq. 4; see Appendix ,
which can be semiclassically described by a quadratic
coupling of the qubit to the transverse nuclear field. A di-
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FIG. 5. (a) averaged QD sideband spectrum from tgani = 0
to 500 ns Rabi drive (the same range of Rabi drive times as in
Fig. e)) taken with a carrier Rabi frequency of Q2 = 5.2 MHz.
The purple solid curve shows the spectrum at w. = 6 GHz
while the dark blue curve is at w? = 3 GHz. The arrow indi-
cates the sideband transition driven in panel (b). (b) the |])
spin population of the negative "®As sideband as a function
of Rabi drive time for several values of w.. The solid curves
are fits to a simulation of a damped two-level system. (c)
the magnon Rabi frequency Qmag versus the electron split-
ting we, averaged for the positive and negative As sidebands.
The solid curve is an interpolated prediction of an ab initio
calculation of Qnag using Eq.|§|, where the one standard error
from measured parameters falls under the width of the curve.

rect consequence of our ability to increase the qubit split-
ting we is thus the reduced interaction with this trans-
verse nuclear field [36]. This is observed as an increase of
the qubit’s Hahn Echo time T5. Figure |4]shows the qubit
visibility under a Hahn Echo (CP1) sequence for the val-
ues of we used in Fig. a). The decay of qubit coherence
over delay time 7 is fitted with a stretched exponential
characterized by a decay time 7> and exponent a. When
decoherence is dominated by a decorrelating transverse
nuclear field with amplitude oc w; ! [36] [59], the electron
Ty is expected to increase with w?/® (Appendix ) in ex-
cellent agreement with our measurements (Fig. 4] inset).
We note that for the modest %°Ga and As polarisations

up to ~ 15% used in this work, we see no measurable for-
mation of a nuclear dark state through magnon sideband
asymmetry [I5] [I6], which implies that the decorrelation
time of the transverse nuclear field, and thus qubit co-
herence, is unaffected by this partially polarised nuclear
state (Appendix . In contrast to previous works in
QDs where an increase in T, was observed with increas-
ing external magnetic field [36, 59], here we are able to
realize the same increase in T, via a programmable effec-
tive magnetic field induced by nuclear polarization. This
highlights the unique nature of the non-collinear interac-
tion mediated by the g-factor anisotropy, which enables
coupling and decoupling the qubit dynamically from its
intrinsic interaction with its nuclear ensemble.

VI. TUNING THE MAGNON ACTIVATION
RATE

Having shown tuning of a,., we now demonstrate di-
rect control of the resonantly driven electron-nuclear in-
teraction, measured by the injection rate of single-spin
excitations (magnons) in the nuclear ensemble. Fig-
ure (a) contrasts the negative-detuned sideband spec-
tra for two different values of w,, namely 3 GHz (as was
shown in Fig.[1)) and 6 GHz, averaged over the first 500 ns
of sideband driving. The absence of a noticeable change
in the § = 0 central electron spin resonance confirms that
the bare electron Rabi rate remains identical. In contrast,
we observe significant suppression of the sideband reso-
nances of all nuclear species in the w, = 6 GHz spectrum
compared to the w. = 3 GHz spectrum. This suppres-
sion is a direct consequence of the reduced non-collinear
interaction strength in the 6 GHz spectrum, indicating
that magnons are created by the non-collinear interac-
tion mediated by the electron g-factor anisotropy and
that the injection rate can be regulated by the tuneable
Overhauser shift dgp,.

Finally, we benchmark our control over the electro-
nuclear interaction in the coherent regime by tuning the
exchange (Rabi) frequency when on resonance with the
7 As magnon sideband. For a fixed bare electron drive
rate 2, this magnon Rabi frequency Q. will depend
only on the strength of the coherent electron-nuclear ex-
change interaction, and is thus sensitive to tuning of a..
Figure b) shows the [|) population of the negative-
detuned sideband as a function of Rabi drive time for the
same range of w, values as used in Fig.[3] We fit the data
with a damped two-level system model characterized by
a Rabi frequency Qmas and two dephasing parameters
~v1 and I that account for spin-flip and dephasing chan-
nels (see Appendix . Figure c) shows the fitted
Rabi frequency, averaged from fits to the negative- and
positive-detuned sideband data, as a function of w,.. In
the detuned driving regime we expect:

Anc?

2wy

5Nas
8
2 ) ( )

Qmag =



where \/5Nas/2 is the root-mean-square transverse an-
gular momentum of an ensemble of Nas 3/2 spins at
thermal equilibrium (Appendix — this is a valid as-
sumption for the modest nuclear polarisations up to 15%,
for which we do not observe a darkening of the nuclear
state through magnon sideband asymmetry [15] [16] (Ap-
pendix. Figure c) shows an interpolated prediction
of the calculated values of ., according to Eq. and
using our experimental values of a,. (Eq. @and Fig. 3; see
also Appendix [F 2)). The excellent agreement to the pre-
dicted value shows that the magnon injection rate {lyaq
can be tuned ab initio and highlights the predictive power
of the polarization-based a,. tuning approach.

VII. CONCLUSION AND OUTLOOK

In summary, we have demonstrated a method to tune
the coherent interaction strength of a central spin qubit
and a collective excitation of a mesoscopic spin ensem-
ble. The electronic g-factor anisotropy enables this in
situ control of the mean-field nuclear polarization, which
in turn changes the relative angle between the nuclear
and electronic quantization axes. The g-factor anisotropy
is a result of the spin-orbit interaction in GaAs QDs
and is a function of the size, shape, and composition of
the quantum dot and surrounding barrier material (Ap-
pendix |A]), offering a growth-based design mechanism on
reaching the ideal dynamic tuning range for the electron-
nuclear interaction. In addition to removing the need
for realignment or re-optimization of system parameters
often associated with ex-situ tuning methods, the fully
in-situ nature of the tuning mechanism offers a signifi-
cant speed advantage. For our system, a 50% increase in
the ESR frequency (don ~ 2 GHz) would correspondingly
reduce the electro-nuclear coupling by 33% and could be
achieved, at a rate of a/0.2 ps, within 1 ms — well within
the 20 ms coherence time for the nuclear register achieved
under dynamical decoupling [42]. This is in stark con-
trast to the several seconds typically required to ramp a
Tesla-scale external magnetic field or to change its angle.
The dynamical tuning of the non-collinear interaction be-
tween the QD electron spin and the nuclear ensemble
could be of immediate use in optimising a multi-node
nuclear quantum memory[I6], where one nuclear species
would regulate the Overhauser shift while others would
serve as storage modes (Appendix . To further extend
the usefulness of our in situ tuning method, the use of
few-microsecond direct rotation pulses [63] on a fully po-
larized (or anti-polarized [16]) nuclear ensemble could en-
able switching between the strongly and weakly interact-
ing regimes, well within the hundred-microsecond coher-
ence of the central spin [59]. Additionally, while in this
work we have observed the nuclear ensemble in a classical
regime Qpag ~ VN, the tuning methods demonstrated
here would allow us to witness non-classical transverse
field correlations [I5l [64] as deviations from predicted
magnon injection rates. This would indicate the forma-

tion of a Dicke state of the nuclear system [65], such as a
singlet state [20]. Our work demonstrates the realization
of a tuneable solid-state central spin system for quantum
information protocols and quantum many-body physics.
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Appendix A: Quantum dot devices

The GaAs/AlGaAs heterostructure (Fig. [6a)) con-
taining the QDs is grown via molecular beam epitaxy
(MBE), in a manner similar to that used in Ref. [59].
The GaAs quantum dots used in this work are grown
by infilling nanoholes etched in an AlGaAs barrier [39].
The QD-containing layer is sandwiched between a heav-
ily n-doped and a heavily p-doped layer, which enables a
pin diode to be fabricated around the QDs. The diode
structure enables single electrons to be deterministically
loaded into the QD via Coulomb blockade by applying
a voltage to the contacts of the diode [31] 59 [66]. The
voltage-dependent photoluminescence of the QD is shown
in Fig. @(c) The negatively charged exciton X~ used
in this work can be seen centered at roughly 382.9 THz,
along with other voltage-dependent charge states. A solid
immersion lens (SIL) mounted on top of the sample en-
hances the collection efficiency of photons emitted from
the QD, as well as the power delivered to the QD by the
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FIG. 6. (a) The heterostructure that comprises the QD device used in this work. (b) A depiction of the sample containing
the QD. A cubic zirconia superhemispherical solid immersion lens (SIL) is mounted on top of the sample to improve excitation
and collection efficiency. A 6T magnetic field Bexs is applied perpendicularly to the [001] axis (growth axis) of the QD, at
45° relative to the cleaved [110] crystal axis of the wafer (i.e. along the the [010] axis). (c) A detail of the photoluminescence
spectrum of the studied QD as a function of the gate voltage applied to the pin diode. The gate voltage range that corresponds
to the negatively charged exciton (centered at 382.9 THz) is highlighted with dashed lines. This PL spectrum was measured

using an ~ 650 nm excitation laser.

laser. The sample is held so that the [110] and [110] crys-
tal axes of the sample are at 45° relative to the external
magnetic field (Fig. [6(b)).

1. Non-collinear hyperfine interaction:
quadrupolar effects

Fig. [7] shows a photoluminescence measurement of the
free exciton in bulk GaAs measured on the QD device
used in this work, in the vicinity of the QD. The light hole
(Ih) exciton peak is seen at 1.517293(1) eV and is par-
tially polarization dependent, while the heavy-hole (hh)
electron peak, centered at 1.5214(1) eV, disappears com-
pletely for polarizations where the lh peak is most visible
(e.g. for half-wave plate angle 0°) and appears at a per-
pendicular polarization (e.g. for half-wave plate angle
40°). From these peaks, we extract a lh-hh splitting of
4.1(1) meV, which corresponds to a nuclear quadrupo-
lar shift Bo = 75(2) kHz [40]. For "As, this nuclear
quadrupolar shift would give us a quadrupolar-mediated
non-collinear hyperfine %, = aBg/w, = 0.5(1) kHz [32].
This is in contrast to the measured non-collinear hyper-
fine ap. = 58 £ 15 kHz at w? = 3 GHz (see Knight shift
measurements in main text), roughly a factor 100 times
stronger than a?.. We thus attribute the electron-nuclear
spin-flip interactions in this work to the non-collinear hy-
perfine mediated by a g-factor anisotropy of the electron,
asin(p).

0.0 deg
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——60.0 deg
——80.0 deg
——100.0 deg
——120.0 deg
——140.0 deg
——160.0 deg

180.0 deg

Ih hh
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1.518 1.520 1.522

Energy (eV)
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FIG. 7. Photoluminescence measurement of the free exciton
spectrum in bulk GaAs. This data was measured in the bulk
GaAs part of the wafer in the vicinity of the QD used in this
work. The legend indicates the angle of a half-wave plate
placed before a linear polarizer in front of the collection fiber
going to the spectrometer. The partially polarized lh free
exciton peak is at 1.517293(1) eV, while the linearly-polarized
hh peak is at 1.5214(1) eV. The counts in the vicinity of the
hh peak are additionally plotted at 5x scale for clarity.

2. Non-collinear hyperfine interaction: electronic
g-factor anisotropy

Figure [§| shows the angle ¢y between the electron and
nuclear spin quantization axes for QDs emitting at differ-
ent wavelengths and subject to a B-field along the [010]



35 T T
30 | Varying
25 | nanohole:
S e e
8 20 | filing —@— L 4 —_ '
o 15} -
& 10 | depth —m— -v-—>"'
5 -
0 . L e o

690 700 710 720 730 740 750 760 770 780 790
X0 Transition wavelength (nm)

FIG. 8. Simulated results for electron g-factor anisotropy.
Angle o between the electron and nuclear spin quantization
axes is plotted versus QD emission wavelength for two cases
of underlying geometry change - varying nanohole filling level
(circles) and varying nanohole depth (squares). Lines are to
guide the eye. Plotted versus QD neutral excition (X°) emis-
sion wavelength. The star symbol is the value measured in
this work.

axis. The variation of wavelength is based on varying QD
geometry: level of nano hole filling (dots) and nanohole
depth (squares), as pictured in the legend. Both series
show similar results with ¢y ranging from below 1° to
even above ~ 30° at longer wavelengths. Further (not
shown here) it takes negative values after a discontinuity
caused by g-factor sign reversal. It needs to be underlined
that the highest ¢ values at longer wavelengths concide
with overall low g-factor values. Below we describe the
simulations behind these results.

We model the studied GaAs QDs based on atomic force
microscopy (AFM) measurements of a nanohole left af-
ter droplet etching on a test sample. To simulate se-
ries of QDs with different emission wavelength, we ei-
ther assume different levels of GaAs filling or modify the
nanohole profile by shrinking its height. The top GaAs
surface is assumed to be flat. We use an axis-wise uniform
numerical grid to discretize the material composition pro-
files. Next, we apply Gaussian averaging with a spatial
extent ¢ = 1.2 nm to the material composition profile
to mimic the normal diffusion of materials at interfaces.
The lattice mismatch of the considered materials is very
low, yet we still use the theory of continuous elasticity
to calculate structural strain. The shear strain-induced
piezoelectric polarization is calculated up to second order
terms in strain-tensor elements.

For such series of simulated QDs, we calculate the
lowest-energy electron eigenstates using the implementa-
tion of the multiband k - p method within the envelope-
function approximation [67] described in Ref. [68. The
calculation includes the spin-orbit interaction, strain, and
piezoelectric field. The explicit form of the Hamiltonian
may be found in Ref. [69] while material parameters used
in calculations are given in Ref. [70]and references therein.
We find the elements of the g-tensor by applying low
magnetic field B along selected spatial directions € and
extracting the Zeeman splitting, gs = Ez/upB for B || €,
where pup is the Bohr magneton. We first verify our ex-

pectation of [110] and [110] being the in-plane g-factor
principal axes based on the distinguished role of these
axes in the zincblende material combined with almost
ideal cylindrical symmetry of the QD shape. Next, we
extract gp110) and g[iio] components for the two series of
QD geometries. Finally, we calculate the angle gy be-
tween the electron spin quantization axis and the mag-
netic field (and thus nuclear spin quantization axis) for
B ||[010] as used in our work.

Appendix B: Experimental Setup

Fig.[9]shows a schematic of the cryogenics, microscope,
and laser control systems used in this work. The QD de-
vice is held at 4K in a closed-cycle cryostat (MyCryo
OptiDry 250), while a 6T magnetic field is applied per-
pendicular to the crystal growth axis, i.e. in Voight ge-
ometry, but at 45° relative to the [110] crystal axis. A
1mm solid immersion lens (SIL) is mounted directly onto
the sample. A laser resonant with the |}) — [{1{}) tran-
sition provides spin-dependent optical readout and ini-
tialization [59 [71]. Due to the small Zeeman splitting
between the [1) and |]) states, this laser is linearly po-
larized to ensure that only the |}) — [{1{}) transition is
excited, rather than the cross-polarized [|) — |{11}) tran-
sition. An acousto-optic modulator (AOM) placed in the
readout laser beam path provides power stabilization and
pulsing capabilities.

The spin state of the electron is coherently manipu-
lated via a two-photon Raman scheme. Raman control
is performed via a circularly-polarized single-frequency
laser detuned from the excited states by A, = 400 GHz
[32, [47]. Circular polarization helps to ensure the high-
est available Rabi rate for a given Raman laser power
[29]. The Raman laser is modulated by an electro-optic
modulator (EOM) at a frequency wpw, producing a con-
trol field with two frequencies w. & wyw that drives a
two-photon Raman transition between the electron spin
states, where w, is the frequency of the Raman laser.
The EOM drive frequencies are selected such that the
condition we = 2wp,y is fulfilled. The EOM is driven by
two Rohde & Schwarz SM-line microwave sources passed
through a switch to enable fast frequency switching. The
Knight shift measurements were taken with an AWG
(Tektronix 70002B), as it enables a wider range range
of frequencies in a single experiment. An AOM placed
after the EOM provides both power stabilization of the
Raman laser and pulsing capability.

We employ a cross-polarization scheme to reject the
resonant laser excitation; this means we only collect the
the V-polarized scattering from the QD, corresponding to
the [1L) — |1) transition. The QD emission is deteced
with an avalanche photodiode (APD), and time-tagged
and histogrammed with a Swabian Timetagger. The Ra-
man laser is filtered off with a grating placed before the
APD.

Pulse sequences are generated via a Swabian PulseS-
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FIG. 9. A schematic depiction of the experimental setup used in this work. EOM = electro-optic modulator, AOM = acousto-
optic modulator, APD = avalanche photodiode; POL = polarizer, QWP = quarter-wave plate, HWP = half-wave plate.

treamer, which sends TTL control pulses to both the
readout and Raman laser AOMs, as well as triggers his-
togram collection on the SwabianTimeTagger.

Appendix C: System Hamiltonian

Consider the axes in Fig. where z is aligned along
the external magnetic field, at 45° to the [110] crystal
axis of the wafer. Due to the anisotropy in the electron
g-factor, the quantization axis of the electron is tilted
from z by an angle:

giio — 9110)

(C1)
g110 + 9110

o = arctan (

We have then the Hamiltonian of the electron quantized
along this tilted axis interacting with the nuclear ensem-
ble via an isotropic hyperfine interaction. Note that the
nuclei are still quantized along the z-axis:

H = uf con(io) S + wlsin(eo) S + Y wh i

J

—&—Za] (S’ 17+ 8,17

+8.11) (C2)

(cos ()I?

x

where the primed coordinates are the new principal axes
for the electronic Hamiltonian given by S, = cos(¢)S, +
sin(p) Sz, S, = —sin(p)Sy + cos(¢)S,r, and Sy = Sy,

where j is summed over all nuclei, w? is the angular fre-
quency of the electron Zeeman splitting, and w/ are the
nuclear Larmor frequencies of a given nuclear species n.
As we are concerned with increasing the mean-field po-
larization along the z-axis, we split the final term of our
isotropic hyperfine interaction into two parts:

> S0 =+ Y d AL
J J

(C3)

where d,1, is the mean-field Overhauser shift seen by the
electron due to the nuclear ensemble and AIJ is the
residual fluctuation of the nuclear polarization about the
mean field. With this identification of the mean field
Overhauser shift, we can write the Hamiltonian as:

H = (wo cos(¢o) + o) S, +
+ Zwijﬂ + Zaa (S.17 + S*y [+ 8.A1) . (Cy)

Now we define the mean-field shifted angular frequency

we = /(@0 cos(0) + dn)? + (wLsin(p0))? (= &l + 3o
for small ¢g) and dlagonahze the Hamiltonian via the

unitary operator U = e~ 5u;

_ Sin(s@)Ajg) + S’y/fé + S, (sin(cp)fg + cos(cp)Afi)} (Ch)
[
and ¢ is defined by:
0 0 gj
cos(ip) = Le o) Hoon oy wesin(eo)

We We
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FIG. 10. The axes used in the derivation of the Hamiltonian for the electron interacting with the nuclear bath (Eq. . The
z-axis, aligned along the external B-field, is the z-axis of the lab frame and constitutes the quantization axis of the nuclei. 2’
is the quantization axis of the electron in the QD in the diagonalized (i.e. rotated) frame. As the nuclei are polarized along z,

z' moves closer to the z-axis of the lab frame.

We make a secular approximation, noting that the energy
scale of the qubit splitting is dominant in this Hamilto-
nian and suppresses the components of the hyperfine not
parallel to S,::

H = we§2/+z wflngrZ a’S., (sin(go)fg + cos(cp)Afg)
J J

Finally, we identify the collinear (aJ cos(p) S, A ) and

spin-flip enabling non-collinear (aj sin(g S ) yper-
fine interactions in the final term of Eq. [C7}

1. Modeling the magnon Rabi rate

We now transform Eq.[C7into the frame of the Raman
drive laser rotating at drive frequency wq and define the
collective nuclear operators I, = =2 Ii (for a = z,y,2)
as in the main text, and can write:

H =65 +QS +wnl, +aS. (Sin(go)fz + cos(go)Afz) ,

(C8)
where 2 is the Rabi rate of the Raman drive and 6 =
wq — We is the two-photon detuning of the Raman drive.
We now transform to the dressed states of the electron,
using the unitary transformation:

S sinf cosf
U = (cos 0 _sin 0> e ® ILhye, (C9)

where we have defined the Stiickelberg angle tan(20) =
—Q/6. The dressed state Hamiltonian is then:

1

2 2
H=CQS, +w,l, — (1+Q )

X (S‘Z %S ) (afz + %(L +f_)), (C10)

where Q' = V62 + Q2 is the effective Rabi frequency.
To calculate the magnon activation rate Qmae, we must
calculate the matrix element for an electro-nuclear swap:

Qm'} T 17 X
—met (LM + LY AL M)

02 7%(1an ~
14+ — I,M+11,|I,M
(+52) 45 <a + | Jr‘a >a
(C11)

where I is the total nuclear spin and M is the angular
momentum for the addressed nuclear species, and where
the collective enhancement is given by:

(I, M+ 1|1 I, M) = /T(I +1) = M(M +1). (C12)
For the case of a detuned Raman drive resonant with the
magnon sideband, we have § ~ w,, > Q and can write

the magnon injection rate as:

anc

Qunag = \/1 I+1)— M(M+1). (C13)
For the high number of experimental repetition rates per-
formed to generate the histogram of the data, the ex-
perimentally measured quantity is the root-mean-square

(RMS) value of the magnon Rabi rate:

ancs?
2wy,

(Qhag) =

mag

VII+1) = MM +1)).  (C14)
To calculate the expectation value of the collective en-
hancement, first note that for the N ~ 10° nuclei that
comprise the nuclear ensemble the total spin I and an-
gular momentum M are both much greater than unity,
so that (I(I +1) — M(M + 1)) ~ (I? — M?). We then
need to calculate the probability distribution function for
a given spin and angular momentum state. We assume
that the values of the spins along each axis Io = 3_; I J
(for a« = z,y, 2z) are Gaussian distributions Wlth a vari-
ance given by 0 = (1/3)NI(I + 1) = 5N/4, where N



is the number of nuclear spins of the nuclear species in
\/ 12+ I} + IZ then

has a probability distribution function given by the (%)
distribution:

p(I) = I? exp (; (£)2> =I?exp <52]<;) . (C15)

The probability distribution function for a given state
with spin I and angular momentum M is then:

question. The total spin state I =

p(I, M) = p(I)

o (C16)

where at thermal equilibrium the angular momenta are
equally distributed along —I to I. The expectation value
for the collective enhancement is then given by:

gy _ o AM(I® — MP)p(1, M)
fooo dr f_I dMp(I, M)
= % (C17)

Plugging this value back into Eq. we arrive at the
final value for the magnon Rabi rate:

Apcs) /5N
V Q?nag 2wy,
Note that in the main text the RMS value is denoted as
Qmag = 1/(Q2,.0)-

mag

(C18)

Appendix D: Conversion from counts to spin ||)
population

The magnon sideband spectra shown in the main text
in Fig. 1 and Fig. 4 are displayed in units of spin |{)
population. We convert from recorded counts in the his-
togram to spin |[{) population by measuring the counts in
a Rabi oscillation experiment. The peak-to-peak ampli-
tude, in counts, of an exponentially damped sine function
fit to the recorded Rabi oscillations gives us the maximum
population of the ||) state for a given histogram duration
and number of repetitions. This allows us to convert the
recorded counts of a magnon sideband spectrum to the
[{) population.

Appendix E: Filter function model

We now turn to the visibility of the Carr-Purcell (CP)
sequence datasets. The measured visibility of a spin
qubit in a dynamical decoupling (DD) sequence is given

by [61]:
win=eo (- [~ Esw?4) @

w

12

where F(wt) is the filter function of the DD sequence
and S(w) is the power spectral density experienced by
the electron, in this case due to the nuclear ensemble.
We can calculate the noise spectrum via the Wiener-
Khinchin theorem:

S(w) = / dtemzam AT OE0) (B2

where i,j is a sum over all nuclear spins and a!, =
a’sin(yp) is the non-collinear hyperfine coupling constant.
We will assume from here on out that we are dealing
with species-specific macrospins - this is mathematically
equivalent to summing over individual nuclei, but con-
ceptually simpler to deal with. Here we have chosen to
ignore three-body interaction effects, as well as longitu-
dinal polarization noise, as we are concerned with the
coherence dips and revivals at short time scales, where
the non-collinear hyperfine interaction term dominates.
To determine the noise spectrum, we now need to calcu-
late the two point nuclear correlators for I,:

TLOHO) =T (pVOLVIWE)  (E3)
where p,, is the nuclear density operator following the
algorithmic Ramsey cooling and dragging of the mean-
field polarization, and:

V(t) = exp —zZoﬂPt . (E4)

Note that the quadrupolar part of nuclear Hamiltonian is
ignored, as this contributes to an overall decay in coher-
ence on longer time scales, whereas here we are interested
in the initial collapses and revivals of coherence caused
by the non-collinear coupling. It can be verified that:

VIV = % (cHetthl + e i) (m5)
To calculate the nuclear correlator, we thus need to deter-
mine some of the features of the nuclear density operator
pn for our nuclear ensemble.

For a thermal nuclear ensemble (i.e. considering the
nuclear ensemble to be at infinite temperature and fully
uncorrelated), we can take p,, o« 1. However, in this case
we cannot do that formally, as the algorithmic narrow-
ing significantly reduces the fluctuations of longitudinal
nuclear polarization I,. Jackson et al. [37] calculated p,
at zero net polarization for a single species by compar-
ing simulation to experimental data, but here we have
a non-zero mean-field polarization and are not dragging
a single species selectively. Rather than calculate p,, ex-
plicitly, we will estimate some features of p,, based on the
experimentally measured values of W (t). Fig. [11| shows
the Fourier transform of the measured W (t), for both
CP1 and CP2 datasets. In this data, we primarily ob-
serve strong peaks at the nuclear Larmor frequency of
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FIG. 11. Fourier transform of the CP1 data (left panel) and CP2 data(right panel). Dotted lines highlight the Larmor
frequencies of the nuclear species, as well as the higher-order harmonics for each Larmor frequency.

" As, as well as weaker peaks at the Larmor frequen-
cies corresponding to %°Ga and "'Ga. However, the lack
of frequency components ‘w}l + w%’ point to an absence
of correlations between transverse noise components of
distinct nuclear species ¢ and j. Further, we have no rea-
son to suppose that nuclear narrowing or dragging of the
mean-field results in a build-up of significant net trans-

verse polarization of any of the species. We can then
write:
Ti 77 51 S . . L
<I;(t)[$(0)> = I] (<I] Ii)e“‘“’%t =+ <]1[J> —’Lw%’t)
(E6)

Expanding the raising and lowering operators, we get:
LI = (I + (1)) £ I (E7)
which, when plugged into Eq. gives:

(Ji () B (0) = 2

5 {cos(w%t) (12

+i sin(w%t)(fg)}. (ES)

Gathering everything back together in the expression
for the nuclear noise spectrum (Eq. , we have:

S(w>0) =
}5@ —wl). (E9)

From this expression, we can see that the nuclear noise
spectrum consists of three delta functions at the nu-
clear Larmor frequencies with strengths determined by
the non-collinear hyperfine constants and the expectation
values of the square of the transverse angular momentum
(1) + (I])?) and the polarization (I7) of each species.
The visibility function is then:

(a

5

(wn

W(t) = exp ( -

We now want to calculate the expectation values of
the nuclear operators. To do so, we will assume that in
narrowing the nuclear ensemble we are only significantly
reducing the fluctuation of ) j a’ I, rather than the indi-

vidual (A2]7), and thus the expectation values involving
operators for a single species are still very close to ther-
mal. For the expectation value of the transverse angular
momentum, this assumption would give:
- - 2, iy 5
(HP+ (B2 ~ (@) =Nyx 5 (1)
where N; is the number of nuclei of species j. For drag-
ging of the mean field nuclear polarization covered in this
paper (up to a few GHz d,,), (1) < %((13)2) (by roughly
a factor 100), and can be neglected.
Finally, recalling the definition of the per-nucleus hy-
perfine constant:

- sin(¢p)c; A7

J o= E12

nc Nj ( )
for nuclear concentrations crsas = 1, cgoga = 0.604,
cr1ga = 0.396, we have:

51 (Alsin(p),/c;

W(t) =exp |— Z

J

wih

oL ) #an

(B13)

Finally, the filter functions for CP1 and CP2 are given
by [611 [62]:

t
Feop1(wt) = 8sin® (71;) ) (E14)
8 sin*(mwt/2) sin? (2mwt)
F t) = . E15
cpz(wt) cos?(nwt) (E15)
1. Small angle approximation for ¢g

In Sec. IIT of the main text, “Measuring the single-
nucleus hyperfine constant,” we make the assumption
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FIG. 12. Rescaled CP1 data (left panel) and CP2 data (right panel), along with fits to the model described in Eq. A

schematic of the pulse sequences is shown above each dataset.

that the anisotropy angle is small, acospy ~ a, to di-
rectly extract aas from the measurement of the Knight
shift of the As sideband. This assumption was motivated
by other works on GaAs QDs where ¢y was measured:
values of ¢ = 5.2° [44] and ¢y = 2.9° [43] were observed
in gate-defined QDs. While the value of ¢y = 11.95° ob-
served in this work is somewhat higher, the correction on
aas from using the small angle approximation is ~ 2.2%,
which is much smaller than the error on the measured
value of aas = 0.28(7) MHz that comes from fitting the
data with a Gaussian to extract the peak position.

2. Fitting W(¢)

The visibility is fit with one free microscopic parameter
(sin(y)) and three technical free parameters: an overall
visibility vy that accounts for pi-pulse infidelities, a slight
scaling b to the magnetic field that accounts for a small
deviation of the magnetic field from the stated 6T value,
and a time constant 74 that accounts for a slight drop in
overall visibility as a function of delay time. We note that
the time constant 7, likely arises from the quadrupolar
broadening of the nuclear noise spectrum that we did not
consider in the model. This broadening was not included
in the model as it has no effect on the size of the peri-
odic visibility decays and revivals, and we lack a method
to constrain the quadrupolar broadening directly. While
the broadening can be measured directly via NMR tech-
niques [40, [59], this was not feasible to do in this work.
Rather than introduce another free microscopic parame-
ter into the model, we thus fit the small overall decoher-
ence over the measurement timescale with an exponential

decay. In summary, the expression fit to the data is then:

Wit (t;sin(p), vo, b, Tq) = vo exp(—t/74)

Al sin (o 2 )
X exp | — Zj: g% ( (w;flx)ﬁ ) F((w], * b)t)

(E16)

The microscopic free parameter sin(yp) is fit globally be-
tween the CP1 and CP2 data for each value of w.. The
magnetic scaling parameter b = 1.017700(7) is fit globally
to all datasets (i.e. fit to the same value for all w, for both
CP1 and CP2). From the fitted value for b, we calculate
the magnetic field in the cryostat to have a strength of
B = 6.10620(4)T. While this shift is less than 2%, it
allows us to accurately fit the locations of the coherence
dips, which occur at the corresponding Larmor periods.
The remaining technical parameters, vy and 74 are fit
freely for each dataset. The full CP1 and CP2 datasets
normalized by vg, along with the fits to the model, are

shown in Fig.

3. Dependence of electron 75 on we

In Fig. 4 of the main text, we fit our qubit visibility at
long delays under CP1 to a phenomenological function
exp(—(7/T2)%). We expect the qubit decoherence to be
dominated by a quadratic coupling to the decorrelating
transverse nuclear field with amplitude a?/w, [36], 59].
This coupling arises from the S;I7 + S,1J terms of the
isotropic electro-nuclear hyperfine interaction (Eq. ,
which results in a perturbative electron-mediated nuclear
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from the fitted Gaussian distribution. The dashed horizontal line indicates a 0.5 spin ||) population.

flip-flop term [59, [72]:
A ala
H3b = Sz Z 2%
J#k

This is energetically suppressed at short time scales, but
at longer time scales results in electro-nuclear flip-flops
and leads to an w;? dependence in this interaction’s
power spectral density (Eq.19). Connecting our phe-
nomenological fit parameters to this field amplitude leads

IIr. (E17)

to T wﬁ/’*, as used in the main text.

Appendix F: Fitting magnon Rabi frequencies

We measure the positive- and negative-detuned As
sidebands with fine-resolution detunings (varying wpy in
0.25 MHz steps, see Fig. top panel) so that the peak
amplitude of the sideband can be extracted with a Gaus-
sian fit, from trapi = 0 to trapi = 800ns in 20ns steps
at we = 3,4,5,6 GHz. The recorded counts for the pos-
itive and negative sidebands are shown in the top panel

of Fig. [I3] for all values of w.. We fit a Gaussian peak
along the frequency axis at at each Rabi drive duration
(Fig. [13| middle panel), fixing the frequency of the peak
to the fitted peak frequency of the sidebands summed
along the time axis. We extract the background and
amplitude from each fitted Gaussian; the summed am-
plitude and background are plotted for each sideband at
each value of w, in the bottom panel of Fig. [[3] Here the
counts have been converted to spin ||) population via the
method described in Sec.

1. Model for magnon sideband dynamics

We simulate the magnon dynamics with a damped two-
level system, where the ground state is given by |1, I.)
and the excited state is given by ||, I + 1) (|4, 1, — 1))
for a positive (negative)-detuned sideband. This can be
expressed in master equation form for the density oper-
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FIG. 14. Measurements of Rabi oscillations at all val-

ues of we used in the magnon Rabi fitting section, along
with fits to an exponentially damped sine function (solid
curves). These were measured to calibrate the § = 0 elec-
tron Rabi frequency €2 for the measurements of the magnon
sidebands in Fig. as well as to calculate the ampli-
tude of counts that corresponds to a given [|) popula-
tion. From top to bottom, the values of w. are given by
we = {3,4,5,6} GHz, with fitted electron Rabi frequencies
of @ = {5.21(2),5.19(2),5.17(2), 5.12(3) } MHz and amplitude
A = {3.3(2),1.59(8),1.35(8),1.2(1)} x 10? counts. The total
integration time was 200 seconds, except for we = 3 GHz,
which was integrated for 560 seconds.

ator p(t) as [73]:

p(t) = ~i [Ho, p(t)] + DIy/A1S:]0(0)
+DlyAS-lo(t) + DIVTS.Jplt)  (F1)

where D|c]p = cpct — (1/2)(cTep+ pcfc) denotes the Lind-
blad superoperator for a given operator ¢, 1 is a spin-flip
rate, I' is a dephasing rate, and the two-level Hamiltonian
H,y is given by:

Ho=n (QA Q_f“&%) (F2)

mag

where A is the detuning of the control field from the
nuclear resonance and .g is the Rabi oscillation fre-
quency. The evolution of the damped two-level system
is simulated in Python using the QuTip simulation suite
[74].

16
2. Fitting the damped two-level model

The decoherence rate ~; is fit to the background pop-
ulation (i.e. the background of the fit Gaussian at each
time step, as in the middle row of Fig. of the spectra.
This fit is shown in Fig.[15(a), along with the background
at each drive time. The fit is performed globally over all
values of w, simultaneously.

The master equation model accounts for the interac-
tion of the MW control field with a single magnon. How-
ever, the electron hosted in the QD experiences a distri-
bution of total nuclear polarization leading to small fluc-
tuations in the Overhauser shift. This leads to a charac-
teristic electron coherence time T3, and we can simulate
the effect of the Overhauser field fluctuations using the
T3 times at each value of w, (Fig. [I5(b)):

V2

Ay —
o= TonTy

(F3)

where o € [—2,2]. This gives a 20 distribution of Over-
hauser shifts Ag,. The evolution of the damped-two
level system is then simulated for each value of A,y, and
summed up weighted by a normal probability distribu-
tion centered on o = 0 to give the “ensemble” damped
two-level system dynamics.

Finally, the two free parameters in the model, €2 and
I" are fit. The dephasing 7 is fixed as described above.
T is fit simultaneously to both the positive and negative
magnon sidebands at each value of w,, while Q is fit freely
for both sidebands. The positive sideband fits are shown
in Fig. c) with the fitted values for Qnae and T' in
Fig.|15(d) and Fig. [15|e), respectively.

Figure [15{f) shows the values of Qg calculated ab
initio for the relevant values of w, using Eq. using
the value for a measured via the Knight shift and the
values for sin(p) fit from the CP measurements. These
calculated values are then fit with a power law Qpae =
Q9,.¢ X (we/w?) to give the interpolated prediction of
Qmag presented in the main text. The error bars on each
value of Q. calculated using Eq. are generated
based on the one-sigma error on a derived from the fits
to the Knight shift data, and lie below the thickness of
the markers. The error on a is propagated through the
value of Nag and the fits of sin(p) performed using the
CP data, leading to final errors on the value of Q.
The standard deviation of the values of {1, calculated
for a, a 4+ 04, and a — o, (where o, is the standard error
on a) at each value of w, is added in quadrature with the
standard error on 2 extracted from the fits to the 6 =0
Rabi oscillations shown in Fig. and this gives the
final one-sigma error on the ab initio calculated values of
Qmag-

Figure shows the fine-resolution sideband spectra
used to fit the magnon Rabi rates alongside a simulation
of the magnon sidebands generated using the QuTip im-
plementation of Eq. With the fitted parameters Qpag,
Y1, and T'.
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FIG. 15. (a) background counts of the As sideband as a function of Rabi drive time. The black curve is a fit to an exponential
saturation function f(t) = 0.5(1 — exp(—2v1t) + B, with fitted 71 = 3.4(1) x 107* s1. (b) electron spin Ramsey interferometry
measurement for the values of w. where magnon sideband Rabi was fit. The electron dephasing time is fit to be Ty =
{253(7),308(4),330(4),326(4)} ns for we = {3,4,5,6} GHz, with fitted a = {2.2(2),1.91(8),2.10(9),2.2(2)}. (c) the ||) spin
population of the positive "> As sideband as a function of Rabi drive time for several values of w.. The solid curves are fits to
a simulation of a damped two-level system. (d) the fitted Qmag values for the negative (circle markers) and positive (square
markers) sidebands as a function of w.. The grey curves are a fit to the function Qmag = Qmag X (WEV1 — €6on) /(W +8on) for the
negative and positive magnon sidebands. For the negative (positive) sideband, the fitted parameters are Qﬂmg,_ = 1.09(3) MHz
(Qhag,+ = 0.97(6) MHz) and e = 0.06(3)GHz™' (e4 = 0.04(8)GHz™"). (e) the simultaneously fitted dephasing parameter I'
as a function of w.. (f) the ab initio values of Qmag for the relevant values of we, calculated using Eq. The grey line is a
fit Qmag = Dnag X (we/w?) to the calculated values, with fitted Q9,,, = 1.025(5) MHz. The fit to the ab initio calculated values

of Qmag is used as the interpolated prediction of Qmag in the main text and in panel (d) of this figure.

3. Absence of magnon asymmetry validates
thermal assumption

In a simple picture, one might expect that polarizing
the nuclear spins should modify the flip-flop dynamics
(Eq. by reducing the density of states available
for energy exchange. However, this is in the absence of
collective dephasing effects (see e.g. the SI of [59]). In the
limit where permutation symmetry prevails (as it does
here to a good approximation), the electron-mediated
nuclear flip-flop term can be seen as a magnon flip-flop
whose rate is thus proportional to the collective enhance-
ment /12 — M? (much like the single magnon injection,
see SI section . This magnon flip-flop rate is sup-
pressed whenever M ~ [I; this is the nuclear dark-state
situation (the fully polarised state is a trivial example of
this), which is revealed through a measurable asymmetry
between polarisation-increasing (positively-detuned) and
polarisation-decreasing  (negatively-detuned) magnon
resonances in the magnon spectrum, as in [I5] 16]. In
our current work, as shown in Fig.10d of this SI, we
do not observe any such magnon sideband asymmetry

even at our largest values of nuclear polarisation. We
show this by fitting the positively- and negatively-
detuned As magnon Rabi frequency Q. to the model
Qe X VI —edon X (W2/(w 4 don)), which leaves a
free parameter ¢ in a prefactor /1 — edon to model an
effective darkening of the nuclear state and a change in
magnon Rabi frequency beyond that expected from the
change in a,e (Eq.6 in the main text). We find that € is
consistent with zero within one and two standard errors
for the negative and positive magnons, respectively.
We also find that should any non-zero value of & be
real, it very likely has the same sign for both positive
and negative mode indicating that it isn’t a result of
state darkening (for which the signs would be opposite)
but more likely a technical artifact of the spectrum
acquisition. It is also in any case a relatively small
effect accounting for at most a 10% change in the Rabi
frequency compared with a factor of ~ 2 for the effect
from a,. alone.

We emphasize that our nuclear polarisation here, un-
like in other works [I5] [I6], remains modest: our max-
imum Overhauser shift of 3GHz (while considerable for
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FIG. 16. The fine-resolution As sidebands for all we (top panel), along with the As sidebands simulated using the fitted ~1,

Qmag, and I' (bottom panel).

the electron) is spread 50/50 between As and ®*Ga and
is approximately 15% of the maximum achievable Over-
hauser shift of 20 GHz for these two species. This ab-
sence of any polarisation-dependent asymmetry means
the magnon rates are to a good approximation thermal,
and thus we do not see an improvement in the correlation
time of nuclei or correspondingly in the electron qubit
coherence beyond that obtained from the w. scaling of

Eq.[ET7

Appendix G: Dynamical tuning of the non-collinear
interaction in a Gallium Arsenide central spin
quantum memory

As a demonstration of how the dynamical tuning of
the non-collinear interaction between the QD electron
spin and the nuclear ensemble could be of use for the op-
timisation of quantum information protocols, we provide
the following proposal for a multi-mode nuclear register
quantum memory. A single-mode version of this memory
was recently realized in Ref. [I6], using a GaAs QD. In
that work, the state of the QD electron was transferred to
a single nuclear magnon of a nuclear dark state prepared
from the ' Ga nuclei, and later retrieved from the nuclear
ensemble. It was found that cross-talk between the "'Ga

and %°Ga species in the nuclear ensemble — determined
by ane — was a major limiting factor on the fidelity of the
quantum memory protocol.

We thus outline the following protocol, incorporating a
dynamical use of our a,. tuning technique and extending
the quantum memory protocol of Ref. [16]:

1. Polarize ' Ga nuclei towards —3N71ga/2 to create
a nuclear dark state of the "'Ga nuclear species,
and polarize °Ga towards 3Ngoqa/2, as was done

in Ref. [16].

2. Polarize the As nuclei to create a net nuclear polar-
ization that corresponds to the optimal value of a
to avoid cross-talk between "'Ga and %°Ga while
driving the electron-nuclear SWAP gate.

3. Actuate the SWAP gates to transfer the electron
state to the "'Ga ensemble and/or the ®Ga en-
semble.

4. Polarize As to create a dark state, transfer a new
electron spin state to the As ensemble with another
SWAP gate.

5. Wait a user-defined time.

6. Retrieve the stored state from As.
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7. Polarize As back to the optimal regime to transfer
a state between the electron and the Ga species.

8. Retrieve the spin state from " Ga and/or °Ga.
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The use of direct NMR control of the nuclear ensem-
ble as in Ref. [42] would, in addition, enable both fast
rotations of the nuclear ensemble polarization to opti-
mize aye, as well implementation of refocusing pulses for

the

nuclear ensemble, extending the coherence time of

the nuclear register to the 20 ms regime [42].
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