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The measurement problem dates back to the dawn of quantum mechanics. Here, we measure a quantum
dot electron spin qubit through off-resonant coupling with a highly redundant ancilla, consisting of
thousands of nuclear spins. Large redundancy allows for single-shot measurement with high fidelity
~99.85%. Repeated measurements enable heralded initialization of the qubit and backaction-free detection
of electron spin quantum jumps, attributed to burstlike fluctuations in a thermally populated phonon bath.
Based on these results we argue that the measurement, linking quantum states to classical observables, can
be made without any “wave function collapse” in agreement with the Quantum Darwinism concept.
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High fidelity qubit readout is essential in quantum
information processing. Usually, such readout starts with
conversion of a fragile quantum state into a more robust
form, detectable by a classical apparatus. Some readout
techniques rely on high-energy excitations, making this
conversion dissipative (irreversible). Examples include
spin-to-charge conversion [1-4], single photon detection
[5], optical readout of spin in defects [6—11], and quantum
dots (QDs) [12—14]. An alternative is unitary (reversible)
conversion. One example is the off-resonant (Ising) cou-
pling between the main and ancilla electron spin qubits,
which enables quantum nondemolition (QND) measure-
ment [15]. Other QND demonstrations include supercon-
ducting qubits under off-resonant (dispersive-regime)
coupling [16] and mechanical resonators [17].

Here, we implement unitary conversion of a QD electron
spin, but the off-resonant ancilla consists of ~10*~10° low-
energy nuclear spin qubits. The large redundancy of the
ancilla results in a very high measurement fidelity.
Moreover, the method is particularly robust and simple
to implement, since the nuclei are essentially the same in all
QDs, eliminating the need for QD-specific calibrations.
Addressing the controversial measurement problem, we
argue that high fidelity is what an observer perceives
as a deterministic classical outcome of a measurement.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

0031-9007/24/132(16)/160804(7)

160804-1

Crucially, in our system, the transition from the micro-
scopic quantum-mechanical evolution to this perceived
determinism is achieved without requiring any nonunitary
wave function reduction (“collapse”).

We study epitaxial GaAs/AlGaAs QDs [18-22]ina p-i-n
diode structure, where bias tuning can inject individual
electrons from the n-type Fermi reservoir [Fig. 1(b)]. A static
magnetic field B, is applied along the growth axis z.
A typical QD consists of N~ 10° atoms, whose nuclei
are spin-3/2 particles. The sample is subject to uniaxial
stress, which induces nuclear quadrupolar shifts [23]. This
isolates the two-level subspace with spin projections
I, =-3/2,—1/2, allowing the nuclei to be treated as
effective spin-1/2 particles. Individual QDs are addressed
optically using focused laser excitation and photolumines-
cence (PL) spectroscopy. A copper coil is used to generate a
radiofrequency (rf) magnetic field orthogonal to B,. (See
further details in Supplemental Material, Secs. 1 and 3 [24].)

The quantum system of a QD charged with a single
electron (le) is described with reference to the level
diagram in Fig. 1(a). The hyperfine interaction Hamiltonian
is Hyr = ;8 - I, where a; describes the coupling
between the spin vector s of the resident electron and
the kth nuclear spin vector I,. This interaction has a
twofold effect. First, in addition to the bare Larmor
frequency vy, each nucleus acquires a Knight [53] fre-
quency shift s,a;/(2h). Second, the electron states with
s, = £1/2 acquire the (Overhauser) hyperfine shifts
+Es/2, arising from the net polarization of the nuclear
spin ensemble [Fig. 1(d)]. The average hyperfine shift is
defined as En; = Zya, (1, ), where (...) is the expectation
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FIG. 1. (a) Energy level diagram of the nuclear spins (short

green arrows), the electron (solid blue circle and arrow), and the
optically excited trion, containing one hole (open red circle and
arrow) and two electrons. (b) Conduction band energy diagram of
the semiconductor structure, showing the GaAs quantum dot,
AlGaAs barriers, and the doped AlGaAs layers. (c) The solid
(dashed) curve shows schematically the nuclear magnetic reso-
nance spectrum in the presence of a spin-up (spin-down) electron.
Vertical arrows show the bare nuclear frequency vy and the
frequency vy — a/(2h) of the detuned radiofrequency (rf) pulse.
(d) The electron spin qubit projection is first copied into multiple
nuclear spin ancillae by the rf pulse. The total nuclear polarization
is then measured from the hyperfine shifts Ey; in the time-
averaged PL spectra. (e) Timing diagram showing optical pump
and probe, rf pulses, and the switching of the QD between the
neutral (Oe) and electron-charged (le) states.

value. The electron spin energy splitting Av,, is the sum of
Ey¢ and the bare Zeeman splitting hveg = ppg.B,, where
ge & —0.1 is the electron g-factor and up is the Bohr
magneton. The optically excited trion contains a spin-
singlet pair of electrons and an unpaired valence band hole
with momentum projection j, = +3/2. Because of the
selection rules, there are two dipole-allowed circularly
polarized (6%) optical transitions with photon energies
hufh. The optically detected spectral splitting AEp;, =

h(vy, = vsy) yields Epg [54].

Traditional readout uses resonant driving of a cyclic
optical transition [e.g., ¢ in Fig. 1(a)] to convert the
electron spin state into the presence or absence of scattered
photons [12—14]. However, there is a finite probability for
the measurement process to destroy the spin qubit if the
recombination goes via one of the “forbidden” channels
[e.g., from j, = +3/2 to s, = —1/2 in Fig. 1(a)]. Here,
we take a different approach, using the long coherence of
the nuclear spins [55] and the large energy detunings

zﬁq > 1, > vy to turn the nuclei into a QND measurement

apparatus.

Figure 1(e) shows the timing diagram of the measure-
ment cycle. It starts with a long (few seconds) circularly
polarized optical pumping of an empty (Oe) QD, which
polarizes the nuclear spins up to ~80% [56,57]. Next, an
electron is loaded from the Fermi reservoir (le) and is
allowed to equilibrate for a time 77 ,q. Nuclear magnetic
resonance (NMR) is performed by applying a rf pulse with
a total duration T, calibrated to induce a z rotation of the
nuclear spins. In some experiments, a second rf pulse is
applied, following a free evolution time T,,. The final
step is the illumination of the QD with a short (tens of
milliseconds) continuous wave optical probe in order to
collect the PL spectrum and derive Ep;. Importantly, all
measurements are done in one cycle, i.e., for the electron
spin projection s, the measurement is single-shot.

The readout of the electron spin qubit is explained in
Fig. 1(c). An electron in state s, = +1/2 (—1/2) Knight-
shifts the QD NMR spectrum to the lower (higher)
frequency side of vy. A single rf pulse is applied at a
radiofrequency vy — a/(2h), where a is a weighted average
of a; in a QD. For the electron in the s, = +1/2 (—1/2)
state, the rf pulse is in (out of) resonance, so the QD nuclei
are flipped (remain in the initial state) [6]. Statistics of the
measured single-cycle PL probe spectra [Fig. 2(a)] show a
clear bimodality in the spectral splitting (red and black
traces), arising from the bimodal distribution of the rf-
induced variation of the hyperfine shift AE;;. A systematic
dependence of AE; on the rf detuning from vy is shown in
Fig. 2(b), where the two branches corresponding to
s, = +1/2 and —1/2 are traced by the solid and dashed
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FIG. 2. (a) A random set of 16 probe PL spectra following the
detuned rf 7 pulse applied to a charged (1e) QD. The changes in
the doublet splitting AEp; are due to the changes AE}; in the
hyperfine shift E,;. The bimodality in AEp;, (and AE,;) corre-
sponds to the two s, states of the electron. (b) Histogram of the
single-cycle NMR signals AE;; measured at variable detunings
from the ®®Ga bare NMR frequency vy (vy = 72.15 MHz at
B, =7 T). The solid (dashed) line traces the branch of the NMR
resonance corresponding to the s, = +1/2 (—=1/2) electron spin
state. The dotted line shows the same single-QD resonance but
measured in a neutral charge state (Oe) via “inverse” NMR [58].
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lines, respectively. The broadening of these traces arises
from the inhomogeneous distribution of a;, while in an
empty QD (Oe, dotted line) the broadening of the NMR
spectrum is due to the much smaller quadrupolar inhomo-
geneity. The optimal resolution of the two electron
spin states (the maximum difference in AE,;) is observed
when the rf detuning matches the typical Knight shift
a/(2h) =70 kHz.

Using the optimal detuning, we collect detailed statistics
of the single-cycle NMR signals AEj;. In an empty QD [Oe,
Fig. 3(a)] the distribution of AE,; is a single mode,
broadened by the noise in probe PL spectra. The mode
is centered at a small AE},; ~ 1.7 peV, indicating partial
rotation of the nuclei by the detuned rf pulse. The same
measurement in a charged QD [le, Fig. 3(b)] shows a
bimodal distribution around two discrete values of AE;.
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FIG. 3. (a),(b) Histograms of the single-cycle NMR signals
AEy; measured at B, = 1.6 T on the same individual QD in a
neutral charge state (Oe, a), and in a single-electron charged state
(le, b). The NMR signals are produced by a single detuned rf z
pulse. Solid lines show the best model fitting. (¢) Same as (b) but
on a different QD and at B, = 5.3 T, where more efficient
nuclear spin polarization results in a larger separation of the
histogram modes. The dashed line shows a model distribution for
a randomly oriented electron spin. (d),(e) Histograms of the
single-cycle NMR signals AE}; measured at B, = 7 T with two
if 7 pulses applied to ”As and ®Ga and delayed by T, A full
2D histogram at variable T, is shown in (e), while (d) and
(f) show the cross sections at long and short T, respectively.

The mode centered at AE}; =~ 0.4 peV (x13.2 peV) cor-
responds to the s, = —1/2 (41/2) state, where the electron
Knight-shifts the nuclei out of (into) resonance with the rf
pulse. Thus, the electron’s quantum variable §, is measured
via single-shot optically detected NMR.

We note a small number of events where the NMR signal
deviates from either of the modes [8 peV < AE; < 21 peV
in Fig. 3(c)]. We ascribe such intermediate readouts to
electron spin flips during the rf pulse, resulting in partial
rotation of the nuclear spins. We model this process by
assuming a probability pgy, for the electron spin to flip
during T';. The optical readout noise is also included in the
model (see Supplemental Material, Sec. 4 [24]). The best-fit
results are shown by the solid lines in Figs. 3(b) and 3(c).
Using the fitted mode positions AEy; and AE,;, we set the
threshold at (AE;; + AE;")/2 and calculate the probability
that the detected AE}; is below (above) the threshold when
the electron state is s, = —1/2 (4+1/2). This probability is
the qubit readout fidelity, found to be F =~ 0.9985, matching
or exceeding the state of the art in a range of qubit systems
[2,8,10,11,59]. Since the two histogram modes are
well resolved, the loss of fidelity is dominated by the
random electron spin flips, leading to F~ 1 — pg,/2 ~
1 —Ty/(4T,.), where T, is the electron spin lifetime.
Nuclear spin relaxation (Tn~1-10s [21]) and
decoherence (T, n~ 1 ms [55]) are slow, and therefore
do not limit the choice of Ts. The lower limit T\ = h/a
comes from the need to resolve the s, = +1/2 Knight-
shifted NMR spectra with a short (spectrally broad) rf pulse.
Our experiments with 7y ~ 10-20 ps are already close to
this limit, constrained by the QD size through a o« N7!.
The other limitation comes from 7' ., which ranges from
milliseconds to tens of milliseconds for temperature
T~42K and our typical electron spin splitting
hv, = 50 peV. Further increase in T (and hence increase
in F) can be achieved by lowering the temperature toward
kgT = hv,, and by lowering hv, through reduced magnetic
field and nuclear spin polarization.

Immediate repeatability is a key requirement for any
measurement [60,61], which we verify in an experiment
with two rf pulses [Fig. 1(e)]. The first pulse applied to " As
nuclei records the initial state, while the second pulse on
%Ga stores the s, state after the interpulse delay T'g,,,. The
optically measured AE,; is the total NMR signal produced
by the two pulses. Figure 3(e) shows a two-dimensional
histogram of AE,; measured at different 7'g,,. A cross
section at short Tg,, ~ 1 ps [Fig. 3(f)] reveals the same
bimodal distribution as in Figs. 3(b) and 3(c), with only
two “no-flip” modes corresponding to s, = +1/2. This
shows that the measured observable §, is not altered by the
rf pulses, confirming the QND character of the measure-
ment [60]. The two additional “spin-flip” modes, corre-
sponding to s, inversion during T’g,,, emerge only at long
Tgyvo [#30 ms in Fig. 3(d)]. Analysis of the entire T,
dependence reveals the spin lifetime 7.~ 0.58 ms at
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B, =7 T, measured in equilibrium without any active
initialization of the electron spin. Instead, a heralded
initialization is performed by the first rf pulse, which stores
the initial s, in the 73As polarization, to be retrieved by the
optical probe afterward.

The readout time 7y = 20 ps is short enough to follow
the electron spin evolution on the timescale of 7.
However, Fig. 3(e) shows that the electron spin is nearly
always detected in either of the eigenstates s, = +1/2,
with very rare intermediate NMR readouts AE;;. This
suggests a random telegraph process, where the electron is
in one of the eigenstates s, = +1/2 most of the time,
occasionally experiencing quantum jumps that are much
faster than 7.

We gain further insight with the aid of the first-principle
numerical modeling, where the Schrodinger equation is
propagated from the initial wave function state y,; into
the final state y;, (see details in Supplemental Material,
Sec. 6 [24]). Initially the nuclei are in a polarized state
and the electron spin is in a general superposition y,;; =
al+1/2) + p| — 1/2) with the z-projection expectation
value s, 1, = (|a|*> — |B|*)/2. Following the detuned rf
pulse, we find that (i) the final polarization of each nucleus
equals the initial electron polarization I, ; gi, & §, it and
(i) the electron polarization is nearly unchanged
S, Fin X S mit- Such nondemolition copying of the quantum
variable §, comes at the expense of completely erasing
the conjugate variable [60], which manifests in sy g, ~
sy rin & 0 regardless of the initial electron state. This is in
agreement with the no-cloning theorem, since only s, is
copied, but not the entire spin state of the electron. These
results can be understood qualitatively through the large
detuning vy < v,, meaning that the nuclei sense only
the slowly varying average electron polarization s,.
Conversely, since v, > Nvy the nuclei do not have enough
energy to flip the electron spin, which therefore follows
adiabatically any rf-induced evolution of the nuclear spin
polarization [62].

If all electron spin superpositions had equal probabilities,
the linear response of the measurement apparatus I, ; g, ~
s, mir Would have resulted in a nearly uniform distribution
of the single-shot NMR signals, calculated and shown by
the dashed line in Fig. 3(c). And yet the measurements
yield a sharp bimodal distribution, revealing the energy
eigenstates s, = +1/2 as a preferential basis. Quantum
mechanics does not prescribe any preferential eigenbasis
toward which the superpositions should decohere. Such a
preferential basis can arise from the interaction of the qubit
with the environment, known as einselection [61,63]. The
nuclear spin environment has been ruled out above—its
energy is too small to “project” the high-energy electron
spin qubit into the s, = +1/2 eigenstates. We also argue
that “projection” of nuclear spin polarization itself, e.g., by
the optical probe, is unlikely (Supplemental Material,
Sec. 3C [24]). By contrast, the lattice vibrations (phonons)

are known to be the high-energy environment that
drives electron spin relaxation, enabled by spin-orbit
mixing [64—70]. We therefore conjecture that the phonons
are responsible for einselection and quantum jumps.

The inverse dependence of T'; . on B, (see Supplemental
Material, Sec. 5 [24]) confirms the dominant role of the
phonons [64-70]. The effective spin-phonon coupling is
x (8:& — 8,&,), where &, , are the Cartesian components
of the phonon-induced piezo-strain electric field [64]. This
form of interaction suggests that electron spin quantum
jumps are driven by quasiresonant electric fields, occurring
in the form of short (« 10 ps) random bursts, separated by
long (milliseconds) random intervals. The QND nature of
the measurement assures that the observed jumps are a
spontaneous equilibrium process [71], as opposed to
previous QD studies [8,13], where the observation process
(continuous optical excitation) could itself induce the qubit
jumps. Spontaneous collapses and burstlike revivals have
been investigated in bosonic systems, such as photons [72]
and phonons [73,74], and are typically associated with high
mode population numbers 7 2 100. The appearance of
spontaneous revivals at much lower average phonon
numbers 71 = 6.8 (for T =4.2 K and hv, = 50 peV used
here) is somewhat unexpected, calling for further
investigation.

The measurement time 7y & 10-20 ps is short compared
both to T, and the electron spin coherence time T, &
100 ps [22]. Thus, our QND readout method should allow
for single-shot probing of the electron spin coherence
without the burden of dynamical decoupling, required in
time-averaged measurements. Conversely, a detuned rf
pulse can be used to generate and study the Greenberger-
Horne-Zeilinger (Schrodinger cat) nuclear states.

Finally, we discuss the broader implications of our
experiments. The interpretation of quantum mechanics is
a long-standing and controversial topic. The measurement
problem is one of its manifestations, seeking to understand
how linear quantum-mechanical evolution of the wave
function turns into classical discrete measurement out-
comes. Radically different hypotheses range from dynami-
cal reduction models, which argue for nonlinear evolution
and real wave function collapse, e.g., due to gravity [75], to
models such as Quantum Darwinism [61,76], which seek
an explanation within the standard linear evolution (see
Supplemental Material, Sec. 7 [24]). At present, no experi-
ment can resolve this dilemma. Hence, our analysis,
presented below, should be treated as an open invitation
for further academic debate. We argue that our results
support the Quantum Darwinism perspective. While we
cannot rule out wave function collapses, if only because we
cannot verify effects such as gravity, we argue that such
“collapses” are not necessary to describe our experiments.
Our quantum system benefits from an accurate microscopic
picture of the couplings between the electron, the nuclei,
and the rf fields, as well as the excellent isolation of the
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nuclear spins from the solid state environments [21,55].
This permits a purely linear-evolution description of the
first stage of the measurement, where the fast (7T <
Tye.Ton. T1e. T1n) coherent rf pulse copies the electron
state s, into nuclear states /, ; [see Fig. 1(d)]. Thanks to the
large number ~10*~10° of nuclear copies, their arithmetic
sum (nuclear magnetization) is essentially a classical
variable, in a sense that it is not “collapsed” by the
subsequent (second stage) optical measurement. Indeed,
illumination by the probe laser degrades the nuclear
magnetization, but only gradually, and slowly enough
to generate ~10® PL photons (Supplemental Material,
Sec. 3C [24]), whose hyperfine spectral shifts +FE;/2
return the measurement outcome for the §, quantum
variable. Since a nonunitary “wave function collapse” is
not needed to describe the measurement in our system, we
argue that it may be a mere simplification in other settings
too, invoked because the microscopic picture is missing, for
example if the measurement involves coupling of the qubit
to a high-energy apparatus, such as optical fields.
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