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Additional factors that may limit the spin-readout
fidelity include finite experimental temporal resolution in
applying the microwave and optical pulses, amplitude fluc-
tuations of the microwave field [32], and heating-induced
depolarization caused by the applied microwave and laser
fields [27]. While the effect of temporal jitter should be
negligible in typical approximately 20-ps-resolution time-
resolved measurements and microwave fluctuations can be
suppressed by utilizing phase-modulated driving [32], the
nontrivial effect of heating strongly depends on the cryo-
station cooling power, which is subject to experimental
studies bevond the scope of this work.

To summarize, we propose a microwave-based protocol
for reading the state of a spin qubit within the decoherence-
free subspace of a quantum dot molecule. The readout
fidelities presented here could be further improved by oper-
ating at subkelvin temperatures, for which thermal equilib-
rium mostly populates the singlet state and spin depolariza-
tion is minimized. While the optical signal collected from
implementing the protocol represents spin population (i.e.,
the expectation value (5:)), the full state tomography of
the quantum state (i.e., expectation values (Sy). {S,)) can
be derived by utilizing a preceding optical Raman rota-
tion /2 pulse, as previously implemented on quantum
dot systems [19,26.27]. Combined with the long coher-
ence times associated with the decoherence-free subspace,
the presented single-shot readout capabilities for modest
collection efficiencies could enhance the performance of
quantum dots for generating photon entanglement and stor-
ing quantum information, thereby upgrading their potential
as building blocks of quantum networks. Finally, the pro-
tocol can be implemented even if the transitions Ty < T
and Ty «» T_ are not degenerate (e.g., in the presence of
zero-field splitting). In such a case, while photons will be
collected mainly from exciting a single isolated manifold,
the equivalence between both isolated manifolds ensures
that the readout performance will not change compared to
the one presented here.
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Figs. 2(b) and 2(c)] result in low false-negative proba-
bilities of Prg and Psg. corresponding to high readout
fidelities. Parameter regimes exhibiting low fidelities [blue
region in Figs. 2(b) and 2(c)] arise either due to insuffi-
cient detection of photons (bottom-left region) or when
many photons are collected for the initial § state as a
result of spin depolarization and direct reflectivity (top-
right region). While defining a photon threshold of Ny = 1
provides high fidelities (> 0.9) at a broad range of dura-
tions and collection efficiencies [Fig. 2(b)], defining a
higher threshold, such as Ny = 5, results in even greater
achievable fidelities [Fig. 2(c)]. Figure 2(d) illustrates the
fidelities possible for different collection efficiencies. For
example, n = 1%, which has been realized experimentally
by incorporating quantum dot molecules in a low-( cav-
ity [29], provides maximum readout fidelities of F ~ 0.95
for Nr=1and F ~ 0,99 for Ny = 4.

A spin-readout protocol is conventionally considered
to offer single-shot capabilities when the readout fidelity
exceeds 0.8 [Fig. 2(d)] [28]. Under such conditions, the
spin state detected within a single realization (7 or §)
can be further used for quantum information processing.
In Fig. 3(a), we indicate in vellow the collection efficiency
and readout duration regimes that could provide single-
shot capabilities for a forbidden-transition decay rate of
I'r = 1 MHz. Similarly, we extract the minimum collec-
tion efficiency required for single-shot readout considering
different forbidden transition decay rates [Fig. 3(b)] to
account for sample variations based on the strength of
heavy-light hole mixing. The parameter span that enables
single-shot readout reduces significantly with increasing
forbidden transition rates due to faster decay from the
isolated manifold to the singlet state. However, for a pre-
viously measured rate of I'p = 5 MHz [23]. single-shot
readout is possible for collection efliciencies greater than
0.52%, while similar capabilities for the weaker rate of
I'r = 1 MHz require collection efficiencies of just 0.12%.
Thus, the proposed protocol enables single-shot readout
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FIG. 3. (a) The simulated readout pulse durations and photon-
collection efficiencies required for single-shot readout (I'r =
| MHz). The yellow region indicates sets of parameters that
result in a readout fidelity of F = 0.8. (b) The minimum col-
lection efficiency for single-shot readout as a function of the
forbidden transition decay rate.

within a broad range of conditions. In particular, i no pho-
tons are detected within a readout realization, the initial
spin state is identified as § state with probability over 80%.

Experimental observation of these high-performance
spin-readout capabilities requires the implementation of
high-fidelity microwave 7 pulses on a time scale approach-
ing the decoherence time within the triplet manifold (rep-
resentatively chosen as 5 ns; see the Supplemental Mate-
rial [24]). Previous implementations of microwave control
[30] could be improved utilizing coplanar waveguides,
which enabled gigahertz Rabi frequencies for the electron
spin of nitrogen-vacancy centers in diamond with a g fac-
tor of 2 [31]. Considering the quantum dot molecule spin
2 factor of approximately 0.5 [21,23] and the proportion-
ality of the Rabi frequency to f/r, where [ is the current in
the waveguide and r is the distance to the spin (Ampere’s
law), analogous rotations of the quantum dot molecule
spin should be achievable by doubling the microwave
amplification and reducing the waveguide diameter.

While the simulated fidelities depicted in Figs. 2 and 3
consider ideal infinitely strong microwave m pulses, the
experimental readout performance will degrade due to
the finite Rabi frequency of realistic pulses, dictated by
losses and impedance mismatch along the coplanar waveg-
uide (see the Supplemental Material [24]). To quantify the
resulting degradation of the readout fidelity, we simulate
the probability of populating the Ty or T_ state after driv-
ing the initial state T [Fig. 4(a)] at different Rabi frequen-
cies, Qnw. For each Rabi frequency, the first maximum
of the oscillating probability dynamics corresponds to the
m-pulse fidelity, which can be multiplied by the fidelities
provided in Fig. 2 to extract the total spin-readout fidelity.
Evidently, even Rabi driving at a frequency of 100 MHz
[Fig. 4(b)]. almost an order of magnitude slower than
achieved previously [31], results in a multiplication fac-
tor of approximately 0.98 and a total spin-readout fidelity
over Y7%. Thus, the experimental realization of such spin
rotations could enable single-shot readout of the quantum
dot molecule spin.
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FIG. 4. (a) The simulated probability of populating the T'; or
T_ state while resonantly driving the initial T}, state at different
microwave Rabi frequencies. (b) The fidelity of the microwave
 pulse as a function of the Rabi frequency.
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manifold (including the forbidden ones) [red arrows in
Fig. 1(b)].

To explore the protocol’s ability to identify the initial
spin state, we first simulate the emitted and reflected sig-
nals as a function of the duration (Tg) of the readout pulses
[Fig. 2(a)] by solving the Lindblad master equation for the
density matrix p,

" l‘ I
p= _E[H“"] +El"; (L:po—E {LI"—W}).« (h
i

where H is the Hamiltonian incorporating the microwave
m pulse and (L;} are jump operators of incoherent pro-
cesses with decay rates of {T'j}. These processes include
optically allowed (I'g = | GHz) and forbidden (100 klz
to 10 MHz) transition decay rates, ground-state spin depo-
larization (1/I") = 100 ws), spin decoherence within the
singlet-triplet qubit (1/I'357 = 200 ns) and triplet mani-
fold (1/Tyr =35 ns). and optical cycling associated with
the protocol (¢ =1 GHz) (a full description is avail-
able in the Supplemental Material [24]). Moreover, the
simulations consider direct reflectivity of a 1-uW laser
from the sample surface attenuated by a factor of 108,
which is achievable using cross-polarized optics. The
numerical values are based on measurements of indium
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FIG. 2. (a) The simulated fuorescence signal emitted from a
quantum dot molecule (I'r = 1 MHz) for the initial T}, (Mg 7,
blue solid line) and § (Ng 5, red dashed line) states, as well as the
signal reflected from the sample considering a cross-polarization
degree of 105 (Nj, black dash-dotted line) as a function of the
duration of the readout pulses. (b),(c) The simulated spin-readout
fidelity (') as a function of the collection efficiency and duration
of the readout pulses (I'r = 1 MHz) at (b) one-photon- and (¢)
five-photon-collection thresholds (Ny). (d) The maximum spin-
readout fidelity as a function of the collection threshold for dif-
ferent collection efficiencies. The single-shot-readout threshold
is indicated by the black dashed line.

arsenide quantum dots embedded in gallium arsenide
[13,21,23-27].

The simulation results of Eq. (1) [Fig. 2(a)] highlight the
difference between the number of photons emitted for the
initial spin states |Ty) (Ngr) and |S) (Neg). For the ini-
tial |Tp) state (blue solid line), the fluorescence intensity
mainly depends on the branching ratio between the opti-
cally allowed and forbidden transitions, I'o/I'F. Ideally,
as the |§) state should not be transferred to the isolated
manifold by the preliminary microwave m pulse, zero
fluorescence should be expected for this initial state. How-
ever, an undesired signal (red dashed line) emerges due
to spin depolarization to the triplet manifold at nonzero
temperatures, thereby reducing the spin-readout fidelity.
Additionally, signal directly reflected from the sample (Ng)
(black dash-dotted line) contributes to the background pho-
ton count for both initial spin states, which also reduces the
spin-readout fidelity. A significant drop in the ability to dis-
tinguish between the spin states is observed at increasing
durations. This drop can be attributed to the fluorescence
signals of both initial states approaching each other [red
and blue lines in Fig. 2(a)] due to spin depolarization and
to the increase of the direct reflectivity [black dash-dotted
line in Fig. 2(a)].

We define a photon-collection threshold value (an inte-
ger, Nr) to determine the spin-readout fidelity within a
single realization of the protocol. If the number of photons
collected is greater or smaller than N7, then we classify
the initial spin state as |Tg} or |§), respectively [28]. For
an initial state within the {5, Ty} manifold, the resulting
experimentally achievable readout fidelity, which strongly
depends on the optical collection efficiency, is defined by
[28,29]

1
F=1—§(PT.F+PSF)~ (2)

where Prp (Ps) is the false negative (positive) probabil-
ity of detecting less than (at least) Ny photons given the
initial state [Ty} (|8} ). These probabilities can be calculated
from the Poissonian distribution of the photon detection
process,

Nr-l .t __a 00 . k—Ag
A T Afeg—4s
Prp = Ti! v Pop=3Y" ST (3)
k=1 k=Nt

with expected values of &; = n(Ng; + Ng). where 1 1s the
photon-collection efficiency dictated by the experimental
setupandj € {S,T}.

Next, we simulate the readout fidelity under the real-
ization of the protocol [Egs. (2)4(3)] as a function of
the optical collection efficiency and duration of readout
pulses for different photon thresholds, including Ny = |
[Fig. 2(b)] and Nr =35 [Fig. 2(c)]. For a given photon
threshold, certain parameter regimes [vellow regions in
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microwave m pulse within the triplet manifold selectively
transfers the spin state from the decoherence-free subspace
to the ground levels of the isolated transitions. Second,
the transitions are optically cycled and the emitted flu-
orescence is collected to identify the initial state. We
simulate the spin-readout fidelities achievable through the
implementation of this protocol. Additionally, we iden-
tify the readout times and photon-collection efficiencies
that provide single-shot spin-readout capabilities. Spin-
readout fidelities of over 97% and single-shot readout
performance simulated for photon-collection efficiencies
as low as 0.12% are expected to be feasible by deliver-
ing the microwave pulse utilizing a coplanar waveguide.
Such spin-readout performance strengthens the poten-
tial of quantum dot molecules for quantum information
processing.

Our protocol considers a singlet-triplet energy-level
structure associated with quantum dot molecules that con-
tain a single electron in each quantum dot. The application
of magnetic field parallel to the sample growth direc-
tion (Faraday geometry) Zeeman splits the quantum dot
molecule energy levels to form singlet (|S) = [1)[1) = |1
)11)) and triplet ({|To} = [1}14) + L)1), 175} = [1H1)
[7_} = {4} spin manifolds, as well as four opti-
cally excited states ({X_, X, . X;.X3}) [Fig. I(a)] [18-20].
The spin manifold (8, Tp} has a reduced susceptibility to
fluctuations in the nuclear bath due to the lack of elec-
tric and magnetic dipole moments, thereby forming a
decoherence-free subspace [19,20]. Optical selection rules
allow fast spontaneous emission at a rate of I'p through
spin-conserving optical transitions [black solid lines in
Fig. l(a)], while optically forbidden transitions, weakly
enabled by heavy-light hole mixing [gray dashed lines in

FIG. 1. (a) The energy-level diagram of a quantum dot
molecule. The solid black arrows represent optically allowed
transitions; the dashed gray arrows represent optically forbidden
transitions. (b) The same diagram, showing only the transitions
relevant for the spin-readout protocol. First, the 7j state is trans-
ferred to either 'y or T_ (purple arrows) by a microwave m pulse.
Then, the isolated transitions T- <= X+ and T— <= X_ are opti-
cally cycled (green dotted lines) and the fluorescence emitted to
the triplet manifold (red arrows) is collected. Undesired decay
to the § ground state via optically forbidden transitions (gray
arrows) eventually limits the readout performance.

Fig. 1(a)], exhibit a significantly slower decay rate of I'r
[21.23].

The spin state within the decoherence-free subspace can
be read by exciting any of the four optically allowed tran-
sitions leading from the subspace to the excited states X
and X; and collecting the resulting transmitted or reflected
resonant fluorescence [19]. However, since the excited
states decay to both spin states § and Ty, both spin states
will become equally populated before enough photons
are collected for the identification of the original state,
thereby preventing single-shot spin readout. An alterna-
tive approach for spin readout involves the excitation of the
optical transitions Ty <+ X and T_ <+ X_, which are iso-
lated from other energy levels [21,23]. Due to the isolation
of these transitions, the number of photons detected before
the state decays to the singlet state is significantly ampli-
fied, thereby enabling single-shot spin readout. However,
the leveraging of these transitions requires a preliminary
stage of spin transfer from the decoherence-free subspace
to Ty or T_. To date, such transfer has been demonstrated
utilizing forbidden transitions, leading to the excited states
X_ and X . However, the slow rates of these transitions
result in long (approximately microseconds) spin-transfer
times, lengthening the spin-readout process without con-
tributing to the performance. Furthermore, residual decay
via these forbidden transitions to the § state during optical
cycling eventually limits the number of photons collected
via the isolated transitions, thereby reducing the overall
performance of the readout protocol.

We propose a two-stage protocol for improving the
spin-state readout of a qubit within the decoherence-free
subspace of a quantum dot molecule that does not depend
on forbidden transitions [Fig. 1(b)]. First, a microwave &
pulse transfers the Ty state from the decoherence-free sub-
space to one of the complementary triplet states, 7, or 7_
[purple arrows in Fig. 1(b)]. As the transitions Ty — T}
and Tp — T_ are degenerate, this pulse will lead to the
occupation of either of the states, Ty or T_, with equal
probabilities. Then, two simultaneous laser pulses (i.e., the
“readout pulses,” with a duration of Tg) cycle both isolated
transitions of Ty <> X, and 7_ <> X_ [green dotted lines
in Fig. 1(b)] and the emitted fluorescence decaying to the
triplet manifold is collected [red arrows in Fig. [(b)]. The
simultaneous driving of both transitions ensures optical
excitation regardless of the specific previously occupied
state (I, or T_). Due to the isolation of these transitions,
the resulting emitted fluorescence is significantly amplified
compared to protocols relying on excited states strongly
decaying to both triplet and singlet manifolds. The col-
lection of this fluorescence signal, which should be large
for the initial state Ty and small for the initial state S, will
indicate the original spin state within the decoherence-free
subspace. To avoid the need for complex spectral filtering,
we consider the collection of a broadband signal incorpo-
rating emissions from all transitions decaying to the triplet
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The efficient single-photon-emission capabilities of quantum dot molecules position them as promis-
ing platforms for quantum information processing. Furthermore, quantum dot molecules feature a
“decoherence-free” subspace that enables spin qubits with long coherence times. To efficiently read out
the spin state within this subspace requires the optical cycling of isolated transitions that originate from a
triplet manifold within the quantum dot molecule. We propose and theoretically study a two-stage spin-
readout protocol within this decoherence-free subspace that allows single-shot readout performance. The
process incorporates a microwave 1 pulse and optical cycling of the isolated transitions, which induces
fluorescence that allows us to identify the initial spin state. This protocol offers enhanced readout fidelity
compared to previous schemes that rely on the excitation of transitions that strongly decay to multiple
ground states or require long initialization via slow optically forbidden transitions. By simulating the
performance of the protocol, we show that an optimal spin-readout fidelity of over 97% and single-shot
readout performance are achievable for a photon-collection efficiency of just 0.12%. This high readout per-
formance for such realistic photon-collection conditions within the decoherence-free subspace expands the

potential of quantum dot molecules as building blocks for quantum networks.

DOIL: 10.1103/PhysRevApplied. 15.L031002

Quantum dots emit single photons with high efficiency
and indistinguishability [1-5]. By utilizing novel hybrid
integration techniques to incorporate quantum dots on chip
[6-8], these optical properties position quantum dots as
promising platforms for quantum computation [9] and
communication [10]. Furthermore, electrically charged
quantum dots offer a ground-state spin qubit. The strong
coupling of this qubit to photonic structures results in
spin-selective reflectivity [11-14], which could pave the
way toward the realization of quantum networks [15].
However, the potential to manipulate and store quantum
information with quantum dot spin is limited due to the
short coherence times that stem from interactions with the
nuclear bath [16,17].

Quantum dot molecules, which consist of coupled
quantum dots [18-20], offer a pathway to extend these
coherence times by several orders of magnitude [21,22].
These molecules support singlet and triplet ground states
that constitute a decoherence-free subspace, in which a
spin qubit features reduced susceptibility to magnetic and
electric field fluctuations. The conventional approach for
reading the quantum dot molecule spin state within this
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subspace involves the resonant excitation of optical tran-
sitions and detection of the transmitted or reflected pho-
tons [19]. However, the achievable readout fidelity utiliz-
ing such methods is limited, as the excited states can decay
to different ground states, preventing single-shot spin read-
out of the original spin state. An altemnative spin-readout
approach involves repeatedly exciting an isolated transi-
tion of the quantum dot molecule that mainly decays to
a single ground state [21,23]. As a result of such opti-
cal cycling, the number of photons collected within the
measurement time frame prior to the collapse to other
ground states is significantly amplified, thereby increasing
the spin-readout fidelity. The accessing of these isolated
transitions from the decoherence-free subspace, however,
has only been achieved by exciting weak optically for-
bidden transitions [21,23]. This approach features long
spin-transfer times that unnecessarily lengthen the readout
process. Additionally, undesired decay through optically
forbidden transitions during optical cycling of the isolated
transitions diminishes the spin-readout fidelity.

In this letter, we propose a protocol for reading the
quantum dot molecule spin state within the decoherence-
free subspace that does not rely on the optically forbidden
transitions, enabling direct efficient access to the isolated
energy levels. The protocol involves two stages. First, a

i© 2021 American Physical Society
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