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We demonstrate the extension of coherence between all four two-electron spin ground states of
an InAs quantum dot molecule (QDM) via non-local suppression of nuclear spin fluctuations in
two vertically stacked quantum dots (QDs), while optically addressing only the top QD transitions.
Long coherence times are revealed through dark-state spectroscopy as resulting from nuclear spin
locking mediated by the exchange interaction between the QDs. Lineshape analysis provides the first
measurement of the quieting of the Overhauser field distribution correlating with reduced nuclear

spin fluctuations.

The solid state community has made great strides in
demonstrating basic quantum information operations us-
ing self-assembled quantum dot structures. Ground state
initialization has been achieved in both electron[l, 2]
and hole[3] spin systems, coherent spin rotations can
be performed within picoseconds using detuned Raman
pulses[4—06], spin states can be read out via absorption[6]
or fluorescence[4, 7], and spin-photon entanglement|7—
9] allows for the incorporation of these systems into
quantum networks. The decoherence properties of elec-
tron and hole spin qubits have been investigated with
data indicating that nuclear spin fluctuations via hyper-
fine coupling and residual charge fluctuations[10-13] are
the primary sources of spin decoherence. Intense efforts
have focused on how to protect the electron spin qubit
from these noise sources, resorting to Hahn spin echo
using ultrafast pulses[14] and nuclear spin fluctuation
quieting[15, 16].

The fabrication of vertically-stacked self-assembled
quantum dot molecules (QDMs)[17] has allowed the com-
munity to extend these studies to multi-dot systems.
Progress has been made in the coherent control of two
electrons trapped in a QDM consisting of two quantum
dots separated by a small tunneling barrier[18, 19]. In
such a two-electron system, a qubit is formed from the
singlet S and the spin-projection zero triplet Ty due to
their relative insensitivity to charge and nuclear spin
noise fluctuations. Ultrafast optical manipulation of the
S — Ty qubit has been demonstrated[20], later followed
by coherent population trapping (CPT) experiments, re-
vealing coherence times of at least 200 ns[21].

In this Letter, we report that dark-state spectroscopy
reveals long coherence times for arbitrary superpositions
of any of the four coupled-dot ground states (S, Ty, T4)
of the two-electron strongly-coupled QDM system. The
use of optical excitation of only one constituent dot of the

QDM means that the quieting of the nuclear spin fluctu-
ations which strengthens the spin coherence extends to
the other dot. We interpret this non-local quieting as
due to the strength of the coupled-dot spin states arising
from the strong tunneling exchange between dots. Thus,
in each quantum dot the mechanism of the nuclear spin
bath driving the electron spin decoherence is dominated
by that of an isolated QD[13, 15] in the presence of the
Knight field on the dot regardless of whether the field
is from the direct optical excitation of the electron spin
in the dot or through the tunneling exchange. Nuclear
spin diffusion from dot to dot is prevented by the nuclear
spin energy mismatch through the tunnel barrier [13].
Analysis of the data provides the first measurement of
the quieting of the Overhauser field distribution coincid-
ing with the enhanced electron spin coherence time. We
report a lower-bounded ground state coherence time of
at least 1.3 microseconds. The implication for quantum
information processing is the extension of the QDM plat-
form beyond a single qubit (S-Tp) to a coupled two-qubit
system or a qudit (d=4) system.

In the set of experiments described below, we study
an InAs/GaAs QDM consisting of two InAs quantum
dots separated by a small tunneling barrier embedded
within a Schottky diode [18][22]. All absorption spectra
are measured using Stark shift modulation spectroscopy
at 6 K in a 1.5 T Voigt geometry magnetic field [22].

With an appropriate bias voltage, two electrons are
confined in the QDM such that the wave function of each
electron resides mostly in separate dots[18]. The tunnel-
ing of each electron through the inter-dot barrier leads
to the Heisenberg exchange interaction which forms the
molecular states. Hence, the two-electron states consist
of the spin-singlet .S and the triplet manifold, denoted by
T_,Ty, Ty, representing total spin down (m; = -1), zero
(mj; = 0) and up (m; = +1), respectively. Using reso-
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FIG. 1. a. Schematic of Schottky diode structure with quan-
tum dot molecule. Vertical stacking order is from left to right.
FEc,Eyv,Er are the conduction band energy, valence band en-
ergy and Fermi energy. b. Energy level diagram and optical
transitions between singlet/triplet ground states and excited
states in the presence of an in-plane (Voigt geometry) mag-
netic field. States consist of an electron in the lower QD,
represented by |+x), and a trion in the top QD, represented
by |t+z). Spin projections are shown along +x-direction and
+(—) denotes spin up (down). Blue/dashed (red/solid) lines
represent vertical (horizontal) polarization.

nant excitation, an exciton is created in the top QD dur-
ing optical excitation. The Coulomb interaction associ-
ated with this additional exciton prevents tunneling|[18§],
thereby isolating the QDs. The optical excited states
consist of a single electron in the lower QD and a trion,
i.e., a heavy-hole and two spin-paired electrons, in the
top QD, in which the spin state of the trion is given by
the heavy-hole.

The S and Ty states form the decoherence-free sub-
space which is immune to fluctuations of the nuclear
Overhauser field from the underlying lattice. Ideally,
in zero or an out-of-plane magnetic field (Faraday ge-
ometry), T and T states are decoupled from the S-
Ty subspace. Nonetheless, weak coupling may arise due
to an in-plane Overhauser field or heavy-hole-light-hole
mixing[15], and could contribute to decoherence since T_
and T states are susceptible to fluctuations of Over-
hauser field. Alternatively, as shown in Fig. 1, an in-
plane magnetic field (Voigt geometry) splits the triplets

and allows T_ and T states to be coupled to the S-Tj
subspace via A-systems. This offers the following ad-
vantages. First, ultrafast spin preparation of 7 and T
states can be achieved with optical pumping. Second,
easy access to 17— and T, states enables nuclear spin
locking via hyperfine coupling between the electron and
nuclear spins; We exploit this feature to extend the two-
qubit coherence by over two orders of magnitude.

The optically accessible system has four pairs of en-
ergetically degenerate transitions, (was,ws7), (w26, wss),
(w35, wqr) and (wse, was). The experiments are performed
in the regime in which the exchange splitting is inde-
pendent of the bias voltage. Therefore, the contribu-
tion to the electron g-factors from the interdot AlGaAs
barrier is negligible, leading to an experimentally indis-
tinguishable difference between electron g-factors in the
dots and therefore degenerate transition pairs. (Figure 1)
[23, 24]. An out-of-equilibrium population of the 77 state
is achieved by the application of horizontally-polarized
cw Pump 1 and 2, on resonance with transitions wy5 and
wag /38, Tespectively, as shown in Fig. 2a. By tuning the
frequency of Pump 1 to wis, coherent population trap-
ping (CPT)[25] is avoided and the system is prepared
in T, state with near unity fidelity, confirmed by mea-
suring an absorption signal only at wsg. When the fre-
quency difference between the probe and Pump 2 equals
the Zeeman splitting of the triplets, CPT is expected, as
demonstrated by a dark-state dip in the probe absorption
spectrum. However, in both forward (increasing in fre-
quency) and backward (decreasing in frequency) scans,
the absorption spectra (Fig. 2b) exhibit distortion and
hysteresis typical of dynamic nuclear spin polarization
(DNSP). The spectra reveal the tuning of the optical res-
onance and, consequently, the two-photon resonance due
to the shifting Overhauser field caused by the scanning of
the probe. The optical resonance moves away when the
scanning probe approaches, resulting in an abrupt reduc-
tion of the absorption signal. In the other case where the
system is prepared in T_ state, the resonance appears to
follow the scanning of the probe over a range of 10 peV.
22]

Here we demonstrate suppression of the effects of
DNSP due to the probe, thereby extending the decoher-
ence time of the two-electron ground states. We apply
a third pump laser, Pump 3, tuned to the two-photon
resonance with Pump 2, as shown in Fig. 2c. A config-
uration for CPT is created in the M-system as recently
studied in atomic systems[26] consisting of states 2, 6, 3,
8 and 4, such that a coherent state comprising all three
triplet states is formed, with the probability amplitudes
of individual states dictated by the relative intensities
of the pumps and the relevant optical dipole moments.
This is the first report of coherent control in a 5 level
system in semiconductors and provides a novel platform
for studies in electromagnetically-induced transparency.
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FIG. 2. Suppression of DNSP by optical nuclear spin locking. a. Pump configuration for 7y state preparation. b. Probe
absorption spectra following the pumping scheme in a. Upper(lower) panel: forward(backward) direction scan across was/se.
c. Nuclear spin narrowing pump configuration d. Probe absorption spectrum showing the recovery of dark-state profile. Solid
circles in the plot represent averaged data points obtained from 7 scans, error bars show standard deviations. Red solid line is

the theoretical fit.

For the effective intensity ratio of Pump 2 to Pump 3
arbitrarily chosen to be 25 : 1, the system is coherently
initialized to predominantly 7' state. The Overhauser
field is stabilized when the Rabi frequency of Pump 3 is
adjusted to be sufficiently strong in order to overwhelm
the dynamics induced by the scanning probe; the change
in ground state population due to the probe is no longer
significant enough to induce DNSP effects. As revealed
in Fig. 2d, a prominent dark state dip is now observed
and the distortion in the lineshape is suppressed. This
allows us to simulate the behavior of the system with-
out considering the effects of DNSP [22]. The full depth
of the CPT dip indicates long ground state decoherence
times, T3, found to be at least 1.3 us, corresponding
to an extension by a factor of 500 compared to the es-
timated decoherence time due to thermally-distributed
nuclear fluctuations[15], signifying a dramatic suppres-
sion of Overhauser field fluctuations in both QDs. The
nuclear spin quieting is nonlocal due to the fact that op-
tical excitations occur only in the top @QD.

A unique feature of QDMs is that the spin-zero singlet
state enables the experimental study of the roles of 7T
and T, states in nuclear spin locking, as well as the di-

rect observation of the associated quieting of Overhauser
field distribution. In the pump configuration shown in
Fig. 3a, the system is prepared in a coherent super-
position of the singlet and 7T state when Pump 2 and
Pump 3 are in two-photon resonance. In the measured
probe absorption spectrum (hollow circles in Fig. 3b), a
dark-state dip is seen in each of the singlet transitions,
as expected from the CPT. The lineshapes deviate from
the ideal dark-state profile, while the depths of the dark-
state dips in both transitions increase as the intensity of
Pump 3 is raised. Without Pump 3, however, the sys-
tem is prepared in the singlet state and the dark-state
dips vanish (triangles in Fig. 3b) in the now broadened
lineshapes, contrary to what is expected from CPT in
a A-system, assuming an extended coherence time be-
tween the ground states [22]. This can be explained by
considering a stochastic effective magnetic environment
due to fluctuations in the nuclear spins of the underlying
lattice. Although the singlet state is unaffected by the
Overhauser field, the fluctuating Overhauser field affects
both the spin-polarized top-QD trion, and the T_ and
T, states, via the Zeeman shift, obscuring any dark state
dip. To construct a theoretical fit, we assume a spectral
diffusion model where the Overhauser field is assumed to
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for fitting the spectra in b. d. Comparison between spectra calculated from different combinations of decoherence times and

Overhauser field distributions.

be slowly varying compared to optical processes[27]. The
calculated absorption spectra corresponding to different
individual Overhauser fields are then averaged according
to the best-fitting Overhauser field distribution. Here the
intrinsic Overhauser field (the case without Pump 3) fol-
lows a Gaussian distribution with an extracted standard
deviation of 134 + 50 mT (dashed line in Fig. 3c), in
agreement with the theoretical order-of-magnitude esti-
mate of 100 mT [22]. The resulting lineshape, shown as
the red solid line in Fig. 3b, suggests that the averaging
of different spectra is sufficient to obscure the dark-state
dip as observed in both simulation and experiment, with-
out invoking enhanced nuclear spin fluctuations.

Remarkably, when Pump 3 is applied, the same fit-
ting procedure produces a narrowed distribution of the
Overhauser field, as shown by the solid line in Fig. 3c,
and reproduces the observed dark-state profiles of the
two singlet transitions simultaneously. The appearance
of both dark-state dips signifies a long spin decoherence
time between the optical ground states, here estimated
to be about 1 us. This interpretation is corroborated
by our simulations with different scenarios as described

in Fig. 3d. In particular, for two limiting cases where
in the first, an intrinsic Overhauser field distribution to-
gether with a long 75 of 1 us is assumed, and in the
second, a narrowed Overhauser field distribution with a
thermal spin decoherence time of 2.5 ns[15], neither of
the resulting lineshapes fits the data. Our model also ac-
counts for the difference in the depths of the dips, where
the dark-state dip at wys is shallower due to the finite
width of the Overhauser field, while at wig, the dip is
enhanced by Pump 3 which saturates the optical tran-
sition. We have no definitive explanation of the three-
peak line shape of the Overhauser field distribution in the
pumped case and relegate some possible interpretations
in the Supplement[22]. In sum, the data presented in
Fig. 3b along with lineshape analysis provides an experi-
mental means to determine the Overhauser field quieting
following optically-induced nuclear spin polarization via
a nonzero T population but we do not have the theory
to support the field distribution.

The experimental results presented in this Letter in-
dicate that the global nuclear spin ensemble composed
of the two spatially separated nuclear spin ensembles in



different QDs can be stabilized via optical excitation in
just one of the QDs mediated by the strong Coulomb ex-
change interaction. We envision a set of time-domain ex-
periments in which a nuclear spin quieting stage precedes
coherent spin manipulation and the coherence times of
the two spins are measured independently. This experi-
ment will allow us to determine the amount of time re-
quired to quiet the global nuclear spin ensemble, as well
as the nuclear spin polarization decay rate in the pres-
ence of coherent control of the two electron spins. Previ-
ous work in single QD systems indicates that the electron
spin coherence can be extended to at least a few hundred
milliseconds [28] and that this coherence time extension
persists in the absence of stabilizing lasers for at least 1.2
seconds [16].

In conclusion, we have demonstrated new degrees
of freedom for coherently manipulating the electronic
spin states and the underlying nuclear spin ensemble
in a coupled-quantum dot system. The important new
physics includes the observation that the nuclear spin
quieting leads to ground state decoherence times in ex-
cess of 1.3 microseconds without recourse to dynamical
decoupling and extends over both QDs, even though the
driving of the hyperfine coupling via the optical excita-
tion is localized to only one of the dots. The non-local
nature of the DNSP effect over both dots stems from the
strong exchange coupling, which could be reasonably at-
tributed as the cause for electron-mediated nuclear spin
flip-flop in two spatially separated QDs[13, 29-31]. Nu-
clear spin diffusion directly across the tunneling barrier
between the QDs may need to overcome the strain-caused
mismatch in nuclear Zeeman energy [13, 28, 32, 33]. Nev-
ertheless, the underlying mechanisms of DNSP in QDMs
are yet to be fully elucidated. Based on the nuclear spin
quieting experiment presented here, the essential quan-
tum information protocol separates the quieting period
for stabilizing the nuclear destruction of the electron spin
coherence from the subsequent quantum operations.
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