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We demonstrate one and two photoelectron trapping and the subsequent dynamics associated with

interdot transfer in double quantum dots over a time scale much shorter than the typical spin lifetime.

Identification of photoelectron trapping is achieved via resonant interdot tunneling of the photoelectrons

in the excited states. The interdot transfer enables detection of single photoelectrons in a nondestructive

manner. When two photoelectrons are trapped at almost the same time we observed that the interdot

resonant tunneling is strongly affected by the Coulomb interaction between the electrons. Finally the

influence of the two-electron singlet-triplet state hybridization has been detected using the interdot

tunneling of a photoelectron.
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The transfer of quantum information between single
photons and solid-state quanta such as charge, electron
spin, and nuclear spin has been extensively studied because
it is an essential element towards the establishment of a
global quantum information network. Semiconductor quan-
tum dots (QDs) can be key systems for photon-electron
quantum coupling since charge and spin qubit states along
with their gate operations are both optically and electrically
accessible [1–5]. Additionally, both photon polarization and
electron spin are robust quantum states [6]. Preliminary
experiments of information transfer between ensembles of
these two quantum media have been performed in GaAs
quantum wells [7,8]. Recently, the entanglement between
photons emitted from a QD and spin in the QD has been
reported in InAs self-assembled QDs [9–11].

To date several single photoelectron trapping experi-
ments were performed in gate defined GaAs single QDs
with a nearby charge sensor [1,2,12,13]. Single photoelec-
tron spin states were also distinguished destructively using
edge states [2]. Other schemes using the Zeeman effect
or spin singlet and triplet states are feasible [6,14]. Spin
measurement in single QDs is, however, usually destruc-
tive in the sense that the photoelectrons are immediately
lost to the electron reservoir. Nondestructive transfer
between separate dots is required to integrate a photon to
spin conversion interface in quantum circuits. Double QDs
(DQDs) provide a robust single spin readout through Pauli
spin blockade.

The scheme of the quantum repeater based on coherent
transfer using quantum-dot spins [15] may be achieved
by the following process. Two photons from different
entangled photon sources have to be captured in the same
double quantum dot. They then must be entangled together

without destroying quantum information using a two-qubit
gate operation. Therefore, the nondestructive detection of
two or more photoelectrons and their spin states using an
electrically defined DQD, where the two qubit gate opera-
tion has been already realized [5], is a truly indispensable
ingredient for a long distance entanglement distribution.
In this Letter, we use GaAs DQDs to study one and two

photoelectron trapping and the subsequent nonequilibrium
electron charge and spin dynamics. We find that it is
feasible to probe the optically pumped electron by setting
the two excited states of the dots on resonance and mea-
suring the real-time interdot tunneling of the photogener-
ated electron in a nondestructive manner. This temporal
response is observed within a few ms, much shorter, or at
least comparable with the spin lifetime of T1 ¼ 0:1 to 1 sec
at low magnetic fields [16]. Indeed, the spin dynamics of
the single photoelectrons affected by the nuclear spins
has been observed using the interdot detection scheme
combined with the Pauli spin blockade. When more than
one photoelectron were trapped at the same timewithin our
time resolution, we have observed that the dynamics in the
DQD is influenced by the Coulomb interaction. This would
enable one to investigate the nonequilibrium multielectron
dynamics inaccessible by the conventional all electrical
transport measurements.
A two-dimensional electron gas (2DEG) formed at an

n-AlGaAs=GaAs heterostructure or a quantum well (QW)
wafer with well width of 7.5 nm is confined as a gate
defined lateral DQD [Fig. 1(a)]. The QW wafer was used
only for the photoelectron spin blockade measurements
and has no essential difference from the single hetero-
structure within the discussion of this Letter. The electron
temperature was 750 mK inside a 3He cryostat with an
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optical window. A 30� 30 �m2 wide and 200 nm thick
metal mask with a 400 nm diameter aperture is fabricated
on top of the double dot to facilitate selective irradiation
of the DQDs [Fig. 1(b)]. The transmittance through this
aperture reaching the GaAs buffer layer is calculated as
approximately 1=3 using finite-difference time domain
calculation [17]. A picosecond pulsed laser diode with
the photon energy of 1.59 eV, which is slightly above the
bulk GaAs band gap, is used to excite electron-hole pairs.
Photons are mainly absorbed in the GaAs buffer layer
under the DQD and the built-in electric field of the hetero-
structure separates the electron and hole and drives the
electron into the DQD, which may result in a single photo-
generated electron trapping in the dot [Fig. 1(c)].

The charge states in the DQD were measured with a
quantum point contact [QPCR, see Fig. 1(a)] charge sensor
which has sufficiently higher sensitivity to changes of
the right dot charge occupation compared to the left. The
electron numbers were counted by analyzing the QPC
transconductance GQPC ¼ dIQPC=dVL, where IQPC is the

QPC current and VL is the voltage applied to gate L, using
a lock-in technique with a modulation frequency of
fm ¼ 223 Hz [Fig. 2(a)]. The (0,0) state was confirmed
by applying sufficiently large negative voltage to the gates
to ensure that no further lines appeared. The tunneling rates
were then lowered so that real-time charge transitions were
measurable. Tunneling rates between the dots and lead, and
between the two dots were decreased to less than the
bandwidth of our setup (3.3 kHz). The QPC sensitivities

were 2:5%� e2=h [0.5 nA in Fig. 2(b)] for tunneling
between the right dot and the lead, 0:5%� e2=h for
tunneling between the left dot and the lead [0.15 nA in
Fig. 2(c)], and 2:0%� e2=h for the interdot tunneling
[0.45 nA in Fig. 2(d)]. Note that only the QPC sensitivity
for the interdot tunneling is important in this study.
Before laser irradiation, the tunneling rate of the left

(right) barrier was tuned to �L � 0:1 Hz (�R � 1 Hz).
The interdot tunneling rate was adjusted ranging from
�C ¼ 10 Hz to 1 kHz. The state that we will discuss is
drawn schematically in Fig. 3(b). The initial charge state
was set in the center of the (0,4) blockade region [(A) in
Fig. 2(a)]. Here the ground state is (0,4) and the excited
states (1,4) and (0,5) are energetically aligned. Therefore,
when a single photoelectron relaxes into the DQD the
charge numbers will be either (1,4) or (0,5). Since these
two states are degenerate, interdot tunneling will be
governed by the previously adjusted rate.
Figure 3(a) shows the temporal IQPC data of single

photoelectron trapping. Upon single laser pulse irradiation

FIG. 2 (color online). (a) Stability diagram of the DQD.
The dot was initialized to state A(0,4) before light irradiation.
(b)–(d) Real-time charge sensing traces of the DQD measured at
the resonance points B(0,4)-(0,5), C(1,4)-(0,4), and D(1,4)-(0,5).
The 0.5 nA step height in (d) indicates the interdot tunneling
event of a single electron charge.
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FIG. 1 (color online). (a) A scanning electron micrograph
of the typical lateral DQD device. The surface gates for dot
formation have Tið10 nmÞ=Auð20 nmÞ metal thickness. A 60 nm
thick Al2O3 insulating layer was formed on top of them by
atomic layer deposition. (b) A Tið30 nmÞ=Auð220 nmÞ mask
was fabricated on the surface above the DQD with an aperture
of 400 nm diameter. (c) Band profile of the HEMT structure. The
excitation laser energy is tuned just above the GaAs band gap.
The excited electron-hole pair is separated due to the intrinsic
electric field.
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at time t ¼ 0 the IQPC abruptly increases and simulta-

neously starts to oscillate between two levels 0.5 nA apart.
Then, it becomes constant at a current 0.15 nA higher than
the top level. The final IQPC after 220 ms is about 1 nA

larger than that before the photon irradiation. A similar
background increase was observed with the same pulses
when no photon was trapped in the DQD. This is persistent
photoconductivity induced by photon irradiation of the
2DEG near the QPC outside the metal mask. The temporal
change of IQPC in Fig. 3(a) is well understood by referring

to each signal amplitude in Figs. 2(b) to 2(d) and each
tunneling rate that was previously set. The first increase in
the current is the addition of the persistent photoconduc-
tivity and the signal of an electron trapped in the far side
left dot which forms a (1,4) excited state. The subsequent
oscillating signal is the interdot tunneling of the photo-
generated electron between the (1,4) and (0,5) resonant
states. Such real-time observation of the resonant interdot
tunneling has never been reported to the best of our knowl-
edge. In the end, the dot is initialized to (0,4) when the
electron escapes from the left dot to the lead. Note that the
IQPC fluctuation due to resonant tunneling between t ¼ 0

and ttrap is clearly larger than the fluctuation of IQPC for

t < 0 before the light irradiation and for t > ttrap after the

escape of the photogenerated electron to the leads.
Single photoelectrons can be trapped by either

dot because the aperture covers both dots. Figures 3(c)
and 3(d) are magnified plots of IQPC showing the single

photoelectron trapping by the left dot Fig. 3(c) and by the
right dot Fig. 3(d), respectively, immediately after the
photon irradiation. Following the initial step of IQPC,
upon photon irradiation we observe an abrupt decrease
of IQPC by 0.5 nA at ttrapL ¼ 4:1 ms in Fig. 3(c) but an

abrupt IQPC increase by 0.5 nA at ttrapR ¼ 4 ms in Fig. 3(d).

The IQPC change is almost the same as observed in

Fig. 2(d); therefore, the former is assigned to the charge
state change from (1,4) to (0,5) and the latter to that from
(0,5) to (1,4).
Next we confirm that the measured ttrap values are due

to the photoelectrons trapped in the DQD and not due to
any electrons entering from the 2DEG contact leads.
Figure 3(e) is a histogram of measurements showing the
same feature as Fig. 3(c) as a function of the extracted
ttrapL. The decay time constant of �trapL ¼ 9:7 ms, obtained

by numerical fitting of an exponential curve, is consistent
with the average interdot tunneling time of 10.8 ms for
a thermal electron. The decay constant obtained for mea-
surements of the type of Fig. 3(d) also agrees with the
tunneling rate of thermal electrons as measured in advance.
These results are convincing because electrons from the
reservoir would have tunneling times a few orders of
magnitude longer.
To negate the effects of persistent photocurrent, we irra-

diated the sample using an infrared laser diode. This irra-
diation efficiently reduces the photoinduced carrier density
in the 2DEG and therefore, the photoconductivity [18].
Use of the interdot resonant tunneling can raise the

fidelity of single photoelectron trapping because it gives
distinct evidence of trapping of single photoelectrons by
either dot and also because the large resonant fluctuation
of IQPC makes it easier to distinguish the photoelectron

trapping event from the background noise. In addition,
resonant tunneling may be useful for spin detection of
photogenerated electrons in DQDs with Pauli spin block-
ade, because the interdot tunneling is only allowed for the
spin-conserving states between the dots.
Here, we show trapping and dynamics of two photo-

electrons in a DQD. Figures 4(a) and 4(b) show two typical
IQPC traces for trapping of two photogenerated electrons

by the DQD and their subsequent dynamics affected by the
Coulomb interaction. The experimental condition is the
same as used before, but the detection rates are much lower
than those in Figs. 3(c) and 3(d). The resonant fluctuation
of IQPC only appears following an intermediate step after

the laser pulse irradiation. By considering that IQPC is more

largely reduced by charging of the right dot than that of the
left dot, the higher step relative to the initial (0,4) current

FIG. 3 (color online). (a) Single photon detection signal ob-
served over a time scale much longer than the interdot tunneling
rate. A fluctuation in the current is seen when a single extra
charge tunnels between the two dots. At t ¼ 220 ms, the elec-
tron escapes from the dot and the current returns to the value
indicating the (0,4) state. (b) A schematic picture of the charge
number during interdot tunneling of a photogenerated electron.
(c) Measured sensor current upon pulse irradiation indicating
interdot tunneling of a single photogenerated electron initially
trapped in the left dot. (d) Interdot tunneling of a single
photogenerated electron initially trapped in the right dot.
(e) Histogram of ttrapL. Data were taken at the condition of an

average thermal electron interdot tunneling time of 10.8 ms. The
fitting time constant was �trapL ¼ 9:7 ms.
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level in Fig. 4(a) is assigned to the (1,5) state and the lower
step in Fig. 4(b) to the (0,6) state, respectively. We have
found that the resonant interdot tunneling of photogener-
ated electrons is prevented due to the Coulomb interaction
when each dot is occupied by a photogenerated electron
and as soon as one of the two photogenerated electrons
tunnels off the DQD, the resonant tunneling is resumed.
Moreover, the trapping of two photoelectrons suggests that
our scheme provides a way to initialize nonequilibrium
multielectron states in gate-defined DQDs within an opti-
cal pulse duration. Such fast initialization is not feasible
by electrical pumping because loading electrons from the
leads connected to QDs through tunnel barriers is stochas-
tic. In principle, the injection of more than two electrons
is also feasible by optical means. Note that the two photo-
electron trappings are distinguished owing to the large
sensitivity difference between the two dots. Higher photon
numbers may also be distinguished. In other words, the
spectroscopy of higher energy states is possible by inject-
ing many photoelectrons.

Here, we discuss the detection rates of zero, one, and
two photoelectron trapping. 595 single pulses were irradi-
ated with an average photon flux of 1.03 photons per pulse
through the aperture above the DQD. Each signal was
classified into either type shown in Figs. 3(c) and 3(d),
or Figs. 4(a) and 4(b). The trapping rates were 14.1%,
19.3%, and 2.7%, respectively. (We eliminated dark counts
with only one increase step of IQPC after irradiation, which

are presumably due to additional impurity levels nearby
the QPC that also traps photoelectrons [17].) The features
correspond to photon detection on the left dot, the right dot,
and two or more photon detections. The average number of
photons detected per incident pulse was 0.39 photons. This
gives a trapping efficiency of 38% which is approximately

a factor of two more efficient than we previously obtained
for a single dot [2]. This may be due to a larger capture area
for the photoelectrons created by light diffracted at the
metal aperture and scattered in the buffer layer during the
trapping process.
Finally, we show that the scheme for detecting the

resonant interdot tunneling of photoelectrons can be used
to extract its spin information. Figures 5(a) and 5(b)
show the typical single photoelectron trapping signals
by irradiating linearly polarized photons in a (0,1) ini-
tialized charge state with (1,1)-(0,2) excited states on
resonance measured in a different sample. Figure 5(a)
was measured at 0 T and Fig. 5(b) at 50 mT. In both
measurements, a single photoelectron was initially
trapped in the left dot seen as a 30 pA decrease step
at 0 ms. In Fig. 5(b), the first resonant tunneling to the
right dot appears at 12.0 ms whereas resonant tunneling
instantly appears in Fig. 5(a). The longer time before a
resonant tunneling event is seen indicates that the block-
ade of the photoelectron spin in the left dot parallel to
the prepared electron spin in the right is instantly
established and lifted after T1. The lifetime of the block-
ade is determined by the hyperfine interaction with
nuclear spins [19]. This result shows that our time scale
used to resolve the real-time interdot tunneling events is
also fast enough to follow the spin dynamics of photo-
electron spins.
In summary, we demonstrated the trapping of single

photons and interdot tunneling of the photogenerated elec-
trons in a nondestructive manner using double quantum
dots. The interdot tunneling time we observed was much
shorter than the spin lifetime. When combined with Pauli
spin blockade, projection measurements of the transferred
photoelectron spin states is realized. We found that the
interdot resonance is a robust method to identify single
photoelectron trapping events, to discriminate the number
of trapped photoelectrons and to detect photoelectron spin
states. Our scheme offers a novel method to study the
multielectron dynamics which are strongly affected by

(0,1) 
(0,2) 

(1,1) 

(a) (b) 

FIG. 5 (color online). Single photoelectron trapping in (0,1)
initialized charge state with (1,1)-(0,2) excited states on reso-
nance measured at (a) 0 T and (b) 50 mT. Photoelectrons are
initially trapped in the left dot and resonantly tunnel into the
right dot after 2.3 ms and 12.0 ms, respectively. The elongated
tunneling time at finite magnetic field indicates the observation
of electrons with parallel spin excited into the spin blockade
configuration.FIG. 4 (color online). (a) Signal indicating two photon detec-

tion. After the irradiation, two photoelectrons fill each QD at the
same time. The sensor current is stable until one of the two
photogenerated electrons escapes from the DQD. (b) Signal
when two photogenerated electrons were trapped both in the
right dot.
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the Coulomb interaction in a multidot system. Analogous
to optical spectroscopy, the demonstrated results can be
regarded as excited state spectroscopy. The fast initializa-
tion of the excited states such as fully spin-polarized multi-
electron states, that are not accessible by the conventional
electrical pumping, can be realized by controlling the
incident photon number, energy, and polarization. Also
by appropriately designing the DQDs, this technique
would open a way to high fidelity photon counting as
well as nondestructive single photoelectron spin detection
and storage.
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