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Coherent control of a single exciton qubit
by optoelectronic manipulation

S. Michaelis de Vasconcellos'*t, S. Gordon', M. Bichler?, T. Meier' and A. Zrenner'

The coherent state manipulation of single quantum systems is a
fundamental requirement for the implementation of quantum
information processors. Exciton qubits are of particular interest
for coherent optoelectronic applications, in particular due to
their excellent coupling to photons. Until now, coherent manip-
ulations of exciton qubits in semiconductor quantum dots have
been performed predominantly by pulsed laser fields. Coherent
control of the population of excitonic states with a single laser
pulse, observed by Rabi oscillations, has been demonstrated by
several groups using different techniques’3. By using two laser
pulses, more general state control can be achieved?, and coup-
ling of two excitons has been reported>®. Here, we present a
conceptually new approach for implementing the coherent
control of an exciton two-level system (qubit) by means of a
time-dependent electric interaction. The new scheme makes
use of an optical clock signal and a synchronous electric gate
signal, which controls the coherent manipulation.

In this work, we make use of a two-level system, which is rep-
resented by the ground-state transition of a single exciton in a
self-assembled InGaAs quantum dot (QD). For the experiment
presented here, it is essential to have optical access to a single
QD and electric field tunability of the ground-state transition.
The QD is therefore embedded in the intrinsic region of an n-i
Schottky diode, with optical access through a near-field shadow-
mask (see Fig. la and Methods). The internal electric field in
such structures can be controlled easily using an external bias
voltage V. This provides a powerful way to accurately tune the
energy of the two-level system by the quantum confined Stark
effect. In the same regime, photocurrent (PC) spectroscopy can
be applied as an efficient and quantitative method to determine

the occupancy of the system. In the past, single-QD photodiodes
as described above have been used in a variety of coherent exper-
iments concerning the exciton ground state, including the demon-
stration of Rabi oscillations, Ramsey fringes, controlled rotation
quantum gate operation, and most recently dressed states in a
time-resolved fashion”!2. All those earlier experiments relied on
the concept that resonant (or detuned) optical excitation from
picosecond laser sources was used for coherent manipulations,
and PC spectroscopy was used for detection.

In previous work, the bias voltage V; was used only to statically
control the energy of the two-level system. In contrast, we make use
of fast voltage-induced qubit frequency control to implement coher-
ent quantum phase manipulation. Implementation of the new elec-
trically controlled manipulation scheme further requires resonant or
nearly resonant optical double-pulse excitation, which is used as a
stationary optical clock signal.

Throughout the paper we use the Bloch sphere representation as
shown in Fig. 1b to display the quantum state of the two-level
system. In this, the azimuthal angle reflects the quantum phase of
the qubit, and the altitudinal-complement angle is related to the
occupancy of the two-level system.

Coherent double-pulse excitation leads to the appearance of
Ramsey fringes, which are typically controlled either in the time
domain by the pulse delay time fy,, or in the frequency domain
by energy tuning of the laser or the qubit'’. In our experiment,
Ramsey interference leads to a strong enhancement of the sensitivity
of the coherent electric manipulation of the qubit, as explained in
the following.

A first /2 laser pulse creates a coherent superposition of both
states if applied, for example, to a |0) state of the QD qubit. This
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Figure 1 | Photodiode design and Bloch sphere. a, Schematic of a n-i-Schottky diode with electron-beam written shadow masks for optical access to single
self-assembled InGaAs QDs. The single exciton ground-state transition is selected by resonant laser excitation. The attached electric circuitry allows for the
supply of a d.c. bias voltage V;; and a 50 () terminated 2.4-GHz RF signal Vi The photocurrent I, is collected at the capacitively grounded back contact.
b, Geometrical representation of the pure state of the two-level quantum system on the Bloch sphere by the Bloch vector (red). The w-axis represents the
population, and the azimuthal angle of the Bloch vector in the u-v-plane represents the quantum phase of the two-level system.
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Figure 2 | Ramsey fringes. Photocurrent oscillations observed in a double-
pulse experiment (tdelay= 208 ps) by tuning the energy of the quantum
system by means of the bias voltage V}; (upper x-axis). The corresponding
relative frequency shift from the resonance position (vertical solid line) is
plotted on the middle axis. The lower axis denotes the relative phase shift
between the quantum system and the light field. The vertical dashed line
indicates the offset voltage required to achieve a phase shift of .

coherent manipulation is also known as Hadamard gate. The
quantum phase of the exciton qubit in this superposition is
defined by the optical phase of the laser pulse, which is stored in
the QD during the decoherence time. After a delay time, in which
the phase of the system can evolve, the phase of the exciton qubit
is probed by quantum interference with a second /2 laser pulse.
Depending on whether the two pulses are of the same or opposite
optical phases, the superposition is turned into the |1) or |0)
states, respectively. The result of such an experiment is the appear-
ance of a PC oscillation as a function of static detuning by means of
Vg. For the data shown in Fig. 2, #4.,, Was set to 208 ps, which is
slightly less than the decoherence time for V= 0.46 V. For an
increment in Vy of 5.5 mV, the quantum phase of the system is
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changed by m with respect to the optical phase. This corresponds
to half a rotation of the Bloch vector around the equator of the
Bloch sphere, and therefore to destructive interference (see Fig. 2).
The sensitivity of the coherent electric manipulation in terms of
AV scales like 1/,

With the experiment presented in this paper we like to demon-
strate coherent qubit manipulation by transient electric control for
the condition of fixed optical excitation conditions. As shown in
Fig. 3, the optical excitation (mode-locked Ti:sapphire laser) there-
fore comprises an optical clock signal, with consists of a stream of
in-phase double pulses from a Michelson interferometer with con-
stant delay (f4e,, = 208 ps), pulse width (#, = 2.5 ps) and pulse
area (2 x /2). For the demonstration of the coherent optoelectro-
nic control of the exciton qubit we further require an electric control
signal, which can be applied synchronously with the optical clock.
For the electric qubit manipulation, only the time interval
between the picosecond pulse pair is effective. To create such a
time-correlated electric signal, we generate the 30th harmonic of
the laser repetition frequency (80 MHz), which is derived from
the signal of a fast photoreceiver (see Fig. 3). We then obtain a
2.4-GHz radio frequency (RF) signal, which has a defined phase
relation with respect to the laser pulses. By further electronic
control we are able to sweep the phase ¢ and the amplitude Vg,
of this signal continuously, which means that the RF voltage can
be adjusted according to Vyg(t) = Vigo Sin(mt/tge,, + @)

The resulting signal is connected to the QD photodiode by
superimposing it with the d.c. bias voltage V. To investigate the
effect of the RF signal, we performed Ramsey-like experiments. It
is important to note that the chosen time delay between the two
laser pulses (f41,, = 208 ps) was set exactly to the half period time
of the RF signal. This means, in particular, that we can continuously
sweep between the situations in which either the upper or the lower
half wave of the RF signal is lying exactly between the two
laser pulses.

Coherent electric phase manipulation is based on the temporal
detuning of the system within the delay time between the two laser
pulses. The detuning is controlled by the applied coherent manipu-
lation voltage Vi (t) = Vip(t) + Vi — V., which is the difference
between the applied voltage Vy(t) + V and the voltage V. at
which the exciton qubit is in resonance with the light field.

To describe the optoelectronic phase control, it is convenient to
define an electric pulse area A , analogous to the optical pulse area,

[ tgelay =208 ps
=25ps

Optical clock

Ti:Sa laser

Photoreceiver H Frequency multiplier H FiIterH Phase shifter H Amplifier }—%7 Vep
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RF phase and amplitude control

30 RF cycles

12.5 Time (ns)

Figure 3 | Experimental set-up. A double-pulse optical clock signal (tpulse: 2.5 ps, tyeay =208 ps) is generated by a mode-locked Ti:sapphire laser (80 MHz
repetition rate) followed by a Michelson interferometer. An 80-MHz sync signal from a fast photoreceiver is converted into the 30th harmonic at 2.4 GHz,

which is time-correlated to the optical clock as shown in the timeline.
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Figure 4 | Schematic representation of the electric phase manipulation.
a, Optical clock on the timeline. b-d, Different optoelectronic manipulations
as described in the text. On the Bloch spheres (right), the red and yellow
arrows indicate the coherent optical manipulation and offset phase shift,
respectively. The green arrows describe the coherent electric manipulation
for different electric pulse areas Ay, as sketched on the left along the
timeline. The final state of the quantum system after coherent operation is
indicated by a red dot on each Bloch sphere.

which is well known from the theory of two-level systems!®. The
total phase shift induced by electric manipulation is given by

Ldelay

Ag = wCCMj Vem(t)dt (1)

0

where V\(t) is responsible for the coherent manipulation and C,
is the coherent electric manipulation coefficient (EMC). The unit of
EMC is [Cep = V7' s7; its magnitude is controlled by the steep-
ness of the voltage-induced shift of the transition energy resulting
from the Stark effect. The EMC can be obtained from voltage-con-
trolled Ramsey experiments as the inverse product of fy,, and the
necessary voltage shift to achieve a qubit phase shift of 7. From the
data shown in Fig. 2 we obtain 1/Cry = 1.154+0.05 V ps.

In Fig. 4 we present a detailed description of the experiment. The
optical clock, consisting of two in-phase /2 laser pulses, results in
constructive quantum interference if the phase of the resonant
quantum system remains unchanged. To achieve the highest
possible qubit interference contrast between a RF-induced phase
shift of m/2 and -mw/2, we make use of a static offset voltage
Vosrset = Vg~ Viee Which is chosen to be —2.75 mV, which leads to
an additional phase shift of —w/2. This phase shift is illustrated
on the Bloch sphere by a yellow arrow (Fig. 4). The same in-plane
rotation of the Bloch vector could also have been obtained by
introducing a 7/2 phase shift between the two laser pulses.

For the situation shown in Fig. 4b, the positive half-wave of the
RF signal is located between the two laser pulses. Hence, the
quantum phase shift induced by Vi is at a maximum. In the illus-
trated case, this corresponds to a RF-induced phase shift of +1/2,
which is compensated by the offset phase shift to 0, leading to con-
structive quantum interference. For the second case (Fig. 4c), the
RF-induced phase was changed to zero. Here, the Bloch vector is
at first accelerated and then retarded, ending up at the starting
point. No additional quantum phase shift is therefore created by
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the RF voltage. Owing to the action of Vg, the total phase shift
is /2, and the second laser pulse leaves the exciton qubit in the
superposition state. In the third case (Fig. 4d), the induced phase
shift of /2 adds up with the action of Vg, resulting in a total
phase shift of 7. The quantum interference is therefore destructive,
rotating the Bloch vector to zero. For each of the three cases, the final
state of the quantum system is indicated by a red circle on the Bloch
spheres in Fig. 4.

In the experiment shown in Fig. 5a the electric phase is varied
from 0 to 4. For each electric phase setting, V; was tuned from
0.42 to 0.47 V to obtain Ramsey fringes. In the resulting colour
diagram we show colour-coded photocurrent data as a function of
Vy and the RF phase. In the experiment we were able to adjust
Vrro in such a way that a sweep of the electric RF phase from 0
to m in fact results in an inversion of the observed Ramsey
pattern. This inversion is related to an electrically induced
quantum phase shift of nearly 1. The observed oscillation amplitude
is about a factor of two smaller compared to the conventional
Ramsey experiment due to RF-induced heating. A detailed discus-
sion of the heating is presented in the Supplementary Information.
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Figure 5 | Quantum phase shift. ab, Photocurrent oscillations measured for
a RF phase shift of O (a) and m (b). ¢, Coherent optoelectronic
manipulations measured in photocurrent (colour coded). As indicated by
points A, B and C, the phase of the quantum system can be inverted by
electric manipulation by means of the RF phase. d, Corresponding
theoretical model.
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To quantitatively describe the experiment we consider a theoreti-
cal model based on optical Bloch equations and including the
dephasing of the exciton due to tunnelling. The temporal detuning
of the system due to the RF signal applied to the gate electrode is
very small and relative slow compared to the overall dynamics of
the quantum system. Thus we consider the temporal detuning as
an adiabatic process. The only free fit parameters in this model
are the amplitude and the absolute phase of the RE. Owing to
the influence of parasitic contributions to the RF impedance of
the photodiode (bond wire, internal capacitance), the exact magni-
tude of Vy; on the gate electrode remains unknown. A simulation of
the resulting PC response was performed by solving these extended
optical Bloch equations with a fourth-order Runge-Kutta algor-
ithm. By comparing the result of the calculations (Fig. 5b) with
the experimental data (Fig. 5a), we find that our model can repro-
duce the experiment with high accuracy. The best agreement is
found for an applied RF amplitude of Vyp, = 4.4+ 0.1 mV, which
corresponds to 1/Cqy; = 1.1740.03 V ps. This is consistent with
the EMC obtained from conventional Ramsey experiments
(1/Cop=1.15£0.05 V ps) described before.

In conclusion we have described and experimentally demon-
strated a new scheme for the coherent optoelectronic manipulation
of an exciton qubit in a QD. With our contribution we have shown
that it is possible to manipulate an optically clocked quantum
system in the coherent regime only by applying a specific electric
gate signal. This approach combines state-of-the-art picosecond
laser techniques with synchronous electronics operating in the
coherent regime of quantum systems.

Methods

Experiment. The sample was grown by molecular beam epitaxy on a (100)-oriented
n"-GaAs substrate. The QDs were embedded in a 360-nm-thick intrinsic GaAs
layer, 40 nm above the n-doped GaAs back contact of the photodiode. The Schottky
contact on top of the sample was formed from a semi-transparent titanium layer.
The areal density of the InGaAs QDs was low enough to address a single QD
through a near-field shadow mask. A detailed description of the sample structure is
given in ref. 14.

The resonant optical clock (A = 926.7 nm) was delivered by a 2.5-ps pulsed
Ti:sapphire laser, with a repetition frequency of f= 80 MHz followed by a Michelson
interferometer to create the double pulse. The interferometer consists of a coarse
positioner with an attached nano-positioner stage to control the time delay and
optical phase between the two laser pulses. The laser beam was focused on the
shadow mask of the sample with a microscope objective (NA = 0.75) in a cryogenic
set-up (T=4.2K).

The conversion of the 80-MHz sync signal from the laser to the 2.4-GHz RF
signal was performed by standard RF components (see Fig. 3). As shown in Fig. 1a,
Vrr was terminated (50 €2) and capacitively coupled to the gate electrode of the
photodiode by a RF network, which was placed close to the sample at the low-
temperature stage.

Simulation. To simulate the QD system we first included the exciton tunnelling as a
two-step relaxation process characterized by fast electron tunnelling and slow heavy-
hole tunnelling'®. The fast electron tunnelling rate and an additional pure dephasing
term then determined the total dephasing time of the quantum system. The
corresponding voltage-dependent time constants for the electron and heavy-hole
tunnelling were obtained from previous experiments'®, and the electric tuning
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characteristics of the quantum system was derived from Stark effect measurements
in the relevant bias voltage range. A detailed description of the theoretical model is
presented in the Supplementary Information.
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