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Experimental results on both serial and parallel double quantum dots are presented. The quantum dots
are realized in the two-dimensional electron gas of an AlGaAs/GaAs heterostructure. By varying the
inter-dot tunnel barriers, double quantum dots are tuned from the weak coupling limit to the strong
coupling case. In serial double quantum dots, bonding and anti-bonding molecular states are probed by
both direct tunneling and photon-assisted tunneling spectroscopy. In parallel double quantum dots, a
coherent transport through the whole structure is verified through Aharonov-Bohm oscillations in the
magnetotransport data. Furthermore, coherent molecular states are read out by a cotunneling current.
Finally, a scheme for preparing and measuring a solid-state quantum bit is discussed.
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1 Introduction

With the tools of semiconductor nano-lithography at hand, quantum dots can by now be fabricated in
a controlled manner [1-6]. The electron transport through such quantum dots allows one to manipu-
late and to probe single electrons within a defined interaction volume of a semiconductor host materi-
al. The quantum dots provide a perfect tool to exploit the interplay of discrete quantum states with
their micro- and macroscopic environment, such as phonons, photons or strain fields. Wave function
tailoring and explicit shaping of a particular confinement potential extend the pure analogy between
having an artificial atom and a real atom. In addition, the well controlled single electron transistors
are precursors for future quantum device applications [7—11]. In order to use the quantum dot states
as building blocks for quantum information processing, it is of scientific and engineering interest how
to probe the coherent modes within an artificial molecule with minimal perturbation. In this article we
review processing and measurements on both serial and parallel double quantum dot devices. We
demonstrate how a coherent electron mode, formed in an artificial molecule, can be probed in direct
transport measurements as well as in response to an applied microwave signal. In a parallel geometry
where the two quantum dots are integrated into the arms of an Aharonov-Bohm interferometer, we
show that the transport through the device is partially phase coherent. Utilizing this parallel geometry
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for a coupled double quantum dot system, we present a method of how to read out coherent states
with minimal perturbation. Finally, possible realizations of charge-based and spin-based quantum bits
(qubits) from coupled double quantum dot system are discussed.

2 Single quantum dots

A semiconductor quantum dot is a sub-micron solid-state device containing a small number of free
charge carriers (1-1000). Via an electrostatic potential, these charges are confined within lateral di-
mensions of about the Fermi wave length (~50 nm). This leads to the formation of discrete binding
states (¢;, i = 1,2,...). The quantum state spectrum depends on the shape of the potential well. How-
ever, a parabolic confinement usually describes the experimental findings reasonably well [2, 12, 13].
For a quantum dot which is connected to electron reservoirs (the drain and source contacts), the
barriers between the quantum dot and the contacts are finite, which results in a continuum of energy
states above the discrete binding states.

The electrons in the quantum dot interact both with each other and with the background charges of
the crystal lattice. Simplifying the complexity of this many-body system, the constant-interaction mod-
el describes the repulsive Coulomb interactions with a constant total capacitance for the quantum dot
(Cs). To that effect, a charging energy of Ec = ¢?/Cs is required to add an extra electron onto the
quantum dot. In the few-electron limit, however, when the orbital and spin structure varies from one
electronic state to another, the constant-interaction model needs to be extended towards, e.g., a Har-
tree-Fock treatment. In this review, we only refer to the constant-interaction model, since it grasps the
fundamental transport properties of quantum dots — the Coulomb blockade. For a small enough quan-
tum dot, i.e., a small capacitance, the charging energy can be made sufficiently large such that it
exceeds the thermal energy kg7 and the drain-source excitation eVgs. In this case, the electron trans-
port through a quantum dot is blocked. Usually, one manipulates the quantum state via the capacitive
influence of a plunger gate or via microwave radiation generated by a nearby antenna. By tuning the
voltage applied to the gate, not only the quantum state but also the chemical potential of the quantum
dot can be manipulated. In analogy to a transistor, the quantum dot can be tuned from the Coulomb
blockaded off state to a read-out state, where the contacts are tunnel coupled to one single electron
state within the quantum dot. The tunnel current through this so-called single electron transistor shows
oscillations with a periodicity of AV, =¢/C, + (ey —en—1)/ea. C, is the capacitance between the
gate and the quantum dot and a = C,/Cx converts a tuning of the gate voltage to a corresponding
change of the dot’s electrochemical potential. Via the drain-source voltage, one can determine the
number of discrete quantum states which are read out simultaneously. If not stated otherwise, this
work presents transport spectroscopy of single electronic states, i.e., we present data in the linear
transport regime (eVys < A¢, Ec). When the tunnel barriers between the dot and the reservoirs are
opaque so that hl'; =~ hl', < kgT, the life-time broadening is negligible compared to the thermal
broadening. The conductance of the single quantum dot can be expressed as [7, 14]

2 nr —ea|V, =V
¢ ‘- coshfz{—[ l & ] }, (1)
4kgT '+ T, 2kgT
where V;” = (N — 1/2) ¢/Cy + ¢ey/ea stands for the gate voltage at which the N-th electron can tun-
nel through the quantum dot, I'; and I, are tunneling rates for the left and right tunnel barrier, respec-

tively. For almost transparent tunnel barriers, so that hl'; = hl", > kgT, the life-time broadening be-
comes dominant and conductance peaks will have a Lorentzian line shape [7].

8

3 Experiments

The double quantum dots studied in this review are fabricated within the two-dimensional electron gas
(2DEG) of an AlGaAs/GaAs modulation doped heterostructure wafer. Narrow Schottky gates are de-
fined by electron-beam lithography and evaporation of gold on the surface of the wafer. By applying
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Fig.1 Scanning electron microscope graph of a double quantum
dot formed from the 2DEG of an AlGaAs/GaAs heterostructure
(black: substrate surface, white: gold gates). In a typical experi-
ment, the left, right and center tunnel barriers are set by following
gate voltages Vp = —600 mV, Vi, =—-670 mV, and V,>
—605 mV. The gate voltages Vi and V,, control the potentials on
the left and right dot. The dashed lines roughly mark the bound-
aries of the 2DEG. The two dots are outlined in two gray areas
enclosed by the dashed lines. The device is measured at a bath
temperature of 7 = 140 mK.

negative voltages to these gates, the 2DEG beneath the gates are depleted. As shown in Fig. 1, two
quantum dots are naturally formed by the geometry of ten gates. The connecting large areas of the
2DEG serve as drain and source contacts, which allow us to drive an electrical current through the
double quantum dot. The tunnel barriers between the contacts and the quantum dot are tunable in a
wide range, again via the applied gate voltages (e.g., Vj; and V), as shown in Fig. 1). The inter-dot
coupling can be continuously tuned by gate voltages on appropriate gates (e.g., V; as shown in Fig. 1).

In our experiments, the quantum dot devices are cooled to a bath temperature of about 40 mK to
900 mK in an Oxford TLM 400 3He/*He dilution refrigerator. Unless specifically stated, the exact
bath temperature at which the experimental data were obtained is recorded in the corresponding figure
caption. For measuring the differential conductance, a small sinusoidal signal (v ~ 10 uV, f ~ 17 Hz)
is superimposed on a direct-current (dc) drain-source bias. The resulting alternating current (ac) is
amplified by a current amplifier ITHACO 1211 in combination with a low noise EG G 124A analog
lock-in amplifier. In the microwave setup, the gigahertz signal is fed through a coaxial cable from an
HP83711A synthesizer at room temperature to a Hertzian wire-loop antenna about 1 cm above the
device. Both the device and the antenna are thermally anchored at the bath temperatures. The power
and frequency of the microwave signal are carefully chosen so that the device is tested in thermal
equilibrium. A perpendicular magnetic field can be applied.

4 Serial double quantum dots

In Fig. 1, a double quantum dot is formed by five pairs of Schottky gates on an AlGaAs/GaAs mod-
ulation doped heterostructure wafer. The two dots are coupled to each other by a tunnel barrier which
is tunable by gate voltage V;. In order to probe the electronic states in the double dot, the left and
right dots are connected to the drain and source electron reservoirs, by tunnel barriers which are
controlled by the gate voltages Vj,; and V;,. Furthermore, the electrochemical potentials in the dots can
be tuned by the gate voltages Vg and V.

In Fig. 2, the double quantum dot is modeled as a network of tunnel resistors and capacitors. The
two quantum dots and the drain and source contacts are connected in series by three tunnel junctions.
The coupling of the quantum dots to the reservoirs and the inter-dot tunnel coupling can be quantified
by following tunneling rates: I';, I', and I';, as shown in Fig. 2. Gate voltages V,; and V,, are coupled
to the left and right quantum dot through the gate capacitors C,; and C,,, respectively. Each gate
voltage is also cross coupled to the other quantum dot through the capacitors C,; or Cj,, as shown in
Fig. 2. The charging energy for each quantum dot can be expressed as E¢y, = e’/ Csy/r, where Cx
and Cs, are the total capacitance for the left and right dot.
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V. V. Fig.2 Equivalent circuit for a coupled double quantum
gl &r dot as shown in Fig. 1. The tunnel barriers are described by
Cy Ci a tunnel resistance shunted with a junction capacitance.
Cy Cgr
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4.1 Electrostatic coupling regime

In a double quantum dot device, electrostatic charging is always present between the two quantum
dots. In order to probe charge transport through a double dot, it is necessary to couple the two dots
via a tunnel barrier. However, the inter-dot tunneling can be neglected when it only serves as a pertur-
bation to the system energy. In this electrostatic coupling regime, the inter-dot tunneling only slightly
perturbs the electron numbers of the two dots. We can define chemical potentials for the double
quantum dot as following

w,(Ni,N, — 1) = E(N;,N, = 1) — E(N, — 1,N, — 1) , 2)
u,(N, — 1,N,) = E(N; — 1,N,) — E(N; — I,N, — 1), (3)
/ulr(vaNr) :#Z(N17Nr - 1) _lLtr(NI - 1>Nr) = E(N/aNr - 1) - E(Nl - 17Nr)v (4)

where, E(N; — 1,N, — 1) is the ground-state energy of the system with N, — 1 electrons in the left
quantum dot and N, — 1 electrons in the other. The discrete binding states of both dots are included in
E(N;— 1,N, — 1). The chemical potential &;(N;, N, — 1) (if = u,) represents the ground state at which
the system allows an electron to tunnel between the drain and the left dot while the number of elec-
trons on the the right dot is kept constant: (N; — 1, N, — 1) < (N;, N, — 1). Similarly, the chemical
potential u,(N; — 1,N,) (if = u,) represents the ground state at which the system allows an electron to
tunnel between the source and the right quantum dot: (N, — 1, N, — 1) < (N; — 1, N,). The chemical
potential u,,(N;,N,) (if = 0) refers to the ground state level at which the system allows an electron to
tunnel between the two quantum dots: (N;, N, — 1) < (N; — 1, N,). As stated above, y, /r Tepresents
the chemical potential for the whole system at which an electron in the drain/source contact can
occupy or evacuate the lowest available single electron state in the left/right dot. For simplicity, we
directly refer 4, and u, to the single electron states ¢; and ¢, in the left and right quantum dot, respec-
tively.

By sweeping the gate voltages Vg or V,,., both quantum dots can be tuned independently from a
Coulomb blockade state to a read-out state where a drain-source current probes the system. Following
Egs. (2, 3, and 4), the allowed tunnel conditions yield a honeycomb pattern in a V. — V; plane which
is called the charging diagram of the double quantum dot [5, 15-19] (see Fig. 3). In the diagram, the
boundaries B1 and B2 are determined by Egs. (2) and (3), respectively. Along these boundaries, a
single electron can occupy the lowest unoccupied single electron quantum state in one of the dots,
while the single electron state in the other dot is not accessible (as schematically shown in Fig. 3 (b,
d)). Only when both conditions are satisfied so that both single electron states become accessible (as
shown in Fig. 3 (c)), i.e., at the crossing point pl, single electrons can tunnel through the system. At
crossing point pl, the double dot can only accept one extra electron, but both dots are able to accept
this extra electron. The nearby crossing point p2 stems from another set of B1 and B2 transitions with
one more electron on each dot. On the line between pl and p2, one extra electron is added to the
double dot. Since the chemical potentials of both dots are equal, i.e., u; = u,., this electron can stay on
one or the other dot. Electron transport in this region is normally blocked because u; = u, and
U, = U, are not met at the same time. Moving from point pl to p2, each quantum dot obtains an extra
electron. The voltage difference, in order to move from pl to p2, is determined by the inter-dot
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Fig.3 (a) Charging diagram: the direct current/conductance as a function of the left and right gate voltages
yields a honeycomb pattern. In the diagram, finite current/conductance is represented by black dots. Boundaries
B1 and B2 intersect at the crossing point pl. The schematic ground-state configurations along boundary B1, at
crossing point pl, along boundary B2, and along line pl1—p2 are shown in (b), (¢), (d), and (e), respectively.

Coulomb charging energy E,; = 2¢>C,/(Cx/Cs,), which is proportional to the inter-dot capacitance C;
[16, 17, 19].

In linear transport regime (eVy; < E, < Eyy,), the single electron states can only be read out when
Maps < Mg =ty < U4, 1.e., at crossing points. The period by which the appearance of crossing points
alternate in gate voltages V, and V,,, are determined by the charging energy of each quantum dot
[20]: AVy)r = €/(V41/e:Cs1yr) = €/ Cijgrs Where v, and y,, are coefficients determined by the dot/gate
capacitances. Cg and C,, are effective gate capacitances. They differ slightly from Cg and Cg, due to
the non-zero cross capacitances C,; and Cj, [16, 19].

Experimentally, the ground states are probed in the linear transport regime while both gate voltages
are swept. Figure 4 (a) shows a charging diagram of the double dot device shown in Fig. 1 in grays-
cale. Since the tunnel coupling is weak, the tunnel current is strongly suppressed along the hexagon
boundaries (solid lines). Strong tunneling is observed around crossing points (white circles). From

-450

~ 440 W& . —~
> - >
E E
B =
> -430 >
-420
-420 -430 -440 -450 -420 -430 -440 -450

V_ (mV) vV, (mV)

(a) (b)

Fig.4 Charging diagrams from dc measurement of (a) the weakly coupled and (b) the strongly coupled double
dot are shown in the linear grayscale representation. In (a), white: Iy ~ —1.5 pA, black: Iz < 12 pA. In (b),
white: 1 =~ —1.5 pA,black: I;; < 18 pA. Accordingly, the central gate voltage V; is —590 mV and —580 mV. In
both cases, the drain-source bias is less than +50 uV and 7' = 140 mK.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



phys. stat. sol. (c) 1, No. 8 (2004) / www.pss-c.com 2099

photon-assisted tunneling (see Sec. 4.3) and nonlinear transport measurements, equivalent-circuit para-
meters as shown in Fig.2 can be obtained. The total capacitance for the left and right dot are
Cs;~6.93 x 1071 F and Cs, ~7.55 x 10719 F, corresponding to the charging energy of 231 peV
and 212 peV, respectively. The mean level spacing in both dots is about d¢™ ~ 120 peV. The inter-dot
Coulomb charging energy is found to be E,; = 50 ueV for the weak coupling case shown in Fig. 4 (a)
and E, ~ 91 peV for the case in Fig. 4 (b). The dot-contact tunneling rates (I';/,) are verified to be
about 100 MHz (hl';), < kgT). At a finite temperature (kg7 ~ E,;), however, the energetic selection
rules are overcome by thermally activated electrons. Then, the tunnel current is also detectable in the
vicinity of points pl and p2 and the two points seem to ‘have merged together’. In a stronger cou-
pling regime (see Fig.4 (b)), the tunnel current also appears at the boundaries of the honeycomb
pattern and the separation of pl and p2 becomes larger. This regime will be described in the next
section.

4.2 Tunnel coupling regime

When the inter-dot tunnel coupling is strong enough, an electron can tunnel back and forth between
the two quantum dots coherently. The electronic wave function expands throughout both quantum dots
so that this electron is shared by either quantum dot. We only consider the case in which one single
electron is delocalized across the double dot, which corresponds to the bonding state of the artificial
molecule. The case of two delocalized electrons would require an even stronger tunnel coupling:
2t = 2hI; > ECl/r — L.

Given an electron can tunnel back and forth between the dots coherently [21-23] and the double
dot is singly occupied, the ground state of the double quantum dot system is then a superposition of
ground state |N; — 1,N,) and |N;, N, — 1):

IN) = alN, — 1,N,) + BIN,,N, — 1), (5)

which forms a bonding molecular state. The corresponding anti-bonding state occurs as the lowest
excited state. The coefficients in Eq. (5) depend on the detuning of the two ground states of the
decoupled system (OF = ¢; — ¢,) and the tunnel coupling (¢ =~ hl';). The corresponding energies for
the bonding and anti-bonding states are

E,:ﬁ—%{ (6E)2+4t2}, (6)

E+:ﬂ+§{ (6E)2+4t2}, (7)
where, i = (¢, +¢,)/2. The gap between the molecular states is

E. —E_=+/(8E)* + 472, (8)

which can be tuned by the gate voltages Vg and V.

In Fig. 5 (a) and (b), the molecular states are illustrated in a level diagram and plotted as a function
of the detuning. Due to the coherent coupling, an electron which is initially occupying one of the dots
will start to oscillate between the two dots at a frequency of 2 = (E; — E_)/h [21, 23]. This coher-
ent charge oscillation decays according to a dephasing rate 1/Tcon:

412 Q
p(1) L et/ in? ({) : 9)

TR

The coherent oscillation is most prominent when the detuning diminishes to zero (2 — £, = 2¢/h). With
increasing detuning, the oscillation fades out on a faster timescale, and the double quantum dot is best
described by the localized quantum dot states again. The oscillation is triggered whenever an electron
tunnels from the leads onto the quantum dot, and it is terminated when the electron tunnels back to one of
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(b)

Fig.5 (a) A level diagram illustrates the formation of a bonding (E_) and an anti-bonding (E)
molecular state in a double dot. The dashed lines represent the ground states of the decoupled quantum
dots (¢ and ¢,). (b) The bonding and the anti-bonding molecular state as a function of the detuning
(OE = ¢; — ¢;). (¢) Charging diagram of a tunnel coupled double quantum dot. (d) Under a finite drain-
source bias, transport through the bonding and anti-bonding molecular states can be observed in the
vicinity of each crossing point. Tunneling through the bonding state is shown on the corresponding
thick solid line, while tunneling through the anti-bonding state is on the thinner solid line. The double
dot is assumed to be singly occupied even on the solid line beyond the crossing point p2.

the leads. This occurs at arate of I” = (I'; + I',) /2. The contribution of this process to the dephasing of the
coherent state can be minimized by decoupling or isolating the molecular states from the contacts.

The existence of molecular states changes the charging diagram drastically, as depicted in Fig. 5 (c).
The tunnel current through bonding molecular states can be detected along the honeycomb boundaries
(solid lines in Fig.5 (c)). Tunneling through the anti-bonding molecular states occurs in the region
between each paired crossing points (pl and p2). Figure 5 (d) is a close-up showing the additional
features from anti-bonding molecular states probed by a finite drain-source bias.

An experimental charging diagram for a strongly coupled double quantum dot is shown in Fig. 4 (b).
The transport, which arises from charge fluctuations between the two dots, can now be seen along the
honeycomb boundaries and is maximized around the crossing points. Both can be explained by the fact
that the electrons are delocalized although the two quantum dot energy levels are not degenerate (for
comparison Fig. 4 (a) depicts the weak coupling regime). Figure 6 (a) shows a charging diagram in an
even stronger tunnel coupling regime. The crossing points pl and p2 are separated even further from
each other. A single trace taken from the charging diagram around the crossing points pl and p2 is
displayed in Fig. 6 (b). By fitting the curves to Eq. (1), the bonding and anti-bonding states are resolved.

4.3 Photon-assisted tunneling

Quantum states in a semiconductor quantum dot are always exposed to various fluctuations of the
environment, such as the very high frequency electromagnetic fields from black body radiation, both
acoustic and optical phonons from the semiconductor host materials, and low frequency random tele-
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Fig. 6 (a) The charging diagram from the conductance of the strongly coupled double quantum dot
(V; = =560 mV, white: g =~ 0 uS, black: g < 0.5 uS). (b) A single trace is extracted along the dashed
line shown in (a). The fit of this curve distinguishes the tunnel current through the bonding and anti-
bonding molecular states. 7 = 140 mK.

graph switching from background charges. All these can induce inelastic relaxations of the quantum
states, which is usually referred to as dephasing. The idea to control quantum states and to define
concrete quantum device applications motivates studies on dephasing and the dynamics of coherent
states. Photon-assisted tunneling through single quantum dots has been intensively studied [6, 24—27]
and provides a powerful tool for exploring the interaction between an artificial atom and an electro-
magnetic field [28—31]. The transition frequency for typical quantum dot states lies in the microwave
range of a few GHz (10° Hz).

In the absence of microwave excitation, as stated in Section 4.2, a single electron is mainly loca-
lized in one of the dots when OE # 0, e.g., in the left dot as shown in Fig. 7 (a) or in the right dot as
shown in Fig. 7 (b). When only a small Vy is applied and the bonding state is located below the
transport window, electron transport is not allowed. With microwave radiation, however, transitions
between the molecular states with OF # 0 can be realized if the photon energy is in resonance with
the molecular states [21, 22]:

hf =E, —E_ =/ (8E)* + 422 (10)

() (b) (c)

Fig.7 In the linear transport regime, large energy detuning between the left and right quantum states localize
the electron in the left dot or in the right dot, as shown in level diagram (a) and (b), respectively. Microwave
photons can couple the bonding and anti-bonding molecular states. (c) Under microwave radiation, photon side-
peaks appear on either side of the crossing points.
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Fig.8 Under microwave radiation of f =20 GHz, the charging diagrams (direct current) are measured with a
small (a) negative (V4 = —30 peV, white: Iz > —0.6 pA, black: I;; < 1.3 pA) and (b) positive (V45 = +30 peV,
white: I;; < —0.5 pA, black: I;; < —1.9 pA) drain-source bias. The one-photon sidepeak (S1) and the two-photon
sidepeak (S2) are located beside the main peak (M). 7' = 140 mK.

A forward or reverse tunnel current is induced by this coherent pumping, as schematically shown in
Fig. 7 (a, b). As shown in the charging diagram in Fig. 7 (c), additional photon side bands in tunnel
current appear on both sides of the crossing points pl and p2. Given a large bias is applied
(eVys > E4 — E_), electrons can also emit photons and the reverse pumping current will be sup-
pressed.

The state of a double dot at n-photon resonance condition is a coherent superposition of the two-
level system by n photons [21, 22]. This can be understood in terms of the hybridization of wavefunc-
tion on one dot with the wave function of the n-th photon sideband on the other dot. For example,
when the n-th photon sideband of quantum state ¢; of the left dot matches the quantum state ¢, of the
right dot, the inter-dot tunneling will hybridize the two states. The effective coupling between the

-1.6
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ﬁ 0.8
-
»—4%

-0.4

. . . . 0.0 E--; ,
456 -455 454 -453 452 -451 439 438 437 436 -435 -434
Vgl (mV) Vgl (mV)

(@) (b)

Fig.9 Single traces (a) and (b) are extracted from the charging diagrams at constant V;, marked by the dashed
lines as shown in Fig. 8 (a) and (b), respectively. The solid curve is a fit with three cosh 2((0E — nhf)/wkgT)-
shaped peaks with w ~ 2.3 (as shown by the dashed curves), where n = 0,1,2 corresponds to M, S1 and S2,
respectively.
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Fig. 10 (a) The detuning of photon sidepeaks at different frequencies in the weak coupling regime. (b)
The detuning of photon sidepeaks at different frequencies with varying the coupling strength. The solid
curves for f = 15 GHz and f = 20 GHz are fits based on Eq. (10). The solid curve for f =3 GHz is a
fit from Eq. (11) with f;, = 10 GHz.

wavefunctions becomes the product of ¢ and the amplitude of the sideband J,(eV/hf), where J,(x) is
the Bessel function of the first kind, and V is the amplitude of the electric-field component in the
radiation. A single electron is then delocalized between the quasi-eigenstates, oscillating at a Rabi
frequency of Q = 2tJ,(eV/hf)/h < Q.

In Fig. 8 (a) and (b), photon-assisted tunneling under microwave radiation of 20 GHz is shown in
charging diagrams obtained at a negative and positive drain-source bias, respectively. The bias ampli-
tude applied is set to 30 ueV (corresponds to about 7.2 GHz) so that it is high enough to suppress the
reverse pumping current. A higher bias would induce extra broadening in the resonances. Beside the
main peak (at which 0F = 0), photon sidebands, which correspond to one-photon and two-photon
resonances, are observed, as indicated with S1 and S2 in Fig. 8. The reversed pumping current is
suppressed by a forward current and the corresponding sideband is less visible. In Fig. 9, single curves
taken from Fig. 8 show clearly the main peak and two sidepeaks.

In Fig. 10 (a), the detuning (OF) at the sidepeaks is plotted versus microwave frequency. The detun-
ing for one-photon (S1) and two-photon (S2) absorption process is approximated by the relevant
photon energy: 8E; = hf and 8E, = 2 x hf. This dependence is expected for a weakly coupled double
quantum dot (see Eq. (10) with ¢+ < OF). The existence and control of molecular states are further
examined by measuring charging diagrams at different tunnel coupling. The coupling dependence of
the detuning of two quantum states at the photon sidepeaks is shown in Fig. 10 (b). We find that at
f =15 GHz and f = 20 GHz the detuning at sidepeak S1 follows Eq. (10).

Commonly, one expects no coherent superposition of the molecular states below f = 8 GHz since
the thermal fluctuation (kg7 /h =~ 3.5 GHz) becomes comparable to the photon energy and an effective
coupling of the double dot to a phonon mode around 10 GHz is observed (for details see Ref. [32]
and Ref. [33]). However, we observe coherent superposition of molecular states below 8§ GHz [32]. At
3 GHz as shown in Fig. 10 (b), we observe a strong sidepeak from a coherent two-photon and two-
phonon resonance:

SE, = \/(th+2hfph)2 — 412, (11)

with fyn = 10 GHz. The reason is that Schottky gates on the heterostructure surface not only define
the quantum dots, but also form phonon cavities since the sound velocity of surface acoustic waves
decreases under the metalized regions. Most importantly, the applied microwave field enhances via
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piezoelectric coupling the interaction between confined electrons and cavity phonon modes. Assuming
a sound velocity of 2800 m/s for surface acoustic waves or 4500 m/s for bulk phonons in the GaAs
crystal, the observed 10 GHz phonon mode yields a wavelength of 280 nm or 450 nm, which roughly
agrees with the dot’s diameter as shown in Fig. 1. This piezoelectric resonator formed by limited
number of gates has a large bandwidth in comparison to conventional interdigital transducers. It is the
coherent phonons generated by microwave radiation that ensures a coherent superposition of molecu-
lar states [32].

In summary for this section, we connect two quantum dots of medium size and probe the coherent
superpositions of two molecular states under near-zero bias by using photon-assisted tunneling. The
applied microwave radiation introduces coherent microwave photons and acoustic phonons. Apart
from conventional photon-assisted tunneling, we find a coherent superposition of photon- and phonon-
assisted tunneling, which stems from the superposition of molecular states by both microwave photon
and acoustic phonon excitation.

S Parallel double quantum dot

Cryogenic transport spectroscopy allows us to probe electronic states of single and coupled quantum
dots. Due to the thermal excitation (kg7') and the finite tunnel coupling of quantum states to the
contacts (hl’;/,), dephasing of the coherent quantum states is ubiquitous. In the Coulomb blockade
regime, where Ec > u,; — u, and the quantum State stays below u, and u, first order tunneling is
suppressed. However, higher order tunnel processes allow an electron to tunnel through the dot via
virtual states [34]: an electron tunnels from a virtual state in the dot to one of the contacts, while
simultaneously another electron tunnels from the contacts onto the same or a different virtual state in
the quantum dot. When only one virtual state is involved, this process is called elastic cotunneling. If
two virtual states are involved, it is termed inelastic cotunneling. Generally speaking, the cotunneling
is enhanced when the dot-contact coupling becomes stronger.

In a serial double quantum dot, the cotunneling contribution of the transport between the dots is
observed along the honeycomb boundaries in the charging diagrams, where the two quantum states
are largely detuned. Cotunneling through the whole double dot is expected to occur when the two dots
are in the Coulomb blockade configuration. However, this effect is very weak unless the two dots are
strongly coupled to the contacts.

In a parallel double quantum dot configuration, as schematically shown in Fig. 11, each contact is
connected to both quantum dots by two tunnel barriers. An electron in the source contact can tunnel
via both quantum dots to the drain contact. This configuration forms an Aharonov-Bohm (AB) ring
structure, in which an AB-phase can be accumulated by an electron tunneling through the double dot.
This allows us to detect AB oscillations in order to examine the phase coherent transport through the
quantum dots. At the same time, the gate geometry in Fig. 11 (b) opens the possibility to tunnel
couple both dots and to probe molecular states in the double quantum dot. Since two quantum dots
are connected in parallel, the cotunneling contribution of the current becomes strong enough for prob-
ing the coherent states which are tuned to below the chemical potentials in the contacts. This implies
that quantum bits (qubits) [35] can be prepared without severe dephasing from the contacts. Probing
entanglement and nonlocality of electron spins in such a parallel double quantum dot has been pro-
posed and theoretically studied by Loss and Sukhorukov [36]. Experimentally, we have confirmed the
coherent transport through such a parallel double quantum dot and observed coherent coupling be-
tween the dots [37, 38].

In order to realize an AB ring geometry with the drain/source contact coupled to both quantum
dots, the contact regions are covered by a 45 nm thick layer of negative electron-beam resist (calixar-
ene). Gate 1 and Gate 2 are deposited directly on the substrate surface only in the area where the
inter-dot tunnel barrier is to be defined. Other parts of Gate 1 and Gate 2 are supported by the calixar-
ene acting as insulating spacer. Quantum dot 1 and dot 2 are finally confined by the other six gates
which are grouped into the left and right gate, respectively (see Fig. 11). The gate left and right are
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Fig.11 A scanning electron microscope graph of a
parallel double dot. The inset shows the schematic view
of the center part. Two quantum dots are connected in
Y, o parallel to source and drain contacts. The tunneling

'@" ‘ paths of both electron partial waves define an Aharonov-
Bohm interferometer which senses magnetic flux quanta
of h/e of an applied field B,. The ‘right’ and ‘left’
gates control the two dot states y, and ;. Essential for
the parallel electronic access, Gate 1 and Gate 2 are
patterned on an additional dielectric layer, which is
formed by the e-beam resist calixarene.

"@»,

*

"
source h/e drain
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also used to tune the dot potentials. The AlGaAs/GaAs heterostructure is the same as that for serial
double dots studied in the previous section. In Ref. [39], detailed fabrication processes are provided.

5.1 Weak coupling regime

When the two parallel dots are weakly coupled, the inter-dot tunneling and hence the corresponding
charge transport can be neglected. The total current reflects the sum of the partial currents through
each individual dot which can be seen in the pseudo 3D presentation of the top panel of Fig. 12. In
this weak coupling regime, the charging diagram resembles similar honeycomb patterns as shown in
Fig. 3 (a) for a serial double dot. However, a current can be measured along all honeycomb bound-
aries (given an intermediate dot-contact coupling A" ~ d¢™). A small gap between the crossing point
pl and p2 is also expected, although this can be diminished when the thermal energy becomes com-
parable to the inter-dot charging energy, as has been shown in Fig. 4. If the phase coherence is pre-
served in the transport through the double dot, the tunnel current develops AB oscillations every time
when the magnetic flux through the ring area is changed by h/e. In Fig. 12 (a), a charging diagram
shows the area around a crossing point where two resonant tunnel current bands intersect [37, 39, 40].
AB oscillations are examined at resonant and off-resonant conditions as shown in Fig. 12 (b), where
clearly AB oscillations with a period of 16.8 mT are observed at resonant condition but not in the off-
resonant case. According to the area (~2.5 x 10713 m?) enclosed by the ring, this oscillation period

left dot

Fig. 12 The bottom-left graph is a charging diagram show-
ing a crossing point, at which the tunnel current is a sum of
those two individual tunnel currents through the two dots, as
shown in the top graph. The bottom-right graph shows AB
oscillations of tunnel current at resonance and off-resonant
(bath temperature of 7 = 100 mK and Vgp = 67 uV).
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Fig. 13 Phased-locked AB oscillations are observed at

locations I, II, III, and IV in the charging diagram

shown in Fig. 12. The AB-amplitudes do not show a

5% | ) specific dependence on the number of electrons on the
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agrees with the flux quantum @y = h/e. AB oscillations are examined in more details around the
crossing point shown in Fig. 12 (a). AB oscillations at sites I, II, III, and IV are shown in Fig. 13 (a),
(b), (c), and (d), respectively. All show at least four periods of oscillations. Since the measurements
are taken in a two-terminal configuration, the AB phase is supposed to be locked [41, 42], which is
confirmed in Fig. 13. Generally, AB oscillations imply that at least part of the charge transport
through the dots is coherent. The circumference of the ring area which encloses both arms gives a
lower limit for the coherence length (I; > 1.8 um) for electrons traversing the dots in this device.
From the electron state lifetime (I” ’1) in the dots, we estimated a lower limit for the coherence time
to be 7.on > 2 ns [40]. We would like to mention that AB oscillations have also been detected in an
AB ring with only one quantum dot embedded [43, 44]. With a parallel double dot structure, however,
we are able to not only examine the overall phase coherent transport but also probe the local coherent
coupling between the dots and its effect on coherent transport.

5.2 Strong coupling regime

When the inter-dot tunnel coupling becomes stronger, inter-dot charge fluctuation modifies the ground
state energy of the double dot. The first effect from this stronger coupling is that the crossing points
pl and p2 are positioned further away from each other than in the weak coupling case. The charging
diagram resembles to that shown in Fig. 4 (b) [37]. Here, we only consider the case where both dots
are weakly coupled to the contacts. As a result, Coulomb blockade oscillations contributed from
single dots will be largely suppressed, which corresponds to a weak tunnel current along the honey-
comb boundaries. With a near-zero drain-source bias, we observed strong conductance lines in parallel
to the line connecting pl and p2 (see Fig. 14 (a)) [38].

According to the first order tunneling, transport through the double dot is not allowed between the
crossing points pl and p2. The observed strong transport at crossing points is about two orders of
magnitude larger than the normal resonant tunneling through one of the dots (Fig. 14). We attribute
this enhanced transport to cotunneling which allows two electrons simultaneously to tunnel through
virtual states of the double quantum dot. Mainly due to the presence of strong cotunneling, no discrete
molecular states are probed between crossing point pl and p2, as compared to the serial double quan-
tum dot of Fig. 5 and Fig. 6. However, nearby pl and p2, in the direction perpendicular to line pl—-p2,
well resolved Lorentzian shaped tunnel peaks are observed (see Fig. 14) [38]. Different peaks corre-
spond to different detuning between two decoupled quantum states, and hence different degenerate
molecular states. By reducing the inter-dot tunnel barrier, more molecular states are observed. The
importance of this observation lies in the fact that molecular states which are decoupled from contacts
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Fig. 14 (a) At a bath temperature of 7 = 815 mK, the
parallel quantum dot device is tuned into a regime where
only cotunneling via molecular states contributes to the
drain-source current. The dashed lines mark positions in
the charging diagram where sequential tunneling is pre-
vented because of highly opaque tunnel barriers. Indepen-
dent of the number of electrons on the double quantum
dot (N;,N,), a finite conductance due to cotunneling oc-
curs when two coupled dot states y, and y; are connected
to source and drain in parallel (see (b)). The single line
graph in (c) highlights a set of cotunneling peaks (e.g.,
black triangle) and refers to the section between the two
arrows in (a).
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can be non-invasively probed by a cotunneling current. The analysis of the line shape reveals that the
broadening (<70 ueV) of cotunneling contribution to the current is only about half of the broadening
(=130 ueV) of a normal resonant tunnel peak, which surprises since the thermal broadening is about
3.52kgT ~ 247 peV for T ~ 815 mK. In a detailed theoretical analysis (see [45]), we found that the
broadening of the cotunneling resonances reflects mainly the line width of the molecular states them-
selves in combination with a pseudo-spin Kondo effect. Generally speaking, the spin Kondo effect
describes electron correlations between quantum states in the contacts and degenerate spin states in a
quantum dot or a spin impurity [46—51]. In a parallel double quantum dot, however, the two electron
states with one electron being in either of the two quantum dots are degenerate in charge, even with-
out considering their spin quantum number. The orbital structure of the wave functions acquires spin
like features, which can be expressed in terms of a so-called pseudo-spin [52—55]. The pseudo-spin
Kondo correlations give rise to second order tunneling, which was experimentally verified in the pre-
sented parallel double quantum dot geometry [45].

6 Double quantum dot qubits

As shown in Sec. 4.2, molecular states formed in a strongly coupled double quantum dot can be
viewed as a coherent superposition of the decoupled localized states

|#) = all) +Blr), (12)

where |I) = |1,0) and |r) = |0, 1) correspond to the topmost electron occupying the left and right dot,
respectively. With |I) = |0) and |r) = |1) as calculation basis, such an artificial molecule provides a
versatile candidate for the definition of a qubit, the information register of the proposed quantum
computer. To prepare the qubit from a double quantum dot in a defined state, one can set a large
detuning between the two base states (¢; < ¢,), achieving relaxation into an initial state |0) = |/). In a
following step, e.g., a dc pulse signal can be applied to the left gate voltage to meet the condition
€ = €, such that a superposition and via the tunneling a one-qubit rotation is achieved. By the pulse, a
wide range of qubit states |¢) as shown in Eq. (12) can be formed, where o and f3 are determined by
the pulse duration.
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An alternative, but equivalent calculation basis is given by the bonding and anti-bonding states |b)

and |a):

ly) = alb) + Bla), (13)
As shown in Sec. 4.2, the energy gap between the anti-bonding and bonding states here is given by
\/ (BE)* + 42,

In the first scheme where |/) and |r) are the calculation basis states, the charge distribution between
the two dots and thereby the polarization of the double dot directly reflects the classical part of the
qubit information content. Such a spatial resolution is desirable for fast readout of the qubit value by
coupling a charge detector to the double quantum dot, e.g., a quantum point contact, an additional
quantum dot or a single electron transistor.

The time available for any quantum mechanical computation is ultimately limited by the coherence
time (z7.n) of the electronic states in the double quantum dot. The coherent charge oscillation has a
Rabi frequency of €, = 2t/h, giving a lower limit for the time required by a single operation.

Spin-based qubits. — As proposed by Loss and DiVincenzo [11], the spin states of a single excess
electron in a quantum dot form a natural calculation basis for a qubit:

1) = 10), L)y =11). (14)

The double quantum dot here comprises the next step of integration, namely the direct coherent and
controllable coupling of two qubits via the Heisenberg exchange interaction. With this respect it has
recently been the object of detailed theoretical research [11, 56] — for all quantum computing
schemes, such a coupling of qubits by two-qubit gates is an important prerequisite. Furthermore, the
electronic spin states have been shown to possess a much longer decoherence time compared to the
charge degree of freedom [57, 58]; decoherence is mainly introduced by the spin-orbit and hyperfine
[59] interaction.

7 Conclusion

We have seen that coupled quantum dots can be readily manufactured in a variety of geometries. For
studying single electron tunneling and coherent modes in the coupled dots we have chosen a serial
geometry. This allowed us to perform transport measurements ranging from direct-current into the
microwave regime. We were able to demonstrate tuning of the coherent coupling for direct as well as
for photon assisted transport. In an advanced setup two dots were coupled in parallel. With this con-
figuration we probed Aharonov-Bohm oscillations demonstrating phase coherence. To form realistic
single or coupled qubits, dephasing as a major problem need to be solved. Engineering of quantum
dot structures and its host materials would provide the knowledge of dephasing mechanisms in solid-
state quantum dot system [60]. Dynamic control and read-out of single and coupled qubits will finally
enable us to construct more complex and functional quantum circuits.
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