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Individual and coupled quantum dots containing one or two electrons have been realized and are
regarded as components for future quantum information circuits. In this Letter we map out experimentally
the stability diagram of the few-electron triple dot system, the electron configuration map as a function of
the external tuning parameters, and reveal experimentally for the first time the existence of quadruple
points, a signature of the three dots being in resonance. In the vicinity of these quadruple points we
observe a duplication of charge transfer transitions related to charge and spin reconfigurations triggered by
changes in the total electron occupation number. The experimental results are largely reproduced by
equivalent circuit analysis and Hubbard models. Our results are relevant for future quantum mechanical
engineering applications within both quantum information and quantum cellular automata architectures.
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A comparison between single quantum dots and real
atoms confirms both analogous and dissimilar properties.
Atomic-like shell structure and Hunds rules govern both
systems [1,2]. The very different energy scale of the arti-
ficial atom, however, manifests itself in novel interaction
phenomena which have no analogue in real atoms, such as
singlet triplet transitions and spin texture arrangements of
electrons [3,4]. Recently, with the realization of electro-
static few-electron quantum dots [5] and their combination
with noninvasive charge detection technology [6], tunable
coupled few-electron quantum dots (i.e., artificial diatomic
molecules) have been investigated [7–11]. The tunability
of these devices makes them promising candidates for
future quantum information applications [12–17] as well
as for fundamental studies of quantum molecular effects,
and for exploiting nanospintronic functionalities [8]. There
has been growing theoretical interest in the next level of
complexity, the few-electron triple dot or triatom. In addi-
tion to applications in the field of quantum information as
entanglers [15] or coded qubits [13,16,17], rectification
and ratchet functionalities have been predicted [18,19].
We present here the first experimental results from a few-
electron triple dot potential formed by surface gates.

The starting point for any experimental investigation of
a new complex quantum dot system is the stability dia-
gram, the configuration map. In this Letter we study for the
first time the stability diagram of a few-electron triple dot
potential. We identify quadruple points where all three
quantum dots are simultaneously in resonance. We find
these are characterized by internal charge and spin rear-
rangements. Dramatic manifestations of these rearrange-
ments are duplications or clones of charge transfer
boundaries (i.e., when electron configurations switch at
fixed total electron number). We concentrate on the most
fundamental quadruple points in which one, two, or three
electrons are shared between the three dots. While these
new effects will need to be taken into account when design-

ing either charge or spin qubit implementation schemes,
they also provide new opportunities for processing and
moving quantum information around a circuit. Addition-
ally, this phenomenon may be considered a basic demon-
stration of a quantum cellular automata (QCA) effect in a
few-electron regime and adaptations may form the basis of
future QCA architectures [20,21].

Ciorga et al. [5] first demonstrated that a single electron
could be isolated from a two-dimensional electron gas in
an AlGaAs=GaAs heterostructure by purely electrostatic
means. Two coupled few-electron quantum dots were soon
after successfully realized [7–11] with Elzerman et al. [7]
first demonstrating the single electron regime in double
dots. Huttel et al. [22] realized a double few-electron
quantum dot from a single quantum dot by applying suit-
able gate voltages and slicing the quantum dot potential in
two. In fact modeling the confinement potential of a few-
electron double dot layout [7] reveals [23] that one should,
by applying suitable gate voltages, be able to create a few-
electron triple dot (where the dots are aligned in series). On
three separate cooldowns of our device, however, measure-
ments confirmed that while we were able to create a triple
dot few-electron potential, remarkably the three dots ar-
ranged themselves in a ring almost certainly related to the
underlying mesoscopic impurity potential. In this Letter
we take advantage of this to study this novel quantum dot
circuit for the first time. A schematic of the triple dot
potential is shown in the inset of Fig. 1. All three dots A,
B ,and C are coupled to each other. A quantum point
contact (QPC) charge detector is used to probe changes
in the triatom charge configurations [6]. The current
through the QPC (IQPC) is sensitive to any change in the
charge configuration. The derivative of @IQPC=@V4B is
measured using standard low frequency ac techniques.

The stability diagram for a quantum dot circuit consist-
ing of N coupled dots is an N-dimensional entity. Because
of cross capacitances any 2D slice through the stability
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diagram should revealN sets of parallel Coulomb blockade
lines (when the electrochemical potential of the leads and a
particular dot are matched.) To observe unique triple dot
features, it is necessary to achieve the very particular slices
in which lines from all three sets cross at a single location.
These are called the quadruple points, where four electron
configurations are degenerate.

The above predicted behavior is confirmed in the stabil-
ity diagram in Fig. 1. The three sets of parallel lines marked
by red, blue, and green circles refer to changing the number
of electrons in A, B, and C, respectively. The three ovals
indicate triple points associated with the three possible
two-dot combinations. The first successfulrealizationn of
the fundamental configurations (0, 0, 0) and (1, 1, 1) can be
seen. We note that the (1, 1, 1) configuration is a necessary
condition for the creation the Greenberger-Horne-
Zeilinger maximally entangled states, using which quan-
tum algorithms, such as quantum teleportation can be
implemented [24].

To realize quadruple points experimentally, two triple
points need to be merged. This is achieved by tuning
voltages V3T and V3B and is shown in detail in
Figs. 2(a)–2(e). The blue and pink circles in Fig. 2 marks
triple points between A andB in which configurations (0, 1,
0) and (0, 0, 0) are degenerate with (1, 0, 0) and (0, 0, 1),
respectively. In Fig. 2(a) these points are still far apart. A
charge transfer line is visible and is indicated by dotted
lines for clarity [(1, 0, 0) to (0, 1, 0)]. In Fig. 2(b) the two
triple points are adjusted closer together. On close inspec-
tion, a new feature is emerging close to the C � 1 line (the
line corresponding to the addition of the first electron into
C) at the division between (0, 1, 0) to (0, 1, 1) states. In

Fig. 2(c) this extra feature has evolved into a new addi-
tional charge transfer line, parallel to the one between (1, 0,
0) and (0, 1, 0). Based on the models presented below the
configurations on either side of this ‘‘clone’’ line are
identified as (1, 0, 1) and (0, 1, 1). In Fig. 2(d) we observe
that the original charge transfer line between (1, 0, 0) and
(0, 1, 0) disappears as it crosses the C � 1 line. As the
voltages are adjusted further the sequence of events begins
to repeat itself around the C � 2 line as can be seen in
Fig. 2(e).

We first evoke an equivalent circuit model [25], in which
the electrostatic energy of the system is given by Etriatom �P3
i�1�

1
2UiN2

i � �
P3
i<j;j�2 NiNjUi;j � f�V1B; V5B�, where

Ni is the number of electrons in dot i, Ui is its charging
energy, Ui;j are the capacitive coupling energy between
dots i and j, and f is the electrostatic energy due to the gate
voltage induced charge. The ratios of charging and capaci-
tive coupling energies can be estimated directly from the
data in Fig. 1 and 2 from an analysis of the spacings related
to the addition spectrum of each dot and the offsets related
to the crossings of lines related to different dots in the

FIG. 2 (color online). Evolution in the (0, 0, 0) to (1, 1, 1)
region as two triple points are gradually merged. Dashed lines
have been drawn over interdot charge transfer lines for clarity.
(a) Triple points where dots A and B are in resonance (light blue
circle) and dots B and C are in resonance (pink circle). (b) The
two triple points are closer together and a new structure starts to
appear on the right side of the C � 1 line, (c) The two triple
points coincide, creating a quadruple point where the three dots
are in resonance. We observe the appearance of a new line on the
right side of the C � 1 line. (d) The triple points move apart
again, the original charge transfer line has disappeared. (e) The
sequence of events starts to repeat itself around the C � 2 line.

FIG. 1 (color online). Stability diagram of the triatom. Three
different sets of parallel lines correspond to the addition spec-
trum of dot: A (red), B (blue), and C (green). Dashed ovals
correspond to three different triple points, where chemical
potentials of two dots and the leads coincide. Inset: Scanning
electron micrograph of a device, schematically indicating the
position of the three dots.
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stability diagram. Specifically,UA � 3:1,UB � 2:8,UC �
2:28, UAB � 0:86, UAC � 0:28, and UBC � 0:57 meV. To
include quantum effects we also develop a Hubbard model.
This model includes tunneling and the Pauli exclusion
principle. With c�i� (ci�) operators describing the creation
(annihilation) of an electron at the lowest energy level Ei
of the ith dot (i � A, B, C), the Hubbard Hamiltonian can
be written asH �

P
ij��Ei�ij � tij�c

�
i�cj� �

P
iUin"in#i �P

i<jVijninj, where n"i � c�i" ci", and ni � n"i � n#i is the
spin and charge density in dot ‘‘i’’, and tij is the interdot
tunneling (tAB � 70, tBC � 10, and tAC � 10 �eV) ex-
tracted by a detailed analysis of the curvature at the indi-
vidual triple points [26] at experimental conditions not far
from the occurrence of quadruple points. The three terms
describe the energy of each dot, the charging energy and
the interaction energy between electrons occupying differ-
ent dots. To make contact with experiment, we assume that
the energies Ei are linear functions of gate voltages; other
Hubbard parameters are extracted from experiment. The
ground-state energy E0 is obtained by diagonalizing the
Hubbard Hamiltonian. These energies are used to calculate
the chemical potential ��N�. When ��N� equals the
chemical potential of the leads, the N � 1st electron is
added and the stability diagram is established. From the
corresponding ground-state wave function we determine
the occupation nA, nB, nC of each dot and compute the
QPC voltage VQPC � nA=RA � nB=RB � nC=RC, with RA,
RB, RC being, respectively, the distances of the A, B, and C
dots from the QPC. Figs. 3(b) and 3(c), which should be
compared with Fig. 2(c), show the results from the two
models. The cloning of the charge transfer line is con-
firmed by both models. Quantum effects included in the
Hubbard model lead to a smearing and curvature of the
charge addition and transfer lines.

The origin of the duplicate charge transfer line is re-
vealed as a charge rearrangement effect, reminiscent of
QCA that occurs in the vicinity of quadruple points where
several configurations are almost degenerate. This is shown
in more detail in Fig. 4(a). Initially, a single electron re-
sides in A. As gate 5B is made less negative it becomes
energetically favorable for the electron to transfer to B. As
the gate sweep continues, the system enters the two-
electron regime involving a more complex, two-step pro-
cess. When the second electron enters C, the electron in B
reverts back to A. This is a consequence of the difference in
interdot coupling between A and C, and B and C. Finally,
as the gate is swept further, the electron in A is once again
transferred into B. This results in a line parallel to the first
charge transfer line since they both involve the transfer of
an electron from A to B, differing only by the presence of
an electron in C. The disappearance of the original charge
transfer line at the C � 1 line is now also clear. The
configuration on crossing the C � 1 line is uniquely the
(1, 0, 1) state for both the initial (1, 0, 0) and (0, 1, 0)
configurations. The models also explains other observa-
tions such as the modification of the slope of theC � 1 line
between the two quadruple points marked � and � and the
behavior of the slopes of two neighboring charge transfer
lines marked by � and � in Fig. 2(a). Consider, for ex-
ample, the latter effect. These are the lines obtained when
transferring an electron into an empty dot C from either A
or B. Comparing Fig. 2(a) and 2(d) the � and � slopes are
reversed. But in 2(c) they have exactly the same slope. In
2(a), � (�) refers to a transfer of an electron from A (B) to
C. But in 2(c), as a result of the charge reconfiguration
effect, both lines involve a transfer of an electron from B
into C resulting in similar slopes. Certain experimental
features, however, remain to be fully understood. Both
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FIG. 3 (color online). Theoretical models for the triple dot.
(a) Schematics of the circuit model. (b) Theoretical stability
diagram using the equivalent circuit model. (c) Hubbard model
stability diagram.

FIG. 4 (color online). Schematic evolution of the triatom con-
figuration in the vicinity of two different quadruple points as gate
5B is made less negative. (a) Starting with one electron in A (1,
0, 0), the electron is transferred to B (0, 1, 0), the addition of an
extra electron to C triggers an electronic rearrangement in the
other dots and the first electron is transferred from B to A (1, 0,
1), finally the electron is retransferred from A to B (0, 1, 1).
(b) Starting with one electron in A and 1 electron in B (1, 1, 0),
the electron from A is transferred to B (0, 2, 0), the addition of an
extra electron in C creates again a charge rearrangement (1, 1, 1),
but this time involving a spin rearrangement at low magnetic
fields. Finally an electron is transferred from A to B again
(0, 2, 1).
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models, for example, predict that the clone charge transfer
will always be parallel to its partner while the experiment
reveals that initially (i.e., when it is close to the C � 1 line)
its slope is closer to the modified C line slope and not the
original charge transfer line. Connected with this, a pre-
dicted kink in the C � 1 line in this regime (i.e., where the
initial transfer line crosses the C � 1 line) is not observed
experimentally.

We are able to successfully realize many quadruple
points experimentally by gate adjustments. At the most
fundamental quadruple point, �, the ‘‘vacuum’’ state (0, 0,
0) is resonant with the three single electron configurations
(1, 0, 0), (0, 1, 0) and (0, 0, 1). At quadruple point � the (1,
1, 1) configuration is resonant with the three double occu-
pied states (1, 1, 0), (0, 1, 1), and (1, 0, 1). At other
quadruple points simultaneous charge rearrangements are
expected to be accompanied by spin transitions. In
Fig. 4(b), for example, the charge rearrangement involves
the transition from (0, 2, 0) to (1, 1, 1) which, at low
magnetic fields, one would expect to be accompanied by
a spin flip event [3] in dot B. The schematics indicate the
distribution of electrons amongst the dots.

In conclusion, the stability diagram of a few-electron
triple dot has been measured for the first time. The results
reveal a new playground for fundamental physics and open
up new opportunities for fundamental studies of complex
entangled quantum states. The stability diagram is found to
be a complex object containing charge and spin rearrange-
ments in the vicinity of quadruple points. These rearrange-
ments may lead to applications in QCA circuits as well as
in quantum information implementation schemes.
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