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We demonstrate the tunability of a GaAs /AlGaAs quantum ring showing coherent Aharonov-Bohm
oscillations up to a gate voltage regime where the ring splits into three quantum dots. This is
explained based on the structure’s special confinement potential. We characterized the dots by
analyzing the corresponding sets of Coulomb blockade lines. Additionally, the spatial configuration
of the dots was confirmed by charge measurements using an adjacent quantum point contact.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2833694�

The investigation of semiconductor quantum rings has
been a growing field of interest in recent years. Notably, their
use as phase detectors proved to be an important application.
For example, the phase shift of an electron traversing a quan-
tum dot could be measured by using a dot embedded in the
arm of a quantum ring interferometer.1,2 The area of research
on multiple quantum dots also advances significantly. Except
for basic experiments in the mid-90s,3,4 only recently, a few
groups were able to study coupled triple dots.5–8

In this paper, we report on the formation of three quan-
tum dots inside a quantum ring due to the special shape of
the confinement potential. This leads to the perspective of
deliberately forming embedded multidots by only small ma-
nipulations in the constrictions of a ring.

Our device was fabricated from a GaAs /AlGaAs hetero-
structure consisting of 5 nm GaAs as a cap layer, 6.5 nm
AlGaAs, 2 nm AlAs, 2 nm GaAs, a Si-� layer, an AlGaAs
barrier which is 18.5 nm wide and 1 �m GaAs �from top to
bottom�. A resulting two-dimensional electron gas �2DEG� is
located 34 nm below the surface with an electron density of
ne=3.91�1015 m−2 and a mobility of �e=64.3 m2 V−1 s−1.
A quantum ring with adjacent quantum point contact �QPC�
was formed using the method of local anodic oxidation with
an atomic force microscope �AFM�.9–12 This technique al-
lows to create insulating lines cutting through the 2DEG by
writing oxide lines on the surface of the sample.

An AFM image of our device is shown in the inset in
Fig. 1. It consists of a ring with an outer diameter of 360 nm
surrounding an oxide dot with a diameter of 100 nm. The
ring is connected to two leads, source �S� and drain �D�, via
point contacts with a width of 100 nm. Next to one arm of
the ring, a 100 nm quantum point contact is located with its
own source and drain leads �source SQPC and drain DQPC�.
This external QPC acts as a charge detector since its effec-
tive width is sensitive to the electrical field of the ring’s
electrons. Two areas insulated from the rest of the structure
serve as gates �G1 and G2� and can be used to tune the other
parts of the device.

In order to obtain a more complex system, the oxide
forming the center of the ring is positioned asymmetrically
leaving more space in the upper part of the ring while it is
shifted into the lower arm. Therefore, it forms a sort of con-
striction in the lower arm. Thus, the conducting region of the
ring is roughly divided into one island in the upper arm and
two smaller islands left and right of the constriction in the
lower arm. These three segments are expected to be sepa-
rable by appropriate gate voltages.

The experiments we present in this paper were done us-
ing standard lock-in technique in a two-point measurement
setup connected to the source and drain contacts. The resis-
tance of the leads can be neglected here, since it never ex-
ceeds a few kilo-ohms, while our structure with tunneling
barriers on both sides has a total resistance of at least several
hundred kilo-ohms up to some megaohms, depending on the
gate voltage. The sample was mounted in a dilution refrig-
erator at a base temperature of T=20 mK.

Most measurements on the device were done without the
external QPC. Instead, the areas of SQPC, DQPC, and G1 were
combined to form one large gate QPC+G1.

a�Electronic mail: amuehle@nano.uni-hannover.de.

FIG. 1. �Color online� Difference �G between the conductance G and the
nonoscillating background as a function of B for VQPC+G1=140 mV, VG2

=145 mV �straight line� and VQPC+G1=30 mV, VG2=100 mV �dashed line�.
The Aharonov-Bohm oscillations with a period of 51 mT are clearly visible
in the first situation but vanish in the other one. Inset: an atomic force
microscope image of the device. The quantum dots that formed in the struc-
ture are marked. The middle of the oxide lines is traced in grey for clarity.
The areas labeled SQPC, DQPC, and G1 can be combined and used as one
single gate QPC+G1.
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Since we started from a ringlike geometry, we expect to
see the Aharonov-Bohm oscillations. This is indeed observed
for a certain gate voltage regime. The results from measuring
electronic transport through the ring in dependence of an
externally applied magnetic field B are shown in Fig. 1 for
two different gate configurations. To enhance the oscillations
in the differential conductance G, a background was sub-
tracted from the raw data leaving the difference �G with
only the oscillatory part of the signal. To obtain that back-
ground, the original curves were smoothed by boxcar aver-
aging using adequately wide intervals. It can be seen that for
larger positive gate voltages, Aharonov-Bohm oscillations
are visible �solid line�. Their amplitude of 0.02e2 /h corre-
sponds to a visibility of 1.5% relative to the removed back-
ground of about 1.3e2 /h. Their periodicity of �B=51 mT
implies a diameter of 321 nm for the electronic path through
the ring which fits perfectly to the written geometry. Apply-
ing smaller gate voltages eventually results in a vanishing of
the Aharonov-Bohm effect. This is also depicted in Fig. 1
�dashed line�. This observation shows that lower gate volt-
ages lead to a regime where coherent transport through the
ring is disrupted. Thus, it is consistent with the assumption
that the ring can be divided into separated segments.

The transport spectrum that develops when the gate
voltages are swept without a magnetic field B is depicted in
Fig. 2�a�. The conductance G through the ring is plotted
in dependence of the applied gate voltages over the ranges
of −100 mV�VQPC+G1�125 mV and −100 mV�VG2
�170 mV. The lower left region of the figure shows the
regime in which the negative gate voltages effectively close
the connections between the ring and the leads and therefore
the conductance vanishes. The highest transmission through

the device can be seen in the upper right corner at the largest
positive gate voltages. Between these regions, the constric-
tions to source and drain are tuned to form thin tunneling
barriers and Coulomb blockade lines are visible. In Fig. 2�b�,
a scheme of the Coulomb lines’ positions over the observed
voltage region is drawn. It is clearly visible that each line
belongs to one of three distinct groups, showing the exis-
tence of three different quantum dots in the structure. These
dots are referred to as I, II, and III and the lines are labeled
accordingly. Measurements depending on a source-drain
voltage for each set of lines led to the observation of Cou-
lomb diamonds, confirming the nature of the blockade lines.

In the transport spectrum, the blockade lines of dot II
cross the lines of dot I with only slight interaction. In con-
trast, the Coulomb lines belonging to dot I and those of dot
III show notable anticrossings where they meet in the lower
right quarter of the conductance plot. This indicates that dot
I is coupled stronger to dot III than to dot II. In both cases,
the rounded shape of the lines at the triple points suggest
tunnel coupling to be present. There is no region in the plot
where crossings between the lines originating from dot II and
those of dot III can be observed without the presence of also
the lines of dot I.

The sections of the plot where anticrossings are present
are marked in Fig. 2 and shown in more detail in Fig. 3. In
Fig. 3�a�, it can be seen that the interaction of dots I and II is
more discernible for larger VQPC+G1 and smaller VG2. This fits
to the expectation that such tuning shifts dot I closer to the
upper part of the ring while dot II cannot retreat. In Fig. 3�b�,
anticrossings between the lines of dots I and III are shown.
Figure 3�c� depicts the region where all three types of block-

FIG. 2. �Color online� �a� The conductance G through the quantum ring in
dependence of the applied gate voltages. �b� The positions of the Coulomb
blockade lines visible in the spectrum shown in �a�. The dashed boxes mark
the regions corresponding to the depictions in Fig. 3. They are labeled with
the numbers of the dots whose lines cross inside of their area. Each set of
lines is labeled with respect to the corresponding quantum dot.

FIG. 3. �Color online� �a� A section of the conductance plot where the
Coulomb lines of dots I and II cross each other. To emphasize the features,
only the difference �G from the background is shown. One of the anticross-
ings is traced. �b� Part of the region where the blockade lines of dots II and
III meet. One anticrossing is marked. �c� Part of the region where the block-
ade lines of all three dots meet. Here, again, a background has been re-
moved. For each dot, one line is marked and labeled. Additionally, one of
the crossing patterns indicating the presence of triple dot physics is traced.
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ade lines meet and complex patterns of anticrossings appear.
Here, the so-called quadruple points occur.6 This indicates
tunnel coupling between all three dots and thus the formation
of a real triple dot in this regime.

Analyzing the distances of the Coulomb blockade lines
in the transport spectrum, the capacitances between the dif-
ferent quantum dots and each of the two gate areas QPC
+G1 and G2 can be obtained. For dot I, these values are
CQPC+G1,I=6.7 aF and CG2,I=12.5 aF, for dot II, they are
CQPC+G1,II=20.9 aF and CG2,II=3.7 aF, and for dot III,
CQPC+G1,III=2.3 aF and CG2,III=11.9 aF. Since these capaci-
tances can be used as a measure for the coupling of each dot
to the different gate areas, it can be derived that dots I and III
are positioned closer to G2 than to QPC+G1. For dot II, it is
considered as being reverse.

Additionally, by using the aforementioned additional
Coulomb diamond measurement, the charging energies of
the dots and their capacitances toward the source contact can
be calculated. This yields the charging energies Echar,I
=3.1 meV, Echar,II=2.1 meV, and Echar,III=3.6 meV while the
source capacitances are CI,S=23.9 aF, CII,S=49.3 aF, and
CIII,S=35.7 aF. Since the charging energies and the ring’s
geometry suggest a similar size for dots I and III, their ca-
pacitances to source may be compared. Thus, dot III is found
to be located closer to the source area than dot I.

The positions emerging from these calculations are
marked in the inset in Fig. 1 by the ellipses drawn into the
arms of the ring. It can be seen that they fit exactly to the
geometric shape of the lithographic structure with one dot in
the upper part and the two other ones on both sides of the
constriction in the lower arm.

To further investigate the situation on the ring, measure-
ments of the transport through the QPC were performed. In
this setup, the leads connected to the QPC were no longer
utilized as parts of a gate area and only G1 and G2 were used
to tune the structure. Kinks in the signal of a QPC capaci-
tively coupled to a quantum dot result from charging of the
dot.13 This is due to the gatelike influence of the dot’s charge
on the effective width of the constriction forming the QPC.
The measurement of the QPC’s conductance and the trans-
port through the ring may be compared for VG1=0 mV and
VQPC+G1=0 mV, respectively. There, the changes of charge
observed with the QPC match the Coulomb lines of dot II.
Although in the spectrum of the ring other blockade lines can
be seen in the corresponding region, no further features are

visible in the QPC signal. Thus, it is only dot II which has an
influence on the QPC. This is an independent confirmation of
our finding that dot II is adjacent to the QPC while the other
two dots I and III are located on the opposite side of the ring.

In conclusion, we measured transport through an asym-
metric quantum ring in dependence of external gate voltages.
The observed Coulomb blockade lines show the existence of
three distinct quantum dots inside the ring. Anticrossings of
these lines indicate tunnel coupling between the dots. In de-
pendence of the gate voltage, two regimes with double dots
as well as one with a real triple dot are accessible. Calcula-
tion of the dots’ capacitances toward the outer parts of the
structure are used to determine the dots’ positions. Additional
measurements using the quantum point contact next to the
ring as a charge detector on these quantum dots confirm the
findings about these locations. Comparison with the litho-
graphic structure of the device verifies that the spatial ar-
rangement of the dots originates from the small asymmetry
of the oxide dot in the center. Thus, we demonstrate the
generation of a complex quantum structure from a simpler
design by only a minimal variation in the geometry.
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