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Abstract

We observe Aharonov–Bohm oscillations in an interferometer containing one quantum dot in each arm. The two quantum
dots are laterally de.ned in a two-dimensional electron gas and are both brought to the few electron limit. By the results we
verify that at least part of the charge transport is coherent in such a mesosopic system. ? 2002 Elsevier Science B.V. All
rights reserved.
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As proposed in 1959, the Aharonov–Bohm (AB)
e7ect allows to probe the wave nature of electrons [1].
Two conducting arms enclose an area which is pen-
etrated by a magnetic :ux. An electron in the upper
arm acquires an additional phase due to the vector po-
tential A in comparison with the electron in the lower
arm. If the magnetic .eld is varied, the conductance
of the whole mesoscopic system will be modulated
with a periodicity of �0 = h=e which yields to the
AB-oscillations. In solids, these were observed in
metallic loops [2], and later on in semiconductor het-
erojunctions [3]. The appearance of AB-oscillations
in an experiment, where a single quantum dot was
integrated into one of the arms demonstrated that
charge transport through the quantum dot is coherent
[4].
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In this work we show measurements of AB-
oscillations for the case of one ultra small quantum
dot incorporated in each interferometer arm, respec-
tively. The two quantum dots are laterally de.ned
within a two-dimensional electron gas (2DEG) where
the conductance is measured in a two-terminal man-
ner. The presented results are obtained in the case
that both dots are only weakly coupled to each other,
but as reported recently [5], the device also allows to
vary the coherent coupling between the two quantum
dots. Hereby, it is a promising candidate for measur-
ing the non-locality and entanglement of singlet- and
triplet-states within a double dot system, as it was
proposed theoretically [6].
Starting with a 2DEGwhich is located 90 nm below

the surface of an AlGaAs=GaAs heterostructure, two
lateral quantum dots are de.ned by applying negative
voltages to Schottky-gates which are evaporated onto
the surface. In addition to this technique, we .rst de-
.ne insulating areas of Calixarene and then the struc-
ture of the above gates (see Fig. 1(a)) [5]. Since the
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Fig. 1. (a) In addition to Schottky-gates, layers of Calixarene are de.ned on top of an AlGaAs=GaAs heterostructure. By applying
appropriate voltages to the gates the regions of the 2DEG below the resist .lms are not depleted. (b) With this technique a parallel double
quantum dot is formed in a way that both dots are equally connected to source and drain. The two transport channels enclose an area
which is penetrated with a magnetic :ux �, if we apply a perpendicular magnetic .eld. Thus, the structure operates as an Aharonov–Bohm
interferometer containing two quantum dots [5]. (c) Part of the charging diagram of the double quantum dot which shows intersecting
Coulomb resonances. Charge transport simultaneously takes place via both quantum dots. (d) The currents through both quantum dots are
added to each other.

dielectric constant of Calixarene is about � ∼ 7:1 and
the layers have a thickness of approximately 45 nm
[7], the regions of the 2DEG which are below the Cal-
ixarene are not depleted if the voltages are applied
appropriately. 1 This provides experimental access to
charge transport through parallel devices, e.g. several
quantum point contacts [8] or as here, through two
parallel quantum points (see Fig. 1(b)) [5].
The charging energies of both dots are Edot1

C =
e2=2Cdot1


 =6:5 meV and Edot2
C =3:0 meV, respectively.

Thus, we can evaluate the total capacitance of each
dot to be of Cdot1



∼= 12 aF and Cdot2



∼= 27 aF. Ap-

proximating the capacitancesCdots

 as for classical con-

ducting discs C
 = 8�0�rrdote (�r ∼= 12:8 in GaAs), we
estimate the electronic radii rdot1e

∼= 14 nm and rdot2e
∼=

30 nm, respectively. At a bath temperature of 4:2 K
the sheet density is found to be ns = 1:7× 1015 m−2.
By this, we can estimate the number of electrons in
each dot to be smaller than Ndot1 ∼ 2 and Ndot2 ∼ 5,

1 The regions of the 2DEG below the Calixarene are pinched o7
at an applied voltage of ∼ −690 mV. The shown measurements,
however, are performed at smaller voltages.

i.e., both dots are in the few electron limit. From the
electron mobility �=80 m2=V s (at 4:2 K) we deduce
that the elastic mean free length le ∼ 5:44 �m is larger
than the typical lengths of the device (∼ 500 nm).
As can be seen in Fig. 1(c), the charging diagram
of the double dot shows intersecting Coulomb reso-
nances. At the crossing point the current through the
mesoscopic structure is added of the contributions of
each quantum dot (see Fig. 1(d)). This veri.es that
both dots are equally connected to source and drain as
marked in Fig. 1(b) [9]. With the electronic tempera-
ture Te similar to the 3He=4He bath temperature Tb ∼=
100 mK ∼ 9 �eV=kB (kB denotes the Boltzmann con-
stant), the charge transport through each quantum dot
is dominated by tunneling through one single quantum
level.
Threading a magnetic :ux through the area which

is given by the two transport paths and measuring the
charge transport at a small source–drain voltage Vsd
yields AB-oscillations as can be seen in Fig. 2. At dif-
ferent positions of the charging diagram (as marked
by circles 1; : : : ; 6 in Fig. 1(c)) we detect oscillations
with a period of �0 = h=e. The dominant component
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Fig. 2. (a) Magnetic .eld dependence of the conductance at di7erent positions 1; : : : ; 6 within the charging diagram of the double quantum
dot (see Fig. 1).2 The black lines are averaged curves demonstrating the oscillatory behavior. (b) Fast fourier transformations (FFT) of
the left data after subtraction of an o7set.

can be deduced from the fast Fourier transformations
(FFT) which are shown on the right side of Fig. 2.
The plots of the FFT exhibit a clear resonance at
1=B ∼ 0:0596 m T−1 which corresponds to a period of
B= 16:8 m T. This value .ts to an expected enclosed
area of 2:5× 10−13 m2 and is in good agreement with
measurements on a similar sample [5]. Higher har-
monics of the base frequency can be detected but have
a reduced amplitude.
The measurements are performed in a two-terminal

geometry for which the phase of the AB-oscillations
is supposed to be locked [10]. As marked by black
arrows in Fig. 2, the curves 1; : : : ; 5 have a distinctive
minimum at around B ∼ 118 m T which means that
the phase of the measurements is constant over the
range of these positions within the charging diagram of

2Figs. 3(5) and 3(6) correspond to measurements where no
source and drain voltage Vsd is applied. Mesoscopic noise, i.e.,
pumping due to absorption of photons, drives the current Isd.

Fig. 1(c). On top of the Coulomb resonance, however,
(which is covered by number 6) we see indications that
the AB-oscillations undergo a phase change [4,10].
As in Ref. [4], the noise level is enhanced when both
quantum dots are in resonance. This e7ect can either
be attributed to phase-switching or to charging e7ects
between the two quantum dots.
Generally, the AB-oscillations demonstrate that at

least part of the charge transport is coherent. For the
coherent part of the conductance through one quan-
tum dot we can write Gcoh ∼ e2=�DkBTe, where �D
denotes the dwell time of an electron in the structure.
Hereby, we can estimate the decoherence time of the
mesoscopic device to be larger than �D ∼ 2 ns [4].
The circumference U of the area which is enclosed
by the two transport arms gives a lower limit for the
coherence length in our device l�¿U ∼ 1:8 �m.
To summarize, we de.ne a parallel double

quantum dot, where charge transport takes place
via both quantum dots simultaneously. Applying a
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perpendicular magnetic .eld to the device threads
magnetic :ux into the area which is enclosed by the
two transport arms. For both quantum dots are only
weakly coupled to each other we see AB-oscillations
of the conductance in this few electron system.
As expected for a two-terminal measurement the
AB-oscillations are phase locked. On top of the
Coulomb resonances, however, we see indications of
a phase change.
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