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Aharonov-Bohm oscillations are studied in the magnetoconductance of a micron-sized open quantum ring
coupled capacitively to a Coulomb-blockaded quantum dot. As the plunger gate of the dot is modulated and
tuned through a conductance resonance, the amplitude of the Aharonov-Bohm oscillations in the transconduc-
tance of the ring displays a minimum. We demonstrate that the effect is due to a single-electron screening
effect, rather than to dephasing. Aharonov-Bohm oscillations in a quantum ring can thus be used for the
detection of single charges.
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Coupled mesoscopic systems are on top of the agenda for
experimentalists trying to achieve charge read-out, controlled
interference, and entanglement of electrons in magnetotrans-
port experiments. In general, there are two limiting cases of
how coupling can be achieved: it can either be realized by
pure electrostatic interaction without the overlap of wave
functions of the systems to be coupled,1–5 or by tunnel cou-
pling involving strong wave function overlap and limited
electrostatic interaction. A number of experiments employed
a quantum point contact as a non-invasive probe to detect the
charge state of single or double quantum dots by way of
electrostatic coupling between the two mesoscopic
systems.6–11 Furthermore, a quantum point contact has been
used as a detector of the charge state of an antidot.12 How-
ever, in mesoscopic systems where the phase coherence of at
least one of the two electrostatically coupled partners is im-
portant, additional considerations such as dephasing due to
quantum measurement have to be taken into account. Ex-
amples of such systems are tunnel coupled double dots9–11

and quantum dots in the Kondo regime.8,13 These experi-
ments focus on the coupling between quantum dots, or the
read-out of a(coupled) quantum dot system via a nearby
quantum point contact.

Our experiments study the coupling of a quantum dot to a
ring, in which the occurrence of Aharonov-Bohm(AB) os-
cillations relies on the phase-coherence of the electrons.
Ring-like geometries allow the observation of the interfer-
ence of partial waves as a function of magnetic field, i.e., the
AB effect,14–17 and information about electron decoherence
can be extracted.16,17A mesoscopic detector situated nearby
is expected to reduce the phase coherent AB oscillation
amplitude.1 Such a “which path” experiment has been per-
formed by Buks and coworkers, who coupled a quantum dot
embedded in one arm of an AB interferometer electrostati-
cally to a quantum point contact.18

Here we report on two electrostatically coupled quantum
structures, namely, an AB ring and a Coulomb-blockaded
quantum dot. The goal of the experiment is to detect the
interaction between the two subsystems and to unravel its
consequences. We show that single-electron charging in the
quantum dot can be detected through a reduced AB oscilla-
tion amplitude in the transconductance of the ring. We find

that our experimental observations are explained by a single-
electron screening effect.

The coupled ring-dot structure was realized on a
GafAl gAs heterostructure with a high-quality two-
dimensional electron gas(2DEG) 34 nm below the surface.
The electron density in the 2DEG wasns=5.531015 m−2

and the mobility wasm=40 m2/Vs at 1.7 K. Ring and dots
shown in Fig. 1(a) were defined by AFM lithography. Details
about the fabrication process can be found in Ref. 19. The
two-dimensional electron gas is depleted below the oxide
lines. Thereby the central AB ring with a diameter of 1mm

FIG. 1. (a) Scanning force microscope image of the quantum
ring coupled to a quantum dot. The structure was written by AFM
lithography. (b) Coulomb-blockade oscillations in the conduction
through the quantum dot as a function of the plunger-gate voltage.
(c) Aharonov-Bohm oscillations in the dc conductance of the ring.
The AB period as expected from the ring area is marked by the
horizontal arrows. The bias voltage was 40mV, the top-gate volt-
age 136 mV.(d) Aharonov-Bohm oscillations in the transconduc-
tance of the ring. The ac voltage on the plunger gate was modulated
at 89 Hz with an amplitude of 1.8 mV.
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is defined, flanked by quantum dots on both sides. Only one
dot is used for the experiments described here. The regions
of 2DEG adjacent to the quantum dots are split by an addi-
tional oxide line leaving point-contact-like openings. Here,
one of these regions is used as the “plunger gate” indicated
in the figure. The entire structure was covered by a top gate
giving additional tunability. Experiments were carried out in
a dilution refrigerator with a base temperature of 40 mK.

The quantum dot can be tuned into the Coulomb-blockade
regime. We determined the electrostatic lever arm of the
plunger gateapg=0.047 from Coulomb-blockade diamonds20

and the charging energy of the dot is of the order of
0.5 meV. Pronounced Coulomb-blockade oscillations are ob-
served in the dot conductanceGdot

dc [Fig. 1(b)]. For the mea-
surements presented below, the circuit containing the dot was
lifted by 245 mV relative to the circuit of the ring. This
keeps the ring conductance high while the dot is in the
Coulomb-blockade regime.

We express the conductance of the ring with areaA in a
magnetic fieldB as

Gring
dc sVpg

dc,Bd = G0
dcsVpg

dcd+ G1
dcsVpg

dcdcosS2p
BA

h/e
D + ¯ .

At a constant top-gate voltageVtg=136 mV, the quantum
ring structure has a conductanceG0

dc=4.6e2/h that is rather
insensitive to small gate-voltage changes. The conductance
exhibits pronounced AB oscillations as a function of mag-
netic field with a fundamental periodDBAB =8 mT [Fig.
1(c)] which corresponds to one flux quantum penetrating the
ring area. The relative amplitude of the dc-AB oscillations
G1

dc/G0
dc is independent of the dot conductance on the level

of 10−3.
In order to increase the measurement sensitivity we mea-

sure the AB oscillations in the transconductance

Gring
trans=

] I ring
dc

] Vpg
dc =

] Gring
dc

] Vpg
dc Vring

bias=G0
trans+ G1

transcosS2p
BA

h/e
D + ¯ ,

which is the derivative of the ring current relative to the
voltage applied to the plunger gate. This quantity is mea-
sured with lock-in techniques by applying a dc bias voltage
Vring

bias=40 mV between source and drain of the ring and
modulating the plunger gate withVpg

ac=300mV at a fre-
quency of 89 Hz. The transconductance, i.e., the modulation
of the currentIring

dc through the ring, is then detected at the
same frequency. All ring conductance data presented in this
paper are taken in the linear response regime. A similar ar-
rangement to measure a transconductance was used in Ref.
18. Figure 1(d) shows the resulting AB oscillations in the
same magnetic field range as the dc-AB effect in Fig. 1(c).
The fundamental periodh/e as well as higher harmonics are
visible.

In contrast to the dc-AB amplitudeG1
dc, the amplitude of

the AB oscillations in the transconductanceG1
trans depends

strongly on the dc dot conductanceGdot measured simulta-
neously. Figure 2(a) shows the results for two settings of the
plunger-gate voltageVpg

dc [indicated by the bold and dashed
vertical lines in Fig. 2(b)], leading to different amplitudes in
G1

trans. The amplitudeG1
trans is obtained from a series of such

measurements in the magnetic field range shown in Fig. 2(a)
and plotted versus plunger-gate voltage together with the
corresponding quantum dot conductance in Fig. 2(b). The
AB amplitudeG1

trans through the ring shows a dip exactly at
the gate voltage where the dc conductance through the quan-
tum dotGdot displays a conductance maximum.

This dip is found for a series of Coulomb peaks and we
verified that each dip shifts in plunger-gate voltage together
with the corresponding conductance peak inGdot

dc if the latter
is moved by a remote gate electrode. This proves the inti-
mate relation between the two effects. The absolute magni-
tude of the dip in the transconductance depends on how large
the transconductance is. For regions where the AB amplitude
G1

transis close to zero, i.e., where the dc signal of the ringG1
dc

shows a weak dependence on the gate voltageVpg
dc (close to a

maximum or a minimum), we cannot detect a dip. For nega-
tive values ofG1

trans the dip effectively becomes a peak as
expected(not shown).

An equivalent result to Fig. 2(b) is presented in Fig. 2(c)
for Gring

transsBd measured at fixed magnetic fieldB=4 mT,

FIG. 2. (a) AB oscillations in the transconductanceGring
transfor two

different gate voltagesVpg
dc=37 and 39 mV, respectively[indicated

in (b) by the vertical lines]. (b) AB oscillation amplitudeG1
trans(full

line) obtained from the magnetic field range shown in(a), and dot
conductance(dashed line) as a function of plunger-gate voltage.
The AB amplitude is reduced by about 30% when the dot shows a
conductance peak.(c) Dot conductance peak(dashed line) and ring
transconductanceGring

transsVpg
dc,B=4 mTd (full line). The data are

taken at a fixed magnetic field of 4 mT where the effect is largest
[see(a)]. The straight line represents the expected behavior if there
was no conductance peak in the dot at this gate voltage.(d) Inte-
grated transconductance signal from(c) (full line), and dot conduc-
tance(dashed line). The straight line is again the extrapolation with-
out charging effects.Gring

dc sVpg
dcd is expected to exhibit a step-like

behavior caused by the conductance peak in the dot.(e) An accurate
dc measurement(precision 10−4) reveals the step inGring

dc sVpg
dcd. The

global evolution ofGring
dc differs from the estimated value in(d)

because of a major charge rearrangement between the two measure-
ments. Measurements were performed atB=4 mT on an AB
extremum.
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where the effect of the dip inG1
trans is strongest[black verti-

cal line in Fig. 2(a)]. Both, h/e- and h/2e-periodic oscilla-
tions can be detected in the ac and the dc-AB measurements.
The amplitude of theh/2e effect is generally much weaker
and sometimes vanishes in the noise. In parameter regimes
where both effects are detectable, they behave very similarly,
i.e., also the amplitude of the ach/2e-oscillations shows a
dip where the dot conductance displays a maximum. A gate
voltage applied on the plunger depletes slightly the top arm
of the ring, therefore introducing an asymmetry in the trans-
missions along the two paths of the interferometer. This is
seen as a reduction of the contrast of the oscillations.

Our interpretation of the reduced AB amplitude is based
on screening of the modulated plunger-gate voltage felt in
the ring due to single-electron charging in the dot on a con-
ductance peak. The screening effect can be understood in a
capacitive model(inset of Fig. 3). There is a direct capacitive
couplingCrg between plunger gate and ring arm. In addition,
the capacitances between gate and dot,Cgd, and dot and ring,
Crd, are connected in series, parallel toCrg. The induced
charge on the arm of the ring is given by

where Cdd=−sCrd+Cgdd is the self-capacitance of the dot.
When the charge on the dot,Qdot, changes by −ueu on a con-
ductance peak,Qring changes by a small amountDQring. By
sweepingVpg

dc over a conductance peak in the dot, the thermal
smearing of the peak will also smear the step inQring. We
then assume that the corresponding local potential change in

the ring isDUring~DQring and a step inDUring will lead to a
step in all the conductancesGi

dc as a function ofVpg
dc. Since

the transconductance measures the derivative of the ring cur-
rent for a fixed bias voltageVring

bias, the step-like behavior in
Gring

dc appears as a dip inGring
trans at a value ofVpg

dc where a
conductance peak occurs in the dot.

In order to check this electrostatic model we have inte-
grated the transconductanceGring

transpresented in Fig. 2(c) over
the gate voltage, i.e.,Gring

int =esGring
trans/Vring

biasddVpg
dc and found a

small kink as presented in Fig. 2(d). For a consistency check
we have measured the behavior of the dc-AB effect directly
with great accuracy, which requires measurement times of
the order of days for one trace. The resultGring

dc [Fig. 2(e)],
which shows effects with an accuracy better than 10−3, is
very similar to the integrated data. The position of the step is
slightly different between the two measurements due to a
charge rearrangement which required us to readjust the gates
slightly.

Assuming the ring conductance to be a smooth function
of the induced chargeQring, the factorCx relates to the slope
of the ring conductance as a function of gate voltage in Figs.
2(d) and 2(e) while g is related to the sensitivity of the ring
on the charge state of the dot, i.e., the size of the step in the
ring conductance. From Figs. 2(d) and 2(e) we estimate the
change in gate voltageDVpg

dc=−ueug /Cx<0.4 mV which is
necessary to compensate for the addition of one electron to
the dot.

The change in the local ring potentialDUring due to an
additional electron on the dot can be estimated using the
geometric ring-dot separation and taking the image charge in
the top gate into account.17 The resulting energy scale of
8 mV is also consistent with temperature-dependent mea-
surements: the dip inG1

transweakens with increasing tempera-
ture and disappears aboveT=190 mK.

From measuring, on the one hand, the lever arms between
the plunger gate and the dot, and, on the other hand, between
the plunger gate and a remote dot located on the other side of
the ring, we estimate the plunger-gate–ring lever arm by in-
terpolation to be 0.02. A modulationVpg

ac=300mV corre-
sponds to a potential modulation of about 6meV in the ring.

In our model the kinks in the dc conductance are similar
in origin to the effects observed in Ref. 6, where kinks are
found in the conductance of a quantum point contact neigh-
boring a quantum dot. However, our results are different in
that we find this effect also in the phase-coherent part of the
detector signal, namely, the AB amplitudeG1

dc. This raises
the question if the strong suppression of the AB oscillation
amplitude on a conductance peak could also be related to
dephasing of partial waves in the ring due to the fluctuating
charge in the dot on a conductance peak. In the experiment
of Buks et al.18 it was found that the dc AB amplitude
showed a reduction when the current through a nearby quan-
tum point contact was increased, which in our case would
correspond to a reduction of the AB-effect if the dot current
is increased.

Figure 3 shows the dot currentIdot together withGring
trans as

a function of dot bias. The position and strength of the dip in
Gring

trans is basically bias-independent. The dc dot-conductance
maximum grows with increasing bias and shifts in position.
This follows from an examination of the Coulomb diamonds

FIG. 3. Dot current and ring transconductance for a dot bias
from Vdot

bias=−110mV to Vdot
bias= +110mV (thin lines). A higher dot

bias voltage increases the current through the dot. For small bias
voltages, the dotI-V characteristic is linear(on a conductance
peak). At higher bias voltagesVdot

bias=130,180,230,280,330mV
(bold and dashed line), new dot levels become available for trans-
port. The dip in the transconductanceGring

transmeasured at fixed mag-
netic field does not change, except for the highest bias voltage
(dashed line), where a second dip appears(see vertical arrow). In-
set: Electrostatic model for the coupling of the dot to the ring. The
notation is described in the text.
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which show a pronounced asymmetry for positive and nega-
tive biases, in particular, for excited states that become im-
portant for large biases(bold lines). For the largest dot bias
of 330 mV (indicated by a thick dashed line), a weak second
dip occurs in the transconductance aroundVpg

dc<62 mV (see
vertical arrow in Fig. 3). For about the same gate voltage we
find a shoulder in the dot conductance and in most cases we
could link such a behavior to the excited state spectrum. If
dephasing were the dominant mechanism, the dip depth
should strongly increase with the current level through the
dot, which is clearly not the case in our experiment.

This can be understood from the fact that the current
through a constriction18 can be much larger than that through
a quantum dot which has to be kept in the Coulomb-
blockade regime. In our case the current through the ring is
of the order of nanoamperes, while the dot current is in the
range of picoamperes. The dwell time of an electron in the

ring is considerably shorter than the dwell time of an elec-
tron in the dot. As a consequence, the ring is most of the time
unobserved. For an electron passing through the ring, the
probability to be dephased by scattering with an electron
passing through the dot is therefore rather small. Thus we
conclude that such an interpretation is not significant for the
observed AB amplitude reduction and the electrostatic model
seems to be perfectly valid also for the phase-coherent signal
of a quantum ring detector.

We have demonstrated that the phase-coherent AB oscil-
lations in a quantum ring are sensitive to single-electron
charging of an adjacent quantum dot. The ring can be used as
a phase-coherent detector of the charge state of the dot.
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