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Abstract

The Fano effect illustrates how the quantum interference occurs between a localized state and the energy continuum.
While this phenomenon is ubiquitously observed in many different physical systems, it has been difficult to obtain
a Fano system with desired parameters. We have realized for the first time a tunable Fano system by fabricating
a quantum dot (QD) embedded in an Aharonov-Bohm interferometer on a two-dimensional electron gas. In the
Coulomb oscillation, clear asymmetric lineshapes were observed, which manifest the formation of the Fano state,
i. e., a mixture of the localized-continuum states. The Fano interference can be tuned through the phase of the
electrons by the magnetic flux piercing the ring, revealing that Fano’s asymmetric parameter q should be complex.
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1. Introduction

In 1961, Fano proposed that a system where exist
a discrete state and the continuum energy state pos-
sesses a characteristic transition probability around the
discrete energy level [1]. The essence lies in the quan-
tum interference between the two configurations in the
transition process into the final states with the same
energy as sketched in Fig. 1 (a): one directly through
the continuum and the other through the resonance
level arising around the discrete state. This “configu-
ration interaction” yields the peculiar asymmetric line
shape in the transition probability T from an arbitrary
initial state given by

T (ε̃) ∝ (ε̃ + q)2

ε̃2 + 1
, ε̃ =

ε − ε0

Γ/2
, (1)

where ε0 is the energy level of the resonance state and
Γ is its width. The parameter q, which is the ratio
of the matrix elements linking the initial state to the
discrete and continuum parts of the final state, serves
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as a measure of the degree of coupling between both.
q is usually treated as real.

The Fano effect is a ubiquitous phenomenon ob-
served in wide-ranging spectroscopy as reported in, to
mention only a few examples, Refs. [2–5]. It can be
viewed as a theory describing how a localized state em-
bedded in the continuum acquires itinerancy over the
system [6]. An experiment on a single site, therefore,
would reveal this fundamental process in a more trans-
parent way. While the single-site Fano effect has been
reported in the scanning tunneling spectroscopy study
of an atom on the surface [7,8] or in transport through
a quantum dot (QD) [9], it has been difficult to obtain
a Fano system with variable parameters.

In the present work, we report the first tunable
Fano experiment realized in a QD embedded in an
Aharonov-Bohm (AB) interferometer. We have clar-
ified characteristic transport properties arising from
this effect, such as the delocalization of the discrete
level and the excitation spectra of the Fano system.
Magnetic field control of the relative phase between
a localized state and the continuum indicates that
Fano’s parameter q should be extended to be complex
rather than real.
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Fig. 1. (a) The principle of the Fano effect. (b) Schematic

representation of the experimental setup. (c) Scanning elec-

tron micrograph of the correspondent device fabricated by

wet-etching the 2DEG at an AlGaAs/GaAs heterostructure.

The three gates (VR, VL, and Vg) at the lower arm are used for

controlling the QD and the gate at the upper arm is for VC.

2. Experiments

We designed an AB ring with a QD in one of its
arms as seen in Fig. 1 (b). The AB ring is essentially a
double-slit interferometer of electrons. In contrast, the
QD is an “artificial atom” [10] connected to the leads
with tunneling barriers, whose single-particle level can
be controlled electro-statically by the gate voltage (Vg).
Thus, an electron injected from the source traverses
our “modified” AB interferometer along two differ-
ent paths through the continuum in the arm and the
discrete level inside the QD and interferes before the
drain. If the coherence of the electron is fully main-
tained during the traverse over the system, this in-
terferometer is exactly a realization of the Fano sys-
tem [11–14]. Unlike the other Fano systems it is unique
in that it is controllable through several parameters;
Vg (the position of the discrete level inside the QD),
the control gate voltage VC (the coupling between the
continuum and the discrete levels), and the magnetic
field B penetrating the ring (the phase difference be-
tween two paths).

Figure 1 (c) shows the fabricated Fano system
on a two-dimensional electron gas (2DEG) sys-
tem at an AlGaAs/GaAs heterostructure (mobil-
ity = 9 × 105 cm2/Vs and sheet carrier density
= 3.8 × 1011 cm−2). This sample geometry is similar
to those in previous studies [15–18]. The ring-shaped
conductive region was formed by wet-etching the
2DEG. The white regions indicate the Au/Ti metallic
gates deposited to control the device. The QD can
be defined in the lower arm by tuning the side-gate

voltages (VL and VR) and its single-particle level can
be tuned by VG . The gate in the upper arm is VC for
switching the transition through the continuum state
on and off. Measurements were performed in a dilu-
tion refrigerator by a standard lock-in technique in
the two-terminal setup with an excitation voltage of
10 µV (80 Hz) between the source and the drain.

3. Results and Discussions

The lower panel of Fig. 2 shows the conductance
G observed with the upper arm pinched off. The pro-
nounced peaks are due to a typical Coulomb oscilla-
tion of a simple QD. The small irregularity of the peak
positions reflects that of the addition energy and sup-
ports the occurrence of transport through each single
level inside the QD. When we made the upper arm con-
ductive, a clear one-to-one correspondence is observed
between the two results in Fig. 2 since the control gate
and the QD are well separated electrostatically. This
ensures that the discreteness of the energy levels in the
QD is maintained. The line shapes of the oscillation in
the upper panel of Fig. 2, however, are very asymmet-
ric with the intensity minima very close to the intensity
maxima. Moreover, even a simple dip structure rather
than a peak appears at several positions.
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Fig. 2. Typical Coulomb oscillation at VC = −0.12 V with

the arm pinched off, and asymmetric Coulomb oscillation at

VC = −0.086 V with the arm transmissible. The latter shows

a clear Fano effect. Both of them were obtained at T = 30 mK

and B = 0.91 T.

The asymmetric line shape observed above is a clear
sign of the Fano effect. Indeed, each peak was found
to be well fitted by the Fano line shape Eq. (1). The
dip structure, which corresponds to |q| < 1, indicates
a strong destructive interference, supporting that the
electron passing the QD retains sufficient coherency
to interfere with the one passing the arm in spite of
the significant charging effect inside and around the
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QD. This is in contrast with the previous reports [15–
18], where the coherence was limited to a fraction of
the transmission through the QD. The Fano effect was
found to be prominent within several specific magnetic
field ranges around B ∼ 0.3, 0.9, and 1.2 T and to be
less pronounced in the other ranges, while the reason
is not fully understood at this moment.

The essences of the Fano effect lies in the existence
of the interference. To see this, we can introduce deco-
herence into the system, e. g., by increasing the tem-
perature. Then, asymmetric Fano line shapes gradu-
ally evolved into a Lorentzian line shape corresponding
to |q| → ∞ as seen in Fig 3. Hence, at T ≥ 450 mK,
the system is simply a classical parallel circuit of the
QD and the arm.
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Fig. 3. The Fano effect measured at several temperatures at

B = 0.93 T. It gradually disappears as the temperature in-

creases.

The differential conductance at the lowest tempera-
ture as a function of both source-drain bias (Vsd) and
Vg also shows a behavior peculiar to this effect. Fig-
ure 4 depicts that the resonating conductance peak of
the width ∼ 70 µeV (white colored region) stretches
along the line of Vsd = 0 V with the Coulomb dia-
mond superimposed. The zero-bias structure is consis-
tent with the previous report for the Fano effect in a
simple QD [9]. The appearance of the zero-bias con-
ductance peak even in the Coulomb blockade (CB) re-
gion indicates that the transmission through the QD
is now allowed due to the aid of the continuum in the
opposite arm.

The largest advantage of the present system over
the other Fano systems is the spatial separation be-
tween the discrete level and the continuum, which al-
lows us to control Fano interference via the magnetic
field piercing the ring. As shown in Figs. 5 (a) and
(b), the line shape changes periodically with the AB
period of ∼ 3.8 mT, which agrees with that expected
from the ring dimension. Figure 5 (a) shows that, as B
varies, an asymmetric line shape with negative q con-
tinuously changes to a symmetric one and then to an
asymmetric one with positive q; the sign of interfer-
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Fig. 4. Differential conductance obtained as a function of Vg at

T = 30 mK and B = 0.92 T. The zero-bias conductance peak

exists in the CB region with a Coulomb diamond superimposed.

The edge of the CB region is emphasized with white dashed

lines. Incoherent contribution from the differential conductance

of the upper arm, which shows slight non-Ohmic behavior at

finite Vsd, has been subtracted from the data.

ence can be controlled by the AB effect. Since the mag-
netic field mainly affects the phase difference between
the two paths through the resonant state and the con-
tinuum, the aforementioned periodic behavior is most
likely explained systematically by introducing a com-
plex number q whose argument is a function of B or
the AB flux, although an expression of such q applica-
ble to our case is not known at present. Here, Eqn. (1)
is generalized as follows:

T (ε̃) ∝ |ε̃ + q|2
ε̃2 + 1

=
(ε̃ + Req)2 + (Imq)2

ε̃2 + 1
. (2)

Qualitatively, even when the coupling strength |q| is
almost independent of B, the B-dependence of arg(q)
yields asymmetric and symmetric line shapes of G for
Req � Imq and Req � Imq, respectively. While the
expression of Eqn. (2) does not at all conflict with the
Fano theory [1], the asymmetric parameter q has been
implicitly treated as a real number in his original work
and most of the subsequent studies. We would like to
emphasize that such a treatment is valid only when
the system has the time-reversal symmetry and thus
the matrix elements defining q can be taken as real.
Our experiment indicates that when this condition is
broken, for example, under the magnetic field, q should
be a complex number, which has not been explicitly
recognized.

Figure 5 (b) represents the result over three Fano
resonances in the Vg -B plane. Clear AB oscillation is
observed even at the conductance valley between the
resonant peaks. This provides another evidence that
the state in the QD becomes delocalized with the aid
of the continuum. In Fig. 5 (b) we also plot the conduc-
tance maximum as a function of Vg , where the phase
changes by 2π rapidly but continuously across the res-
onance. Since the measurement was performed in the
two-terminal setup that allows only phase changes by
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Fig. 5. (a) Conductance of the Fano peaks at several magnetic

fields around 0.91 T at 30 mK. The curves are incrementally

shifted upwards. (b) Conductance of the Fano peaks as a func-

tion of Vg and B at 30 mK. AB oscillation exists even at the

midpoint of the resonances. The white line represents the AB

phase as a function of Vg. Note that the AB phase changes by

2π through the resonance, and all the resonances are in phase.

multiples of π due to reasons of symmetry, the con-
tinuous behavior of the AB phase is unexpected, but
may be attributed to the breaking of the time-reversal
symmetry [19]. The AB phase changes only slightly at
the conductance valley and, therefore, all the adjacent
Fano resonances are in phase, indicating that the res-
onance peaks are correlated to each other [19]. Several
theoretical predictions on the behavior of the AB phase
in the Fano system have been reported [11–14], there
are still features left to be explained theoretically.

4. Conclusion

We report the first convincing demonstration of a
tunable Fano effect realized in the QD-AB-ring hy-
brid system. Peculiar transport properties such as the
asymmetric line shapes of the Coulomb peak and the
zero-bias resonance in the differential conductance are
attributed to this effect due to the coherence between
the discrete level in the QD and the continuum in the
arm of the ring. The zero-bias peak in the differential
conductance and the significant AB amplitude at the
Coulomb valley present clear evidence that the local-
ized state in the QD acquires itinerancy even in the
CB region with the aid of the continuum. Controlling

of the Fano line shape by the magnetic field has re-
vealed that the Fano parameter q will be extended to a
complex number, which might shed a new light on the
analysis in general spectroscopy.
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