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We have studied the electron transport in a one-dimensional electron interferometer. It consists of a
disk-shaped two-dimensional electron gas, to which quantum point contacts are attached. Discrete
zero-dimensional states are formed due to constructive interference of electron waves traveling along the
circumference of the disk in one-dimensional magnetic edge channels. The conductance shows pro-
nounced Aharonov-Bohm-type oscillations, with maxima occurring whenever the energy of a zero-
dimensional state coincides with the Fermi energy. Good agreement with theory is found, taking energy

averaging into account.

PACS numbers: 72.15.Gd, 72.20.My, 73.20.Dx

Advancing technology has made it possible to study
electron transport in systems with reduced dimensionali-
ty. The ultimate limit is reached when the electron
motion is restricted in all directions, and discrete, zero-
dimensional states are formed.'3

An elementary way to study these zero-dimensional
(0D) states is to construct a one-dimensional (1D) elec-
tron interferometer. It is technologically feasible to fab-
ricate such an interferometer by defining a 1D wire by
lateral confinement of the electrons, together with con-
trollable barriers at both ends of the wire.* We have
taken an alternative approach and have employed the
one-dimensional nature of the electron transport along
the boundary of a two-dimensional electron gas (2DEG)
in high magnetic fields. This transport takes place
through magnetic edge channels, which consist of the
current-carrying states of each Landau level, which are
located at the boundaries of the 2DEG.

By defining a disk in a 2DEG, we have made an inter-
ferometer in which OD states are formed by the con-
structive interference of electron waves traveling along
the circumference of the disk in one-dimensional edge
channels. Quantum point contacts (QPC’s), which are
attached to the disk, function as barriers with controll-
able transmission. This device has the additional advan-
tage that the interference can be tuned by the magnetic
flux which penetrates the disk.

A system similar to ours, consisting of a 2D quantum
dot to which narrow leads are attached, was studied
theoretically by Sivan, Imry, and Hartzstein.® Its con-
ductance showed Aharonov-Bohm (AB) type oscillations
which were attributed to interference of electrons travel-
ing in edge channels. Jain® has predicted similar AB-
type oscillations in the high-field conductance of narrow
rings. van Loosdrecht et al.” have observed AB-type os-
cillations in the conductance of a single quantum point

contact. They were explained by the partial reflection of
edge channels near both the entrance and exit of the
QPC. Compared to Ref. 7, our device provides a clear-
cut distinction between the barriers where the reflections
take place (these are formed by QPC’s) and the 1D con-
ductor which carries the current in between the barriers
(the latter is formed by a magnetic edge channel inside
the disk).

A schematic layout of our device is given in Fig. 1(a).
Current (1,,I;) and voltage (V,,V;,) contacts are at-
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FIG. 1. (a) Layout of the device. (b) Current flow in high
magnetic fields. In this example the first edge channel is fully
transmitted through the device and the second edge channel
forms a one-dimensional interferometer. The interference can
be tuned by the flux ®.
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tached to the 2DEG of a high-mobility GaAs/Alg 13-
Gapg¢7As heterostructure. Its electron density is
2.3%x10'3/m? and the elastic mean free path is 9 um.
Two gate pairs 4 and B are defined by electron beam
lithography and liftoff techniques. Application of a neg-
ative voltage (—0.2 V) to both gate pairs depletes the
electron gas underneath the gates. The narrow channels
in between the gate pairs are already pinched off at this
gate voltage. A disk of 1.5 um diam is created, which is
connected to the wide 2DEG regions by two 300-nm-
wide QPC’s. A further reduction of the gate voltage
widens the depletion regions around the gates. At the
QPC’s these depletion regions overlap, and a saddle-
shaped potential is created, the height of which may be
controlled by the gate voltage. Application of a negative
voltage to only one gate pair (and zero voltage to the
other) also makes it possible to measure the conduc-
tances of the individual QPC’s, and compare them with
the conductance of the complete device.

In high magnetic fields the location of the wave func-
tions of the electrons at the Fermi energy Er, which con-
stitute the edge channels, is determined by their guid-
ing-center energy Eg: "%

Electrons with different Landau-level index n and spin
orientation flow along different equipotential lines
V(x,y), which are determined by the condition —e
xV(x,y) =Eg. Figure 1(b) illustrates the electron flow
for the case of two occupied (spin-split) Landau levels in
the bulk 2DEG. In this example the potential in the
QPC’s is such that the first edge channel is fully
transmitted, and the second edge channel, which follows
a different equipotential line, is only partially transmit-
ted through the QPC’s. As can be seen in Fig. 1(b), a
one-dimensional interferometer is formed by this upper
edge channel.
In high magnetic fields the conductances G4 and Gp
of QPC’s A4 and B can be written as®
Gap=(e*/R)(N+T43), ()
where NV indicates the number of fully transmitted spin-
split edge channels and 74 and T the partial transmis-
sion of the upper edge channel through QPC’s 4 and B.
Equation (2) illustrates that in high magnetic fields no
scattering between different edge channels takes place in
the QPC’s.° The conductance G of the complete device
is the sum of the (quantized) conductance of the N fully

E¢=Er—(n—3)ho.F ygupB. (D transmitted edge channels and the conductance of a 1D
I interferometer: >6.10-11
’ ‘ Ti4T,
¢ 4Ts
Gp=-|N+ |
b= 1+ =T —=Tg) =200 = T4) (1 —Tp)1"2cos(6) 3)

In this expression 6 is the phase acquired by a wave in
one revolution around the disk. The relation between
this phase and the area A enclosed by the upper edge
channel is given by 8=27(BA)/¢o, in which ¢o=h/e is
the flux quantum. If T4 and T are zero, discrete zero-
dimensional states are formed at those energies for which
6 equals an integer multiple of 2z. At these energies the
edgg channel encloses an integer number of flux quan-
ta.!

We have measured the conductance of the complete
device as well as both individual QPC’s as a function of
magnetic field. The measurements were performed in a
dilution refrigerator, the mixing chamber being at =6
mK. A lock-in technique was used with a current of 0.5
nA. The gate voltage was fixed at —0.35 V. Increasing
the magnetic field has two effects. First, the number of
edge channels transmitted through the QPC’s is gradual-
ly reduced. The conductance of the individual QPC’s
shows quantized plateaus in those B intervals in which
the edge channels are either fully transmitted or com-
pletely reflected® (T4, T5=0). In the intervals between
the plateaus the upper edge channel is only partially
transmitted (74,T5>=0). As a second effect, the mag-
netic field changes the phase 6. Equation (3) predicts
that Gp is quantized when both G4 and Gp are quan-
tized, and predicts regular oscillations when G4 and Gp
are not quantized, with maxima occurring whenever the
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energy of a OD state coincides with the Fermi energy
[this implies cos6 =1 in Eq. (3)].

Figures 2(a) and 2(b) show the measured conduc-
tances of the individual QPC’s, illustrating the transition
from the 3e?/h to the 2e%/h plateau. In contrast to Ref.
7, no oscillations are observed in the individual QPC’s.
Irregular structure is present instead, with a typical scale
of =0.03 T. This corresponds to one flux quantum in
an area of 350%350 nm?, which is the approximate area
of the QPC’s. The structure in G4 and Gz can therefore
be attributed to random interference effects in the QPC’s
themselves.

Figure 2(c) shows the conductance of the complete de-
vice. Large oscillations are observed, with a period By
which slowly varies from 2.5 mT at B=2.5 T to 2.8 mT
at B=2.7 T. As can be seen in Fig. 3(a), which shows
them on an expanded scale, these oscillations are ex-
tremely regular. The amplitude of the oscillations, as
well as their period, does not change significantly when
the magnetic field is reversed (and the current and volt-
age leads are interchanged). !>

Because of the different location of different edge
channels [Eq. (1)1, they will enclose different areas and
their oscillations will therefore have different periods
(see below). The observation of a single, well defined
period therefore shows that the conductance of only a
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FIG. 2. (a) Conductance G4 of QPC A. (b) Conductance
Gp of QPC B. (c) Measured conductance Gp of the complete
device. Oscillations occur in the region where both G4 and Gg
are not quantized. The maxima occur when the energy of a 0D
state coincides with the Fermi energy, due to resonant trans-
mission. (d) Conductance Gp calculated from G4 and Gg with
a fixed period Bo=3.0 mT and 7 =20 mK.

single edge channel is modulated. The fact that the con-
ductance in the oscillating region does not drop below
2¢?/h, nor exceed 3e?/h, also shows that a truly one-
dimensional interferometer has been realized.

The oscillations disappear when the temperature is
raised above 200 mK. They also vanish when the voltage
across the device is raised above 40 uV. From this we
estimate the energy separation between consecutive 0D
states to be about 40 ueV.'?

Figure 2(d) shows the conductance calculated with
Eq. (3). The values for T4 and T have been deter-
mined from the measured G4 and Gp [Eq. (2)]. A fixed
period (3.0 mT) was chosen for the calculations. The
finite temperature has been taken into account by includ-
ing energy averaging: The conductance Gp(T) at finite
temperatures is given by Gp(T)=[Gp(E)df(E,T)/
dE1dE, in which f(E,T) is the Fermi distribution func-
tion, and Gp(E) is the energy-dependent conductance at
zero temperature. The latter can be obtained from Eq.
(3) by noting that by changing 6 by 2n one obtains the
next OD state, and this corresponds with an energy
change of 40 ueV.

Figures 2(c) and 2(d) show a good agreement between
the amplitude of the oscillations as well as the amount of
modulation, when a temperature of 20 mK is chosen for
the calculation. The fact that this temperature is higher
than the actual temperature of the device (= 6 mK) can

MAGNETIC FIELD (T)

FIG. 3. (a) Measured conductance Gp, showing transmis-
sion resonances of the third edge channel. (b) Resonant con-
ductance through zero-dimensional states. In this region the
conductance of the third edge channel is almost zero, except
when the energy of a 0D state coincides with the Fermi energy.
The width of the peaks corresponds with an effective tempera-
ture of about 30 mK. (c) Measured conductance Gp, showing
transmission resonances due to OD states belonging to the
second edge channel.

be accounted for by the additional energy averaging due
to the finite voltage (=6 uV) across the device. This
results in an effective temperature 7, = 20 mK. It was
not possible to make a detailed comparison between the
structure in G4 and G and the structure in Gp. This is
probably due to the fact that the application of a voltage
to gate pair B results in a slight change in G4 and vice
versa.

In the region where T4 and T are low, the conduc-
tance exhibits very narrow peaks when the energy of a
0D state coincides with Eg, as a result of resonant
transmission. This is shown experimentally in Fig. 3(b).
Narrow peaks with regular spacing occur in the conduc-
tance. Their height is modulated by the structure in G4
and Gg. As a result of the finite effective temperature T,
these peaks are broadened and acquire a half-width of
approximately 4kT,. From the ratio between half-width
and peak spacing (the latter corresponds with an energy
of 40 ueV) we obtain T, == 30 mK. This is in reasonable
agreement with the expected effective temperature of 20
mK resulting from the finite temperature and finite volt-
age across the device.

Zero-dimensional states belonging to other edge chan-
nels have also been observed. Figure 3(c) shows the os-
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cillations from the second edge channel. Their period
(By=5.3 mT at B=5.1 T) is different from the oscilla-
tions from the third edge channel discussed above. Also
oscillations from the fourth (Bo=2.1 mT at B=1.85 T)
and fifth edge channels (Bo=1.4 mT at B=1.25 T) have
been observed.

The observed oscillations as a function of magnetic
field are different from the Aharonov-Bohm oscillations
observed in small metal'® or semiconductor!” rings. In
our device the edge channels which carry the current are
only formed when the magnetic field is applied. A varia-
tion of the magnetic field changes the location of these
edge channels [Eq. (1)]. The change in enclosed flux A®
resulting from the change in field AB can now be written
as

AP =A(Brr?) =nr’AB+B2rrAr

dE
N B2nr G

E_ 4B AB. )

The change in edge channel radius is given by Ar
=AE;/eE, in which E is the radial electric field at the
location of the edge channel. Evaluation of (4) with
r=750 nm, B=2.5 T, and the rough estimate'® E =3
x10* V/m shows that the second term (which is nega-
tive) can be of the same order as the first one. There-
fore, the observed period Bo=¢oAB/A® is not simply re-
lated to the area enclosed by the edge channel, but de-
pends on the magnetic field and the form of the electro-
static potential in which the electrons are confined. '°

In summary we have reported a realization of a one-
dimensional electron interferometer, in which the
discrete electronic states show up in a very pronounced
way.
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