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Channel Interference in a Quasiballistic Aharonov-Bohm Experiment
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New experiments are presented on the transmission of electron waves through a two-dime
electron gas ring with a gate on top of one of the branches. Magnetoconductance oscillatio
observed, and the phase of the Aharonov-Bohm signal alternates between0 and p as the gate
voltage is scanned. A Fourier transform of the data reveals a dominant period in the vo
interpreted as the energy spacing between successive transverse modes. A theoretical model in
random phase shifts between successive modes reproduces the essential features of the exp
[S0031-9007(97)03531-X]
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The Aharonov-Bohm (AB) effect has proven to be
invaluable tool for quantifying interference phenomena
mesoscopic physics. Early experiments on long me
cylinders [1] revealed that an electron accumulates a phR

A ? dl as it is scattered elastically by impurities whi
traveling around the loop: when the magnetic flux is vari
an oscillatory pattern with periodicityhy2e results from
the interference of an electron wave with its time revers
path [2]. Experiments on gold loops [3] confirmed that f
normal metals which are laterally confined, the expec
periodicity [4] is that of thesingleflux quantumf0 ­ hye.
The amplitude of the magnetoresistance background ca
understood within the framework of universal conductan
fluctuations (UCF) [5]. The two-dimensional electro
gas (2DEG) formed at the heterojunction between t
semiconductors is used for experiments in the ballis
transport regime. Recently, oscillations associated w
the modulation of the electron wavelength under the g
were observed in two experiments on gated rings in
diffusive [6] and the ballistic [7] regimes.

In the present Letter, results on a new AB transp
measurement in the ballistic regime are reported. T
number of lateral channels in one branch of the ring
adjusted by means of an electrostatic gate. Unlike pr
ously, data are analyzed over thewhole significant volt-
age range: from zero voltage to full depletion. A period
pattern appears when the number of modes is modul
using the gate. Phase shifting and period halving in
AB pattern is monitored as the confinement is varied. T
essential features of the data are interpreted using the
tering formulation of quantum transport [4]. The inclu
sion of disorder is necessary to explain the alternation
AB phases.

The 2D electron gas was created at the interface
a GaAlAsyGaAs heterojunction. A single loop devic
[8] of width 1.2 mm with inner diameter4 mm con-
nected to measurement leads was fabricated lithogra
0031-9007y97y79(2)y273(4)$10.00
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cally [Fig. 1(a)]. In this etched structure, the width of th
wire constituting the ring is further reduced by a depl
tion of 0.27 mm at each edge. The 2DEG had a mobili
of 1.14 3 106 cm2yV s and an electron density ofns ­
3.6 3 1011 cm22. The coherence lengthlf . 20 mm and
the mean free pathle ­ 11, 3 mm indicate the ballistic
regime. A metallic gate was deposited over one bran
of the ring (the “upper” branch) allowing a controlled de
pletion of the 2DEG underneath. The number of electr
channelsN in the wires defining the ring was estimated a
suming parabolic confinement in the transverse directi
The widthW of the channel roughly equals the ratio of th
1D to the 2D electron density [9]. ForW ­ 600 nm, and
a Fermi wave lengthlF ­ 40 nm, N ­ s3py4dWylF ø
30 channels. The lateral dimensions of the wire are com
rable to those of the conductance quantization experime
[10], where the number of transmitted channels was sho
to scale linearly with the depletion voltage.

FIG. 1. (a) Atomic force microscope image: detail of
sample with the gate (white regions) over the upper branch
the gates for the leads. (b) A schematic diagram of the ri
beam splitters (triangles), and gate (see text).
© 1997 The American Physical Society 273
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The conductance was determined using standard s
chronous detection measurements. A low-frequency
current of 10 nA was injected and measurements w
taken at 15 mK. An external magnetic field variation o
1.2 mT was applied corresponding to 4 flux quanta in t
mean radius of the ring. While lowering the gate voltag
from 0 to 2300 mV by 1 mV steps, the complete con
ductance pattern was measured over a period of 4 ho
Digital filtering routines were applied to reduce base-lin
variations due to UCFs.

In Fig. 2, a “landscape plot” shows that the periodi
ity of the AB signal survives until a voltage of abou
2250 mV where the electrons underneath the gate a
completely depleted and the ring is effectively cut of
When both arms transmit, shaded and clear areas alter
in the vertical direction, indicating oscillatory behavior a
a function of the gate voltage. Attention is focused on t
alternating contrast and the phase reversals when the
voltage is increased. The smoothly changing backgrou
is identified as a residue of the total UCF signal. The A
phase of the pattern takes only values close to0 or p [11].
The symmetry of the conductance under field reversa
associated with the two-terminal nature [12] of this me
surement, as the spacing between the pair of current
voltage terminals on each side of the ring is not small co
pared tolf.

In Fig. 3, a magnetoresistance trace (inset) is display
for a ring with one (both) branch(es) conducting:Vg ­
2300 mV (Vg ­ 0); the oscillatory signal appears to b

FIG. 2. AB component of the conductance, measured as
function of applied fluxf (horizontal axis) and gate voltage
(vertical axis). Dark (clear) areas indicate minima (maxima)
the AB signal.
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an even function of flux. The corresponding Fourier sign
shows a dominant component at the single flux quant
hye. Higher harmonics have a much reduced amplitud

In Fig. 4, the modulus of thehye Fourier component of
the ring resistanceis plotted for each value ofVg. The
location of the transition between maxima and minim
matches the position of the contrast changes in
conductance landscape (Fig. 2). While the location of t
resistance peaks appears to be chaotic, a detailed ana
reveals a regular structure. Peaks of reduced magnit
persist between2200 mV and the depletion voltage.

Figure 5(a) shows the Fourier transform of the amp
tude of thehye harmonic, i.e., the data of Fig. 4 (com
puted over the range0 to 256 mV). The three other
spectra [Figs. 5(b)–5(d)] have a width64 mV and an
overlap of14 mV between successive ranges. A domina
peak at0.062 smVd21 (arrow, center of figure) correspond
ing to a voltage period of16 mV appears in each interval
The broadening of the peak in Figs. 5(b)–5(d) is ass
ciated first with the reduced voltage interval and seco
with the occurrence of other frequencies, attributed to t
variation of the electron wavelength under the gate ([6,7
Peaks located at0.13 smVd21 in Figs. 5(a), 5(c), and 5(d)
correspond to higher harmonics. The persistence of
16 mV oscillation in each interval signifies that it is linked
to the opening or closing of transverse electron chann
in the upper arm. The resulting magnetoresistance sig
reflects how many channels in the upper branch contrib
to the interference pattern.

The number of channels is extracted from the data
dividing the voltage range by the fundamental perio
This number is a factor of 2 smaller than the geometric
estimate discussed above. However, the presence o
metallic gate induces changes in the electrical poten
underneath, even at zero voltage (a positive voltage o
few hundred millivolts is necessary to open all channe
[8]). The Fourier transforms of Figs. 5(b)–5(d) indicat
that the peak at0.062 smVd21 carries less weight at

FIG. 3. Inset: Flux dependence of the sample resistance,
a closed ring (full dots) (Vg ­ 0 V) and a ring with one
depleted branch (outline squares) (Vg ­ 2300 mV) ring. Main
figure: Fast Fourier transforms (FFT) of these signals af
subtraction of an offset.
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FIG. 4. Absolute value of thehye Fourier component of the
AB resistance as a function of gate voltage; brackets indic
subintervals used for the FFT in Figs. 5(b), 5(c), and 5(d).

higher voltages. This is consistent with the observati
in Refs. [10] that the voltage spacing between success
steps in the conductance quantization ceased to be reg
at high depletion.

Theoretically, the scattering approach for coherent tra
port [4] predicts a conductance,

G ­ 2
e2

h

X
n

jsnj2, (1)

FIG. 5. The Fourier transforms ofRhye (Fig. 4) over the
entire voltage range and three subintervals (see Fig. 4). T
persistent peak at0.062 smVd21 corresponds to a voltage period
of 16 mV.
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where the sum is taken over the transverse modes, and
jsnj2 are the eigenvalues of thetransmissionmatrix mul-
tiplied by its Hermitian conjugate. The splitting of th
waves between the upper and lower branches (Fig. 1
prescribed for each mode by a3 3 3 scattering matrix
[13]. No reflection is assumed in the lower branch.
scatterer with a quantized conductance [14] is located
the upper branch. A phaseun is added to thenth channel
at the gate location. Electron waves are then recombi
in the collecting lead, and the accumulated phase dif
ences lead to an interference pattern. A simpler desc
tion excludes mixing between channels (backscatterin
Nevertheless, the symmetry of theS matrix implicitly al-
lows scattering between incoming and outgoing chann
on each side. The transmission coefficient for elect
waves in thenth channel is given by

sn ­ 2 4es
p

1 2 2e 1 1d22eipfyf0

3 f 1 1 g ftltgsndtle
2ipfyf0 2 1g21

∑
1

21

∏
, (2)

wheree specifies the connection of the current probes
the ring (emin ­ 0 for no coupling to the ring;emax ­ 1y2
for optimal coupling).tl [tgsnd] is a2 3 2 transfermatrix
describing the beam splitters on each side (the gate
the upper branch); see Fig. 1(b). Note that the cond
tance of a perfectly symmetric, one-channel ring posses
sharp resonances at an integer number off0. To mimic
the inherent asymmetry of a fabricated ring, a small refl
tion (10%) was included intgsnd. Calculations of the
conductance landscape are shown forN ­ 6 channels. In
Fig. 6(a) (un ­ 0 for all channels) the conductance patte
displays a staircase structure in the voltage direction wh
results from the progressive opening and closing of
channels in the upper branch.V0 is the voltage necessar
to suppress one channel. The AB signals of all chann
are in phase.

A periodic variation of the phase shifts,un11 2 un ­
p (not shown, in Ref. [15]) leads to a halving of the A
period [16] for specific voltages. Peaks of reduced s
arise at these voltages. The phase of the AB signa
zero flux is unperturbed.

A distinction is made between the global phasefAB of
the AB signal and the channel shiftsun. Disorder is in-
troduced by choosing randomun. Several configurations
were tested, with the following conclusions: For a su
stantial depletion, peaks with a high conductance app
despite the reduced number of transmitting channels.fAB

alternates between the two values0 andp when the volt-
age is swept. In Fig. 6(b),un ­ f0, p , p, 0, 0, py2g were
picked so as to highlight the pertinent features: The la
scape contains an alternation of peaks shifted byp. A
periodicity is observed inboth the magnetic flux and the
gate voltage. Finally, peak to valley variations of the co
ductance in Fig. 6(b) occur on a relatively small volta
scale [2 conductance steps of Fig. 6(a)].
275
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FIG. 6. (a) Calculated total transmissionG sG0 ­ 2e2yhd
through an Aharonov-Bohm ring with6 modes,un ­ 0, as a
function of flux and gate voltage. (b) Same calculation wi
un ­ f0, p , p , 0, 0, py2g.

In conclusion, channel interference and condu
tance quantization explain the essential features of t
Aharonov-Bohm experiment. When both arms are tran
mitting, the suppression ofonesingle channel triggers fluc-
tuations of the magnetoresistance which are compara
to the average signal, and may cause a shift offAB ­ p

of the pattern. Strikingly, the regular structure in th
pattern persists from large depletion voltages, whe
few modes propagate in the upper branch (the typi
conditions of Ref. [10]), to zero depletion voltages whe
most channels are transmitted. Our calculations rev
that randomun’s must be included in the model to obtai
the main features of the experiment, such as the sud
horizontal shiftsfAB of the pattern and the large variation
of the AB signal when the number of channels is reduce
Physically, this randomness originates from variations
path lengths suffered by different modes, from geomet
scattering at the beam splitters, or from inhomogeneities
the confinement (impurities, etc.). Additional simulation
[17], with un ­ 0 but channel mixing at the gate, lead t
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the same conclusions (pattern shifted byp) for specific
configurations.

This work sheds further light on the issue of sudde
phase changes in interference experiments. This geom
could possibly be used for the quantitative study of oth
scatterers (quantum billards, etc.) located on a branch
the ring: the analysis of the resulting AB pattern woul
then provide a way to quantify the role of disorder an
the role of geometric scattering.
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acknowledges support by the CNPq, Brazil.
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