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We report the discovery of an oscillation in the low-temperature magnetoresistance of a point
contact in the two-dimensional electron gas of a GaAs-Al,Ga;-xAs heterostructure. The oscilla-
tion is periodic in the magnetic field and is reminiscent of the Aharonov-Bohm effect in rings, al-
though the geometry is singly connected. A possible mechanism for this quantum interference
effect is tunneling between edge states across the point contact at the potential step at the en-

trance and the exit of the constriction.

Aharonov-Bohm (AB) magnetoresistance oscillations
are a fundamental manifestation of the influence of a
magnetic field on the phase of the electron wave function.
The effect has been studied extensively in metal rings and
cylinders,! and has recently also been seen (with a much
larger amplitude) in rings defined in the two-dimensional
electron gas (2D EG) of a GaAs-Al,Ga;—,As hetero-
structure.”® In these experiments oscillations in the resis-
tance of the ring are observed as a function of the applied
perpendicular magnetic field B. The oscillations are
periodic in B, with a fundamental period AB =#h/eA deter-
mined by the area A of the ring. Their origin is the field-
induced phase difference between the two paths (one
clockwise, one counterclockwise) which take an electron
from one side of the ring to the other.

In this paper, we report the observation of periodic os-
cillations in the magnetoresistance of a narrow and short
constriction (point contact) connecting two broad regions
in a 2D EG. The effect is reminiscent of the AB effect in
rings, but occurs in a singly connected geometry. The
period of the oscillations is constant within 5% over the
field range from 2 to 8 T where the effect is observed. A
splitting of the peaks develops as the field resolves the spin
degeneracy. We interpret the oscillations as a quantum
interference effect in view of the fact that they disappear
on increasing current or temperature and are absent in a
parallel magnetic field. As a possible mechanism, which
can explain the remarkable periodicity of the oscillations,
we propose a novel AB effect associated with the flux en-
closed by two “tunneling paths”—rather than by the two
classical paths in a ring. We base our argument on the
study of tunneling problems in high magnetic fields by
Jain and Kivelson.* Related mechanisms, based on circu-
lating edge currents, have been considered for AB effects
in small conductors.” ~’ An experimental feature which is
not understood is that the amplitude of the oscillations is
changed on reversing the magnetic field.

Studies of quantum transport through constrictions
have revealed a wealth of interesting new phenomena.® ™!
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Chang et al.'? have observed aperiodic fluctuations super-

imposed on quantum Hall (QH) plateaus. van Wees et
al.'* and Wharam et al.'* have fabricated constrictions
with variable dimensions much smaller than the mean free
path, and of the order of the Fermi wavelength. It was
discovered that the conductance of these point contacts is
quantized in units of 2e%/h without a magnetic field.
Upon application of a perpendicular field a smooth transi-
tion to the QH plateaus is observed. Electron focusing in
a magnetic field has been realized using two such quan-
tum point contacts, and shows fine structure due to the
phase coherence of the focused electrons.!” The magne-
toresistance oscillations reported below were observed in a
point contact device'>!> fabricated on a high-mobility
GaAs-Al,Ga, —,As heterostructure (sheet carrier concen-
tration no=3.6x10"> m ~2, and mean free path 8.5 um).
The point contact is defined electrostatically by means of
a split gate (opening 250 nm) on top of the heterostruc-
ture (Fig. 1, inset). By applying a negative voltage on the
gate, a narrow and short constriction is created in the 2D
EG. The 2D EG directly under the gate is depleted at
gate voltages ¥V, < —0.6 V, and the point contact is fully
pinched off at ¥, < —2.4 V. A low-frequency ac lock-in
technique with voltages below 5 4V was used to measure
the two-terminal resistance Ry, of the point contact. Re-
sults are shown in Figs. 1 and 2.

The bottom curve in Fig. 1(b) gives Ry, for ¥, =0V,
when the 2D EG below the gate is not depleted. This
two-terminal resistance measurement shows the charac-
teristic superposition of Shubnikov-de Haas (SdH) oscil-
lations (periodic in 1/B) and QH plateaus at values
h/e?i=26 kQ/i (coinciding with minima of the SdH os-
cillations). Around zero field, a negative magnetoresis-
tance peak appears, originating in the source and drain
contacts.!> The top curve in Fig. 1(a) gives the mag-
netoresistance of the point contact (for ¥, = —1.65 V) at
the relatively high temperature of 1 K. The density n. in
the point contact region is reduced by applying a gate volt-
age, ' which results in a shift of the QH plateaus to lower
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FIG. 1. Two-terminal magnetoresistance of a point contact for a series of temperatures and gate voltages [V, = —1.65 V in (a),
and T=50 mK in (b)]. The second, third, and fourth curve from the bottom have offsets of, respectively, 5, 10, and 15 kQ. The inset

in (a) shows the device geometry.

fields. From the location of the plateaus we estimate
n.=1.5%10'3 m =2 for Vy=—1.65 V. Note that the QH
plateaus (determined by n.) no longer coincide with the
minima of the SdH oscillations (which originate in the
broad 2D EG, and have a periodicity determined by ng).
At low fields, R,; is determined by the number N, of oc-
cupied subbands in the constriction, according to'3!'4
Ry =h/2eN,. For a square-well confining potential we
have N.=krW/r, where W is the constriction width, and
kp=Qznn.)'"? is the Fermi wave vector in the constric-

tion. We thus estimate W=90 nm for V; = —1.65 V.
Upon lowering the temperature, reproducible large am-
plitude oscillations develop in Ry, for BZ 2 T. In contrast
with the SdH oscillations (periodic in 1/B), these oscilla-
tions are periodic in B itself. The periodicity for V,
=—1.65 V is AB=0.056+0.003 T over the field range
from 2 to 8 T. The oscillations occur predominantly be-
tween the QH plateaus, and not on the plateaus them-
selves. No periodic oscillations are observed at the highest
negative gate voltages [top curve in Fig. 1(b)]. No effect
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FIG. 2. Curves @ and b are close-ups of the curve for
Vy=-—1.7 V in Fig. 1(b). Curve ¢ was measured three months

earlier on the same device (note the different field scale, due to a
change in electron density in the constriction).

is found if B is parallel to the 2D EG. In the range of gate
voltages where the osciilations occur, AB is insensitive
within 10% to changes in ¥,. This is much less than the
estimated relative variations of n, and W. A close-up of
the oscillations shows the development of a splitting of the
peaks between the i =4 and the i =2 spin-degenerate QH
plateaus [Fig. 2(a)l. The peak separation increases ap-
proximately linearly with B, indicating that the two com-
ponents of the peak have a slightly different (a few per-
cent) but approximately constant periodicity. Only a sin-
gle peak is seen at higher fields, see the transition from
i=2 to i=1 in Fig. 2(b). Large changes in the device
properties are obtained if it is brought to room tempera-
ture and then cooled again, and this has a much stronger
effect on AB than variations in the gate voltage. This is il-
lustrated by Fig. 2{(c), obtained three months earlier than
2(a). In curve ¢, AB=0.18 T is three times larger than in
curve a. Both sets of data show the peak splitting between
the i=4 and i =2 plateaus, which occurs at higher fields
in curve ¢ because of an increase in n, of about a factor of
2. The periodic oscillations have been observed in only
one of several point contact devices available, We should
emphasize, however, the overall reproducibility of the
effect with its characteristic peak splitting over a period of
several months, as evidenced by Fig. 2.

One sees from Fig. 1 that the periodic oscillations have
a much smaller amplitude in reverse fields (although the
periodicity is the same). Note also that a slow modulation
of Ry around B=7 T is observed in one ficld direction
only. The generalized reciprocity relation derived by
Biittiker!® for nonlocal phase coherent resistance mea-
surements predicts that two-terminal resistances should
be symmetric, Ry (B) =R, (—B), provided no magnetic
impurities are present. We verified the symmetry of Ry,
(to within 10%) in other points contact devices, which
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contained large magnetoresistance fluctuations— but
without a well-defined periodicity.

We now discuss the tunneling mechanism for AB oscil-
lations, illustrated in Fig. 3. The split gate (shaded) both
confines the electrons laterally and reduces their density
by raising the bottom of the conduction band relative to
the broad 2D EG regions. As a consequence, the electro-
static potential has a saddle form. The classical motion in
a strong magnetic field is along equipotentials, which are
shown schematically (arrows point in the direction of
motion, determined by the potential gradient). The ener-
gy of the equipotential is the guiding center energy Eg,
which for an electron in the nth Landau level is given by

E¢=Er—(n—+)ho.* 5 gugB. 1)

Here Er is the Fermi energy (which may depend on B due
to pinning at the Landau levels), w. =eB/m is the cyclo-
tron frequency, and gugB is the Zeeman spin splitting.
Tunneling corresponds to motion agcross the equipoten-
tials. An electron which enters the constriction at g can
be reflected back into the broad region by tunneling to the
opposite edge, either at the potential step at the entrance
of the constriction (from a to b) or at its exit (from d to
¢). These two tunneling paths acquire an AB phase
difference* of order eBA/h (where A is the enclosed area
abcd), leading to magnetoresistance oscillations of period-
icity h/eA. For a well-defined area A, the potential
V(x,y) should vary rapidly over a short distance. The
possibility in principle of such an effect can be demon-
strated by a simple model calculation. Following Jain and
Kivelson,!” we have studied the saddle potential
V(x,y) =+ mody?+Vs(x), where Vz(x) is a rectangular
barrier of height V, extending over a length L. The
transmission probability T in the large-B limit is!’ (for
Eg>Vy)

T '=1+ sin2(eBLWs/2h), (2)

0
4EG(Ec — Vo)
and shows AB oscillations determined by the constriction
length L and its width Wg=2[(Eg — V)2/mag]/? at the
guiding center energy.

The above mechanism can account for the observed
periodicity: Using AB~h/eA, experimental constriction
areas A in the range from (250 nm)? to (150 nm)? are de-
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FIG. 3. Illustration of the tunneling mechanism for AB oscil-
lations in the point contact magnetoresistance, discussed in the
text.
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rived, in accord with estimates for its width (from 100 to
200 nm) and length'® (L 2 W). The experimental insen-
sitivity of AB to gate voltage changes is consistent with the
increasing length of the constriction as its width is re-
duced. The predominance of the oscillations between the
QH plateaus can be understood in terms of Eq. (2), since
at these fields we expect a nearly depopulated Landau lev-
el with guiding center energy Eg close to the potential
step Vo in the constriction, so that the oscillations in T are
large. The tunneling AB effect requires that W is large
compared to the magnetic length /,,=(h/eB) "2, to per-
mit the spatial separation in edge states of electrons mov-
ing in opposite directions. Indeed, the periodic oscillations
are absent in the narrowest constrictions [top curve in Fig.
1(b)]. Spin splitting of Landau levels causes spin-up and
spin-down electrons to move along equipotentials enclos-
ing slightly different areas [cf. Eq. (1)}, thus explaining
the experimental splitting of the oscillation peaks at
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higher fields. This is a striking feature of the effect, which
might also be observable in 2D EG rings if studied in a
tilted magnetic field (in order to avoid the high field
suppression of the AB effect!®). The above mechanism
does not explain the observed asymmetry on reversing the
magnetic field. This fact, combined with the sensitivity of
the periodicity of the oscillations to temperature cycling
and the absence of the effect in other devices of the same
design, suggests that magnetic impurity scattering may
play a role. We intend to study the tunneling AB effect
further in specially designed geometries.
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