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Observation of the Aharonov-Bohm Effect for .7 > 1
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We have observed the Aharonov-Bohm effect in the magnetoresistance of doubly connected
geometries fabricated in high-mobility GaAs/AlGaAs heterostructures. Periodic oscillations in the resis-
tance associated with the flux’s penetrating the annulus are suppressed above w.t= 5, where w. is the
cyclotron frequency and 7 is the scattering time, while fluctuations in the resistance as a function of
magnetic field are observed for 0 < w. r < 300, superimposed upon Shubnikov—de Haas oscillations.

PACS numbers: 72.20.My, 73.60.Br

The Aharonov-Bohm (AB) effect has been observed in
magnetoresistance measurements of doubly connected,
disordered, one-dimensional normal metal wires smaller
than the inelastic diffusion length L,. For such quantum
mechanically coherent devices, the phase of the electron-
ic wave function in one branch of the annulus is changed
relative to the other by a change in the magnetic flux
penetrating the annulus, resulting in constructive and
destructive interference periodic in the flux. The trans-
port properties reflect the interference."? In particular,
Webb er al. have demonstrated that oscillations in the
magnetoresistance periodic in field associated with mag-
netic flux penetrating an annulus (®y=hc/e) can persist
for fields as high as 8.0 T (® > 1000dy) with w711,
where o, is the cyclotron frequency and rt is the scatter-
ing time. The periodic oscillations beat with aperiodic
fluctuations due to flux penetrating the wire comprising
the annulus (®.). The rms amplitude of oscillation in
the resistance Ar is small relative to the resistance of the
device, Ar/r <0.001, because the conductance per chan-
nel adds incoherently and the number of channels (or
transverse subbands) at the Fermi energy is large,
N7>1000. In this Letter, we describe the first unam-
biguous observation of the AB effect in the magnetore-
sistance of an annulus fabricated in a high-mobility
GaAs/AlGaAs heterostructure. In contrast to earlier ex-
periments in disordered normal-metal rings, we find that
periodic oscillations in the magnetoresistance associated
with the flux penetrating the annulus are suppressed
beyond w.7=5, while fluctuations in the resistance are
observed -for 0 < w.7 <300 superimposed upon Shub-
nikov—-de Haas oscillations. As a result of quantization
in the transverse direction, we estimate that the current
is carried by only a few (N < 10) channels at the Fermi
energy (at 270 mK) with minimal elastic scattering, and
correspondingly we find that the rms amplitude of oscil-
lation is approximately 10% of the resistance of the de-
vice (at least a factor of 100 larger than that observed in
normal-metal rings).

A preliminary experiment by Datta et al.’ in parallel
GaAs quantum wells connected through Au-Ge-alloyed
contacts has revealed fluctuations in the magnetoresis-

tance below 0.25 T which were attributed to quantum in-
terference, but did not demonstrate the AB effect une-
quivocally. For instance, because of the uncertainty in
the geometry of a structure determined by contacts and
the 2-um thickness of the device, the three fluctuations
in resistance observed by Datta er al. might also be attri-
buted to hc/2e oscillations associated with weak locali-
zation in doubly connected geometries analogous to the
experiment by Sharvin and Sharvin® in normal-metal
cylinders. In contrast, our experimental results show os-
cillations in the resistance that persist up to ®=300d,
and can only be associated with the fundamental flux
hele.

The devices were fabricated by electron-beam lithog-
raphy and low-voltage (75-150 V) reactive ion etching
on modulation-doped GaAs/Alg33Gagg7As heterostruc-
tures grown by molecular-beam epitaxy. Electron-beam
lithography was used to pattern an etch mask which pro-
tects the underlying AlGaAs from a subsequent partial
etch of the AlGaAs layer in a CCl,F,-He-O gas mixture.
The anisotropic partial etch, which removes the doped
layer, stops in the AlGaAs spacer layer and so laterally
confines the electron gas to the region immediately
beneath the etch mask. The remaining doped AlGaAs
over the wire is partially depleted as a result of the pin-
ning of the Fermi level in the band gap at the AlGaAs
surface on the exposed side wall and to the presence of
traps in the layer. A photograph of the 2.0-um average
diameter ring with a linewidth of 500 nm is shown in the
inset to Fig. 1. The fabrication process is described in
detail elsewhere.®

We measured the four-terminal electrical resistance of
three devices with three different diameters fabricated
with a geometry similar to that shown in Fig. 1, using an
ac resistance bridge consisting of two PAR model 124-A
lock-in amplifiers operating at 14 Hz. The typical exci-
tation voltage across the annulus was about 1 uV. The
measured average diameters of nominally 2.5-, 2.0-, and
1.0-um-diameter annuli were 2.35+0.04, 1.88 +0.04,
and 0.94 +0.02 um, respectively. The samples were re-
frigerated in a *He-evaporation cryostat inserted into a
13.5-T superconducting solenoid. We found that wires
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FIG. 1. The magnetoresistance of the 2.0-um-diameter an-

nulus measured at 270 mK. An electron micrograph of the de-
vice is shown in the inset of the figure.

which were lithographically <400-450 nm wide did not
conduct at low temperature (7" < 4 K), and so we antici-
pate that wires which are lithographically 500 nm wide
have conducting widths less than 100 nm. %’

The magnetoresistances, Ryx and R,,, at 270 mK ob-
served in the 2-um-diameter annulus are shown in Fig. 1.
Zero-resistance states are observed in R,, and Hall
resistance plateaus in R, corresponding to the Landau
indices N =0, 1, 2, and 3. The positions in magnetic
field of these features can be attributed to a single two-
dimensional electron density of n=(2.5+0.2)x10"
cm ~2 in contrast with the density of (3.9+£0.1)x10'!
cm ~2 measured in a 2D (300%900-xm?) Hall bridge at
4 K. At low field, however, there is a deviation in Ry,
from the slope consistent with a density of 2.5x10!"!
cm ~2. The change in the carrier density in the wire
from the 2D value may be due to the partial depletion of
the doped layer from the AlGaAs sidewalls.>® The devi-
ation observed at low field slope may be indicative of
transverse confinement. %°

Figures 2(a) and 2(b) clearly show examples of the
periodic oscillations in magnetic field observed in r,, of
the 2.5- and 2.0-um-diameter annuli below 0.5 T, super-
imposed upon a slowly varying background, and the cor-
responding Fourier power spectrum. The periods of the
high-frequency oscillations, 0.95 mT for the nominal
2.5-um diameter, 1.4 mT for the nominal 2.0-um diame-
ter, and 5.8 mT for the l-um annulus, are in direct
correspondence with the penetration of the flux ®y=hc/e
through the average area of the annulus (within the ex-
perimental error associated with the measurement of the
diameter of the annulus), and are not consistent with
hc/2e, even if we consider the inner radius of a conduct-
ing wire 500 nm wide. In addition, oscillations with the
same period were observed in R,, as shown in Fig. 2(a)
even though the probes used to measure R,, were on the
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FIG. 2. (a),(b) The periodic magnetoresistance observed in
a 2.5- and 2.0-um-diameter annulus, respectively. Fourier
power spectra of the magnetoresistance of the respective annuli
are shown in the insets. In (a) both R« and R,, are shown.

same side of the annulus. The observation of oscillations
in ry, is a direct consequence of the coherence of the
electronic wave function associated with the annulus and
the lead frame. The rms amplitude of the periodic oscil-
lations in the conductance at 10 mT are 0.016e2/h,
0.32e¢?/h, and 0.51e%/h for the 2.5-, 2.0-, and 1.0-um-
diameter annuli, respectively. If we interpret the width
of the hc/e fundamental to be indicative of the inside
and outside trajectories around the annulus,' then the
conducting wire widths are 80, 130, and 75 nm for the
2.5-, 2.0-, and 1.0-gum-diameter annuli, respectively.
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The width of the wire may not be so simply related to
the width of the Fourier transform with only a few con-
ducting channels, however.

The fluctuations associated with flux penetrating the
area of the wire comprising the annulus beat with the
periodic oscillations and consistently have a much larger
amplitude (by about a factor of 2). Fluctuations in the
magnetoresistance due to quantum interference are ob-
served in both R,, and R,, over the entire field range ex-
amined as shown by Fig. 1; however, the typical frequen-
cy of fluctuation is lower as the field increases.” The cor-
relation field B. (which is related to L, by B, =2.4d,/
L,W for diffusive transport), deduced from the cutoff of
the low-frequency components in the Fourier spectra,
changes from about B, =10 mT near zero field to 25 mT
at IT.

Figure 3 depicts the magnetoresistance observed near
150 and 300 mT in the nominally 1- and 2-um-diameter
rings, respectively. The periodic oscillations in the resis-
tance are appreciably damped as magnetic field in-
creases. A similar observation was made in the nominal-
ly 2.5-um-diameter annuli as well. We found that the
amplitude of the periodic oscillations in the resistance of
the 2.5-, 2-, and 1-um annuli were suppressed beyond
about 300, 160, and 300 mT, respectively. The Larmor
radius r, =(hc/eH)'? at 300 mT is 47 nm, while 160
mT corresponds to r.=64 nm. The AB effect is ap-
parently suppressed when r. = W/2, where W is obtained
from the width of the Ac/e fundamental in the Fourier
spectrum.'® The anomalous feature in the low-field
(H < 0.3 T) Hall effect occurs in the same field range as
the suppression of the AB effect. Previously’ this feature
was interpreted to be representative of the crossover be-
tween confinement associated with the magnetic poten-
tial and depletion.

Table I summarizes the parameters measured in the
three annuli: the carrier density inferred from the slope
of Ry, below 0.3 T, the high-field carrier density associ-
ated with the ny=h/2€2 Hall plateau, the width de-
duced from the Fourier spectra, the zero-field, four-point
resistance, and the number of area squares times the
width. The resistances of the wires comprising the annu-
li scaled linearly to within 10% after we accounted for
variations in diameter, and width (deduced from Ac/e
fundamental) if the carrier density is obtained from the
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FIG. 3. The magnetoresistance observed in the nominally
2-um (upper curve) and 1-um (lower curve) annuli.

from the width of the hc/e fundamental in the Fourier
transform, the data on the three devices examined are
consistent with a mobility of 5.0x10° ¢cm? V™! 57!
which is about twice as large as the mobility measured in
a 2D Hall bridge, u=(3.0%£0.2)x10° cm? V™! s ! at
4 K. Moreover, if we assume after Berggren® that an
infinite square well is a realistic model for the confine-
ment potential in the absence of a magnetic field, use the
high-field carrier density to determine the Fermi energy,
and assume that the width of the confinement potential is
given by W in Table I, we find 2, 4, and 2 transverse sub-
bands at the Fermi energy for the 2.5-, 2.0-, and 1.0-ym
diameters, respectively, and the calculated carrier densi-
ties in the absence of a field are (1.3, 1.8, and 1.5) x 10"
cm ~? in correspondence with the slope in R,, below 0.3
T. Alternatively, if the carrier density is independent of
field, the deviation of the Hall resistance from a slope
characteristic of the high-field carrier density results
from the effect of confinement when AE7 > 1, where AE

low-field Hall effect. With use of the width deduced represents the quantized energy due to transverse

TABLE I. A list of the measured parameters of the three rings examined.

Nominal
diameters Ny =03T ni=> w R (H=0) ow
(um) a0 "em~?) a0 " "em~?) (nm) ka) (um)
1.0 1.10%x0.2 2.3%0.2 75 3.23 2.74
2.0 1.6 £0.2 2.5%+0.2 130 2.14 3.46
2.5 09 *=0.2 1.9+0.2 80 6.42 3.84
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confinement. According to this interpretation, the wire
widths are 210, 250, and 150 nm for the 1-, 2-, and 2.5-
um diameters, respectively, and the mobility varies by
30% about 1.4x10% cm ~2 V™! s 7!, Although the mo-
bility in the wire may be enhanced over the 2D value be-
cause scattering is suppressed in a strictly 1D wire,!!
(i.e., only large-wave-vector scattering, 8k =2k, is al-
lowed), the uncertainty in the actual width of the wire
and the low-field carrier density preclude a definitive es-
timate of the mobility. If x=5.0%10°> cm? V™! s7!
then w.7=1 for H =16 mT, whereas w.7=1 for H=70
mT if y=1.4x10%> cm? V™! s~ Consequently, the
periodic oscillations in the magnetoresistance are
suppressed beyond w.7=>5, while the fluctuating back-
ground persists even into the extreme quantum limit
where w, = 300.

The suppression of the AB effect is not anticipated
theoretically. A general theorem by Byers and Yang!2
which appeals to the gauge invariance of the wave func-
tion states that all the physical properties of the annulus
are periodic in the flux through the annulus independent
of the field, but in the actual experiment the magnetic
field penetrates both the annulus and the wires compris-
ing the annulus, and so invalidates the conditions of the
proof. Stone and Imry!3 have observed that the contri-
bution to the conductance due to two different pairs of
trajectories around the annulus does not have a fixed rel-
ative phase. Consequently, if the magnetic field pene-
trates the wire comprising the annulus, the contribution
of the various trajectories to the resistance are unaffected
even though a different flux is enclosed by each of the
various trajectories. According to Stone'* the effect of
the flux penetrating the wires comprising the annulus is
only to modulate the periodic component associated with
the flux penetrating the annulus. The model developed
by Stone and others'® which describes the AB effect in
transport and the fluctuating magnetoresistance back-
ground, however, relies on a WKB form for the electron-
ic wave function which is strictly valid only for w.7 <1.
The AB effect may be suppressed at r. = W/2 because
the wave function is localized within one branch of the
annulus as Datta and Bandyopadhyay propose.'® It is
possible that the magnetic potential dominates the trans-
verse confinement near 300 mT and localizes the wave
function to either one of the two branches so that the
quantum interference associated with the flux penetrat-
ing the annulus vanishes.

In summary, we have observed the AB effect in the

magnetoresistance of three doubly connected geometries
fabricated in high-mobility GaAs/AlGaAs heterostruc-
tures. Periodic oscillations in the resistance associated
with the flux penetrating the annulus can persist for
magnetic fields such that w.7=5, and the amplitude of
oscillation is approximately 10% of the resistance of the
device. We find that the Larmor radius corresponding to
the field at which the AB effect is suppressed is simply
related to the width of the hc/e fundamental in the
Fourier spectrum of the magnetoresistance.

We gratefully acknowledge frequent conversations
with H. Baranger.
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FIG. 1. The magnetoresistance of the 2.0-um-diameter an-
nulus measured at 270 mK. An electron micrograph of the de-
vice is shown in the inset of the figure.



