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ABSTRACT

Core/shell heterostructure nanowires are one of the most interesting mesoscopic systems potentially suitable for the study of quantum interference
phenomena. Here, we report on experimental observations of both the Aharonov-Bohm (h/e) and the Altshuler-Aronov-Spivak (h/2e) oscillations
in radial core/shell (In2O3/InOx) heterostructure nanowires. For a long channel device with a length-to-width ratio of about 33, the magnetoresistance
curves at low temperatures exhibited a crossover from low-field h/2e oscillation to high-field h/e oscillation. The relationship between the
oscillation period and the core width was investigated for freestanding or substrate-supported devices and indicated that the current flows
dominantly through the core/shell interface.

The quantum mechanical nature of electron transport through
mesoscopic conductors is manifested in various non-Ohmic
transport properties such as conductance quantization,1

universal conductance fluctuation,2 and the violation of
Kirchhoff’s law,3 all of which demonstrate strong differences
from classical Ohmic transport. The prototype experiment
demonstrating the importance of quantum mechanical phase
coherence is the double slit experiment in which phase
difference between the two paths of an electron result in an
interference pattern. As demonstrated already in 1960s, when
the two paths enclose an external magnetic flux Φ, the
interference pattern is modulated periodically as a function
of Φ with a period of Φ0 ) h/e, where h is the Planck
constant and e is the elementary charge.4,5 If electrons pass
through closed multiply connected conductors such as rings
or cylinders (for the difference between the double-slit
experiment and the closed-ring experiment, see ref 5), the
interference among multiple loops around the enclosed flux

can, in principle, lead to the oscillation of the magnetore-
sistance (MR) with periods h/ne, where n ) 1, 2, 3, and so
on. In a true one-dimensional (1D) ring, where the wire is
infinitely thin, the primary h/e oscillation completely domi-
nates the others. For a ring with disordered wire of finite
width, the visibility of the primary h/e oscillation gradually
decreases and the secondary h/2e oscillation becomes more
prominent.5 The crossover from h/e to h/2e oscillation is
tuned by the strength of the disorder and the width of the
wire. Such crossover also happens in an array of rings due
to the mesoscopic fluctuations, that is, the unavoidable
fluctuation of ring size in the array. Cylindrical conductors
are also expected to exhibit this crossover, since the effective
ring size naturally fluctuates in the presence of disorder. The
h/2e oscillation is more robust against the disorder effects
or the mesoscopic fluctuations because it originates from the
interference between a pair of time-reversed paths, each of
which forms a complete loop around the flux with the
opposite sense of rotation; the fluctuations are in effect
canceled. For this reason, the secondary h/2e oscillations are
commonly called the Altshuler-Aronov-Spivak (AAS)
oscillations,6 to be distinguished from primary h/e oscillation,
known as the Aharonov-Bohm (AB) oscillation.4

Experimentally, the AB and/or AAS oscillations have been
observed in a variety of systems. Both the AB and AAS
oscillations have been reported in single metal5 and semi-
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conductor rings,7-12 whereas the AAS oscillation alone has
been observed in metal cylinders.5,13 Several MR and
magneto-optical measurements have reported the AB oscil-
lations in carbon nanotubes,14-17 and there is one MR
experiment reporting the AAS oscillations.18 Curiously,
however, no experiment has observed both the AB and AAS
oscillations in single carbon nanotube sample.

Here we report an experimental observation of both the
AB and AAS oscillations in a new type of nanowire, the
radial core/shell (In2O3/InOx) heterostructure nanowire. Re-
cently, several groups have successfully synthesized such
core/shell heterostructure nanowires19-24 and have achieved
carrier mobility as high as 21 000 cm2/Vs.23,24 Despite such
high mobility, until now neither the AB nor AAS oscillation
has been observed in such nanowires.

Radial heterostructure nanowires, composed of a crystal-
line In2O3 core and an amorphous InOx shell, were synthe-
sized with the chemical vapor deposition method (Supporting
Information). Initially, the crystalline In2O3 core was grown
in an axial direction. The subsequent creation of the radial
shell was achieved by altering the growth conditions in favor
of homogeneous vapor-phase deposition of amorphous InOx

on the nanowire surface. In transmission electron microscope
(TEM) studies, the thickness of the InOx cover layer was
found to fluctuate sample-to-sample from a few to over ten
nanometers. Figure 1a shows a TEM image of a grown
nanowire. The upper inset is a high-resolution TEM (HR-
TEM) image of the core/shell interface; the lower inset is a
selected-area electron diffraction (SAED) pattern in the
crystalline In2O3 region. The HRTEM image, indicating that
the nanowire grows along the [100] direction, shows a well-
defined interface between the crystalline and the amorphous
regions. The SAED pattern can be indexed along the [001]
zone axis of In2O3 with cubic structure, which confirms that
the nanowire grows along the [100] direction.

Our nanowires typically have the shape of a rectangular
prism as shown in the scanning electron microscopy (SEM)
image in Figure 1b.25 The aspect ratios of the rectangular
cross-sectional area were approximately 1-1.3; their overall
widths were 20-150 nm. For the MR measurements, metallic
electrodes were formed directly on the outermost surface of
the nanowire (Figure 1b) such that the current could be
injected into the shell of the nanowire. The right inset of
Figure 1b shows a schematic view of the device. Details of
the fabrication of nanowire devices are described elsewhere.26

We adopted a two-probe configuration for all MR mea-
surements in this work (Supporting Information, Figure S1).
The measured I-V curves of our devices were almost linear
down to a temperature of 40 mK. The resistance of the
nanowires shows weak temperature dependence in the
temperature range of 300 to 2 K; resistance was almost
constant, especially at lower temperatures (Figure 2a).
Typical resistance of the nanowires measured throughout this
work was in the range of 10-50 kΩ at 2 K. To separately
investigate the roles of the core and shell parts of the
nanowires in the transport, we etched out the shell part of a
nanowire by immersing the device in HCl solution for 60 s
(insets, Figure 2b). Figure 2b shows I-V curves before and

after the etching process. With the shell etched out, the
resistance increased by a factor of nearly 100 (from 0.04 to
3.3 MΩ) at 300 K. After the shell etching, there were no
measurable AB or AAS oscillations in the resistance. From
this, we concluded that the core part of the nanowire is highly
resistive, indicating that the current flows dominantly through
the shell or the core/shell interface.

We have measured MR of the nanowire devices at 2 K
with the magnetic field applied parallel to the nanowire axes.
In order to check the homogeneity of nanowire along the
longitudinal direction, we fabricated two devices out of a
single long nanowire. The length and width of the channel
were 2.5 µm and 75 nm, respectively. We evaporated three
electrodes onto the nanowire and measured MR of the upper
(device A) and the lower (device B) parts separately. Inset
of Figure 3a shows SEM image of devices A and B. The
two devices exhibit almost identical MR features (Supporting
Information, Figure S2), implying that each of our nanowires
is quite uniform.

Figure 3a plots the measured MR (black curve) of device
A. There are small oscillations superimposed on a large
negative MR. With the smooth background subtracted,
periodic oscillations are clearly seen as indicated by the red
curve. The average peak-to-peak amplitude is larger than 300
Ω at low fields with a background of about 36 kΩ which
corresponds to visibility, ∆R/R (H ) 0), close to 1%. The

Figure 1. (a) Representative TEM images of the In2O3/InOx core/
shell heterostructure nanowires. Inset: HRTEM image of the
core-shell nanowire (upper inset) and an SAED pattern in the
crystalline In2O3 core region (lower inset). (b) SEM image of a
nanowire device. Right inset is a schematic of the device.
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MR is almost symmetric about zero field, satisfying the
Onsager relation, R(H) ) R(-H).27 The oscillation period
∆H is 0.65 T at lower fields (H < 2 T) while ∆H ) 1.3 T
at higher fields (H > 2 T). Taking 56 × 56 nm2 ≈ 3200
nm2 for the dimensions of the flux-enclosing area, the period
∆H ) 0.65 T in field corresponds to the period ∆Φ ) h/2e
in flux and ∆H ) 1.3 T to ∆Φ ) h/e. The MR oscillations
observed at low and high fields in the sample are thus
identified as the AAS (h/2e) and AB (h/e) oscillations. We
note that the value 56 nm of the lateral size of the flux
enclosing area is substantially smaller than the overall width
of the nanowire from the SEM measurement. As discussed
below, this is consistent with the scenario in which the
carriers reside mostly on the core/shell interface but not in
the whole shell region. It is also noted that the period ∆H
of the low-field oscillations has an angle dependence ∆H )
1/cos θ, where θ is the tilt angle between the magnetic field
and the nanowire axis (Supporting Information, Figure S3).
Such behavior has also been reported in other systems.8,14

As shown in Figure 3b, the MR was measured at various
temperatures ranging from 2 to 10 K with steps of 2 K.

Oscillations are observable up to 10 K, but are then smeared
out with increasing temperature.

Ours is the first observation of AAS oscillation in
heterostructure nanowires, although it has been reported
before in metal cylinders.5,13 Our observation of the AB
oscillation with period h/e is even more remarkable since
until now no experimental observation of this has been
reported in metal or semiconductor cylinder systems, let
alone in radial core/shell heterostructure nanowires. It has
been suggested that AB oscillation with a flux period of h/e
is supposed to be averaged out in long cylindrical samples.5,13

According to the ensemble-averaging theory for a network
of mesoscopic loops,28 the amplitude of the oscillations will
decrease proportionally to the square root of the number of
loops, N1/2. In the diffusive limit with many disorders,
cylindrical shell (or hollow rectangular prism) conductors

Figure 2. (a) Two-terminal resistance versus temperature of devices
A (W ≈ 75 nm, L ≈ 2.5 µm) and D (W ≈ 80 nm, L ≈ 500 nm)
correspond to rectangles and triangles, respectively. (b) I-V
characteristics obtained at room temperature before (blue) and after
(red) etching the shell of nanowire. Insets: schematics of the devices
before and after shell etching.

Figure 3. (a) The magnetoresistance (MR) curve of the device A
measured at 2 K. The black curve (left scale) is the raw MR data;
the red curve (right scale) is the same data with the background
subtracted. The gray vertical stripes in the background indicate the
h/e oscillation period (∆H ) 1.3 T). The oscillatory part (red curve)
of the MR data exhibits an AAS (h/2e) oscillation at lower field
(H < 2 T) and an AB (h/e) oscillation at higher fields (H > 2 T).
Inset: Tilted-view SEM image of the two devices (A and B)
fabricated on a single nanowire. The length and width of the
nanowires are 2.5 µm and 75 nm, respectively, for both devices.
The scale bar is 500 nm. Narrow electrodes crossing the nanowire
are top gate electrodes, insulated from the nanowire by a thin layer
of aluminum oxide. Device A was broken accidentally during the
subsequent measurements. (b) MR curves of device A at different
temperatures.
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may be regarded as roughly equivalent to numerous ring-
shaped conductors connected in series; as such, one can
expect only AAS oscillation, as confirmed by the theory.5,13

In the opposite limit, namely, in the ballistic limit without
disorders, one can expect the AB oscillation, based on the
modulation of density of states due to the external magnetic
flux.7,12,29,30 Our sample is considered to be in the intermediate
regime between the diffusive and the ballistic limits. To our
knowledge, there is no theory for the MR of cylindrical
conductors in this quasi-ballistic regime.

The remaining question is “Where do the carriers reside?”
Above, we have mentioned that the core part does not
contribute to transport. Is transport then wholly through the
shell part or along the core/shell interface? To address this
question and test the influence of the substrate, we prepared
a device (device C) with suspended nanowire, as shown in
the inset of Figure 4, and performed electrical breaking
experiment. It was found that this device is not subject to
the influence of the substrate. Before breaking the nanowire,
we measured its MR (Figure 4). The AB oscillation in the
MR had a period of 4.6 T, which corresponded to a core
width of 30 nm. As the bias voltage was increased, the
nanowire broke near its midpoint due to Joule heating
(Supporting Information, Figure S4). The right inset of Figure
4 shows an SEM image of the broken device, in which the
core part of the nanowire is exposed by the melting of the
shell part. The measured width of the core, Wc ∼ 30 nm, is
identical to the value estimated from the AB oscillation
period and is substantially smaller than the overall width 40
nm. This observation suggests that the carriers may reside
on the core/shell interface rather than wholly in the shell
region. This was also the case for all six devices reported in
this work. Table 1 lists the sample dimensions and the AB
oscillation period of our sample. The effective width Wc*
of the flux enclosing area extracted from the AB oscillation
period ∆H are substantially smaller than the overall width

Wt of the nanowires. These values of Wc* are also consistent
with the observations from our TEM measurements of other
nanowires from the same batch, according to which the shell
thickness range is 2-10 nm. It also suggests that transport
in our heterostructure nanowires may occurs through the
core/shell interface. The MR measurement was also made
for device D, which exhibited h/e oscillations with period
of ∆H ≈ 1.3 T (Supporting Information, Figure S5).

It is also worth noting that the visibility of the AB
oscillation for device C is 1-5%, which is about 10-100
times larger than those of metallic rings or cylinders5 and
comparable to the results of two-dimensional electron gas
systems (2DEGs).9-12 Furthermore, the AB oscillations from
our devices are robust enough to be observed in high
magnetic fields; their amplitudes even tend to increase with
increasing magnetic fields in some devices. These results
suggest that there is a well-defined cross section area
enclosed by the conducting electrons in each of the nano-
wires. Otherwise, the AB oscillation would diminish with
the increase of the magnetic field. This is also consistent
with the hypothesis that the main contribution to transport
comes from the core/shell interface. In short, although we
have no direct evidence of the formation of a 2DEG-like
interface state in our nanowires, experimental data suggest
that the dominant current flow may occur through the
interface between the core and the shell.

In conclusion, we have observed quantum interference
effects in the MR of core/shell (In2O3/InOx) heterostructure
nanowires grown by chemical vapor deposition into a
rectangular prism shape. Both AB and AAS oscillations were
identified in the MR curve of single nanowires. The visibility
of the AB oscillation of the nanowire was 10-100 times
greater than that of a metal ring and was comparable to that
of a 2DEG ring and carbon nanotube. The relationship
between the oscillation period and the core width was
investigated for several nanowire devices in freestanding or
substrate-supported state, which indicated that the current
flows dominantly through the core/shell interface. Our
observation clearly demonstrates the potential application of
heterostructure nanowires as phase coherent quantum trans-
port devices.
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Figure 4. The MR curve of a suspended nanowire device C
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inset is an SEM image of the device taken after the breakdown
caused by a high bias voltage. The width of the heterostructure
nanowire (Wt) and the width of the core (Wc), marked by arrows,
are ∼40 and 30 nm, respectively. The scale bar is 200 nm.

Table 1. Sample Dimensions and the Period ∆H of the
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C 4.6 40 ((3) 30b 5
D 1.3 80 ((3) 56 12
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a Wt is the overall width of the nanowire measured by SEM. The effective
width Wc* of the flux-enclosing area has been extracted from the relation
∆H ) Φ0/(Wc*)2. b On sample C with suspended nanowire, the width Wc

of the core part was also directly measured by SEM after burning out the
shell part; this width value was identical to the value Wc* ) 30 nm extracted
from ∆H.
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