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Flux periodic magnetoconductance oscillations in GaAs/InAs core/shell nanowires
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Magnetotransport experiments on epitaxial GaAs/InAs core/shell nanowires are performed in which the InAs
shell forms a tube-like conductive channel around the highly resistive GaAs core. The core/shell nanowires are
grown by molecular beam epitaxy. It is found that the nanowire conductance oscillates with the magnetic field
oriented parallel to its axis, with a period of the magnetic flux quantum ¢, = h/e. Related to that, it is shown
that the electronic transport is mediated by closed loop quantum states encircling the wire axis rather than by
electron interference of partial waves. By means of a gate voltage the conductance at zero magnetic field can be
changed between an oscillation minimum and maximum. The experimental findings are supported by numerical

calculations.
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I. INTRODUCTION

The Aharonov-Bohm effect [1] is a quantum mechanical
phenomenon where the wave function of a charged particle,
confined in a region with no magnetic field, acquires a phase
shift as a function of the enclosed flux. In fundamental
research, the Aharonov-Bohm effect plays an eminent role in
the study of the interaction between a charged particle and
an electromagnetic potential. If the path of the interfering
electron waves is predefined by an open mesoscopic ring,
regular magnetoconductance oscillations can be observed [2].
In the diffusive transport these experiments can be adequately
described in terms of interfering electron partial waves
which propagate along classical trajectories. The resulting
oscillations are periodic with the magnetic flux quantum ¢,
where ¢yg = h/e, with h and e denoting the Planck constant and
the elementary charge, respectively. The so-called Altshuler-
Aronov-Spivak oscillations are observed when the electrons
interfere on time-reversed paths [3,4]. In this case, the period
of the conductance oscillations is ¢y/2. Isolated quantum
rings [5,6] based on metallic [7,8] and semiconductor [9]
nanostructures have also been realized. Unlike open rings,
their energy spectrum is of discrete nature consisting of
closed loop states which are angular momentum states for
closed circular ring structures. However, the unique electronic
properties of isolated rings cannot be directly probed by
transport measurements and thus, a complex metrology is
often required. This phenomenon of transport through coherent
closed loop states can, however, be studied in the present
core/shell nanowires with contacts at both ends, which do
not disturb the coherent states within the shell between both
contacts.

We performed comprehensive magnetotransport experi-
ments on epitaxial GaAs/InAs core/shell nanowires in which
the InAs shell forms a tube-like conductive channel around
the highly resistive GaAs core [10,11]. Using also numerical
calculations, we show that in these nanoscaled semiconducting
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tubes, electronic transport is mediated by coherent closed-loop
quantum states encircling the wire axis [12—18]. As a result,
the nanowire conductance oscillates with the magnetic field
oriented parallel to its axis, with a period of flux quantum
¢o. The observed conductance behavior is based on the flux-
dependent energy spectrum of the angular momentum states in
the nanowire rather than on electron interference, that is, our
device is an electrically measurable, semiconductor quantum
tube. Thus, in contrast to previous reports [4,19-21], our
approach goes beyond the interpretation in terms of classical
trajectories, and is specific to nanostructures with quantum
confinement. By using InAs with its large Fermi wavelength
as the conductive material and further reducing the size of
the tube, we reach the limit where the transport phenomena
are described on the basis of coherent states through which
electrons propagate along the wire [12-16,22]. Since this
limit is difficult to reach by lithographical means, we made
use of self-organized epitaxially grown GaAs/InAs core/shell
nanowires.

II. EXPERIMENTAL PROCEDURE

GaAs/InAs core/shell nanowires are grown by molecular
beam epitaxy [10,11]. For this purpose, GaAs [111]B sub-
strates are covered with a 6-nm-thick layer of SiO, obtained
from hydrogen silsesquioxane by thermal treatment [23]. The
GaAs nanowire core is grown using a Ga-assisted growth
mechanism at a substrate temperature of 590°C for 1.5 h
with a Ga rate of 0.075 pm/h and an Ass beam equivalent
pressure of 10~° T, corresponding to a V/III ratio of 3. After
the core growth, the Ga shutter is closed and the droplet
is consumed by maintaining the As flux. Subsequently, the
substrate temperature is decreased to 490°C. The InAs shell is
grown for 15 min with an In rate of 0.1 um/h and the same Asy4
beam equivalent pressure as used for the core. The nanowires
are around 2 um long, with a core diameter of about 100 nm and
a shell thickness of 25 nm. They have a hexagonal morphology
with {110} side facets and show almost no tapering. Figure
1(a) shows a scanning electron micrograph of the as-grown
GaAs/InAs core/shell nanowire.
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FIG. 1. (Color online) (a) Scanning electron micrograph of as-
grown GaAs/InAs core/shell nanowires. The different colors in the
nanowire at the left illustrate the top of the GaAs core and the InAs
shell. (b) Scanning electron micrograph of the contacted GaAs/InAs
core/shell nanowire. (¢) Schematic of the nanowire contacting the Au
electrodes. The magnetic field B is oriented parallel to the nanowire
axis.

For transport measurements, the nanowires are separated
from the growth substrate and subsequently placed on an n™-
Si[100] substrate covered with a 200-nm-thick SiO; insulating
layer. The doped silicon substrate is used as a back gate to
vary the electron density in the nanowire shell by applying
a back-gate voltage V,. To achieve low-resistance ohmic
contacts between the metal electrodes and the nanowires,
Ar™ sputtering is used to remove the native oxide on the
nanowire surface. Finally, each nanowire is contacted with
Ti/Au electrodes. Figure 1(b) shows a scanning electron
micrograph of the measured nanowire. Two segments of a
single nanowire with a contact finger separation of 100 nm
(between contact finger 3 and contact finger 4) and 370 nm
(between contact finger 6 and contact finger 7) are measured.
In addition, a second nanowire with a contact finger separation
of 70 nm is investigated. All measurements are performed at
a temperature of 1.8 K.

III. RESULTS AND DISCUSSION

Representative magnetoconductance curves for 100- and
370-nm-long nanowire segments are shown in Figs. 2(a) and
2(b), respectively. We observe pronounced oscillations up to
10 T, the highest magnetic field value we applied. The phase
of the oscillation pattern as well as the overall conductance
is modified by changing the back-gate voltage. Figures 2(c)
and 2(d) show the corresponding Fourier transforms of the
magnetoconductance. For the 100-nm-long segment one finds
a frequency of 2.22 T~!, corresponding to a period of
0.45 T, while for the 370-nm-long segment the frequency is
2.71 T~!, corresponding to a smaller period of 0.37 T. Taking
into account the hexagonal cross-sectional area of the nanowire
A = 3/2a2+/3 with hexagon side length a, one finds that the
oscillations have a period of one single flux quantum ¢g. The
oscillations shown in Figs. 2(a) and 2(b) are superimposed
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FIG. 2. (Color online) ¢y-periodic conductance oscillations:

magnetoconductance in units of e/h at back-gate voltages of
6 and 8 V, respectively, for (a) the 100-nm-long and (b) the
370-nm-long nanowire segment. The peak-to-peak amplitudes of the
oscillations are about 5% of the total conductance. The slowly varying
background fluctuations in the magnetoconductance are attributed to
universal conductance fluctuations. (¢, d) The corresponding Fourier
transforms. Background fluctuations in the magnetoconductance are
subtracted prior to the Fourier analysis.

on slowly varying background fluctuations. These fluctuations
are attributed to universal conductance fluctuations indicating
phase-coherent diffusive transport [24,25].

Figures 3(a)-3(c) show the magnetoconductance as a func-
tion of B and V, for the 70-, 100-, and 370-nm-long segments,
respectively. For all three segments clear magnetoconductance
oscillations are observed over the entire gate voltage range.
At zero magnetic field a locked phase of either 0 or m,
corresponding to an oscillation maximum or minimum, is
found. We attribute this behavior to the two-terminal nature of
the transport [26-29], i.e. requirements imposed by Onsager’s
symmetry relations.

Fourier transforms of the magnetoconductance are calcu-
lated for all applied gate voltages. For all three nanowire
segments, one finds a dominant peak structure between 2 and
2.7 T~! attributed to the ¢o-periodic conductance oscillations,
as shown in Figs. 3(d)-3(f). When the gate voltage is varied, the
peak position in the Fourier spectrum slightly changes back
and forth. This reflects the minor change in the oscillation
period with varying gate voltage [cf. Figs. 3(a)-3(c)]. Fur-
thermore, the variation of the gate voltage causes the intensity
maximum of the ¢y-periodic magnetoconductance oscillations
to jump between two magnetic field values characteristic of a
maximum or a minimum [cf. Figs. 3(a)-3(c)].

In the following we explain the observed ¢y-periodic mag-
netoconductance oscillations and the gate-voltage-induced
jumps between magnetoconductance maxima and minima
consistently within the framework of electronic transport
through closed loop quantum states penetrated by a magnetic
flux. For calculations of the electronic states, the hexagonal
cross section of the nanowire is approximated by a circle.
In this case the energetic spectrum is described by using
angular momentum states. The calculations are performed
using a self-consistent Schrodinger-Poisson solver. The total
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FIG. 3. (Color online) (a—c) Color plot of the magnetoconductance normalized to e?/h as a function of the magnetic field B and gate
voltage V, for the 70-, 100-, and 370-nm-long nanowire segments, respectively, where the background conductance is subtracted. (d—f) Color
plot of the amplitude of the corresponding Fourier transforms along B as a function of V, and frequency B~".

wave function v is expanded as

¥ = exp(ikz) exp(il@)&, (r). ey

The first component is the plane wave with wave vector k for
transport along the wire axis z, while the second one represents
the angular momentum states, with the angular momentum
quantumnumber/ = 0, £ 1, & 2. .. and the azimuthal angle ¢
around the axis. The last term, &, ;(r), is the radial component,
which depends on the radial coordinate r and describes the
confinement within the InAs shell. The centrifugal force and
the diamagnetic component in the Hamiltonian are expressed

by the term
h? ) +nrzB 2
— | —i— .
2m*r? dp do

Because of the relatively small magnetic field considered
here, we neglect the Zeeman contribution. Figure 4(a) shows
the calculated conduction band profile £, and the probability
densities |&, ;(r)|? of the first and the second sub-bands, n = 1
and 2, at B = 0. Only the first sub-band is occupied up to
I = 7. To conserve the area of the hexagonal cross section,
we consider radii of 45.5 and 68.1 nm for the core and the
shell, respectively. For the GaAs core we assume a background
doping of 5 x 10'> cm™3. We used a constant effective electron
mass of m* = 0.067m, and 0.028m, for GaAs and InAs,
respectively. For the conduction band offset between GaAs and
InAs we took a value of 371 meV [30], while for InAs the Fermi
level Er position at the surface with respect to the conduction
band E. was set to Ep — E, = 75 meV at zero gate voltage
to attain the best fit to the experimental data. In this context
the essential fitting parameter is the electron concentration
of the InAs shell. It was determined to 1 x 10" cm™>

ﬁ(r) =

(@)

from field-effect transistor measurements. Because of charging
effects of immobile interface states according to Hall measure-
ments [31], the concentration of conductive electrons has been
corrected to nyp = 2.5 x 10" em™2.

The resulting energy eigenvalue spectrum of the one-
dimensional angular momentum states is shown in Fig. 4(b).
The eigenvalue spectrum is periodic with the magnetic field,
with a period of about 0.40 T. Due to the diamagnetic
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FIG. 4. (Color online) (a) Calculated conduction band profile E..
and probability density |, ;(r)|? for n = 1 and 2 at various angular
momentum quantum numbers / of a GaAs/InAs core/shell nanowire
with circular symmetry at B = 0. Er denotes the Fermi energy. The
intersection of |&, ;(r)|> with the energy axis E atradial distance r = 0
reflects the energy of the eigenstates. (b) Dependence of the energy
E of the states shown in (a) on the magnetic field B. (c) Electron
density n,p in the shell as a function of magnetic field B.
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term in the Hamiltonian, the eigenvalues have a quadratical
magnetic field dependence. The electron density in the shell is
determined by the occupation of states with different angular
momenta. Assuming a fixed position of the Fermi level at the
surface due to the high density of surface/interface states at
Er, the total electron density n,p oscillates with a magnetic
field period of ¢/ A, since the energy of the levels and also the
number of occupied states are periodic with ¢ [cf. Fig. 4(c)].
The oscillating electron density directly contributes to the
conductivity, but the detailed mathematical form depends on
the type of transport.

For simplicity reasons we first consider the limiting case
of ballistic transport between source and drain. In this case
the Landauer-Biittiker model [32,33] requires the electronic
transport to be carried out in one-dimensional channels. Each
channel is defined by the quantum numbers n and / and the free
motion along the z direction. In the ballistic limit without any
backscattering at zero temperature, the conductance is given
by G = N x 2¢?/h, where N is the number of occupied spin-
degenerate states located below the Fermi energy Er. Each
time the states cross E while B is increased, the conductance
changes ideally by 2¢?/ h. At finite temperatures these abrupt
conductance changes will be damped due to the broadening of
the Fermi distribution function [17]. Because of the periodicity
of the energy eigenvalues with ¢ [cf. Fig. 3(b)], conductance
variations with that period are expected. Indeed, this behavior
is observed in our experiments.

In the present case, however, the observation of universal
conductance fluctuations demonstrates phase-coherent quan-
tum transport, but of a diffusive character along the wire
between the two contacts, rather than ballistic transport. We
imagine the transport to be mediated by the described coherent
angular momentum states, but with elastic scattering processes
between these states along the wire. Within this picture the ¢,
periodicity of the angular momentum states [cf. Fig. 4(b)]
and the electron concentration as a function of the magnetic
field [cf. Fig. 4(c)] is conserved. This periodic occupation of
states enters the measured conductance, but in a more complex
way than is described above for ballistic transport [12]. In any
case, the conductance, even in the presence of elastic scattering
processes along the wire, will reflect the ¢ periodicity, which
is observed in the experimental magnetoconductance curves
shown in Figs. 2 and 3.

Depending on the strength of the disorder, scattering in the z
direction may result in uncorrelated angular momentum states
for different values of z, which yield a ¢(/2-periodic mag-
netoconductance due to self-averaging [7,34,35]. In contrast,
for all nanowires and gate voltage and magnetic field ranges,
¢o-periodic oscillation is the leading contribution, while the
¢o/2-periodic oscillation amplitude is very low or not observed
at all. Thus, in our system the degree of disorder is presumably
small.

Nevertheless, for each one-dimensional channel the trans-
mission coefficients will be somewhat different, depending
on the scattering details. Together with the outwards shift of
the |€,1J(r)|2 maximum for increasing |/| [Fig. 4(a)], this may
explain the slight variation of the peak position with the back-
gate voltage in the Fourier spectrum shown in Figs. 3(d)-3(f).
In the case of an applied back-gate voltage, the electron gas
in the shell is depleted or enriched inhomogeneously around
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FIG. 5. (Color online) (a, b) Energy E of the angular momentum
states and electron concentration n,p, respectively, as functions of
the magnetic field B for a gate voltage of 6.7 V, corresponding
to Er — E. =115 meV. (c, d) Respective energy of the angular
momentum states and electron concentration for a gate voltage of
8.2V, corresponding to Ep — E, = 124 meV.

the circumference so that the eigenvalue spectrum will also
depend on ¢ corresponding to a slight perturbation of the
energy levels. However, since the back-gate voltage affects
the complete wire, these perturbations will be uniform along
the wire axis.

The present interpretation also explains the observed jumps
of the magnetoconductance signal between maxima and
minima upon variation of the gate voltage [Figs. 2(a), 2(b),
and 3(a)-3(c)]. A gate voltage variation changes the electron
concentration in the InAs shell and the Fermi level position
within the shell. As the results of theoretical simulations in
Fig. 5 show, reasonable gate voltage changes, from 6.7t0 8.2V,
shift the Fermi level position in the shell from Er — E. = 115
to 124 meV. According to the different crossing points of Er
with the eigenvalue parabolas shown in Figs. 5(a) and 5(c),
the shell electron concentration switches from a minimum
to a maximum at B = 0 [cf. Figs. 5(b) and 5(d)]. This is
in qualitative agreement with the experiment at the same gate
voltage scale. In our treatment the hexagonal cross section was
approximated by a circular one. Ferrari et al. [14] calculated
the energy levels for a zero-thickness quantum well in a
hexagonal geometry. They found braids containing six levels
in the energy vs magnetic field spectra. In our experiment no
indications of braided levels were resolved when changing the
back-gate voltage.

Using our measurement results, an ensemble averaging
of the magnetoconductance can be performed over the gate
voltage (ergodic hypothesis). The result of the averaging
for the 370-nm-long segment is shown in Fig. 6. Close to
zero magnetic field, the ¢y-periodic oscillations vanish, and
an oscillation with a period of ¢y/2 appears. This is also
confirmed by the Fourier transform shown in the inset in
Fig. 6. The ¢y/2-periodic oscillation maximum found at
B = 0 indicates that spin-orbit coupling contributes to the
transport [4,36]. At larger magnetic fields, B > 0.7 T, the
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FIG. 6. (Color online) Conductance G of a nanowire with a
370-nm-long contact separation averaged over a gate voltage range
from 0 to 20 V is plotted against the magnetic field B. The
background conductance is subtracted. Inset: The corresponding
Fourier transform. Clear peaks corresponding to ¢o- and ¢/2-
periodic oscillations are resolved.

¢$o-periodic oscillations reappear because of the suppression of
¢o/2-periodic oscillations due to the breaking of time-reversal
symmetry [37,38]. Note that the ¢ /2-periodic oscillations do
not appear in the raw data. Even after an extensive averaging,
the peak amplitude of the ¢-periodic oscillation dominates in
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the Fourier spectrum (cf. Fig. 6, inset). This indicates that the
system is far away from the strongly diffusive regime where
energetically uncorrelated segments give rise to ¢ /2-periodic
magnetoconductance. The most probable reason for this is our
crystalline semiconductor shell, which obviously gives rise to
low scattering rates.

IV. CONCLUSIONS

One experimental highlight of this report is the realization
of epitaxial GaAs/InAs core/shell nanowires which, at low
temperatures, behave as quantum tubes. The ¢o-periodic
magnetoconductance of these nanowires reveals transport
through closed loop quantum states mediating the phase-
coherent electron transport. This demonstrates the change
in the physical basis of the ¢y-periodic oscillations at the
transition to nanoscaled systems where coherent states govern
the transport phenomena. By means of a back gate it was
possible to shift the phase by =, i.e., from an oscillation
maximum to a minimum, and vice versa. Our results pave
the way for further experiments probing and utilizing the
electronic properties of a tube on a purely quantum mechanical
basis.
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