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In GaAs/InAs core/shell nanowires, comprising a tubular conducting shell, interference phenomena ob-
served under an axial field and originating from closed-loop states encircling the insulating core provide
an ideal platform for superconducting quantum devices that utilize effects such as Aharonov-Bohm-type or
Altshuler-Aronov-Spivak—type conductance oscillations. Both effects are different in nature with respect to phase
rigidity because of interference of non-time-reversed or time-reversed paths, respectively. Since their occurrence
is largely governed by averaging effects, which depend on sample dimensions and the transport regime,
we present a systematic study of flux-periodic oscillations of phase-pure zinc-blende GaAs/InAs core/shell
nanowires as a function of gate voltage for samples with different contact separation lengths. Our analysis
shows that with increasing contact separation length, averaging effects result in gradual reduction of //e-periodic
Aharonov-Bohm-type oscillations, while relative to that the 4 /2e-periodic Altshuler-Aronov-Spivak oscillations
and its i/4e-periodic higher harmonics are enhanced. The additional phase rigidity seen in the &/3e-periodic
oscillations is attributed to phase rigidity propagating from the neighboring lower harmonics. Our tight-binding
transport simulations on nanowires of different lengths which contain only a few scattering centers confirm the
experimental observations regarding the different harmonics and their phase rigidity. Together, our experimental
and simulation findings indicate quasiballistic transport with persistent Aharonov-Bohm—type and phase-rigid
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Altshuler-Aronov-Spivak—type oscillations despite few scattering centers.
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I. INTRODUCTION

Semiconductor nanowires with a tubular conducting shell
provide a particularly suitable platform for superconducting
quantum devices that exploit electron interference phenom-
ena [1-5]. In this work, we investigate GaAs/InAs core/shell
nanowires [6—10], which exhibit a rich mesoscopic behavior,
while simultaneously offering a highly tunable system for
investigating coherent electron dynamics and device function-
ality with strong potential for future application in more com-
plex devices for classical and quantum computing [11-17]. A
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notable example is the realization of a core/shell nanowire-
based Josephson junction [5], where strong coupling between
superconducting electrodes and the semiconducting nanowire
weak link is essential. GaAs/InAs core/shell nanowires are
promising candidates for such applications because they en-
able the precise control of the supercurrent in the Josephson
junction via field effect. Additionally, the band offset at the in-
terface between the high-band-gap core and the low-band-gap
shell effectively confines charge carriers in a tubular conduc-
tor [18-21]. As aresult, the electron wave function is localized
near the interface with the superconducting electrodes. Study-
ing interference effects in this respect offers direct insight
into the phase coherence and transport properties of charge
carriers in tubular conducting channels, as it allows for further
development of quantum information devices based on such
nanostructures.

When subjected to an axial magnetic field, GaAs/InAs
core/shell nanowires exhibit such interference effects, man-
ifested as magnetic flux quantum #h/e-periodic Aharonov-
Bohm-type (AB) [22] and &/2e-periodic Altshuler-Aronov-
Spivak-type (AAS) conductance oscillations [23], where &
is the Planck constant, and e the elementary charge. In case
of planar ring structures based on semiconducting [24,25],

Published by the American Physical Society
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metallic [26-30], and graphene [31] nanostructures, these ef-
fects originate from electron path interference. While related
Aharonov-Bohm physics has also been investigated in car-
bon nanotubes through magnetic-field-induced modifications
of the circumferential electronic states [32], the electronic
transport in GaAs/InAs core/shell nanowires is governed by
closed-loop states that encircle the insulating core, commonly
referred to as angular momentum states [6,7]. Applying an ax-
ial magnetic field, the flux-dependent energy spectrum of their
angular momentum states is revealed through %/e-periodic
conductance oscillations, therefore classified as an AB-type
oscillations. Commonly, they have been observed as a dom-
inant effect in GaAs/InAs nanowires. Furthermore, in terms
of electron interference framework, AAS oscillations are de-
scribed as the interference of time-reversed paths. In case of
GaAs/InAs nanowires, so far they have been associated with
elastic disorder scattering in the diffusive transport regime
[7]. Recently, however, those were also reported in highly
ordered quasiballistic GaAs/InAs nanowires, mediated by a
few scattering centers only [10].

Previous interference studies of such phenomena on III-
V semiconductor [6-10,33,34], and topological insulator
nanowires [35-38] have demonstrated the critical role of sys-
tem size, crystal structure, and characteristic transport length
scales in shaping these interference patterns, as well as de-
termining the crossover conditions between AB and AAS
oscillations [39]. Additional to //e- and h/2e-periodic oscilla-
tions, experiments on planar quasiballistic ring nanostructures
[40] and topological insulator nanowires [41] showcased
higher harmonic oscillations, i.e., h/3e, h/4e, etc., periodic-
ities. These are enabled due to large phase coherence length,
which allows the electron wave function to wind around the
ring perimeter several times before interference occurs. How-
ever, higher harmonics have not been reported yet in tubular
semiconductor nanowires.

Recently, we investigated magnetoconductance oscilla-
tions in phase-pure GaAs/InAs core/shell nanowires [10].
Despite the short nanowire length and reported quasiballis-
tic transport regime, we observed AAS corrections at small
magnetic fields. Typically, AAS oscillations are observed in
samples with a large number of interfering time-reversed
paths. To address this issue and better understand the re-
lationship between AB- and AAS-type oscillations, this
study examines magnetoconductance oscillations in phase-
pure GaAs/InAs core/shell nanowires grown in a similar way,
with contact separation lengths ranging from 300 nm to 2 um.
This allows us to access transport scenarios with different
averaging of interference phenomena. We investigate these
phenomena via transversal mode of transport by measuring
magnetoconductance oscillations under an axial field at low
temperatures, and varying the gate voltage which probes the
phase of the observed oscillations. We expect AB-type oscil-
lations to progressively average out with increasing contact
separation length, while AAS-type oscillations stabilize. Fur-
thermore, we report the observation of higher harmonics of
magnetoconductance oscillations indicating a long phase co-
herence length. Special attention is devoted to the origin of
the observed phase rigidity and the relevant magnetic field
ranges within which they occur. Our experimental results are
compared to tight-binding quantum transport simulations of

core/shell nanowires with different lengths. These contain
only a few scattering centers based on Landauer-Biittiker for-
malism using KWANT [42]. The presented simulation results
reveal the underlying mechanism behind the observed higher
harmonics.

II. EXPERIMENTAL DETAILS

The GaAs/InAs core/shell nanowires investigated were
grown by molecular beam epitaxy (MBE) via the self-
catalyzed vapor-liquid-solid technique on prestructured
Si(111) substrates, following the procedure reported by
Jansen et al. [43]. The growth of the GaAs core resulted in
an average radius of 65nm, while the average thickness of
the InAs shell was 30 nm. The nanowires had a typical length
of 3.8 um. Details on the growth procedure can be found in
the Supplemental Material [44]. Table I presents the resulting
nanowire geometries of the measured samples. A transmis-
sion electron microscopy (TEM) analysis was carried out to
gain information on the crystal structure of the nanowire.
Due to the interplay between hole diameter and droplet size
at growth start, the growth of the nanowires was stabilized
in the zinc-blende regime, featuring an excellent degree of
phase purity. Figure 1(a) shows a low magnification bright
field transmission electron microscopy image (BF-TEM) of
a typical nanowire, where a high-resolution TEM image in
Fig. 1(b) along the (110) direction confirms the preferred
zinc-blende crystal structure.

The device fabrication required primarily the precise
nanowire transferring technique using a scanning electron mi-
croscope (SEM) based micromanipulator onto a prepatterned
n-doped Si(100) global backgate substrate covered with
150 nm of SiO, used as gate dielectric. The SEM-assisted
transfer and alignment were performed using a low acceler-
ating voltage (3 kV) and for a minimal time of electron-beam
exposure to reduce possible irradiation-induced modifications
of the nanowire surface. Next, the contacts were defined using
electron beam lithography, followed by Ar™ cleaning and con-
tact finger metallization with Ti/Au. Representative examples
of the measured samples are shown in Figs. 1(c) and 1(d). The
low-temperature measurements were carried out in a variable
temperature insert cryostat, at the base temperature of 1.3 K. A
four-terminal measurement setup was utilized, except for the
shortest sample, which was measured in a three-terminal con-
figuration, by means of applying 20 nA of current between the
two outer contacts, whereas the voltage drop was measured
between the two inner ones. The typical contact resistance was
in order of 1k. For sample A, the three-terminal measure-
ment configuration was corrected by subtracting the residual
contact resistance and the lead resistance from the measured
signal. We present results of gate-dependent magnetoconduc-
tance measurements on samples with different inner contact
separation lengths L. given in Table I. The measurements were
carried out under an axial magnetic field, and device gating
was realized by a global back-gate.

III. RESULTS AND DISCUSSION

We examined magnetotransport in samples with varying
inner contact separation L., with a focus on samples C and
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TABLE I. Sample-specific geometric dimensions and corresponding oscillation periodicities, where L. denotes the contact separation of
the voltage probes, req. the GaAs core radius, Zen the InAs shell thickness, 7o the total nanowire radius, fi/e, fi/2e, fu3e- and f/4 the positions
of the h/e-, h/2e-, h/3e-, and h/4e-periodic peaks on the frequency scale of the fast Fourier transform analysis (third and fourth harmonics
are observed only for samples C, D, and E), and ;. the corresponding measured wave-function localization radius, obtained at the base

temperature of 1.3 K.

Sample L. (um) Teore (NM) Tohent (M) Tior (NM) fore (T7H fijze (T7H) foyze (T Soyae (T7H Th/e (NM)
A 0.3 56 37 93 3.6 7.2 75
B 0.5 71 25 96 33 6.7 72
C 0.6 65 31 96 3.0 59 8.5 12.1 69
D 1.8 70 27 97 3.0 6.0 9.0 12.0 69
E 2.0 63 27 90 3.1 5.8 9.0 12.0 70

E, which contain short 600-nm and long 2-um contact sep-
arations, respectively. Analogous investigations for the other
samples listed in Table I are presented in the Supplemental
Material [44]. The measurements were carried out in an axial
magnetic field ranging between —2 and 2 T, and under varying
gate voltages V, ranging between —3 and 3 V, in 0.1-V steps.
In Figs. 2(a) and 2(b), the normalized magnetoconductance
G/ G for samples C and E, with Gy = €?/h, reveals regular
AB-type oscillations. These oscillations span the entire gate
voltage range, and are consistent even upon applying a gate
voltage up to —3V, implying preservation of phase-coherent
transport and a persistent ring geometry of the electron wave
function upon subtle carrier depletion.

The ring-shaped wave function encloses an effective area
S, which in case of our nanowires corresponds to a hexagonal
cross section S = r2(3«/§/2), where r is the circumradius
of the hexagon. The oscillation period AB of the AB-type
oscillations is associated to the nanowire cross section S via

10 nm

the expression AB = ®/S, where @y = h/e is the magnetic
flux quantum. For samples C and E, the extracted oscilla-
tion periods AB of 0.33 and 0.32 T imply a radius 7y, of
the closed-loop wave function of around 69 and 70 nm, re-
spectively. This confirms that the wave function is localized
within the InAs shell, and is found to be the case for all the
other measured samples (see Table I). Furthermore, sample
E showcases smaller average conductance when compared to
sample C, due to larger contact separation length.

Next, the fast Fourier transform (FFT) of the magneto-
conductance oscillations was analyzed. The FFT was applied
to the extracted oscillation signal G = G — G, where G is
the slowly varying background which was subtracted from
the measured conductance. The results for samples C and
E presented in Figs. 2(c) and 2(d) show a clear two-peak
structure over the entire gate voltage range. For sample E,
the FFT spectrum was calculated after removing the slowly
varying background using empirical mode decomposition, as

FIG. 1. (a) Low-magnification TEM image of a representative example of the GaAs/InAs nanowire, featuring (b) high-resolution TEM
image of the nanowire middle region. (c) and (d) False color SEM image of samples C and E, respectively, emphasizing differences in inner

contact separation lengths L., 600 nm and 2 um, respectively.
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FIG. 2. Normalized magnetoconductance G/G,, with Gy = €*/h, for various gate voltage V, values, for (a) sample C, and (b) E,
respectively. Corresponding fast-Fourier transform (FFT) of the data shown in (a) and (b), for samples (c) C and (d) E. Ranges of present
harmonics (h/e, h/2e, h/3e, h/4e) are presented in color-coded scheme, with mean frequency value marked by dotted line. Inserts display
enlarged parts of the FFT spectra corresponding to &/3e and h/4e contributions. Color maps for oscillation amplitude §G as a function of
gate voltage and magnetic field for sample C, presented for (e) //e-, (f) h/2e-, (g) h/3e-, and (h) h/4e-periodic oscillations defined by the
frequency windows marked in (b). Averaged oscillation amplitude (§G)y, over the complete gate voltage range, as a function of magnetic field,
presented with bold line, and corresponding standard deviation marked with shaded area for (i) i/e-, (j) h/2e-, (k) h/3e-, and (1) h/4e-periodic
oscillations. Color maps in (m), (n), (0), and (p) represent analogous data analysis for sample E, shown for marked frequency ranges in (d).
Averaged oscillation amplitude over gate voltage range with standard deviation of different harmonics is similarly shown for sample E in (q),

(1), (s), and (). 106202-4
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the raw magnetoconductance traces acquired at large negative
gate voltages exhibited an elevated low-frequency noise floor
that partially obscured the characteristic FFT peaks, whereas
no such processing was required for sample C due to its
comparatively low noise level (see Supplemental Materials
for more details [44]). The first peak is associated with AB
oscillations with an &/e periodicity, and the second peak cor-
responds to oscillations with an &/2e periodicity. The latter
can originate from either the second harmonics of the AB os-
cillations or the AAS-type oscillations. Additionally, we find
indications of higher harmonics for both samples, i.e., 3rd and
4th harmonics, though with significantly smaller amplitude.
However, these higher harmonics are not present consistently
throughout the complete gate voltage range. In Table I, the
extracted positions of these peaks imply the presence of /1/3e-
and h/4e-periodic oscillations. The slight broadening of the
FFT peaks observed for sample E is attributed to its larger
measured nanowire segment. In this case, a larger number of
phase-coherent trajectories with small radius variations con-
tribute to a broader recorded frequency spectrum. The finite
magnetic-field range was also found to influence the extrac-
tion of the weak higher-order components; therefore, the full
available range of B € (—2, 2) T was retained to maximize the
number of oscillation periods and ensure reliable separation of
the i/3e- and h/4e-periodic contributions.

Higher harmonics of AB oscillations have already
been observed in other types of structures such as
graphene [31], or two-dimensional electron gas heterostruc-
ture GaAs/Ga,Alj_,As rings [40], as well as in Bi,Se;
topological insulator nanowires [41]. In these cases, the oc-
currence of higher harmonics stems from the system’s very
long phase coherence length, which allows electron partial
waves to encircle the ring multiple times. However, this phe-
nomenon has not yet been reported for GaAs/InAs core/shell
nanowires. Its transport in terms of angular momentum states
does not provide a straightforward explanation that aligns with
the interferometric, trajectory-based framework outlined in
previous studies.

To further understand the underlying physical origin of our
observations, we present a quantitative study of the phase
rigidity of AB and AAS oscillations and their respective
higher harmonics, through varying inner contact separation
lengths. For this purpose, the raw magnetoconductance signal
was processed using a pair of high-pass Butterworth filters,
which together effectively define a band-pass filter to iso-
late the frequency window corresponding to the oscillation
periodicity of interest. The resulting band-limited signal was
then corrected for its residual constant offset by subtracting
its mean value, yielding the oscillation amplitude 6G as a
function of magnetic field and gate voltage. Following this
method, the analysis of //e-periodic oscillations for sample
C [cf. Fig. 2(e)] reveals a nonrigid phase pattern at B =0
as the gate voltage varies. The random phase shift along
zero magnetic field is clearly confirmed by the solid blue
line in Fig. 2(i), which illustrates the diminished averaged
conductance over the voltage range (§G)y, at B = 0, whereas
featuring large standard deviation marked in green at the same
time. Sample E shows a similar behavior, as can be seen
in Figs. 2(m) and 2(q).

Carrying out an analogous analysis for the 1 /2e-periodic
oscillations, shown in Fig. 2(f), sample C reveals a phase-rigid
behavior in the low magnetic field range, with a conductance
maximum at B = 0. This observation is further supported
through the analysis of /2e-periodic conductance oscilla-
tions averaged over the gate voltage range [cf. Fig. 2(j)].
Here, the phase stability results in a pronounced oscillatory
behavior of the averaged value extending over a magnetic field
range of about £0.4T, with its maximum value at B = 0.
Additionally, the small standard deviation further confirms
the observed phase rigidity. The phase-rigid part is associated
with AAS conductance oscillations, as such oscillations are
robust against averaging over the V, range. The source of
these oscillations is the interference of time-reversed paths
in the InAs shell of our tubular conductor. The observance
of a conductance maximum at B = 0 implies the presence of
spin-orbit coupling via the weak antilocalization effect [27].
In our tubular structures a modulation of the amplitude at
B = 0 via the time reversal Aharonov-Casher effect was not
possible [45], as was demonstrated in arrays of planar ring
structures [46]. This is probably due to the tubular geom-
etry of the shell, which has a larger variety of closed-loop
trajectories in contrast to averaging interference in an array
of planar rings. Additionally, the orientation of the electric
field, and thus the precession of the electron spins, differs in
our structures compared to planar ring structures. A similar
pattern as observed in Figs. 2(f) and 2(j) is found for sample
E. Here, the phase-rigid segment also extends to about +0.4 T.
By comparing the phase rigidity expressed by the standard
deviation, it can be concluded that the phase-rigid region of
sample E is more robust against averaging over the entire gate
voltage range than sample C. Beyond this range, the magne-
toconductance oscillations remain to contain an s /2e-periodic
component, but exhibit random phase shift due to the loss
of phase matching along the inner and outer radius of InAs
shell [47]. We associate displayed h/2e-periodic oscillations
beyond +£0.4T to the second harmonic of AB oscillations,
which may also contribute to a small extent around zero
field. The phenomena associated with //2e oscillations have
already been addressed in our recent study of quasiballistic
transport properties in phase-pure GaAs/InAs nanowires [10].
In addition to the data presented for samples C and E, //2e-
periodic oscillations were also observed for the other samples
listed in Table I (see Supplemental Material [44]).

The FFT analysis of the magnetoconductance of samples
C and E contains &/3e- and h/4e-periodic oscillations. Here,
we utilize the same approach for extracting these higher-
order oscillatory components by selecting frequency windows
corresponding to the highlighted regions in the FFT insets.
It is important to note that the residual FFT background
level was estimated from frequency regions outside the se-
lected harmonic windows and was found to be significantly
below the extracted h/3e- and h/4e-periodic contributions.
Additionally, the robustness of the extracted higher-order os-
cillation components against reasonable variations of the FFT
frequency window was systematically verified (see Supple-
mental Material [44]). Although the extracted amplitudes vary
quantitatively with the selected frequency interval owing to
the finite width and partial overlap of neighboring FFT peaks,
the characteristic phase evolution and the corresponding
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physical interpretation remain unchanged. As can be seen in
the color map of the //3e-periodic oscillations of sample C in
Fig. 2(g), the conductance predominantly exhibits a maximum
at B =0 with some short sections of a minimum. Similar
to the h/2e-periodic oscillations the average value plotted in
Fig. 2(k) shows a clear oscillation pattern with a maximum
at B =0, which is damped out with increasing field. The
h/3e-periodic oscillations of sample E shown in Fig. 2(0)
reveals an even more stable phase-rigid behavior compared
to sample C, with a gradual oscillation amplitude decay with
carrier depletion at larger negative gate voltages. As shown in
Fig. 2(s) the standard deviation is small in this magnetic field
range and also smaller than the standard deviation for sample
C given in Fig. 2(k). We assume that the phase rigidity of the
h/3e-periodic oscillations can be attributed to the propagation
of the phase rigidity of the i /2e-periodic oscillations, under
the premise that the AAS-type oscillations are damped out
with an increasing magnetic field, as it is actually observed in
Figs. 2(j) and 2(r). Therefore, the conductance is not a periodic
function of the magnetic flux (at least for this reason) and then
its harmonics are not truly independent. While we cannot rule
out a separate interference process with /1/3e flux periodicity,
we believe the phase rigidity of the & /3e-periodic oscillations
does not correspond to a distinct physical phenomenon, unlike
the phase rigidity of the //2e-periodic oscillations originating
from the AAS effect (see Supplemental Material [44]).

For the amplitude of the h/4e-periodic oscillations of
sample C, the color map shown in Fig. 2(h) reveals a pro-
nounced phase-rigid region approximately half the size of
the corresponding //2e-periodic oscillation, and a small stan-
dard deviation, shown in Fig. 2(1). Beyond this magnetic
field range, the regular phase shifts along the gate voltage
range, indicating the previously described phase random-
ization. As can be inferred from Fig. 2(p), once again for
sample E the phase rigidity is more pronounced, supported
by the even smaller standard deviation at B = 0, shown in
Fig. 2(t). The phase rigidity of the h/4e-periodic oscillations
can be understood within the framework of the AAS-effect
when considering quasiclassical trajectories that circumvent
the tubular conductor twice for each time-reversed paths thus
effectively encircling the magnetic flux four times. This inter-
pretation is supported by the fact that the phase-rigid magnetic
field range for the i /4e-periodic oscillations is approximately
half that for the h/2e-periodic oscillations, as seen by com-
paring Figs. 2(1) and 2(t) with 2(j) and 2(r), which can be
explained by the larger phase difference accumulated for inner
and out trajectories when circumventing twice. However, our
experimental findings of /1/3e- and & /4e-periodic oscillations
still remain in need of further analysis. A detailed discussion
of results gained through tight-binding model simulations is
presented in the following section.

As only three samples of the ones listed in Table I dis-
play h/3e- and h/4e-periodic oscillations, we will limit our
understanding of overall tendencies of phase-coherent trans-
port with varying inner contact lengths through more detailed
analysis of h/e- and h/2e-periodic oscillations. In the fol-
lowing, we focus on the evolution of the relative weights of
the h/e and h/2e components as a function of the contact
separation length L., rather than on their absolute oscillation
amplitudes. Even though we expect modest sample-to-sample
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FIG. 3. (a) Normalized average of fast Fourier amplitude
(Afet)v, as a function of frequency for samples with different contact
separations (samples A to E). (b) Ratio of the average amplitude
of the AAS oscillations (SG)f,f ?,;:0 at B =0 and the root-mean-
square amplitude of the h/e-periodic AB-type oscillations, averaged
over the gate voltage (rms(SG))}"/ % for different contact separation

g
lengths.

disorder configuration and overall core/shell nanowire geo-
metrical variations, we do not expect these to affect evolution
of relative contributions of AB and AAS oscillations with
increasing measurement segment length L.. First, comparing
the oscillations shown in Figs. 2(e) and 2(m), we observe a
tendency for //e-periodic oscillations amplitude reduction for
increasing L. This is attributed to an increasing amount of
averaging out of non-phase-rigid AB-type oscillations along
the nanowire. In Fig. 3(a), the ensemble-averaged normalized
FFT spectrum (Ager)y, is shown for samples with different
contact separation lengths L.. The normalized FFT spec-
tra reveal how the relative spectral weights of the h/e and
h/2e components evolve with increasing L.. However, since
the FFT spectra were taken over the entire magnetic field
range of £2T, the h/2e-periodic oscillations can originate
from the second harmonics of the AB-type oscillations and
from the AAS effect. As disclosed earlier in the text, the /1/2e-
periodic oscillations contain a phase-rigid section around B =
0, and non-phase-rigid section beyond. To properly discrim-
inate the relationship between the AB and AAS effects, the
ratio of the average amplitude of the AAS-type oscillations
(BG)(Z ,21;=0 at B = 0, and the root-mean-square amplitude of
the h/e-periodic AB-type oscillations averaged over the gate
voltage (rms(SG))(',g % is shown in Fig. 3(b) for varying L..
It is evident that the ratio increases with increasing contact
separation length, indicating an increasing suppression of the
AB contribution and a corresponding increase in the relative
weight of the phase-rigid AAS contribution. This interpreta-
tion is further supported by data on the averaged oscillation
amplitude and the extracted FFT peak height of the &/e com-
ponent given in the Supplemental Material [44].

IV. QUANTUM TRANSPORT SIMULATIONS

To gain a deeper understanding of the interrelation of
AB- and AAS-type oscillations for different nanowire lengths,
quantum transport simulations were conducted. Details on
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the simulation method and parameters are provided in the
Supplemental Material [44]. The calculations were performed
using the KWANT software package [42]. The assumed radial
dimensions of the hexagonally shaped core/shell nanowires
were comparable to the experimental ones. Disorder in the
wires was described by a Gaussian random field with a dis-
order strength of 5 meV and a correlation length of 50 nm.
Both Rashba spin-orbit coupling and Zeeman splitting were
included. Instead of the gate voltage, for the simulations, the
chemical potential p was varied from 10 to 50 meV. We adopt
the simplest device model by assuming that the quantum me-
chanical spectrum itself does not depend on the gate voltage
[10]. Indeed, in the real device the gate creates a nonuniform
electric field whose variation may also affect all quantum
states. However, here we consider these effects negligible. The
simulations were performed for a temperature of 1.6 K.

As an initial test, we performed simulations on a 2-um-
long nanowire with and without the presence of spin-orbit
coupling. Here, we could observe a clear minimum of con-
ductance at B = 0 in the former case, while a maximum was
found in the latter case, in accordance with the weak local-
ization and weak antilocalization effects, respectively. More
details on this simulation aspect are given in the Supplemental
Material [44].

Figure 4 summarizes the simulation results for three
different nanowire lengths: 0.6, 2, and 4 um. The Fourier
components related to the periods //e, h/2e, h/3e, and h/4e
were extracted from the total conductance, interpolated, and
plotted as a function of B and p. Additionally, the corre-
sponding conductance averaged over u, denoted as (8G),,
and its standard deviation are shown. For all wire lengths, we
observe pronounced regular oscillations of the //e-periodic
components of the conductance, with phase shifts as u is
varied, as shown in Figs. 4(a), 4(i), and 4(q). At B =0 the
phase switches repeatedly with p. In our simulations, maxima
in G appear when the density of state possesses a maximum
at . Standard deviation (8G), marked in green for three
wire lengths in Figs. 4(e), 4(m), and 4(u) at B = 0 implies a
positive phase bias, which we attribute to the particular impu-
rity configuration used in our simulation. The % /2e-periodic
conductance component shown in Figs. 4(b), 4(j), and 4(r),
however, exhibits an almost continuous maximum at zero
magnetic field for large intervals of the chemical potentials.
Still, these intervals are smaller than in the experimental data,
most likely because of the limitations of our model. Note
that by excluding spin-orbit interaction we could obtain a
more extended phase rigidity of the destructive version of
the AAS interference (see Supplemental Material [44]). As
also observed in the experimental data, the phase-rigid feature
persists until larger critical magnetic field with the length
of the nanowire, extending over a few units of magnetic
flux quantum. Additionally, decrease of standard deviation
(6G),, at B =0 with nanowire length increase, displayed in
Figs. 4(f), 4(n), and 4(v), aligns well with our experimental
findings given in Fig. 3(b).

In Figs. 4(c) and 4(d), extracted oscillations amplitudes
for h/3e- and h/4e-periodic components of the 600-nm-
long nanowire are depicted. However, the extracted average
conductance given in Figs. 4(g) and 4(h) give a better
qualitative overview, as it showcases a small minimum at

zero magnetic field. Nevertheless, the standard deviation is
rather large, therefore, we interpret this as an accidental oc-
currence. In contrast to this, Figs. 4(k) and 4(1), as well as
Figs. 4(s) and 4(t), for the 2-um- and 4-pum-long nanowires
exhibit a tendency toward a rigid positive phase at B =0
for both //3e- and h/4e-periodic components. Averaged con-
ductance in case of both components presented in Figs. 4(o)
and 4(p) for 2-um-long, and Figs. 4(w) and 4(x) for 4-um-
long nanowires, seems to decrease with increasing nanowire
length. However, in case of the h/3e-periodic oscillations the
standard deviation is relatively large, so the phase rigidity
is not as robust as in case of the i/4e-periodic oscillations.
The latter is not surprising since the h/4e-periodic oscillations
contain the second harmonics of the phase-rigid //2e-periodic
AAS-type oscillations. In addition to that, the phase rigidity
of the AAS-type oscillations might also have propagated into
the first and third harmonics. This claim is supported by
calculation results presented in Supplemental Material [44].
We also tested different disorder potentials and the results
were robust. We used multiple random configurations, and
we varied the potential amplitude and the correlation length,
and the results did not change significantly. This aspect has
already been addressed in Ref. [10] (see Figs. S11 and S12 of
the corresponding Supplemental Material [44]).

Analogously to the analysis of FFT and oscillation ampli-
tude dependency to varying inner contact length depicted in
Fig. 3, we will take a closer look at computed conductance
oscillations and its contributions’ dependencies to varying
nanowire length. In Fig. 5(a) the ensemble-averaged normal-
ized FFT spectra over the chemical potential is shown for the
600-nm-, 2-um-, and 4-um-long nanowires (the single spectra
for each p are given in the Supplemental Material [44]). Peaks
corresponding to the h/e-, h/2e-, h/3e-, and h/4e-periodic
oscillations are clearly resolved, with decreasing peak heights
toward higher frequencies. Consistent with the experimen-
tal results, we observe that the peak corresponding to the
h/2e-periodic oscillations is more pronounced for the longer
nanowire, confirming the increasingly larger AAS contribu-
tion with increasing nanowire length. Finally, Fig. 5(b) depicts
the ratio of the average amplitude of the simulated AAS-type
oscillations (6 G)Z/ ?;=o at B = 0 and the root-mean-square am-
plitude of the /1/e-periodic AB-type oscillations averaged over
the chemical potential (rms(SG))f’/ 2¢ for the 600-nm-, 2-um-,
and 4-um-long nanowires. In accordance with the experimen-
tal results shown in Fig. 3(b), the ratio clearly increases with
increasing nanowire length, caused by an increasing averaging
out of the AB effect and an enhanced AAS contribution.

V. CONCLUSIONS

We systematically studied flux-periodic oscillations of
GaAs/InAs core/shell nanowires at the fundamental period of
h/e up to its fourth harmonic i/4e. The h/e-periodic oscil-
lations are attributed to the Aharonov-Bohm effect, which is
non-phase-rigid for different phase-coherent segments of the
nanowire, or when the gate voltage is changed. Nevertheless,
even for the longest contact separation length of 2 um, we
found pronounced %/e-periodic oscillations, although with a
smaller amplitude, indicating weak disorder-related averag-
ing. This is probably due to the high crystal quality of our
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FIG. 4. (a)—(d), (1)—(1), (q)—(t) Show the conductance oscillation amplitudes of first to fourth harmonics, with periods from %/e to h/4e, as
a function of the magnetic field and chemical potential, for nanowires of lengths L = 600 nm, 2 um, and 4 um, respectively. (e)—(h), (m)—(p),
(u)—(x) Display the average amplitude of the oscillation (solid blue line) and its standard deviation (in green) with respect to the chemical
potential u for each length. Note that the displayed magnetic field range is successively reduced for the higher harmonics.

phase-pure nanowires. In contrast to the averaged oscillation
amplitude vanishing for //e-periodic component, the h/2e
oscillations are phase rigid within a certain range around
zero field. For these oscillations, phase rigidity increases with
longer contact separation, likely due to the diminishing contri-
bution of second harmonics of AB-type oscillations. The latter
are visible at larger magnetic fields. Surprisingly, phase rigid-
ity is also observed in the //3e-periodic oscillations, which
we could not directly assign to a distinct mechanism based on
wave-function interference. Our theoretical analysis suggests

that the phase rigidity of the &/3e-periodic oscillations is due
to the propagation of the phase rigidity of the lower har-
monic, i.e., the i/2e-periodic AAS-type oscillations and their
damping with increasing the magnetic field. We identified a
robust phase-rigid magnetic field range for the i /4e-periodic
oscillations and found that this range is about half as wide as
the one of the h/2e-periodic oscillations. In general, we can
conclude that, despite the short contact separation for some
of our nanowires and limited disorder, we clearly observe
Altshuler-Aronov-Spivak-type interference effects, which are
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FIG. 5. (a) Normalized fast Fourier amplitude (Aggr), averaged
over u as a function of frequency f for the 600-nm- (light blue),
2-um- (red), and 4-um-long (black) nanowires. (b) Ratio of the
average amplitude of the simulated AAS-type oscillations (SG)Z/. ?;:0
at B = 0 and the root-mean-square amplitude of the simulated //e-
periodic AB-type oscillations averaged over the chemical potential

(rms(éG))f/z“.

phase rigid and usually attributed to larger ensembles of time-
reversed trajectories in the diffusive regime. Our transport
simulations investigating the role of increasing wire length
also support this conclusion. Another interesting aspect is the
occurrence of higher harmonics up to the fourth one. This
implies that the conductance oscillations originating from the
Aharonov-Bohm effect and weak antilocalization effects de-
viate from pure sinusoidal dependence. This can be attributed

to the quasiballistic transport regime associated with low
disorder, which in the semiclassical trajectory picture allows
interference of multiple winding paths. In the fully quantum-
mechanical picture, one can interpret the presence of higher
harmonics that features in the density of states of the nanowire
are prevented to be averaged out.
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